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ABSTRACT 

 

 

Hepatitis C virus (HCV) has emerged as a major cause of human liver disease, with ~3% 

of the world population persistently infected with and more than one million new cases of 

infection reported annually. In most cases, HCV escapes the immune system and establishes a 

chronic infection. In the long term, these chronic carriers are at high risk of developing life-

threatening liver disease, including cirrhosis and hepatocellular carcinoma.  

 

Primary human hepatocytes isolated from patient biopsies represent the most 

physiologically relevant cell culture model for hepatitis C virus (HCV) infection, but these 

primary cells are not readily accessible, display individual variability, and are largely refractory 

to genetic manipulation. Hepatocyte-like cells differentiated from pluripotent stem cells provide 

an attractive alternative as they not only overcome these shortcomings but can also provide an 

unlimited source of noncancerous cells for both research and cell therapy. Despite its promise, 

the permissiveness to HCV infection of differentiated human hepatocyte-like cells (DHHs) has 

not been explored. We therefore developed a novel infection model based on DHHs derived 

from human embryonic (hESCs) and induced pluripotent stem cells (iPSCs). DHHs generated in 

chemically defined media under feeder-free conditions were subjected to infection by both HCV 

derived in cell culture (HCVcc) and patient-derived virus (HCVser). Pluripotent stem cells and 

definitive endoderm were not permissive for HCV infection whereas hepatic progenitor cells 

were persistently infected and secreted infectious particles into culture medium. RNA 

interference directed toward essential cellular cofactors, such as CyPA and PI4K, in stem cells 

resulted in HCV-resistant hepatocyte-like cells after differentiation. 

 

Interestingly, we also identified a defined transition during the hepatic differentiation 

process when the cells become permissive for HCV infection. Permissiveness to infection was 

correlated with induction of the liver-specific microRNA-122 and modulation of cellular factors 

that affect HCV replication. Further studies using microarray analysis of gene expression profile 
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between non-permissive and permissive cells revealed activation of other putative proviral 

factors and downregulation of antiviral factors.  

 

We then focused on CIDEB, a liver specific gene, whose expression was upregulated 

during the transition stage. Knocking-down CIDEB by shRNA in hESCs had little effect on the 

differentiation of the modified cells toward functional hepatocytes, but could inhibit the infection 

of DHHs by HCVcc. Similar inhibition of HCV infection was also observed when CIDEB was 

knocked down in Huh-7.5 cells, by the same shRNA and a commercial siRNA. Subsequent 

detailed studies showed that CIDEB is not required for the steps including viral particle 

attachment, HCVpp entry, RNA translation and replication, virion assembly and secretion, but 

involved in the fusion step when viral envelope proteins fuse with endosomal membrane and 

release the viral RNA into cytosol. CIDEB was also found to be required for infection of Huh-

7.5 cells by dengue virus (DENV), through a similar mechanism by facilitating membrane 

fusion. Surprisingly, upon HCV and DENV particles entry, early endosome markers (Rab5 and 

EEA1) could be induced to re-distribute to the surface of lipid droplets, colocalizating with 

CIDEB, further supporting the importance of CIDEB during membrane fusion process. HCV, 

but not DENV infection could downregulate CIDEB expression in infected cells, through a 

posttranscriptional manner. Finally, knockout of CIDEB also effectively protected Huh-7.5 cells 

from being infected by both HCV and DENV. 

 

Taken together, the ability to infect cultured cells directly with HCVcc and HCV patient 

serum, to study defined stages of viral permissiveness, and to produce genetically modified cells 

with desired phenotypes all have broad significance for host pathogen interactions and cell 

therapy. Meanwhile, our study also identified a liver-specific HCV entry cofactor that facilitates 

membrane fusion with a new mechanism and contributes to HCV’s hepatic tropism. CIDEB and 

its interaction with HCV may serve as targets for future anti-HCV therapy. 
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CHAPTER ONE 

 

INTRODUCTION: HEPATITIS C VIRUS AND ITS IN VITRO 

CELL CULTURE MODELS 

 

 

Hepatitis C virus (HCV) has emerged as a major cause of human liver disease, with ~3% 

of the world population persistently infected and more than one million new cases of infection 

reported annually(184, 238). In most cases, HCV escapes the immune system and establishes a 

chronic infection. In the long term, these chronic carriers are at high risk of developing life-

threatening liver disease, including cirrhosis and hepatocellular carcinoma(118).  

 

 

HCV Genome 

 

Genome Organization 

 

HCV is an enveloped virus that belongs to the Hepacivirus genus in the Flaviviridae 

family(37). It has a single-stranded, positive-sense RNA genome with a length of about 9.6 kb. 

Its genome contains two highly structured nontranslated regions (NTRs) that flank a single long 

open reading frame (ORF) (Fig 1.1). Upon translation, the polyprotein is proteolytically 

processed by cellular peptidases and viral proteases into at least 10 different viral proteins (C, E1, 

E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B)(91). Studies with subgenomic HCV RNAs 

demonstrated that the NS3 to NS5B proteins, in association with intracellular membranes and 

cellular proteins, are essential and sufficient for HCV RNA replication in cells(23, 130). 

The 5’ NTR has 341 nucleotides, which is the most conserved region among different 

HCV isolates and contains an internal ribosomal entry site (IRES) that is essential for cap-

independent translation of the viral RNA(164, 217). The 5’ NTR is composed of four highly 

structured domains numbered I to IV, and Domain I and II are both essential for RNA replication 
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(28, 61). Recently, an abundant liver-specific microRNA (miRNA), miR-122, was found to bind 

to the HCV 5’NTR and enhance viral RNA replication (105). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Genetic organization and polyprotein processing of HCV (152).  The 9.6-kb positive-

strand RNA genome is schematically depicted at the top, with RNA secondary structure in the 

5’- and 3’- NTR, as well as NS5B stem-loop 3 cis-acting replication element (5B-SL3). Amino-

acid numbers are shown above each protein. Solid diamonds denote cleavage sites of the HCV 

polyprotein precursor by the signal peptide peptidase. The open diamond indicates further C-

terminal processing of the core protein by signal peptide peptidase. Arrows indicate cleavages by 

the HCV NS2–3 and NS3–4A proteases. Bottom shows the topology of HCV proteins with 

respect to an ER membrane.   

 

 

The 3’ NTR is composed of a short variable region, a polypyrimidine (U/UC) tract, with 

an average length of 80 nucleotides, and an almost invariant 98 nucleotides highly conserved 3’ 

terminal X-tail (111, 209). The conserved elements in the 3’NTR, including the poly (U) tract, 

are essential for replication in cell culture and in vivo (112). A recent study showed that the poly 

(U) motif and its replication intermediates also function as stimulators of innate immunity, 

recognized by retinoic acid-inducible gene 1(RIG-I)  (187). 



3"

"

The structural proteins and the p7 polypeptide are processed by the endoplasmic 

reticulum (ER) signal peptidase whereas the non-structural proteins are processed by two viral 

proteases, the NS2–3 protease and the NS3–4A serine protease (152). 

 

 Structure and Function of the Viral Proteins 

 

Core. The first structural protein encoded by the HCV ORF is the core protein which 

forms the viral nucleocapsid. It has three domains: (1) N terminal hydrophilic domain that binds 

to RNA and occupies three possible nuclear localization signals; (2) C-terminal hydrophobic 

domain that is involved in association with endoplasmic reticulum (ER) membranes; (3) signal 

peptide for E1 protein, which locates between the core and E1 sequences and targets the nascent 

polypeptide to the ER membrane for translocation of E1 ectodomain into the ER lumen (10). 

Cleavage of the signal by signal peptidases yields an immature 191-amino acid (aa) core protein. 

Further C-terminal processing by signal peptide peptidase yields the mature 21 kDa core protein 

with 173-179 aa (140). 

Envelope glycoproteins. The envelope proteins E1 and E2 are glycosylated and form a 

non-covalent complex (46). They are essential components of the HCV virion and vital for the 

entry and fusion step in the viral life cycle. E1 is 33-35 kDa and E2 is around 70 kDa. HCV 

glycoprotein maturation and folding is a complex process that involves the ER chaperone 

machinery and depends on disulphide bond formation and glycosylation (152). Both E1 and E2 

are highly glycosylated, with 5-11 glycosylation sites in each protein(71). The transmembrane 

domains of both proteins, located at their C-termini, are involved in the heterodimerization (163) 

and have ER retention properties (39). E2 plays a critical role in virus entry step, by initiating 

viral attachment through interaction with cell surface receptors cluster of differentiation 81 

(CD81) (172) and scavenger receptor class B type I (SR-BI) (189). Recently, a highly positively 

charged hypervariable region 1 (HVR1) was identified in E2 as one of the major antibody 

neutralization epitopes (55). E1 is thought to be involved in virus-membrane fusion (57). 

 p7.  p7 is a 63aa polypeptide and has two transmembrane segments connected by a short 

cytoplasmic loop. The N terminus and C terminus are orientated towards the ER lumen (32). A 

recent study demonstrated that p7 could self-assembly into a large channel complex that 

selectively conducts cations (168), suggesting that it belongs to the viroporin family. Although 
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not required for RNA replication in vitro(130), p7 is critical for capsid assembly and 

envelopment (202). 

NS2. NS2 is a 250aa transmembrane protein that is indispensable for RNA replication in 

vitro. Together with NS3, NS2 is a zinc-dependent protease that cleaves NS2-NS3 junction 

during polyprotein processing. And the catalytic activity of the NS2-3 protease resides in the C-

terminal half of NS2 and the N-terminal one third of NS3 (131). Recently, studies have shown 

that NS2 also plays a central organizing role in HCV particle assembly by bringing together viral 

structural and nonstructural proteins (135, 170). 

NS3-4A complex. NS3 is a multifunctional protein, with a serine protease located in the 

N-terminal one-third and an RNA helicase/NTPase located in the C-terminal two-thirds of the 

protein (53, 109). The NS4A polypeptide functions as a cofactor for the NS3 serine protease (53). 

This protease complex cleaves junctions at NS3/4A, NS4A/4B, NS4B/5A and NS5A/5B. 

Interestingly, recent studies have shown that the NS3-4A serine protease cleaves and thereby 

inactivates two crucial adaptor proteins in innate immune sensing, namely TIR-domain-

containing adapter-inducing interferon-β (TRIF) (123) and IFN-β promoter stimulator (IPS)-1 

(144). These findings have major implications for the pathogenesis and persistence of HCV 

infection. 

NS4B. NS4B is a 27-kDa endoplasmic reticulum (ER) membrane-associated protein with 

four predicted transmembrane segments in its central part (133). The widely known function of 

NS4B is to induce the formation of the membranous web, which is the specific membrane 

alternation that functions as a scaffold for the HCV replication complex (49). In addition, NS4B 

has been reported to possess some enzymatic activities that hydrolyze GTP and ATP and 

catalyze the synthesis of ATP and AMP from two ADP molecules (213). The significance of 

these enzymatic activities in the HCV life cycle is unclear. 

NS5A. NS5A is a phosphoprotein that can be found in two distinct phosphorylated forms: 

a basal phosphorylated and hyperphosphorylated state, designated according to their apparent 

molecular weight p56 and p58, respectively (210). The Phosphorylation status is directly or 

indirectly modulated by NS3, NS4A, NS4B and NS5B (161). However, cellular kinases and 

mechanistic details regulating NS5A phosphorylation are poorly understood. According to one 

model, the two distinct phosphorylated forms of NS5A serve as a switch between RNA 

replication and virion assembly (51). In that model, hyperphosphorylation of NS5A reduces 
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interaction with the human vesicle-associated membrane protein-associated protein A (hVAP-A), 

which is a vesicle sorting protein and has been implicated in directing the formation of functional 

replication complex (67). Recently, NS5A phosphorylation was found to regulate the production 

of infectious virus, by affecting the interaction between NS5A and core (211). As NS5A is 

believed to lack intrinsic enzymatic activity, the main function of NS5A may be to coordinate 

interactions among viral and host proteins. To date, most studies of NS5A have illuminated 

functions of this protein in resisting the immune response by interacting with and therefore 

inhibiting the protein kinase R (PKR) (65, 66). NS5A has also been shown to interact with 

components of numerous cellular signaling pathways. More recently, NS5A was shown to 

interact with U/G-rich RNA and to bind to the 3’ ends of both the positive- and negative-strand 

RNAs, implying that NS5A may also play a role in the switch between RNA translation and 

replication during viral life cycle (94). 

NS5B.  HCV replication proceeds by the synthesis of a complementary negative-strand 

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

The key enzyme responsible for both of these steps is the NS5B RNA dependent RNA 

polymerase (RdRp).  NS5B is a low fidelity RdRp, leading to the quasispecies characteristic of 

HCV, which is also the major reason for the rapid accumulation of immune response-escaping 

mutations or drug-resistance mutations. As a typical RdRp, NS5B protein contains the classical 

fingers, palm and thumb subdomains, with extensive interactions between the fingers and thumb 

subdomains (122). Membrane association of NS5B is medicated by the C-terminal 21aa residues, 

which are dispensable for polymerase activity but indispensable for RNA replication in cells 

(150, 191). 

 

 

In vitro Model Systems for HCV Researches 

 

The development of HCV-permissive cell culture models was a step-wise process. The 

establishment of subgenomic replicons that autonomously replicate in cultured human hepatoma 

cells was a first major breakthrough (203). Another important achievement was the generation of 

infectious retroviral pseudotypes displaying functional HCV glycoproteins for the study of HCV 

entry. Finally, the identification of a novel HCV isolate, termed JFH1, paved the way for the 
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production of infectious virions to investigate all steps of the viral life cycle. Recently, 

remarkable advances were also made with regard to studying HCV infection and in primary cell 

cultures. 

 

HCV Subgenomic Replicon System 

 

The prototype Replicon is a bicistronic RNA of genotype 1b (Con1 isolate) encoding a 

neomycin resistance gene under the control of the HCV IRES, followed by a second IRES from 

encephalomyocarditis virus (EMCV) that controls expression of the genes for NS3-NS5B 

(subgenomic RNA) (130). Upon transfection of synthetic RNAs derived from such a construct 

into the human hepatoma cell line Huh-7 and G418 selection, cell lines containing high amounts 

of self-replicating HCV RNAs could be obtained. Continuously passaged under selective 

pressure, these Replicon cell lines can maintain the subgenomic viral RNA for years.  

Since their initial development, the Replicons have been further modified to become 

more suitable for the exploration of the mechanism of HCV RNA replication and high-

throughput screening for antiviral drugs against viral replication, by being inserted with reporter 

genes, such as luciferases (129), secreted alkaline phosphatase (234) and fluorescent proteins 

(151). Currently, Replicons for several other genotypes (1b and 2a) are also available. The GS5 

Replicon was developed in our laboratory by inserting green fluorescent protein (GFP) into the 

C-terminal of NS5A, followed by flow cytometry sorting of GFP containing cells (Fig 1.2) 

 

 

 

 

 

 

 

 

Figure 1.2. Organization and structure of subgenomic HCV RNA Replicons. 1. Structure of 

bicistronic selectable Replicon. EMCV-IRES: the IRES of encephalomyocarditis virus, neo
R
: 

neomycin resistance gene; 2. Structure of a reporter Replicon with GFP coding sequence inserted 

into NS5A. 
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Retroviral Pseudoparticles (HCVpp) System 

 

In the absence of an efficient cell culture system encompassing the entire life cycle of 

HCV, surrogate models were developed that are useful to study the entry process. The most 

successful one was the establishment of retroviral pseudotypes bearing unmodified HCV 

glycoproteins (HCVpp) (13).  

This system is based on the co-transfection of HEK-293T cells with expression vectors 

encoding HCV E1 and E2, the gag-pol proteins of human immunodeficiency virus (HIV) and a 

retroviral genome encoding a reporter gene (Fig 1.3). Importantly, the attachment and receptor 

interaction of these pseudoparticles is controlled by the functional HCV E1-E2 protein complex 

incorporated into the envelope of these particles. Recently, they were used to successfully isolate 

two new HCV receptors, CLDN1 (52) and OCLN (173). Studies have also demonstrated that the 

entry of HCVpp could be neutralized by antibodies directly targeting E1, E2 (92), and with sera 

from infected patients (13), further supporting their capability of closely mimicking the entry of 

authentic viral particles.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Generation of HCV pseudoparticles (HCVpp). Cotransfection of 293T human 

embryo kidney cells with plasmids allowing expression of (1). Unmodified HCV E1-E2 

glycoproteins, (2) retroviral core proteins, and (3) a packaging-competent Firefly luciferase (F-

Luc) expression construct leads to secretion into the supernatant of pseudoparticles bearing HCV 

envelope instead of the retroviral envelope protein on their surface. CMV, cytomegalovirus 

promoter; ψ, retroviral packaging sequence.  
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Cell Culture Infectious HCV Particles (HCVcc) System 

 

In 2005, three groups reported that the complete wild-type JFH1 genome or chimeras 

consisting of the JFH1 replicase genes NS3-NS5B and core to NS2 regions of alternative HCV 

genomes replicated efficiently in Huh-7 cells and produced infectious viral progeny both in 

tissue culture and in chimpanzees (128, 221, 240). The JFH1 genome was cloned from a 

Japanese patient with fulminant hepatitis (106). The particles produced by these systems were 

designed cell culture-derived HCV (HCVcc). For the first time, each step of the HCV life cycle 

can be studied with these systems including viral entry, translation, RNA replication, and also 

the late events like virion assembly, maturation, and release. 

Although the underlying mechanism remains unknown, these systems are restricted to 

specific isolates (mainly the JFH1, 2a) and severely limit comparable studies of all HCV 

genotypes. This restraint was subsequently overcome by combining the JFH1 isolate with 

heterologous strains of all other major HCV genotypes, in which the replicase proteins and 

nontranslated regions are derived from the highly efficient JFH1 strain. Similar studies 

describing the generation of chimeric genomes of genotype 3a (75), 4a (190), 5a (99) and finally 

all major seven genotypes (76) have been reported and these chimeric genomes were shown to 

be highly useful to study entry, neutralization, and virus assembly of all seven known HCV 

genotypes. Highest virus titers could be achieved with a J6-JFH1 (2a-2a) chimera designated Jc1 

that allows the production of virus particles of about 10 times higher than that of wild-type JFH1 

(Fig 1.4) (171).  

 

 

 

 

 

 

 

Figure 1.4. Organization and structure of full-length HCV genomes. 1. Schematic diagram of 

wild-type JFH-1 genome and chimeric J6/JFH-1 genome (2); 3. The Jc1/Gluc2A reporter 

construct, including a GLuc-FMDV 2A insertion between p7 and NS2. Infection of this reporter 

virus can result in secretion of Gaussia princeps luciferase into supernatant. 
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Permissive Host Cells 

 

Huh-7 cells and its descendant clones. HCV replicates primarily in human hepatocytes, 

which plays a critical role in HCV replication. The most permissive cell line for efficient RNA 

replication in vitro is the human hepatoma cell line Huh-7 and its clonal descendants. Actually, 

during the Replicon selection process, only a few cells which sustain elevated replication fitness 

were picked up and expanded to create the most HCV-permissive cell lines.  

When these HCV Replicons were treated with either IFN-α or other HCV replication 

inhibitors for a period of time, the resulting Huh-7-descendant cell clones were no longer 

containing replicating HCV RNA and often became more permissive for viral replication and 

infection. And that is how the currently widely used Huh-7.5 and Huh-7-Lunet cells were 

established (24, 60). Meanwhile, numerous other studies have described various alternative 

human liver-derived permissive cells, including Huh-6 (227), HepG2-CD81-miR-122 (157), 

HepaRG (158) and LH86 cells (241). 

 

Huh-7 cells-based reporters. Instead of construction of reporter viruses, host cells can 

also be modified for rapid and sensitive scoring of HCV infection events. One reporter assay is 

based on reporters expressing fluorescent proteins (GFP or RFP with nuclear translocation signal 

(RFP-NLS)) fused in-frame to the truncated IFN-β promoter stimulator protein 1 (IPS-1) via a 

recognition sequence of the viral NS3/4A serine protease (102). Upon HCV infection and 

cleavage by NS3/4A, the GFP is redistributed all over the cells and RFP is translocated from 

cytosol into nucleus. 

 

 

 

 

 

 

Figure 1.5. Schematic of IPS-1 and derivative reporter constructs. The HCV NS3-4A protease 

cleaves IPS-1 at C508 (arrow). The C-terminal transmembrane domain (TM) directs IPS-1 to the 

outer membrane of mitochondria. EGFP-IPS encodes EGFP fused to residues 462–540 of IPS-1. 

RFP-NLS-IPS encodes RFP and an SV40 NLS fused to residues 462–540 of IPS-1. 
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Primary human hepatocytes (PHHs). PHHs represent the most physiologically-

relevant target cells for HCV infection in vitro. Several studies reported infection of cultured 

PHHs using HCVser (HCV particles derived from patient serum) and also showed CD81- and 

LDL receptor (LDLR)-dependent entry of these particles (121, 147, 148). Using a novel 

culturing method for PHH, one study demonstrated complete infectious cycle of HCV in those 

primary cells (175). Interestingly, they also showed that the primary culture-derived HCV 

(HCVpc) had a lower average buoyant density and higher specific infectivity (a reflection of the 

number of infectious particles normalized to the total number of physical viral particles). Using 

in vitro human adult liver slices, a very recent study also demonstrated a productive infection of 

PHHs by HCVser (1b) and HCVcc (JFH1), further supporting the usefulness of PHHs as a 

physiologically relevant cell line for HCV (116). 

PHH cultivation was also further improved by the addition of non-parenchymal feeder 

cells to hepatocytes in micropatterned co-cultures (MPCC) (174). PHH in this system displayed 

hepatic functions for several weeks, and were susceptible to infection by both HCVcc and 

HCVser. Together with the above NS3/4A protease cleavage-based fluorescent reporter system, 

this system for the first time permits visualizing HCV infection events in primary culture. 

 

Infectious HCV Particles 

 

Currently, the source of infectious HCV particles that can be used in infection studies in 

cell culture is relatively limited. The discovery of a genotype 2a genome (JFH-1) that could 

replicate in cell culture without adaptive mutations led to the production of infectious HCVcc 

particles, now ubiquitously used in cell-culture experiments. These JFH-1–based viruses, along 

with additional chimeras and a genotype 1a virus (236) that could also produce particles when 

adaptive mutations were introduced into their genomes, greatly advanced the cell culture model 

beyond the subgenomic Replicon stage and allowed studies of the full life cycle of HCV. 

Nevertheless, HCVser may differ from HCVcc in important aspects such as buoyant density and 

virion-associated serum products that are only present in vivo. HCVser infection in vitro has 

been inefficient, and a recent study with the human liver progenitor cell line HepaRG suggested 

that both immature and mature hepatocyte features were required for efficient infection and 

replication of HCVser. 
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Limitations of Current Models 

 

The development of the above cell culture models for HCV replication and infection had 

been regarded as a major driving force behind the rapid growth in HCV research. The 

subgenomic Replicon and HCVcc systems not only enable detailed studies of HCV life cycle, 

but also serve as valuable screening tools for candidate drugs.  

 

Subclonal difference. These two generations of culture models are based on a hepatoma 

cell line Huh-7 and its subclonal derivatives. And for most of these currently available, highly 

permissive cell lines it remains elusive why they are so amenable for HCV replication and 

infection. According to one study, in case of Huh-7.5 cells, a defect in the innate antiviral 

defense signaling pathway caused by a point mutation in RIG-I gene has been implicated in the 

phenotype of high permissiveness of these cells (204). However, this tight correlation between 

HCV-permissiveness and RIG-I status was not confirmed by others (21, 43), suggesting the 

complications in understanding the molecular mechanisms that govern differential 

permissiveness of these cells. Very recently, another study has shown that Huh-7 cells are 

actually a highly heterogeneous population of cells with distinct profiles in gene methylation 

(36), raising the possibility that there might be significant differences among HCV-permissive 

subclones of Huh-7 cells established by different laboratories. This difference may also explain 

conflicting results regarding host proteins that regulate HCV infection in the literature. 

 

Disordered primary characteristics. Replication of HCV in vivo occurs mainly in 

highly differentiated, nondividing hepatocytes. However, as an immortal cell line of epithelial-

like tumorigenic cells, dividing Huh-7 and its derivatives do not express markers of mature 

hepatocytes and therefore may not fully recapitulate the characteristics associated with normal 

primary hepatocytes in vivo.  Interestingly, when being cultured in the presence of dimethyl 

sulfoxide (DMSO), Huh-7 cells become more differentiated, expressing increased levels of 

hepatocyte-specific markers, and growth arrested (186). These more hepatic-like cell cultures 

were still highly permissive for and could support long-term persistent HCV infection, 

representing a more physiologically relevant system compared to non-DMSO-treated Huh-7 cells. 
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VLDL deficiency. Patient-derived HCV particles are thought to be tightly associated 

with very-low-density lipoproteins (VLDL), which also contains apolipoprotein B (ApoB), 

ApoC1 and ApoE. These lipoproteins-associated HCV particles have been termed 

“lipoviroparticles” (LVP) (6). The concept of LVPs is now widely accepted although no 

association between HCV and ApoB has been reported in vitro. According to one study, recently, 

Huh-7 cells were reported to be deficient in producing mature VLDL (98), therefore limiting 

their usefulness as a model system to study the roles of VLDL in HCV life cycle, especially in 

the assembly process. In contrast, another hepatoma cell line, HepG2, has been shown to be able 

to assemble and secrete ApoB-containing lipoproteins more efficient than their counterpart (98). 

Several attempts to persistently and efficiently replicate HCV in HepG2 cells have not been 

successful yet. Recently, ectopic expression of miR-122, which is not endogenously expressed 

by HepG2 cells, was shown to promote HCV replication in these cells (157). However, the 

relatively lower permissiveness of HepG2 cells to HCV infection remains a bottleneck for their 

usage in HCV field. 

 

Limited availability. PHHs, isolated from liver biopsy, represent a natural alternative to 

the above hepatoma cells as infection target in vivo. The usefulness of PHHs as an infection 

model has been significantly restricted by poor accessibility and high variability. Procurement of 

liver biopsy and freshly isolated hepatocytes is extremely difficult for the majority of HCV 

laboratories and commercial supply of PHHs can be very unpredictable because of the low 

plating efficiency. In addition to limited availability, these cells have high donor variability. 

Differences in patient medical history, host genetics, dietary custom and even methods of 

isolation all contribute to the difficulty of obtaining reproducible results and solid conclusions. 

For example, one study showed that PHHs culture established from patients who had a history of 

heavy alcohol use were not suitable for infection by HCVcc (175). Furthermore, in these limited 

studies using PHHs, infections were mainly restricted to HCVcc and it is unclear whether this 

model could also support infection by HCVser. 

 

Future perspectives. After the molecular cloning of HCV genome, it took more than a 

decade to establish the subgenomic Replicon system. Since then, step-by-step progresses were 

achieved that finally led to the infectious system enabling studies of virtually every step of the 
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viral life cycle. On the other hand, since Huh-7-derived hepatoma cell lines may not accurately 

recapitulate the complex virus-host interaction occurring in vivo and the usefulness of PHHs has 

been significantly limited by poor accessibility and lot-to-lot variability, a new physiologically-

relevant, noncancerous and renewable cell-culture system is extremely needed, to further 

advance HCV researches. 
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CHAPTER TWO 

 

PRODUCTIVE HEPATITIS C VIRUS INFECTION OF STEM 

CELL-DERIVED HEPATOCYTES 

 

 

Introduction 

 

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of 

blastocyst-stage embryos (169, 215). Their importance to modern biology and medicine derives 

from two unique characteristics that distinguish them from all other organ-specific stem cells 

identified to date. First, they can be maintained and expanded as a pure population of 

undifferentiated cells for extended periods of time, possibly indefinitely, in culture. Second, they 

are pluripotent, possessing the capacity to generate every cell type in the body and in culture. 

Recent results also suggest that human induced pluripotent stem cells (iPSCs) (208, 237), which 

were generated by force expression of transcription factors such as Oct-4, Sox2, KLF-4, and C-

Myc, share these characteristics. 

Studies conducted during the past two decades have led to the development of 

appropriate culture conditions and procedures for the generation of a broad spectrum of lineages. 

Under appropriate conditions, ES cells will differentiate and generate progeny consisting of 

derivatives of the three embryonic germ layers: mesoderm, endoderm, and ectoderm. Three 

general approaches are usually used to initiate ES cell differentiation (107). With the first 

method, ES cells are allowed to aggregate and form three-dimensional colonies known as 

embryoid bodies (EBs) (108). In the second method, ES cells are cultured directly on stromal 

cells, which support the differentiation and functions of ES cells (156). The third protocol 

involves differentiating ES cells in a monolayer on extracellular matrix proteins (160). 

This emerging stem cell technology offers an exciting opportunity for a novel cell-culture 

model for HCV infection, by differentiating pluripotent stem cells into human hepatocyte-like 

cells (HLCs) or differentiated human hepatocytes (DHHs). Increasing studies have demonstrated 

that these in vitro differentiated cells can express hepatic markers and display hepatic functions 
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(2, 31, 86, 198, 230, 231). More importantly, DHHs were also shown to be able to repopulate 

mouse liver and exhibit hepatic function after transplantation in a liver-damaged mouse model 

(14). Finally, combination of genetic manipulation of pluripotent cells with directed hepatic 

differentiation holds great promise for generating HCV-resistant hepatocytes to be used in a 

potential life-saving therapy.   

Currently, several groups have already reported the differentiation of hESCs into hepatic 

cells using diverse culture systems (2, 31, 86, 198, 230, 231). However, these approaches are 

mainly based on culture media containing serum, complex matrices, and/or mouse embryonic 

fibroblasts as feeders. All these are sources of unknown factors that could complicate studies of 

molecular mechanisms controlling the differentiation or render the resulting cells or tissues 

incompatible with future clinical applications. In addition, whether the DHHs can be 

productively infected by HCV has not been investigated, nor their usage in the setting of HCV-

related hepatocyte transplantation. 

In this chapter, we first determined the permissiveness of DHHs to HCV infection: DHHs 

differentiated from both hESCs and iPSCs were challenged with HCVcc and HCVser, to test 

whether productive and persistent infections could be achieved. Next, we investigated whether 

knockdown of critical known cellular factors for HCV replication in stem cells before hepatic 

differentiation would be able to generate hepatocytes that were refractory to HCV infection. 

 

 

Methods 

 

Growth Factors, Chemicals and Antibodies 

 

Growth factors, chemicals and antibodies Basic FGF (b-FGF), Stem Pro hESC SFM, b-

mercaptoethanol, and Geltrex were purchased from Invitrogen (Carlsbad, CA); FGF-10, FGF-4, 

EGF, and HGF from PeproTech (Rocky Hill, NJ); SB 431542 and retinoic acid from Sigma 

Aldrich (St Louis, MO); Wnt-3A from Stemgent (San Diego, CA); Accutase from Innovative 

Cell Technologies (San Diego, CA); Activin-A from R&D systems (Minneapolis, MN); and 

Probumin from Millipore (Billerica, MA). A list of antibodies used, along with providers and 

catalog numbers, is given in Table 2.1 
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Table 2.1. Antibodies for detections of stem cell and hepatocyte markers, HCV antigens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hESCs, iPSCs, and Primary Human Hepatocytes 

 

Human ESC line WA09 (H9) and iPS line iPS.K3 cells were obtained from WiCell 

Research Institute and Stephen Duncan at Medical College of Wisconsin, respectively. Stem 

cells were maintained on Geltrex coated culture plates in Stem Pro medium (Invitrogen, Carlsbad, 

CA). Freshly isolated PHHs were purchased from Celsis In Vitro Technologies (Baltimore, MD) 

and maintained according to provider's instructions. 

 

Differentiation of hESCs and iPS.K3 into Hepatic Cells 

 

The base defined medium (DM) consisted of DMEM/F12 containing 10% Probumin, 0.2% 

β-Mercaptoethanol, 1% L-Alanyl-L-Glutamine and 2% hESC supplement. Confluent cells were 

harvested with Accutase and then plated into culture dishes (Costar; Corning Life Sciences) 

precoated with Geltrex (1:200 dilution in DMEM/F-12) in Stem Pro medium at a confluence 
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level of 30–40%. The next day, culture medium was changed to medium A (DM + 100 ng/ml 

Activin-A + 8 ng/ml b-FGF + 25 ng/ml Wnt-3A) for 24 hrs, followed by three days in medium B 

(DM + 100 ng/ml Activin-A + 8 ng/ml b-FGF). To induce hepatic differentiation, we then 

cultured cells in the presence of medium C (DM + 50 ng/ml FGF-10) for three days and then in 

the presence of medium D (DM + 50 ng/ml FGF-10 + 0.1 µM RA + 1 µM SB431542) for three 

more days. The immature hepatocyte-like cells were then split and grown in medium E (DM + 

30 ng/ml FGF-4 + 50 ng/ml EGF + 50 ng/ml HGF) for 10 days with changes to fresh medium E 

every two to three days. 

 

Periodic acid-Schiff Staining 

 

The PAS staining was done on the stem cells, the day-18 DHHs, and freshly isolated 

PHHs using a commercial kit (Sigma-Aldrich, St. Louis, MO) per instructions. 

 

HCVcc and HCVser Used in the Infection Experiments 

 

All JFH-1 based HCVcc (Mut4-6, SAV, and Jc1/GLuc2A) were produced in Huh-7.5 

cells. The genotype 1b HCV serum was obtained from a commercial supplier (Teragenix, Ft. 

Lauderdale, FL), and the 1a serum has been previously described. All infections were performed 

by incubation of virus inoculum with cells for 4-6 hrs before the cells were washed and changed 

into the medium appropriate for the specific cell type and differentiation stage. Viral titers of 

HCVcc produced from DHHs were performed with Huh-7.5-based cells and measured in focus-

forming units (FFU) per milliliter. 

 

Immunofluorescence Analysis of Intracellular Antigens 

 

Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) at room 

temperature for 10 min and blocked with PBST (PBS containing 10% normal goat serum, 0.1% 

Triton X-100, and 1% bovine serum albumin (BSA)) at room temperature for 2 hrs. Cells were 

incubated with primary antibodies at 4°C overnight or 2 hrs at room temperature. Isotype mouse 

or rabbit IgGs were used as negative controls. After four washes with PBSB (PBS with 0.1% 
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BSA), FITC or TRITC-conjugated secondary antibody diluted at 1:500 was added and incubated 

at room temperature for 2 hrs. Before being mounted with VECTASHIELD (H-1200, Vector 

Labs), cells were washed with PBSB three times. 

 

Albumin and HCV Core ELISA 

 

Albumin ELISA was performed with a human Albumin ELISA kit (Bethyl Laboratories, 

Montgomery, TX), and HCV core ELISA with the HCV Antigen ELISA kit (Ortho-Clinical 

Diagnostics, Japan), according to manufacturer's instructions. 

 

Generation of Lentivirus Vectors and Transduction 

 

One day before transfection, HEK-293T cells were seeded into 60mm-dishes (2.0×10
6
 

cells per one dish). 3µg pHIV7-puro-shRNA, 2µg Gag-Pol plasmid, 2 µg pCMV-Rev, and 1 µg 

pCMV-VSV-G were mixed with 0.5ml serum-free media. Meanwhile, 18µl Lipofectamine® 

2000 (Invitrogen, Carlsbad, CA) was suspended in another 0.5ml serum-free media. Five 

minutes later, two serum-free media were mixed together and placed at room temperature for 20 

min, then were added into dishes seeded with HEK-293T cells. The transfection media were 

replaced with fresh media 6 hrs later and the supernatant containing Lentiviral vectors was 

collected at 48 and 72 hrs post transfection, and concentrated by centrifugation at 32,000 rpm, 

4°C, for 2 hrs with a Ti41 rotor in Optima™ L-100 XP ultracentrifuge. Concentrated Lentiviral 

vectors were then stored at -80°C for use. 

For transduction, the purified vectors were diluted in the medium appropriate for the 

specific cell type and differentiation stage, in the presence of Polybrene (EMD Millipore, 

Billerica, MA) at 4µg/ml final concentration. Four hours later, the cells were washed and fresh 

appropriate media were added.  

!

Lentivirus-Mediated RNA Interference  

 

Lentiviral vectors containing a shRNA directed at human CyPA has been described 

previously. A shRNA directed at PI4KIIIα was constructed in a similar fashion. The shRNA 
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target sequence of the PI4KIIIα mRNA is 5′-AAG CTA AGC CTC GGT TAC AGA-3′. These 

vectors were introduced into stem cells by the standard Lentiviral transduction procedure, and 

stable cells harboring shRNA were selected by culture of the cells in Stem Pro medium 

supplemented with 600 ng/ml of puromycin. 

 

HCV-Dependent Fluorescence Relocalization Assay 

 

Lentiviral vectors expressing EGFP-IPS (TRIP-EGFP) or RFP-NLS-IPS (TRIP-NLS-

RFP) were provided by Charles Rice and produced in HEK 293-T cells as described above. Day-

10 DHHs or Huh-7.5 cells, seeded on coverslips the day before, were transduced with the vectors 

for 24 hrs before being exposed to HCVcc or HCVser for 6 hrs. The cells were cultured for 2–3 

more days before the slides were fixed for fluorescence microscopy analysis. 

 

SDS-PAGE and Western Immunoblotting 

 

Cell lysates were boiled for 10 min in sample buffer (2 × SDS-Loading buffers) and 

loaded onto SDS-PAGE protein gels. To allow optimal separation, electrophoresis was done at 

12mA at beginning to let protein pass by the stacking gel, and at 130V for resolving gel. 

Electrophoresed proteins were then transferred to 0.45µm PVDF membrane. The membrane was 

blocked for 1hr at room temperature in 10% milk in PBST (phosphate buffered saline 

supplemented with 0.2% tween-20).  

Primary antibodies were diluted, added onto and incubated with the membrane at cold 

room for overnight. After being washed with PBST three times, 10min each, the membrane was 

incubated with diluted second antibody. Then the membrane was washed again with PBST three 

times, 10min each. Finally, the luminol substrate HRP was added onto the membrane, which was 

then exposed to X-ray film. 

 

Quantitative reverse-Transcriptase Coupled PCR 

 

Total RNA was isolated from various days post-differentiation using Trizol and then 

converted to first-strand cDNA with SuperScript III (Invitrogen) with oligo-dT serving as the RT 
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primer. The resulting products served as templates for PCR analysis of markers of stem cells and 

differentiated hepatocytes. Primer sequences are listed below: 

 

 

Table 2.2. qRT-PCR primers for  stem cell and hepatocyte markers 

Genes Forward Primer Reverse Primer 

AFP 5'-TTTTGGGACCCGAACTTTCC 5'-CTCCTGGTATCCTTTAGCAACTCT 

ALB 5'-GGTGTTGATTGCCTTTGCTC 5'-CCCTTCATCCCGAAGTTCAT 

GAPDH 5'-TCAGCCGCATCTTCTTTTG 5'-CATCACGCCACAGTTTCC 

Nanog 5'-TTGAAGCATCCGACTGTAAAG 5'-AAGAGTAAAGGCTGGGGTAG 

AAT 5′-CACCGTGAAGGTGCCTATGATG 5′-GGCATTGCCCAGGTATTTCATC 

ASGR1 5′-GCTCCACGTGAAGCAGTT 5′-AACTGCAGAAAGCGCCAC 

CyP3A4 5'-ATGAAAGAAAGTCGCCTCG 5'-TGGTGCCTTATTGGGTAA 

 

 

Results 

 

Differentiation of hESCs into Hepatocyte-Like Cells (DHHs) 

 

We first determined whether hESCs or iPSCs could be directly differentiated into 

functional hepatic cells using fully defined culture conditions, without animal products or 

unknown factors. A serum free protocol based on chemically defined culture media was used to 

differentiate the hESC line WA09 (H9) or the iPSC line (iPS.K3) into hepatic lineage cells that 

expressed various hepatic markers at stages of differentiation. The expression of a pluripotent 

marker, Oct-4, was higher in stem cells but decreased in the definitive endoderm after 4 days 

differentiation, whereas the endoderm marker C-X-C chemokine receptor type 4 (CXCR4) 

exhibited the reciprocal expression pattern (Fig 2.1). The mRNA level of another pluripotent 

marker, Nanog, also decreased at day 4 and became undetectable at later days (Fig 2.2, (1)). 

At day 10 after differentiation, the cells were positive for either alpha-fetoprotein (AFP) 

or cytokeratin-7 (CK-7) but not both, a pattern suggesting that they are of a composition similar 

to that of the bipotent hepatoplasts (Fig 2.1). Started from day 8 after differentiation, AFP 

expression level steadily increased in the next few days from 5% at day 10 to over 90% at days 
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13-16."The intensity of AFP staining then decreased when albumin (ALB) started to express in 

approximately half of the cells towards the end of the differentiation protocol (day 20).""

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Hepatic differentiation from human embryonic stems cells (hESCs). Representative 

images of cell morphology and protein marker expression of hESCs (day 0), definitive endoderm 

(day 4), hepatic progenitor cells (days 8–10), and hepatocyte-like cells (both immature and 

mature, days 11–21). For day 10 cells, double-staining of AFP and CK-7 (middle panel, 40×) 

showed mutually exclusive expression in the cell population. 

 

 

Quantitative RT-PCR also confirmed that the ALB mRNA continuously increased during 

differentiation (Fig 2.2, (4)), as did the alpha-1 antitrypsin (AAT) mRNA (Fig 2.2, (3)). 

Expression of human hepatocyte-specific cytochrome P450 metabolizing gene, such P450-A3, 

was also steadily increased during the differentiation process (Fig 2.2, (3)).  

Secretion of ALB into medium, an important metabolic function of mature hepatocytes, 

was evident from day 12 after differentiation and highest after 18 days (Fig 2.3, (1)). 

Finally, Periodic acid-Schiff staining, a staining method used to detect polysaccharides 

such as glycogen, revealed that over 80% of the cells at day 18 were capable of glycogen storage 

(Fig 2.3, (2)), indicating that the DHHs exhibit functional hepatic characteristics. 

 



22"

"

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Expression of other hepatic markers during differentiation. (1). Reciprocal expression 

of pluripotent marker Nanog and liver-specific marker AFP during differentiation; (2). 

Expression of CyPA3 during differentiation; (3). Expression of AAT during differentiation; (4). 

Expression of ALB during differentiation. Total RNA was extracted from differentiating cells at 

different time points and then converted into cDNA, which was used as PCR template to amplify 

interested genes and GAPDH using specific primers. D0: WA09 stem cells; PHH: primary 

human hepatocytes. Error bars represent standard deviation from replicate experiments. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. DHHs display hepatic functions. (1). Periodic acid-Schiff staining; (2). Albumin 

secretion by DHHs. Culture media were collected at the indicated time points during 

differentiation and subjected to albumin detection with an ELISA kit. Error bars represent 

standard deviation from replicate experiments. PHH: primary human hepatocytes 
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In vitro Differentiated Hepatocytes Are Permissive to HCVcc Infection 

 

We then determined whether DHHs derived from above differentiation were susceptible 

to infection by HCVcc.  Three distinct variants of JFH-1 (GLuc, SAV, and Mut4-6) were used 

for the initial infection at day 13 and infected cells were collected at the end of the differentiation 

period (day 21) for western blotting to detect HCV protein expression. The multiplicity of 

infection (MOI) used was 0.5. Two of the JFH-1 genomes contained adaptive mutations that 

increased their infectious titers by at least 100-fold over the JFH-1 wildtype (wt) background. 

Mut4-6 has been reported previously and the serially adapted virus (SAV) was obtained by 

repeated passage of JFH-1 HCVcc in Huh-7.5 cells. The third HCVcc variant is Jc1/GLuc2A, a 

J6/JFH chimera with a Gaussia luciferase (GLuc) reporter gene incorporated. Expression of 

HCV proteins, core, NS3, and NS5A were readily detected by western blotting for all three 

HCVcc preparations (Fig 2.4, (1)). 

Intracellular expression of HCV antigen was also confirmed by immunofluorescent 

staining after infection of day 13 cells by a fourth JFH-1 variant that encodes a FLAG-tagged 

NS5A, with anti-FLAG antibody staining (Fig 2.4, (2)). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Detection of HCV proteins in DHHs infected with JFH-1 based HCVcc. (1). DHHs 

were inoculated with three different preparations of HCVcc at day 13 after differentiation, and 

cell lysates collected at day 21 for western-blot analysis. The anti-NS3 antibody also recognized 

a nonspecific band in the mock-infected sample; (2). Immunostaining of infected DHHs."A JFH 

variant containing a FLAG tag in the NS5A protein was used to infect either Huh-7.5 or DHHs, 

and staining was done with an anti-FLAG antibody. JFH1*: a culture adapted high titer virus. 
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In addition, in order to observe infection event in a single cell, HCV NS3/4A-dependent 

fluorescence relocalization (HDFR) reporter constructs (TRIP-RFP-NLS and TRIP-EGFP) were 

introduced into day-10 cells through Lentiviral vectors-based transduction. Intracellular infection 

events were monitored by fluorescence relocalization of both fluorescent proteins (GFP and RFP) 

upon cleavage of their mitochondria anchors by the viral NS3/4A protease. Of transduced cells, 

5-10% of them showed either diffuse green fluorescence or nuclear translocation of red 

fluorescence (Fig 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Infection of Huh-7.5 and DHHs as measured by the HCV-dependent fluorescence 

relocalization assay."Reporter-transduced cells were infected with HCVcc for 48 hrs, and the 

cells were fixed for immunofluorescence analysis 72 hrs after infection. For the RFP-NLS-IPS 

expressing cells, HCV infection led to complete nuclear translocation of the RFP; for the EGFP-

IPS cells, HCV infection led to redistribution of green fluorescence from a reticulate cytoplasmic 

pattern to a diffused pattern with nuclear enrichment. 
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Previous studies have shown that infection of Huh-7.5 cells by HCVcc depends on viral 

glycoproteins and cell-surface receptors. To determine whether infection of DHHs by HCVcc 

showed the same dependence, we performed viral infection in the presence of a neutralizing E2 

antibody and a small-molecule compound that inhibits the SR-B1 binding. Both agents 

efficiently blocked infection, as did the replication inhibitor interferon-α (IFN- α) (Fig 2.6). 

 

 

 

 

 

 

 

 

Figure 2.6. HCV inhibitors abolished infection in DHHs. The following inhibitors were included 

in the infection experiments. IFN: interferon-α, 80units/ml; AR3A: anti-E2 neutralizing antibody, 

1µg/ml; ITX: ITX5061, an SR-BI inhibitor, 1µM.  

 

 

 

Unlike the hepatoma cell line Huh-7.5, these in vitro differentiated, nondividing 

hepatocytes resemble more closely to the primary hepatocytes. A comparison of HCV expression 

levels in similarly infected DHHs and PHHs (isolated from a patient) revealed that efficiency of 

infection in DHHs is comparable to that in PHHs (Fig 2.7).  

 

 

 

 

 

 

 

 

Figure 2.7. Comparison of HCVcc infection levels in DHHs and PHHs. Primary human 

hepatocytes were infected for 8 days, for comparability with the DHHs, which were infected at 

day 13 and lysed at day 21. 
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The discovery of cellular reprogramming and the ability to generate host- and tissue-

specific cell from iPSCs have the potential to transform the study of development, infectious 

disease, and degenerative disorders (44, 48, 166). When iPSCs (iPS.K3) were differentiated into 

hepatocytes using the same differentiation condition, the K3-derived DHHs also supported 

robust infection by all three derivatives of JFH-1/HCVcc (Fig 2.8). 

 

 

 

 

 

 

 

Figure 2.8. Infection of DHHs derived from an iPSC line. iPSCs-derived DHHs were inoculated 

with three different preparations of HCVcc at day 13 after differentiation, and cell lysates 

collected at day 16 for western-blot analysis. JFH1*: a culture adapted high titer virus. 

 

 

DHHs Support Persistent Infection and Produce Infectious Particles 

 

Previous infection experiments were performed with initial infection at day 13 and 

analysis of viral protein expression on day 21, suggesting that the DHHs could support persistent 

infection for more than one week. To verify continuous viral replication during the infection 

period, we took advantage of another reporter system, GLuc reporter virus (170), by monitoring 

the secretion of Gaussia luciferase into the culture medium by infected DHHs. The infection was 

done by using a procedure previously used to monitor persistent HCV infection in microscale 

PHHs: after the initial infection for 6 hrs, the viral inoculum was removed and replaced with 

fresh medium, a fraction of which was then collected immediately (0 h), one day (24 h), and two 

days (48 h) after the virus removal. At the 48 h time point, the cells were washed again and 

changed into fresh media which was then collected in a similar fashion. This process was 

repeated until day 21, when the DHHs became senescent and died off the plates. 

A gradual increase of the luciferase activity was detected in the culture medium after 

each removal, whereas the signal increase was not observed in medium from either mock 
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infected cells or from infected cells treated with cyclosporine A (CsA), an inhibitor of 

cyclophilins and HCV replication (Fig 2.9), indicating that the signal increase was resulted from 

active and persistent viral replication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Continuous replication of HCVcc in DHHs. Day-10 DHHs were exposed to 

Jc1/GLuc2A for 6 hrs before the inoculum was removed and the cells were changed to medium 

E with or without cyclophilin inhibitor (CPI) CsA at 1 µg/ml. Culture supernatants were 

collected daily for measurement of luciferase activity. The culture medium was replaced with 

thorough washing every 48 h, and CsA was included every time fresh medium was used. Error 

bars represent standard deviations from triplicate experiments.  

 

 

When being infected with HCV, Huh-7.5 cells could produce infectious viral particles for 

new round infection. We then determined whether infected DHHs could also support production 

of infectious viral particles. Stem cells-derived DHHs were infected at day 11 after 

differentiation, and supernatant were collected two days after infection. As shown in Fig 2.10, 

HCV core antigen was detected in the supernatant of the infected cells but not in that of similarly 

infected but IFN-α treated cells, indicating that the detected signal was from de novo core 

production, rather than carry-over of the inoculum.  

To find out whether the core-positive cell culture supernatant contained infectious virus 

particles, we used these supernatants to infect Huh-7.5 cells. Three days after infection, NS3-
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positive foci could be clearly detected in the infected Huh-7.5 cells, demonstrating that DHHs 

were capable of supporting infectious particle production (Fig 2.10, (2)). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. HCVcc-infected DHHs produce infectious viral particles. (1). Secretion of HCV 

core antigen by infected DHHs. Day 13 DHHs were exposed to HCVcc for 6 hrs before the 

inoculum was removed, and the cells washed and changed to medium E, then immediately 

collected as the 0h samples. The infected cells were then incubated for an additional 48 h in 

medium E with or without IFN-α (50 units/ml) before the culture supernatants were collected as 

the 48h samples. (2). Re-infection of Huh-7.5 cells by HCV particles produced from DHHs. The 

48-h media from (1) were used to infect Huh-7.5 cells, which were then fixed for NS3 staining 

four days after infection. The infectious titer of the HCVcc produced by DHHs is shown. FFU: 

focus-forming units. Error bars represent standard deviations from replicate experiments. **: 

p<0.01. 

 

 

HCVser Infects DHHs but not Huh-7.5 Cells 

 

Persistent and productive infection of DHHs by HCVcc provides us a viable and 

physiologically-relevant in vitro platform to study the virus. So far, several studies have reported 

robust infection of PHHs by HCVcc (58, 147, 174), however, direct infection by HCVser 

remains inefficient. Currently, six major HCV genotypes and numerous subtypes have been 

described, and recently a seventh major genotype was discovered. In the Americas and Europe, 

genotype 1a, 1b, and 3a are the most common, but 2a and 2b also show a significant presence 
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(195). We infected DHHs with HCVser of two genotypes: a genotype 1b patient serum that 

contained high-titer HCV RNA copy numbers (1.8×10
6
 copies/ml) and a genotype 1a patient 

serum (RNA titer of 1×10
6
 copies/ml) that had been previously demonstrated to be infectious in 

the Alb-uPA mouse model (42), a transgenic mice in which the urokinase gene is driven by the 

human albumin promoter/enhancer were developed and shown to have accelerated hepatocyte 

death and consequent chronic stimulation of hepatocyte growth.  

 

The DHHs at day 12 were infected at the indicated multiplicity of infection (HCVcc: 0.5; 

Serum 1a: 0.02; Serum 1b: 0.5) for 48 hrs before the cells were lysed for analysis of HCV 

protein expression. Infection was readily detectable by western blotting and sensitive to IFN 

inhibition, although the infection signal of HCVser was weaker than that of the HCVcc (Fig 2.11, 

(1)).  

To further confirm the serum infection in a single cell base, infection was repeated with 

the HDFR assay and nuclear translocation of RFP was also observed (Fig 2.11, (2)). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Infection of DHHs by patient serum-derived HCV (HCVser). (1). Detection by 

western blotting of DHHs infection by HCVser. IFN-α was included in the medium at 50 

units/ml when indicated. The multiplicity of infection for the individual viruses was: HCVcc: 0.5; 

Serum 1a: 0.02; Serum 1b: 0.5; (2) Visualization of single-cell infection events by HCVser. 

Reporter-transduced cells were infected with HCVser for 48 hrs, and the cells were fixed for 

immunofluorescence analysis 72 hrs after infection. Arrows indicate individual cells infected 

with genotype 1b HCVser and showing nuclear translocation of the RFP. 
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Similar like infection by HCVcc, infection of DHHs by both serums resulted in secretion 

of HCV core antigen into the supernatant. In contrast, exposure of Huh-7.5 cells to HCVser of a 

multiplicity of infection up to 0.5 did not result in any detectable intracellular expression of NS3 

protein or any release of HCV core into the culture medium (Fig 2.12).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. HCVser preferentially infected DHHs over Huh-7.5 cells. Equal amounts of genome 

equivalent of HCVser were used to infect either Huh-7.5 or day 11 DHHs. Core levels in the 

supernatants collected at 0 and 48 hrs were plotted for both cell lines. Error bars represent 

standard deviations of replicate experiments. 

 

 

The sequence results revealed that the difference in the permissiveness of Huh-7.5 cells 

and DHHs to serum infection was not due to any adaptive mutations that have been previously 

reported. Given the high permissiveness of Huh-7.5 cells to HCVcc infection, these results 

strongly suggest that HCVser might preferentially infect the non-cancerous DHHs.  

 

Interestingly, when the supernatant collected from serum-infected DHHs were put onto 

naïve DHHs, both re-infections could release core antigen, but the supernatants collected 

immediately after the removal of the original inoculum did not result in any core release, 

indicating that the core signals were from new-round infection, rather than carry-over of the 

inoculum from the first-round (Fig 2.13). These results indicated that DHHs were capable of 

supporting the complete life cycle of serum-derived HCV.  
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Figure 2.13. HCVser-infected DHHs support infectious virus particle production. (1). Naïve 

DHHs cells were exposed to the 48h media from (Figure 1.17) for 6 hrs before the inoculum was 

removed, and the cells washed and changed to medium E, then immediately collected as the 0h 

samples. The infected cells were then incubated for an additional 48 hrs in medium E before the 

culture supernatants were collected as the 48hrs samples. Error bars represent standard 

deviations from replicate experiments. **: p<0.01. 

 

 

 

 Genetic Modification of Stem Cell to Generate HCV-Resistant DHHs 

 

Given that stem cells have the potential to produce unlimited quantities of any human cell 

type; considerable focus has been placed on their therapeutic potential. A distinct advantage of 

DHHs over PHHs is the potential to modify the cells genetically at the pluripotent stage and then 

produce DHHs with the desired phenotype. Knocking-down critical known cellular factors 

required for HCV infection in stem cells before hepatic differentiation would provide 

opportunity to generate functional hepatocytes that were refractory to HCV infection.  

Our lab has previously reported that CyPA protein is required for HCV replication in 

Huh-7.5 cells (232). By studying its detailed mechanism, we isolated a mutant virus (termed 

JFH-1-DEYN) with two site mutations within NS5A sequence. Unlike the wild type JFH-1 

HCVcc, this mutant virus replicates in a manner of CyPA-independence, therefore could 

replicate in both Huh-7.5-CyPA
KD

 cells and Huh-7.5-Ctrl cells (which were transduced with 

Lentiviral vector containing shRNA targeting CyPA and firefly luciferase gene, respectively). 
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To test our hypothesis, the same shRNA directed at CyPA was introduced into WA09 

stem cells, by Lentiviral vector-mediated gene delivery. Similar like CyPA knockdown in Huh-

7.5 cells, suppression of CyPA expression in WA09 stem cells was also achieved (Fig 2.14, (2)). 

More importantly, knockdown of CyPA in stem cells did not affect the stemness of the resulting 

modified cells, termed WA09-CyPA
KD

, based on the normal expression of the pluripotent marker 

Oct-4 (Fig 2.14, (1)).   

 

When these WA09-CyPA
KD

 cells were subjected to the hepatic differentiation procedure, 

the knockdown of CyPA was maintained in the differentiated cells (termed DHH-CyPA
KD

), 

indicating long-term suppression of gene expression by shRNA was not affected by the 

differentiation steps as long as a house-keeping promoter was selected to drive the shRNA 

expression (Lentiviral construct used in this study contains a murine U6 promoter) (Fig 2.14).  

 

 

 

 

 

 

 

 

Figure 2.14. Suppression of CyPA expression by shRNA in WA09 cells and day 21 DHHs. (1). 

CyPA knockdown did not affect the expression of pluripotency marker Oct-4 in WA09 cells. 

hESCs-CyPA
KD

 were subjected to immunofluorescent staining with anti-Oct-4 antibody. 

(2).hESCs-CyPA
KD

 were subjected to hepatic differentiation and differentiating cells were 

harvested at day 21 for western blotting analysis of CyPA.  

 

 

 

When the DHH-CyPA
KD

 cells were infected with wild type JFH-1 HCVcc, as expected, 

the infection was dramatically reduced to the mock level (Fig 2.15). Interestingly, these DHH-

CyPA
KD

 cells remained permissive to infection by the JFH-1-DEYN virus (Fig 2.15). These data 

suggest that the inhibition in HCV infection was due to CyPA knockdown rather than to a non-

specific effect of the shRNA transduction and expression. The data also ruled out the possibility 

that knockdown of CyPA might affect hepatic differentiation. 
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Figure 2.15. DHH-CyPA
KD

 were resistant to wildtype HCV infection. Infection of both the wild 

type and CyPA
KD

 -DHHs were done on day 13 and allowed to proceed for 48 hrs. Luciferase in 

the culture supernatant for monitored. Wildtype HCVcc (Jc1/GLuc2A) infected unmodified 

DHHs but not CyPA
KD

-DHHs (pink bar), and the DEYN mutant infected both cell types (green 

and yellow bars). Error bars represent standard deviations of replicate experiments. *: p<0.05; **: 

p<0.01. 

 

 

To further test our hypothesis, we generated a second WA09 cell line (termed WA09- 

PI4KIIIα
KD

) harboring an shRNA directed at PI4KIIIα, which has previously been shown to 

participate in HCV RNA replication (19). When being differentiated, the resulting cells (DHH- 

PI4KIIIα
KD

) were also refractory to wild type JFH-1 infection (Fig 2.16). Taken together, these 

results lent further support to the feasibility of generating HCV-resistant hepatocytes. 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. DHHs with PI4KIIIα
KD

 were resistant to HCV infection. The cells were infected at 

day 13, and the luciferase activity was monitored for the next 48 hrs. Error bars represent 

standard deviations of replicate experiments. **: p<0.01. 
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Discussion 

 

We have demonstrated that hepatic cells derived by direct differentiation of stem cells, 

including iPSCs, can support HCV infection. Life cycles of HCV infection could be completed 

starting with HCV entry and ending with secretion of infectious viral particles into culture media. 

Infection of DHHs was sensitive to replication inhibitors as well as entry blockers. Four different 

variants of JFH-1, including a J6/JFH hybrid (GLuc), were used to produce HCVcc used in this 

study. Both wild-type sequence (JFH-FLAG) and adaptive mutants (SAV and Mut4-6) were able 

to replicate in DHHs, indicating that the ability for DHHs to support HCV infection did not 

depend on particular isoforms or mutations.  

 

In addition, successful infection by two clinical isolates of genotype 1a and 1b 

demonstrated the feasibility of using DHHs to study these genotypes that are prevalent in 

patients but understudied in cell culture. Beyond the genotype considerations, direct infection by 

patient serum also has broad significance for challenging research areas such as the dissection of 

drug resistance mechanisms and functional characterization of authentic HCV particles. Recently, 

one study demonstrated the long-term passage of a genotype 1b clinical isolate in a monkey 

kidney cell line (VeroE6) that was defective in type I-IFN production (199). They also showed 

that high titer of infectious virus could be recovered and this isolate was able to recapitulate the 

in vivo IFN resistant phenotype in cell culture. However, the usage of non-human, non-hepatic 

cells in that study limits the physiological relevance. Interestingly, although the 1a serum used in 

this study was obtained from a patient who was discontinued from pegylated IFN/Ribavirin with 

significant side effects and poor response to treatment, infection by this virus was sensitive to 

IFN treatment in our DHHs system. Host determinants may have been responsible for the IFN 

resistance observed in vivo for this patient.  

 

The DHHs represent an important addition to the small field of in vitro models for HCV 

infection. In contrast to the cell lines derived from tumor tissues, DHHs are non-cancerous and 

retain important functions of primary hepatocytes such as secretion of ALB, glycogen storage, 

LDL uptake, cytochrome P450 function, and the ability to replace mouse hepatocytes in liver 

injury mouse models. DHHs also offer advantages over PHHs as being more accessible, 
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genetically malleable, and unlimited in supply. Several groups recently reported the direct 

induction of mouse fibroblasts into hepatocyte-like cells (iHep) (95, 193). Whether a similar feat 

can be accomplished for human cells and, if so, whether the iHep cells will have enough 

proliferative potential to serve as a useful model for HCV research remains to be determined. 

 

Genetic modification of pluripotent stem cells before direct differentiation is an attractive 

approach to obtain specific cell types with desired phenotypes. In the context of HCV infection 

and liver disease, stem-cell lines with essential cellular cofactors knocked out or knocked down 

can serve as a renewable source of HCV-resistant hepatocyte-like cells in vitro, which can in turn 

be used in transplantation experiments. Even though most cellular proteins probably play 

essential roles normally, and their silencing cannot be reasonably expected not to affect the host, 

the opportunity for inhibiting a cellular cofactor does sometimes arise as a result of functional 

redundancy at the cellular but not the viral level, as is the case with the HIV coreceptor C-C 

chemokine receptor type 5 (CCR5) (115). For RNA viruses with high mutation and turnover 

rates, inhibiting a cellular rather than a viral target may offer the advantage of a higher genetic 

barrier to the development of resistance. 

 

Gene knockout technology in mouse embryonic stem cells revolutionized the field (212) 

and remains the gold standard for definitive studies of gene function, but the robustness of the 

technology did not transfer to hESCs easily (242). The efficiency of homologous recombination 

in hESCs and human iPSCs is much lower, in part because the pluripotent state of the human 

cells resembles that of the mouse-derived epiblast stem cells, rather than the true naïve state of 

the mouse embryonic stem cells (29). RNA interference, on the other hand, appears to function 

efficiently in all cell types and represents an alternative to gene knockout, especially when partial 

suppression of a cofactor is sufficient to reduce viral infection in a meaningful way. This study 

demonstrated that Lentiviral vector–mediated expression of shRNA can be maintained in long-

term differentiation cultures and that CyPA knockdown in hESCs or DHHs has no apparent 

adverse effects on pluripotency or differentiation. What’s more, this shRNA expression system 

could be further optimized to conditionally express the small hairpin RNAs in a hepatocyte-

specific manner, by using hepatocyte-specific gene promoter, such as a miR-122 promoter (Fig 

2.17). 
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Figure 2.17. miR-122 promoter drives EGFP expression only in cell lines of liver origin. Four 

different cell lines (Huh-7.5, LH-86, HeLa, and 293T) were co-transfected with pmiR-122-EGFP 

(green) and pCMV-DsRed (red) for 48 hrs before cells were fixed for immunofluorescence. 

 

 

The DHH-CyPA
KD

 cells were permissive to infection by an HCV mutant with reduced 

CyPA-dependence, further indicating that these modified cells retained hepatic features that 

encompass HCV’s liver tropism. These data are also consistent with the finding that CyPA-null 

mice developed normally and had life expectancy comparable to that of wild type mice. 

 

The efficiency of PHHs to support HCV production is typically much lower than that of 

Huh-7.5 cells and varies in different studies, presumably because of the different batches of 

PHHs used or cell culture conditions or both. A similar situation was observed with DHHs: 

despite robust intracellular expression of HCV proteins and unequivocal evidence of virion 

production in the culture medium of the infected DHHs, the infectious titers have so far remained 

relatively low. This could be due to IFN produced in the medium or may reflect the inherently 

low infection efficiency in primary cells (127, 139). In addition, expression of liver-specific 

marker genes such as ALB is much lower in DHHs than in PHHs, suggesting the differentiation 

protocol could be further optimized. Our preliminary experiments showed that DHHs cultured in 

three-dimensional (3D) cell-culture scaffolds conferred higher infectivity to HCVcc (Fig 2.18), 
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pointing to the possibility of improving DHH infection efficiency by means of tissue engineering, 

as has been reported for PHHs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. Increased infection efficiency of DHHs cultured in three-dimensional scaffolds. For 

the 3-D cultures, day 9 cells were seeded onto either polystyrene or polycaprolactone scaffolds, 

which were transferred to a new dish after adherence of the cells. Infections by Jc1/GLuc2A 

were performed on day 13, and luciferase assays in the next two days. The luciferase results were 

normalized to the cell numbers and then compared with those of the regular (2-D) cultures, 

which were set to be 100%. Error bars represent standard deviations of replicate experiments. *: 

p<0.05; **: p<0.01. 

 

 

Interestingly, the relative efficiencies with which Huh-7.5 and DHHs support HCVcc and 

HCVser infections were distinctly different. HCVcc infected DHHs less efficiently than they did 

Huh-7.5 cells, whereas HCVser specifically infected DHHs but not Huh-7.5, suggesting that 

DHHs represent a more physiologically relevant model for infection by clinical isolates of HCV 

(HCVser). Similarly, as demonstrated in a recent study, a genotype 1a infectious clone that failed 

to replicate in Huh-7.5 cells was able to replicate and produce low numbers of viral particles in 

PHHs cocultured with hepatic stellate cells. The mechanism underlying this interesting 

phenomenon is unclear at the present time, but may be related to, among other possibilities, the 

different genotypes represented by HCVser and HCVcc used in these studies. Both the Banaudha 

study and ours used HCVser of genotypes 1a and 1b whereas the HCVcc were based on JFH-1 
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or J6/JFH, both of genotype 2a. It has been documented that HCVcc based on genotype 1a is 

significantly less infectious than the JFH-1-based HCVcc in Huh-7.5 cells. 
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CHAPTER THREE 

 

CELLULAR CHANGES ASSOCIATED WITH THE 

TRANSITION FROM NON-PERMISSIVE TO PERMISSIVE 

CELLS FOR HEPATITIS C VIRUS INFECTION 

 

 

Introduction 

 

Current therapy for HCV involves treatment with a combination of interferon-α and 

ribavirin (62). However, this regimen is effective only in half of patients, often poorly tolerated, 

and unsuitable for certain patient populations (214). Another approach to control HCV is to 

identify the host cofactors that required for the viral life cycle, such as viral entry, uncoating, 

replication, virion assembly, and egress. Targeting these factors may impose a higher barrier to 

viral resistance and also enable blocking the viral life cycle at multiple complementary steps (69). 

Thus, there is an intense effort to develop new, better treatments, mostly by screening and 

targeting nonessential host cellular factors that are required by HCV for its infection.  

Recently, several studies reported siRNA library screens designed to identify host 

proteins that support HCV replication (178, 206, 207), using slightly different subgenomic 

Replicon system. These studies have identified many candidate host factors for viral replication 

and further studies of some of the factors may yield important mechanistic insights into the 

formation and maintenance of the membrane-associated replication complex. However, one 

important limitation of these siRNA screens is the usage of Replicon model, which only permits 

identification of host factors of replication but not of other steps of the viral life cycle. 

The fully infectious HCVcc systems, therefore, made it possible for researchers to look 

for cellular factors required for other aspects. Recently, an increasing number of studies have 

been focusing on entry step (41, 124) and these researches were designed to identify host factors 

required, aiming at inhibiting HCV infection by targeting this earliest step during infection. 

Compared to other steps, HCV entry is an attractive target for small molecule inhibitors, since it 
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precedes the assembly of infectious virus and therefore rules out the possibility of continual 

rounds of re-infection. These studies, however, were mainly using in vitro cell culture systems, 

which are mostly based on a hepatoma cell line Huh-7 and its derivatives. These immortalized 

cells are quite different from the primary hepatocytes, in terms of hepatic functions and growth 

characteristics, raising the question of physiological relevance 

In the first chapter, we have demonstrated that differentiated human hepatocytes, which 

were derived from both hESCs and iPSCs, could be productively and persistently infected by 

HCV.  To our knowledge, this is the first report of any cell type that can be rendered permissive 

to HCV infection and replication by treatment with defined chemical compounds. Our study 

established a new, noncancerous, physiologically-relevant, and renewable cell-culture system for 

HCV infection. More importantly, this advance opens up new possibilities for identifying novel 

signaling pathways required for viral infection and could lead to the discovery of new drugable 

targets for HCV. 

Therefore, in this chapter, the studies were designed to investigate the transition stage 

during hepatic differentiation that rendered the differentiating cells become susceptible to HCV 

infection. By dissecting the cellular differences before and after the transition, we were hoping to 

identify new host factors required for HCV infection or new restriction factors that inhibit virus 

infection. Using comparative microarray analysis to compare gene-expression profiles of 

permissive and non permissive cells, we would like to identify the cellular determinants whose 

inductions or repressions were correlated with this transition.  

 

 

Methods 

 

HCVcc Used in the Infection Experiments 

 

A JFH-1 based HCVcc (Jc1/GLuc2A) were produced in Huh-7.5 cells as previously 

described (170). Supernatant containing virus particles was clarified by centrifugation (3,000 x g) 

for 10 min and sterile-filtered (0.2"µm cellulose acetate, Corning Inc., Corning, NY). To prevent 

changes in pH, the supernatant were often buffered with 20 mM Hepes, pH 7.55.  For the time-

course infection, the viral particles were further purified by polyethylene glycol-8000 (PEG8000) 
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precipitation: virus stock was concentrated by addition of one-fourth volume sterile-filtered 40% 

(w/v) PEG8000 in PBS (final, 8% (w/v)) and overnight incubation at 4°C. Virus precipitates 

were collected by centrifugation (8,000 x g, 15 min), resuspended in PBS, aliquoted and stored at 

–80°C. This procedure typically yielded 50-70% recovery of HCVcc infectivity. 

All infections were performed by incubation of virus inoculum with cells for 4-6 hrs 

before the cells were washed and changed into the medium appropriate for the specific cell type 

and differentiation stage. For the time course of DHHs permissiveness, infection at each time 

point was allowed to proceed for exactly 48 hrs before cell harvesting and western blotting.  

 

Immunofluorescence Analysis of HCV Receptors 

 

Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) at room 

temperature for 10 min and blocked with PBGB (PBS containing 10% normal goat serum, and 1% 

bovine serum albumin (BSA)) at room temperature for 2 hrs. Cells were incubated with primary 

antibodies (anti-CD81, anti-SR-B1, anti-claudin 1 and anti-occludin, diluted in PBG at 1:100 to 

1:200) at 4°C overnight or for 2 hrs at room temperature. Isotype mouse or rabbit IgGs were 

used as negative controls. After four washes with PBSB (PBS with 0.1% BSA), FITC or TRITC-

conjugated secondary antibody diluted at 1:500 was added and incubated at room temperature 

for 1 hr. Before being mounted with VECTASHIELD (H-1200, Vector Labs), cells were washed 

with PBSB three times and once with PBTG (PBS containing 0.1% Triton X-100, 10% normal 

goat serum, and 1% BSA). 

 

Microarray and RT-PCR Analysis 

 

The complementary DNA used for microarray hybridization was prepared as follows. 

Total RNAs from day 7 and day 10 cells were isolated with the Qiagen RNeasy Mini kit, and 

RNA was converted into single-stranded cDNA with the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). The RNA/cDNA hybrids were denatured at 95°C for 1 

min and then treated with RNase H for 30 min at 37°C. The resulting cDNA was cleaned up with 

the Qiagen PCR purification kit before being used for fluorescent labeling. A Nimblegen 4672K 

Expression Array was used for hybridization according to the manufacturer’s instructions. 
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Expression data and gene ontology analysis were done with ArrayStar (DNASTAR) and Gorilla 

(Technion-Laboratory of Computational Biology). For RT-PCR, total RNA was isolated from 

various days post-differentiation and then converted to first-strand cDNA with SuperScript III 

(Invitrogen) with oligo-dT serving as the RT primer. The resulting products served as templates 

for PCR analysis of HCV cofactors and receptors. Primer sequences are listed below: 

 

Table 3.1. qRT-PCR primers for HCV cofactors 

Genes Forward Primer Reverse Primer 

SR-B1 5'-GCGATGGGGCATAAAACC 5'-TGGAGGGCTGGAACTGGA 

CD81 5'-GCTGCACCAAGTGCATCA 5'-CAAGCGTCTCGTGGAAGG 

CLDN1 5'-TGTTGGGCTTCATTCTCG 5'-TGCAGGTTTTGGATAGGG 

OCLN 5’-GACGCAGCAGATTGGTTTATC 5'-TTCTTCGAGTTTTCACAGCA 

CD229 5'-CTCCAGCGTCACCAGCAT 5'-AGAAGGCAAACCATCAGG 

NPCL1L1 5'-CTTTCTGAACCGCTACTTCG 5'-CGCCTTTGGGACATTTGA 

FBL2 5'-AAGCAACTGGCAAAGAATAG 5'-AAAGTGTAAAACCTGCGTCA 

VAP-A 5'-GCTACAGCCCTTTGACTATG 5'-TCAGGTGCCGATTTTCTT 

VAP-B 5'-CCTTTCACCGATGTTGTCA 5'-AACTGCTTGTTCTCCTCCC 

FKBP8 5'-CGCCAACTCCTACGACCT 5'-GCAGCGATGACCACAGAG 

Hsp90 5'-TATTCTGCTTATTTGGTTGCT 5'-AGGGAGATCCTCCGAGTC 

EGFR 5'-TTGAAGGCTGTCCAACGA 5'-CGACGGTCCTCCAAGTAG 

EphA2 5'-TTCACCAAGATTGACACCAT 5'-TGAGGAGGCTCCGAGTAG 

C-Src 5'-GGAGCCTTGTGGACTACCT 5'-GGGGCATCCATCTTGTAG 

IFITM1 5′-CCTGTCACTGGTATTCGGCTCT 5′-CAGGCTATGGGCGGCTAC 

IFI30 5'-CTCCAGCCACCACACGAGTA 5'-GGGTAAGGAGCTGGGTCTGATC 

Hsp72 5'-AACAAGCGAGCCGTGAGG 5'-CGCCCGTTGAAGAAGTCC 

TBC1D20 5'-TACGGCAGATGAGCAAGG 5'-GCAGAAGTCCCCGAAACC 

PLK1 5'-CGACTTCGTGTTCGTGGTG 5'-CAAGCCTTTATTGAGGACTGT 

ARF1 5'-GGCCTGATCTTCGTGGTG 5'-GGGAGGTCCTGCTTGTTG 

CKB 5'-GCGGTATCTGGCACAATG 5'-ACTCCGTCCACCACCATC 

GBF1 5'-CTGCTGCATAGTTTCGGTC 5'-CATAGTTCTTGGGTTCTTCTTT 

DDX6 5'-ACACAGACACAGCAACAG 5'-AAGATCCAGGATTCTCCCAG 

Rab5 5'-ATTGGGGCTGCCTTTCTA 5'-TTCTGTGGTTCATTCTTTGG 

FUSEBP 5'-GAACACTGGTGCTGACAAAC 5'-TTGCCTTGACCTCTACCTC 

hnRNPA1 5'-AGCCTGAGGAGCCATTTT 5'-AGTGGGCACCTGGTCTTT 

SPET6 5'-CAGTTGGCTTTGGGGACC 5'-GCTTACAGCGGCGATACA 

PI3K 5'-ATGGGGATGATTTACGGC 5'-AAGGCTAGGGTCTTTCGA 

PI4KIII-α2 5'-TGGCTGTATTCCGTTCTG 5'-GCTCCTCCTCGTTCTCCT 

PI4K-β 5'-AGCCTTCAAACGAGACCC 5'-CAAGCAGTACCCAGCACA 
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Real-time RT-PCR Detection of Micro-RNA 122 (miR-122) 

To determine miR-122 levels, we reverse transcribed Trizol extracted RNA samples 

using the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems), and the resulting 

cDNA served as templates for real-time PCR analysis with the TaqMan MicroRNA Assay for 

miR-122 (Applied Biosystems). 

 

 

Results 

 

Defined Transition from Non-Permissive to Permissive Cells 

 

We have demonstrated that differentiated human hepatocytes, which were derived from 

both hESCs and iPSCs, could be productively and persistently infected by HCV.  Next, we 

wanted to determine the transition stage during hepatic differentiation that rendered the 

differentiating cells become susceptible to HCV infection.  

The hepatic differentiation protocol that we used involved five different medium 

compositions for the various stages of differentiation (Fig 3.1). A combination of Activin A, 

basic fibroblast growth factor (β -FGF), and Wnt-3A (Media A and B) was used to induce the 

differentiation of definitive endoderm (days 1–4), which was cultured in a FGF-10-containing 

medium (medium C) for three days (days 5–7) for initiation of definitive endoderm hepatic 

specification. After day 7, medium C was supplemented with retinoic acid (RA) and a 

transforming growth-factor-b (TGF- β) inhibitor, SB431542 (96), and the cells were cultured for 

three additional days (days 8–10) in this medium (medium D). Finally, the hepatocyte-like cells 

were allowed to mature in medium E, which contained hepatocyte growth factor (HGF), 

epidermal growth factor (EGF), and FGF-4 (days 11–21). 

 

 

 

 

 

Figure 3.1. List of growth factors in the media used in the various stages of differentiation. 
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We exposed cells at different time points to GLuc-based HCVcc for 4 hrs, removed the 

inoculum, and then monitored infection by measuring both intracellular NS3 expression (Fig 3.2) 

and luciferase activity (Fig 3.3) in the medium 48 hrs after infection. A clear infection signal was 

detected in cells at and after day 10 after differentiation, whereas the stem cells (H9), the 

definitive endoderm, and cells up to day 9 after differentiation could not be infected. Also, the 

infection efficiency slightly increased as differentiation proceeded from day 10 to day 15. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Time course of DHH infection by detection of NS3. Cells were exposed to HCVcc 

for 4 hrs on the indicated days and then cultured in the appropriate medium for an additional 48 

hrs before the cell lysates were collected for detection of NS3 expression. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Time course of DHH infection by luciferase activity. Secreted luciferase activities 

were monitored in the same experiments described in (Figure 2.2). Error bars represent standard 

deviation of triplicate experiments, **: p<0.01. 
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Because the day 10 cells were normally changed into medium E immediately after the 

removal of the viral input, we wanted to determine whether medium E was required for the 

infection. To address this question, we performed an experiment in which the infected day 10 

cells were either kept in medium D (FGF-10, RA, and SB) or changed into medium E (HGF, 

EGF, and FGF-4). Both samples were collected at day 21 and subjected to immunoblotting for 

detection of HCV proteins. It turned out that medium E was not required for HCV 

permissiveness, as both cell populations became infected, but the maturation process may further 

increase the infection efficiency (Fig 3.4). 

 

 

 

 

 

 

 

 

Figure 3.4. Hepatic maturation was not required for HCV infection of day 10 cells. Day 10 

DHHs were infected and then either kept in medium D (hepatic specification medium) or 

changed to HGF-containing Medium E (hepatic maturation medium) until day 21, when all cells 

were collected for western blotting.  

 

 

 

 

 

 

 

 

 

Figure 3.5. A diagram indicating the transition of DHHs to HCV permissiveness. Data were 

based on the results shown in (Figure 3.3.) and (Figure 3.4.). 
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Taken together, these results identified a discrete temporal switch during the hepatic 

differentiation process that marked the transition to permissiveness for HCV infection (Fig 3.5). 

 

Cellular Changes Associated with HCV Permissiveness 

 

We then sought to identify the cellular determinants whose induction or repression by the 

hepatic specification process was correlated with permissiveness to infection. Liver-specific 

genes that are important for HCV infection are good candidates for such determinants.  

A virus initiates infection by attaching to its specific receptor on the surface of a 

susceptible host cell. This paves the way for the virus to enter the cell. Consequently, the 

expression of the receptors in specific cells and tissues of the host is a major determinant of viral 

tropism (138): the ability of a virus to infect a limited set of target cells. So far, four well-

documented receptors have been identified for HCV to infect hepatocytes. Therefore, their 

expression levels were analyzed in both non-permissive and permissive cells, by conventional 

RT-PCR and immunofluorescent staining. Surprisingly, no difference was observed, either at 

protein level (Fig 3.6), or RNA level (Fig 3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Expression of HCV receptor on both non-permissive and permissive cells. Cell-

surface staining of the four well-characterized receptors (CD81, SR-BI, Claudin-1, and Occludin) 

for HCV entry into both H9 stem cells and day 10 cells. 
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Figure 3.7. RT-PCR analysis of receptor expression during the hepatic differentiation. Total 

RNA was extracted from differentiating cells at different time points and then converted into 

cDNA, which was used as PCR template to amplify HCV receptors using specific primers. RT: 

reverse transcriptase; non-permissive cells were from day 7 post hepatic differentiation. 

 

 

This result was further confirmed by HCVpp entry experiment, in which pseudotyped 

particles could enter both non-permissive and permissive cells, but not stem cells (Fig 3.8). 

These results suggest that the defect in the non-permissive cells might happen at a post-entry step. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Entry of HCVpp into non-permissive and permissive cells. Cells at different time 

points post differentiation were exposed to HCVpp for 4-6 hrs, at the presence of either normal 

mouse IgG or anti-CD81 antibody. And cells were harvested at 48 hrs post infection and 

subjected to firefly luciferase assay. Error bars represent standard deviation of duplicate 

experiments, **: p<0.01. 
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Due to the developments of subgenomic Replicon system and full-length infectious virus 

system, during last decade studies have identified quite a few cellular cofactors required for the 

life cycle of HCV, especially the RNA replication step. Using semi-quantitative PCR analysis, 

we compared the expression levels of most of these cofactors between non-permissive and 

permissive cells. For the majority of them, we did not observe any difference; however, we did 

see a significant difference for some cofactors (Fig 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. RT-PCR analysis of HCV cofactors expression during the hepatic differentiation 

process. Total RNA was extracted from differentiating cells at different time points and then 

converted into cDNA, which was used as PCR template to amplify HCV cofactors using specific 

primers. RT: reverse transcriptase; D0: WA09 stem cells; D7 and D10: non-permissive cells and 

permissive cells from day 7 and day 10 post hepatic differentiation, respectively.  

 

 

However, expression of the proline-serine-threonine phosphatase-interacting protein 2 

(PSTPIP2), a host membrane-deforming protein that is critical for the membranous web 

formation (35), was upregulated in day 10 permissive cells (Fig 3.10). Differences were also 

found for the F-box and leucine-rich repeat protein2 (FBL2), which was identified as the first 

geranylgeranylated cellular protein required for HCV RNA replication by interacting with NS5A 
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(222), and for Golgi brefeldin A resistant guanine nucleotide exchange factor 1 (GBF1), a 

guanine nucleotide exchange factor critically involved in HCV RNA replication (77) (Fig 3.10).  

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Quantitative RT-PCR analysis of the expression for cofactors (PSTPIP2, FBL2, and 

GBF1) during the hepatic differentiation process. Total RNA was extracted from differentiating 

cells at different time points and then converted into cDNA, which was used as PCR template to 

amplify HCV cofactors using specific primers. Error bars represent standard deviation of 

duplicate experiments, **: p<0.01. 

 

 

In addition, phosphatidylinositol 4-kinase type III-α (PI4KIII-α), another critical HCV 

cofactor, was also highly induced in day-10 cells, especially at the protein level (Fig 2.11) 

 

 

 

 

 

 

 

 

 

Figure 3.11. Expression for cofactors (PI4KIII-α, DDX3, and CyPA) during the hepatic 

differentiation process. Differentiating cells at different time points were collected and subjected 

for western blotting analysis for expression of indicated cofactors.  
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Recent studies have shown that replication of HCV is dependent on miR-122 expression 

(88, 105), which is a liver specific microRNA and constitutes 72% of total miRNA in adult 

human liver. miR-122 regulates HCV by binding directly to two adjacent sites close to the 5' end 

of HCV RNA. Expression of miR-122 was not detectable by real-time RT-PCR in day 0 or day 4 

cells but was greatly induced at day 7 and then maintained throughout the differentiation process 

(Fig 3.12). These data suggested that the induction of miR-122 expression by hepatic 

specification conditions contributed to, but was not sufficient for, the transition from non-

permissiveness to permissiveness. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Induction of microRNA miR-122 expression. Equal amounts of total cellular RNA 

from various cells at the indicated days were subjected to a real-time RT-PCR assay for detection 

of miR-122 expression. Error bars represent standard deviation of duplicate experiments, **: 

p<0.01. PHH: primary human hepatocytes; H-7.5: Huh-7.5 cells. 

 

 

Microanalysis of Gene Expression Profiles between Non-Permissive and Permissive Cells 

 

In order to systematically study the cellular determinants, we next performed microarray 

analysis to compare gene expression profiles of day 7 (non-permissive) and day 10 (permissive) 

cells. The addition of medium D resulted in changes (upregulation and downregulation) in 

expression levels of hundreds of genes, many of which are associated with cell signaling 

pathways or function as extracellular components.  



51"

"

For genes that are upregulated from non-permissive to permissive cells, in general, there 

are more than 300 genes whose expression levels were increased over 4-fold, 75 genes were 

increased over 8-fold, and 9 genes were increased more than 20-fold (Fig 3.13, (1)). Gene 

ontology analysis was also performed to classify these upregulated genes.  

When analyzed according to their molecular functions, these genes were evenly 

distributed into four categories (binding, enzymes, transcription factors, and receptors). Of note, 

2% of the upregulated genes are related to one of the specific liver functions, detoxification (Fig 

3.13, (2)). 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Analysis of upregulated genes in permissive cells. (1). Number of genes upregulated 

in permissive cells. Fold changes were calculated based on relative levels between non-

permissive and permissive cells; (2). Gene ontology analysis classifying 331 upregulated genes 

by molecular functions. 

 

 

While for downregulated genes, in general, there are more than 140 genes whose 

expression levels were decreased over 4-fold from non-permissive to permissive cells, 37 genes 

were decreased over 8-fold and 7 genes were downregulated more than 20-fold (Fig. 3.14, (1)). 

We also did the gene ontology analysis to categorize the downregulated genes. Interestingly, the 

overall distribution of these genes showed a similar pattern to that of upregulated genes, 

suggesting that the stem cell differentiation process is tightly regulated, involving hundreds of 

genes upregulated and hundreds of genes within the similar categories downregulated (Fig 3.14, 

(2)). 
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Figure 3.14. Analysis of downregulated genes in permissive cells. (1). Number of genes 

downregulated in permissive cells. Fold changes were calculated based on relative levels 

between non-permissive and permissive cells; (2). Gene ontology analysis classifying 147 

downregulated genes by molecular functions. 

 

 

We then focused on upregulated genes that have been previously implicated in HCV 

infection. Consistent with our previous results, expression of the four well-characterized 

receptors remained largely unchanged, as did the expression of the putative attachment factor, 

the LDL-R (149) (Fig 3.15).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. Expression levels of HCV receptors and LDL-receptor. Relative mRNA levels were 

calculated based on the values from microarray data. Error bars represent standard deviation of 

duplicate experiments. 
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However, the expression of epidermal growth factor receptor (EGFR) and ephrin receptor 

A2 (EphA2), two receptor tyrosine kinases (RTKs) identified in an siRNA library screening for 

HCV entry factors (134), increased dramatically in day 10 cells (Fig 3.16, (1)). Quantitative RT-

PCR also confirmed the upregulation of these genes to be comparable with the levels found in 

PHHs (Fig 3.16, (2)).  

 

 

 

 

 

 

 

 

 

Figure 3.16. Quantitative RT-PCR analysis of EGFR and EphA2. Total RNA was extracted from 

differentiating cells at indicated time points and then converted into cDNA, which was used as 

PCR template to amplify the two entry factors using specific primers. PHH: primary human 

hepatocytes. Error bars represent standard deviation of duplicate experiments, **: p<0.01; ***: 

p<0.001 

 

 

Of all the downregulated genes, attentions were paid to anti-viral factors or restriction 

factors. One of them encoded the interferon-induced transmembrane protein 1 (IFITM1) (Fig 

3.17), an IFN-stimulated gene (ISG) recently shown to be involved in the cellular resistance to 

infection by influenza, West Nile, Dengue, and Hepatitis C viruses (26). Another dramatically 

decreased anti-viral gene was interferon-γ-inducible protein 30 (IFI30) (Fig 3.17), a lysosomal 

thiol reductase that might be associated with Hepatitis B virus (HBV) clearance by Chimpanzee 

(225).  

 

Taken together, these results suggested that the transition to HCV permissiveness during 

the in vitro differentiation process may require both the activation of positive factors (miR-122, 

EGFR/EphA2, PI4KIII-α etc.) and the downregulation of antiviral genes such as IFITM1. 
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Figure 3.17. Quantitative RT-PCR analysis of IFITM1 and IFI30. Total RNA was extracted from 

differentiating cells at indicated time points and then converted into cDNA, which was used as 

PCR template to amplify the two ISGs using specific primers. Error bars represent standard 

deviation of duplicate experiments, *: p<0.05; **: p<0.01; ***: p<0.001 

 

 

Selection of Novel Host Genes Associated with HCV Permissiveness 

 

We next performed a detailed analysis of the complete list of the genes that are either up- 

or down-regulated in the permissive cells. For the downregulated genes, we focused on those that 

are induced by the known anti-HCV cytokine, IFN. Recently, one study published a 

comprehensive analysis of type-I IFN effectors against replication of several important human 

and animal viruses, including HCV, DENV, YFV, and Influenza (192). The Venn analysis 

revealed that more than 20 genes that have been reported to be upregulated by IFN treatment 

have not been characterized against HCV (Fig 3.18). Their expression levels were significantly 

decreased from non-permissive to permissive cells (Fig 3.19).  

 

 

 

 

 

 

 

 

Figure 3.18. Venn analysis of anti-HCV factors. Candidate anti-HCV factors were selected from  

the downregulated genes if they are inducible by the anti-HCV cytokine IFN.  
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Figure 3.19. Expression levels of candidate anti-HCV genes. Relative mRNA levels were 

calculated based on the values from microarray data. Error bars represent standard deviation of 

duplicate experiments. 

 

 

Compared to the parental Huh-7 cells, Huh-7.5 cells show dramatically enhanced 

permissiveness for HCV infection and a dominant negative mutation in the RIG-I gene was 

proposed as the mechanism behind (204). Two recent studies, however, provided contradictory 

evidence against this explanation, by demonstrating that knockdown of RIG-I by RNA 

interference (RNAi) did not enhance replication of HCV in Huh-7 cells (21, 43). Therefore, it is 

likely that Huh-7 cells may have different expressions of other genes that limit HCV replication. 

Comparing the difference between subclones of Huh-7 cells that are permissive for HCV 

infection versus their nonpermissive parental Huh-7 cells could be a powerful approach to 

identify cellular restriction factors against HCV. Microarray analysis from one study revealed 26 

genes whose expression were reduced by more than 10-fold in a subclone that is highly 

permissive to HCV infection but without mutations in RIG-I gene (43).  

When the two lists were compared, there are two genes whose expressions were reduced 

in both lists have not been characterized for their potential HCV restriction activities (Fig 3.20). 

Although both of them have not been well characterized, it’s possible that reductions of those 

genes are correlated with HCV permissiveness. 
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Figure 3.20. Expression levels of candidate HCV restriction factors. Relative mRNA levels were 

calculated based on the values from microarray data. Error bars represent standard deviation of 

duplicate experiments. 

 

 

While for upregulated genes, selection of potential pro-viral factors will be more 

complicated. To date, several studies have been performed, using either the subgenomic 

Replicon or full-length HCVcc system, resulting in identification of many candidate host factors 

required for viral infection.  

Phosphorylation is a common post-translational processing event in the synthesis of 

proteins, and changes in the degree of protein phosphorylation play an important role in the 

modulating protein function (40). There has been much interest in characterizing the role of 

protein phosphorylation in the mechanisms associated with viral infection, pathogenesis, and 

persistence. In this regard, it is well known that NS5A protein is a phosphoprotein (210) and that 

phosphorylation of NS5A is highly conserved among HCV genotypes and other members of the 

Flaviviridae family (179).  Recently, several studies have been reported the identification of 

putative cellular kinases involved in HCV infection (178, 206). According to one study, when an 

siRNA library against 380 human protein kinases was screened using Replicon system, three 

human kinases, carboxyl-terminal Src kinase (CsK), Janus kinase 1 (Jak1), and Vaccinia-related 

kinase 1 (Vrk1), were identified that reproducibly reduce HCV RNA and protein levels (206). 

Jak1, a widely expressed membrane-associated phosphoprotein (154), was also upregulated in 

our list (Fig 3.21, (1)). Another study was designed to specifically identify cellular kinases that 

bind to NS5A in a complex that phosphorylates NS5A in vitro (178). Three out of seven kinases 

(cyclin-dependent kinase 6 (CDK6), glycogen synthase kinase 3 beta (GSK3β), and 3-

phosphoinositide dependent protein kinase-1 (PDPK1)) were also significantly upregulated in 
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our list (Fig 3.21, (1)). These results raise the possibility that upregulation of some human 

kinases during the hepatic differentiation may also correlate with the transition to viral 

permissiveness. 

 

 

 

 

 

 

 

 

 

 

Figure 3.21. Expression levels of candidate pro-HCV kinases (1) and COPI coat complex (2). 

Relative mRNA levels were calculated based on the values from microarray data. Error bars 

represent standard deviation of duplicate experiments. 

 

 

Another interesting category is the COPI coat complex, which is a multisubunit complex 

composed of the multimeric coatomer complex and the ARF GTPase, mediates retrograde 

retrieval of ER-resident proteins from the Golgi and also plays a role in intra-Golgi vesicle 

trafficking (20). One functional genomic screen identified five coatomer subunits (COPB2, 

COPA, COPZ1, COPB1, and COPG) and one coatomer-binding protein (CDC42) required for 

RNA replication in the subgenomic system (207). Interestingly, four of them were also increased 

to different extent (Fig 3.12, (2)). This result was consistent with previous study that the 

pharmacological COPI inhibitor brefeldin A (BFA) was also able to inhibit HCV RNA 

replication in vitro (77). 

In addition, based on another study performed in Replicon system, tumor necrosis 

factor/lymphotoxin (TNF/LT) signaling pathway was shown to be involved in HCV replication 

(159), including lymphotoxin-β (LTβ), TNF receptor-associated factor 2 (TRAF2), NFκB/p65 

(RelA), and NFκB/p52 (NFκB2), and IκB kinase-β (IKKβ). Four of these genes were also 

identified through our microarray analysis (Fig 3.22, (1)). How the TNF/LT cascade regulates 
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HCV replication is not clear, but results from recent studies may shed some light. One of the 

major proposed roles of NFκB in cells harboring HCV is to regulate the expression of genes 

essential for protecting cells from apoptosis induced by HCV (223). Replication of HCV is 

thought to be able to induce ER stress (72), which could further result in the generation of 

reactive oxygen species (ROS). As a consequence, dampening pathway such as NFκB is 

activated (143), to induce expression of antiapoptotic genes to counteract the apoptotic processes 

(137). This mechanism was further supported by the observation that genes upregulated by the 

expression of HCV NS5A usually contained one or more NFκB binding site within their 

promoter regions (70). 

 

 

 

 

 

 

 

 

 

Figure 3.22. Expression levels of candidate pro-HCV factors from TNF/LT signaling pathway (1) 

and trafficking pathway (2). Relative mRNA levels were calculated based on the values from 

microarray data. Error bars represent standard deviation of duplicate experiments. 

 

 

The development of fully infectious HCVcc systems made it possible to look for cellular 

factors required for other steps during the HCV life cycle. Compared to other steps, HCV entry is 

an attractive target for small molecule inhibitors. Recently, an siRNA library targeting 140 genes 

involved in membrane trafficking pathways was evaluated to identify human genes required for 

HCV endocytosis (41), and six of sixteen factors were also discovered by our microarray 

analysis (Fig 3.22, (2)). On the other hand, our previous results have demonstrated that the 

expressions of four HCV receptors remained unchanged from non-permissive to permissive cells. 

Taken together, these results indicate that one of the possible defects in non-permissive cells is 

the dysfunctional HCV-specific endocytosis process. 
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In contrast, some studies were not focused on a specific step; instead, they were designed 

to identify proteins needed for the complete viral life cycle, from viral-host receptor binding to 

the completion of a second round of viral infection (124). These genome-wide genetic screens 

provide lists of genes that are required for but yet uncharacterized steps. According to one study, 

only a tiny portion (<2%) of known genes was actually involved in various steps of the HCV life 

cycle (124). Of these genes, a strong statistical enrichment for several host cellular pathways and 

complexes were revealed. Our Venn analysis revealed that more than 30 genes were identified 

by both studies (Fig 3.23), and 11 of them were increased very dramatically in permissive cells 

(Fig 3.24). 

  

 

 

 

 

 

 

 

 

Figure 3.23. Expression levels of other candidate pro-HCV factors-1. Relative mRNA levels 

were calculated based on the values from microarray data. Error bars represent standard 

deviation of duplicate experiments. 

 

 

 

 

 

 

 

 

 

Figure 3.24. Expression levels of other candidate pro-HCV factors-2. Relative mRNA levels 

were calculated based on the values from microarray data. Error bars represent standard 

deviation of duplicate experiments. 
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Discussion 

 

Viral tropism for a specific cell type is typically associated with the expression of tissue-

specific cofactors (e.g. receptors). HCV infection is largely hepatotropic although the virus has 

been reported to infect other cell types, including B-cell lymphoma cells (205). Viral entry into 

DHHs by HIV and VSV particles pseudotyped with HCV envelope proteins has been reported 

(31), consistent with our finding that all known HCV receptors are expressed on DHHs.  

We also found that the induction of miR-122 expression was correlated with hepatic 

specification and preceded the transition to HCV susceptibility, confirming the connection 

between this liver-specific microRNA and host restriction in non-hepatic cells, as reported 

previously (105). FGF-10 treatment, possibly in combination with the withdrawal of Activin A, 

increased miR-122 expression by more than several hundred folds. The link between FGF-10 

and miR-122 induction may be the hepatocyte nuclear factor 4 alpha (HNF4α) which, along with 

HNF6α, has recently been reported to bind the miR-122 promoter and activate pri-miR-122 

transcription (117, 126). The expression HNF4α itself may be regulated by FGF-10 as mutant 

Zebrafish lacking the fgf-10 gene showed misexpression of HNF4α (45). FGF-10 has also been 

shown to be crucial for hepatoblasts survival and proliferation (18), and an important role of 

miR-122 in hepatic development has been demonstrated in Zebrafish (117), perhaps not 

surprising for a molecule that is highly liver specific and extremely abundant (over 50,000 copies 

per cell in mouse liver versus less than 50 copies in other tissues). It is thus tempting to speculate 

that FGF-10 in part exerts its effect on liver growth via the actions of miR-122.  

Besides miR-122, EGFR and EphA2, two RTKs that contribute to the HCV entry process 

through their kinase function, were specifically upregulated in permissive cells. Of note, medium 

E, which contains EGF, increased HCVcc infection of day 10 cells, consistent with previously 

reported results in Huh-7.5 and PHHs (134). The expression of both ephrin A1, which is the 

ligand for EphA2, and ephrin B2 also increased from day 7 to day 10. The latter is the 

membrane-bound ligand for EphB and serves as a cellular receptor for Nipah virus (25). Whether 

it also plays any role in the HCV entry process remains to be determined. 

Comparison of gene expression profiles between non-permissive and permissive cells 

provides a novel method to identify cellular cofactors for HCV infection, in a more 

physiologically relevant system. Transition to HCV permissiveness might require both the 
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upregulation of positive factors and downregulation of negative factors. Through bioinformatical 

analysis, we identified several putative pro-viral and anti-viral factors and the correlation 

between their expression levels and virus susceptibility is under investigation. 
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CHAPTER FOUR 

 

HEPATITIS C VIRUS LIFE CYCLE 

 

 

HCV Particles 

 

Viral Particles and Association with Lipoproteins 

 

With a predicted diameter of 50 nm, the HCV particles are composed of a nucleocapsid 

surrounded by a host cell-derived membrane envelope that contains the viral glycoproteins E1 

and E2, which are thought to form a non-covalent heterodimer (183). The transmembrane 

domains of the glycoproteins are essential for E1E2 heterodimerization (163). The ectodomains 

of HCV envelope glycoproteins are highly glycosylated, and these glycans are thought to play a 

major role in protein folding, virus entry and protection against neutralizing antibodies (54, 71, 

87). 

Patient serum-derived particles (HCVser) have been shown to be in complex with low-

density and very-low-density lipoproteins (LDL and VLDL) (167). Furthermore, in cultured 

hepatoma cells, the production of HCV particles (HCVcc) is also dependent on assembly and 

secretion of VLDL lipoproteins (93), suggesting that HCV particles may interact with VLDL 

during the assembly of the lipoprotein particles and might be secreted together with VLDL. 

Although how HCV particles are associated with VLDL remains elusive, it gives HCV the 

opportunity of using lipoprotein receptors to bind to hepatocytes. 

 

HCV Life Cycle 

 

Attachment of HCV Particle to the Hepatocyte Surface 

 

HCV entry is initiated by the binding of the particle to attachment factors, which help to 

concentrate HCV particles on the cell surface. Usually, interaction with attachment factors can 
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be relatively non-specific and often involve binding to glycosaminoglycans (GAGs). The role of 

GAGs in HCV entry has been investigated and it has been shown that heparin (16), a heparan 

sulfate homologue, and heparinase (100), an enzyme able to degrade heparan sulfates at the cell 

surface, inhibit attachment of HCV glycoprotein E2 and HCVcc to hepatocyte cells. Binding of 

E2 to GAGs has been mapped to the HVR1 of the glycoprotein (15). These results suggest that 

GAGs may serve as an initial docking site for HCV attachment. 

On the other hand, as a result of the association between HCV and lipoproteins, one 

cannot exclude a role of the lipoproteins associated with HCV particle in the initial binding to 

GAGs (3). Recently, the LDL receptor (LDL-R) has been proposed as another potential 

attachment factor for HCV (147). Subsequent studies further showed that cell surface absorption 

can be inhibited by antibodies directly against the LDL-R as well as purified LDL and VLDL. 

More recently, the inhibition of HCVcc entry by anti-apolipoprotein E (ApoE) is another 

argument in favor of a role of the LDL-R in HCV entry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Life cycle of Hepatitis C Virus (239). (apo, apolipoprotein; BC, bile canaliculi; 

CLDN1, claudin 1; HS, heparan sulfate; JAM, junction-associated adhesion molecule; LDLR, 

low-density lipoprotein receptor; OCLN, occludin; PS-ON, phosphorothioate oligonucleotides; 

SR-BI, scavenger receptor class B type I; ZO, zona occludens)  
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In vivo, HCV enters the liver through the sinusoidal blood (181). Capture of circulating 

HCV particles by liver sinusoidal cells may facilitate the viral infection of neighboring 

hepatocytes which are not in direct contact with circulating blood. It’s thought that this process 

may be mediated by the dendritic dell-specific intercellular adhesion molecule-3-grabbing 

nonintegrin (DC-SIGN) (176), which is expressed in Kupffer cells that localize close to liver 

sinusoidal endothelial cells (LSEC) and hepatocytes. Both DC-SIGN and liver/lymph node-

specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN) have been shown to bind 

envelope glycoprotein E2 with relatively high affinity (132), arguing for their potential role in 

capturing HCV particles in vivo. 

 

Receptors-Mediated Endocytosis 

 

After the initial attachment to the hepatocyte, HCV particles bind to high affinity 

receptors (CD81, SR-B1, and two tight junction (TJ) factors Claudin-1 (CLDN1) and occludin 

(OCLN)).  

 

CD81. CD81 is a ubiquitously expressed 25 kDa tetraspanin, containing a small 

extracellular and a large extracellular loop (LEL) (197). CD81 has been the first molecule 

described to interact with a soluble truncated form of E2 (172). And the involvement of CD81 in 

HCV entry was further supported by the observation that soluble recombinant form of CD81 

LEL could inhibit HCVpp and HCVcc infections. Recently, increasing studies have provided 

additional information about E2-CD81 interactions and highlighted the importance of several E2 

residues for that interaction (90). 

 

SR-B1. The second receptor identified for HCV entry is human scavenger receptor class 

B member 1 (SR-B1), which is an 82 kDa glycoprotein with a large extracellular loop and highly 

expressed in the liver. SR-B1 functions as a lipoprotein receptor, interacting with variety of 

lipoproteins and is involved in the bidirectional cholesterol transport across the cell membrane 

(1). Initially implicated as an HCV receptor by its ability to bind soluble E2 through the 

extracellular loop (189), SR-B1 likely plays additional roles in the viral entry process that are not 

mediated by direct interactions with E2 (219). The tight association of HCV with lipoproteins 



65"

"

might provide virus an effective strategy to exploit some of SR-B1’s physiological roles to gain 

hepatocyte access. Indeed, High-density lipoprotein (HDL) binding to SR-B1 was found to 

enhance HCV infectivity (219), although the HDL binding per se does not seem to be essential 

for HCV uptake. Recently, cell-to-cell lateral spread of HCV was found to be blocked by anti-

SR-B1 antibody or in cells knocked down for SR-B1 (33), suggesting a direct and novel role for 

this receptor in HCV cell-to-cell transmission. 

 

CLDN1. CLDN1, a 23 kDa protein with four transmembrane domains, has been 

identified as the third receptor for HCV to enter hepatocyte (52). Subsequent studies found 

CLDN6 and CLDN9 are also able to mediate HCV entry (141). CLDNs are critical components 

of tight junction (TJ) regulating paracellular permeability and polarity (64). In hepatocyte, 

CLDN1 may localize to TJ but also to the basolateral surface (181). A recent study suggests that 

it’s the non-junctional CLDN1 that might be involved in HCV entry (52), during the late stage of 

viral entry (114). Surprisingly, no direct HCV-CLDN1 interaction has been found so far. 

According to one model, the formation of CLDN1-CD81 complex is critical for HCV infection 

(82, 83). 

 

OCLN. The fourth host cell factor required for HCV entry is OCLN, which is a 65 kDa 

four-transmembrane protein also expressed in TJ of hepatocytes. Together with CD81, OCLN 

has been reported to be one of the two HCV host entry factors responsible for the species 

specificity of HCV: their expressions might confer HCV permissivity to mouse cell lines (173). 

Similar like CLDNs, so far there is no evidence of a direct interaction between HCV and OCLN.  

 

It is worth noting that all these entry receptors are required for productive HCV infection, 

suggesting that viral entry might be mediated through the formation of a tightly orchestrated 

HCV entry factors complex at the plasma membrane. To date, the sequence of events leading 

from HCV-interaction with host factors to internalization, viral fusion still remain unclear. 

Studies using HCVpp and HCVcc have demonstrated that HCV entry into hepatocytes depends 

on clathrin-mediated endocytosis (22, 142), the most common route of endocytosis for viruses 

that required internalization. A study using DiD (1,1’ dioctadecyl-3,3,3’,3’tetramethyl-

indodicarbo-cyanine 4-chlorobenzenesulfonate salt)-labeled HCVcc has shown that actin and 
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clathrin-actin associations are involved in the efficient HCV endocytosis (41). The key question 

for endocytosis is whether all or part of the plasma membrane expressing HCV host factors 

internalizes together with HCV still remain elusive. A recent study suggests that during 

internalization, HCV associates with CD81 and CLDN1 (41). 

Clathrin-mediated endocytosis transports incoming viral particles together with their 

receptors into early and/or late endosomes. Experiments using HCVpp have indicated that HCV 

particles are delivered to early but not late endosomes (142). This is further supported by 

imaging data showing colocalization between HCV and early endosome marker Rab5 (41). 

 

Membrane Fusion and Nucleocapsid Release 

 

The acidic pH in endosomes provides an essential cue that triggers fusion and uncoating 

(239). Fusion between viral envelope and endosome membrane are catalyzed by fusion peptides 

embedded in the viral envelope glycoproteins (200). To date, the mechanisms of HCV fusion 

have not been completely elucidated.  Previous studies observed that HCVpp entry (92, 119) and 

HCVcc (216) infection are pH-dependent, indicating a classical pH-dependent membrane fusion 

process may be required for efficient infection. Using in vitro fusion assays, it has been 

suggested that HCVpp fusion was low pH and temperature-dependent, and facilitated by 

cholesterol (119). Interestingly, HCVpp fusion could be inhibited by patient-derived anti-HCV 

antibodies, thus highlighting the importance of HCV envelope glycoproteins in this process (79). 

Recently, in a novel fusion assay using HCVcc, the importance of pH, the lipid composition of 

membranes and HCV E2 was further confirmed (81). To date, it is still unknown whether other 

host factors directly participate in the fusion process.  

After membrane fusion, HCV nucleocapsid is released into host cell cytosol. Although 

the detailed mechanism remains unclear, it’s thought that nucleocapsid is disassembled in the 

cytosol by pH-independent mechanism: fusion of the viral and endosome membranes exposes 

the nucleocapsid to the cytoplasm. Each ribosome binds three or six molecules of capsid protein, 

causing them to detach from the nucleocapsid (138). The process is believed to occur while the 

nucleocapsid is attached to the cytoplasmic side of the endosome membrane. 
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Translation and Polyprotein Processing 

 

As opposed to cellular capped mRNA molecules which are translated via a cap-

dependent scanning mechanism, the naturally uncapped HCV RNA molecules are translated via 

a cap-independent IRES-mediated process (217). In this process, the HCV protein expression is 

regulated by direct recruitment of each ribosome to the start site of translation. IRES-mediated 

translation of HCV RNA is initiated by direct IRES binding by a vacant 40S ribosomal subunit, 

which has been shown to interact with the viral RNA at multiple sites including stems, loops, 

pseudoknots, and the start codon (110). Studies also demonstrated that the first 12-40nt 

downstream of the start codon is important for IRES activity (182). 

Besides these requirements, additional cellular factors, such as the La autoantigen (5), 

heterogeneous ribonucleoproteins L (HNRNPL) (80), poly-C binding protein (PCBP) (63), and 

pyrimidine tract-binding protein (PTB) (7), have also been shown to bind to the IRES element 

and modulate HCV translation. Recently, a liver-specific microRNA, miR-122, was found to 

bind to two target sites in the 5’UTR of HCV RNA and stimulate viral translation, by enhancing 

the association of ribosome with the viral RNA at an early initiation stage (88). 

The main translation product of the HCV genome is a large precursor polyprotein that is 

subsequently processed by cellular and viral proteases into ten mature structural and 

nonstructural proteins. Junctions at core/E1, E1/E2, E2/p7, and p7/NS2 are processed by host 

signal peptidases. Further post-translational cleavage close to the C-terminus of core protein 

takes place, removing the E1 signal sequence by a signal peptide peptidase. Recently, a newly 

discovered HCV gene product (F protein) was identified, which is expressed by translational 

ribosomal frame-shift. Little is known about the biological functions of this protein, although 

subcellular localization study shows a similar pattern to those of HCV core and NS5A proteins.  

As described above, HCV nonstructural proteins are processed by two viral proteases: 

cleavage between NS2 and NS3 is a rapid intramolecular reaction mediated by a NS2-3 protease 

spanning. NS2 and the N-terminal domain of NS3, whereas the remaining four junctions are 

processed by a serine protease located within the 180 N-terminal residues of the NS3 protein. 

Processing at the NS3/4A site is intramolecular, whereas cleavage at the other sites occurs 

intermolecularly (11, 180). 
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RNA Replication 

 

As discussed before, similar to other positive-strand RNA viruses (152), HCV replication 

is assumed to start with synthesis of a complementary negative-strand RNA using the genome as 

a template, after which genomic positive-strand RNA is produced from the negative-strand RNA 

template. Both of the above steps are catalyzed by the NS5B RdRp.  

Also as with other positive-strand RNA viruses, formation of a membrane-associated 

replication complex, composed of HCV proteins, replicating RNA and altered cellular 

membranes, is a hallmark for HCV RNA replication (152). A specific membrane alternation, 

named the membranous web, was identified as the site of RNA replication in the hepatoma cells 

containing subgenomic HCV replicons (74). Studies have also shown that the formation of the 

membrane web could be induced by NS4B alone (49) and was very similar to the “sponge-like 

inclusions” previously observed using electron microscopy in the liver of HCV-infected 

chimpanzees. The current model suggests that the membranous web is derived from ER 

membranes (4).  

Recent studies have identified additional host factors involved in the formation of HCV 

replication complex or required for RNA replication. Starting with the observation that 

cyclosporine A (CsA) inhibits HCV replication in vitro (224), cyclophilin A (CyPA) was 

identified as a cellular target of CsA action (232). CyPA is a peptidyl-prolyl cis-trans isomerase, 

which catalyzes the cis-trans isomerization of proline imidic peptide bonds in oligopeptides and 

accelerates the folding of proteins. It was shown that CyPA interacts with NS5A (59, 78), 

however, the detailed mechanism by which how CyPA involves in HCV replication remains 

unclear.  

Studies also have revealed a complex interaction between HCV RNA replication and 

cellular lipid metabolism, presumably through the trafficking and association of viral and host 

proteins with intracellular membranes. One example is the Tail-Interacting Protein 47 (TIP47), a 

found member of the lipid droplet (LD)-associated PAT (Perilipin, ADRP, and TIP47) protein 

family that coats Lipid droplets and is involved in the regulation of LD generation and turnover 

(30). Based on the proposed model, TIP47 serves as a novel cofactor for HCV replication by 

integrating LD membranes into the membranous web, via its interaction with NS5A (218). More 

recently, it was shown that the proline-serine-threonine phosphatase-interacting protein 2 
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(PSTPIP2), which has the ability to deform cellular membrane, is involved in the HCV-induced 

membranous web formation (35). Interestingly, PSTPIP2 also interacts with NS5A; thus, 

whether NS5A also participates in the formation of membranous web remains an interesting 

issue. 

 

Cellular Determinants for Virions Assembly, Maturation and Release 

 

Viral protein involved. As the building block for capsid, the mature core is a dimeric, α-

helical protein composed of two domains: an N-terminal highly basic domain (D1) involved in 

RNA binding (196); a C-terminal hydrophobic domain (D2) mediating the association of core 

with cytosolic lipid droplets (194). Transmembrane glycoproteins E1 and E2 form noncovalent 

heterodimers, severing as the building block for the viral envelope. P7 has also been 

demonstrated to be essential for the assembly and release of infectious virus (103, 202), although 

the exact roles of p7 in these processes are unclear. Interestingly, increasing evidence has shown 

that some viral nonstructural proteins, mainly the NS2 (101, 103, 201)and NS5A (8, 211), are 

also involved in the virion assembly process. NS2 has two domains: an N-terminal membrane-

binding domain and a C-terminal cysteine protease domain, both of which are essential for these 

processes, probably in a late post-assembly maturation step (235). NS5A has been assigned with 

three domains, according to biochemical analyses. Only domain III is required for HCV 

assembly (8). Based on one model, phosphorylation of domain III by casein kinase II could 

regulate its interaction with the core protein and thus virion formation (211). 

In addition, recent reports proposed specific roles of NS3 (136) and NS4B (104) in these 

steps, further indicating a close link between HCV RNA replication and virion assembly. 

 

Host factors contributing to these steps. Several host factors have been reported to 

contribute to the HCV assembly. Most notable one is the apolipoprotein E (ApoE), which has 

been demonstrated as a physical component of infectious particles and critical for assembly (34). 

ApoE interacts with NS5A (17), suggesting that it might be involved in an early step of assembly. 

The functional importance of apolipoprotein B (ApoB) for assembly is controversial and the 

discrepancies are probably resulted from the different cell culture systems used by different 

groups.  
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In addition to these two apolipoproteins, other cellular factors are also implicated in the 

assembly process. One study observed colocalization between heat shock cognate protein 70 

(Hsc70) and HCV proteins on cytosolic lipid droplets and showed that Hsc70 is crucial for both 

the size of lipid droplets and production of infectious virus particles (165). Initially identified by 

its enrichment in the membranous HCV replication complexes, annexin A2 (ANXA2) was found 

to be required by the assembly, but not RNA replication (9). The detailed mechanism remains 

elusive. More recently, diacylglycerol acyltransferase-1 (DGAT1), which is essential for lipid 

droplet biogenesis, was shown to be required for assembly, probably by binding to core and 

association with lipid droplets (89). 

 

Cytosolic lipid droplets. When stably or inducible expressed in cells, HCV core proteins 

showed a prominent accumulation in close proximity to lipid droplets (10). A decade later, the 

significance of this localization of core was shown to be essential for virion assembly (145). 

Soon afterwards, increasing and compelling evidence showed that Lipid droplets play a crucial 

role in HCV assembly, probably by serving as a platform for virion assembly (194). 

 

Assembly of HCV Particles 

 

Nucleocapsid formation. Currently, two prevalent models have been proposed to 

explain the assembly process (12). In one model, core protein is initially transferred onto the 

surface of lipid droplets but re-recruited to the ER membrane at the assembly sites where it 

interacts with NS5B or NS5A. According to this model, lipid droplets might function as transport 

vehicles transferring core proteins from site of translation to assembly sites. While in the other 

model, the formation of nucleocapsid is initiated on the surface of lipid droplets and viral RNAs 

are delivered to core proteins by NS5A protein, which is also mobilized onto lipid droplet 

surface. 

 

Envelopment and lipid incorporation. It has been shown that these late-assembly steps 

are tightly linked to the VLDL pathway, suggesting that HCV envelopment and maturation could 

take place in a specialized lipid-rich microdomain at the ER membrane, enriched for lipid 

droplets (12). However, how the envelope glycoproteins are targeted to the late-assembly site 
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and incorporated into virions, and how the apolipoproteins are incorporated into mature 

infectious particles is unclear. It is assumed that apolipoproteins (ApoB and ApoE) might be 

required in the lumen of the ER. And finally, mature HCV particles containing ApoB, ApoE and 

maybe other apolipoproteins are then transported along the VLDL secretory pathway (93). 

 

Cell-to-Cell Spread 

 

Beside the above route of virus entry, referred to as cell-free infection, direct 

transmission of HCV particles between neighboring cells, so called cell-to-cell spread, has also 

been suggested (138). This mode of transmission may be particularly relevant in vivo in the 

context of infected liver tissue. However, the extent to which cell-free versus cell-to-cell 

transmission contributes to HCV persistence is unknown. It has been reported that cell-to-cell 

transmission does provide certain advantages in terms of infection efficiency and immune 

evasion from neutralizing antibodies (33). 
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CHAPTER FIVE 

 

CELL DEATH-INDUCING DFFA-LIKE EFFECTOR B (CIDEB) 

IS REQUIRED FOR HEPATITIS C VIRUS ENTRY INTO 

HEPATOCYTES 

 

 

Introduction 

 

Viruses depend on host factors to gain entry into the host cells, and the interaction 

between viral glycoproteins and cellular entry factors are important for this process and 

contribute to viral tropism (138).  Of the two glycoproteins (E1 and E2) encoded by hepatitis C 

virus that form a heterodimer, E2 is a major target for neutralizing antibodies with well-defined 

epitopes, both linear and conformational; two of the HCV receptors, CD81 and SR-B1, were 

identified through a direct interaction with E2 (172, 189); and a theoretical structural model of 

E2, based on analysis of disulfide bridges, receptor-binding data, and structural templates of 

flavi- and alphaviruses envelope proteins has been proposed (113).  E1 is generally considered to 

be a companion protein of E2 that facilitates the correct folding and receptor binding of E2 (220). 

Following attachment and receptor-binding, HCV enters the cells via endocytosis with 

the help of additional entry cofactors. The details of the membrane fusion process of HCV entry 

remains poorly defined, mainly because of the lack of a crystal structure for either glycoprotein. 

Both E1 and E2 proteins contain putative fusion peptides and may participate in membrane 

fusion (120).  

Interestingly, authentic HCV particles produced in cell culture (HCVcc), but not the HIV-

HCV pseudotyped particles (HCVpp), require an additional post-binding trigger to complete 

membrane fusion under low pH in the endosomes (216). It is not clear whether cellular proteins 

directly participate in membrane fusion, although it has been proposed that removal of 

cholesterol from the virion by Niemann-Pick C1-like 1 (NPC1L1) is necessary before fusion 

occurs (185).  
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In our previous result, we developed a new HCV cell culture model by converting 

pluripotent stem cells into differentiated human hepatocyte cultures (228). We also identified a 

critical transition stage during the hepatic differentiation process when the DHHs become 

permissive for HCV infection. This well-defined transition stage to HCV permissiveness during 

the DHHs differentiation process provides a unique opportunity to study cellular susceptibility. 

Here we identify the human cell death-inducing DFFA-like effector b (CIDEB), the liver-

specific member of the CIDE family, as a protein whose expression was significantly induced 

during the transition stage. The CIDE family proteins, CIDEA, CIDEB and CIDEC/ fat-specific 

protein 27 (Fsp27), were originally identified based on their homology to the N-terminal domain 

of DNA fragmentation factors (DFF) (97) (Fig 5.1).  Although these proteins induced cell death 

when overexpressed, the physiological function of the CIDE proteins relates more to energy 

expenditure and lipid metabolism in vivo (229). All three CIDE proteins associate with lipid 

droplets and CIDEC/Fsp27 in particular plays a role in the growth of lipid droplets by facilitating 

the fusion of the lipid monolayers of two contacting droplets (73).  Recently, HCV NS2 protein 

was found to interact with and inhibit the CIDEB-induced death pathway, contributing to the 

viral persistence observed in HCV pathogenesis (50). More recently, CIDEB was found to 

associate with ER and lipid droplet (233), two organelles that participate in HCV RNA 

replication and infectious viral particle assembly, raising the possibility that CIDEB might 

participate in one or several steps of the HCV life cycle. 

 

 

 

 

 

 

 

Figure 5.1. Schematic representations of CIDEN proteins, along with DNA fragmentation factor 

DFF45. CIDE-N represents the conserved domain among CIDEs and DFF-45. 

 

 

Therefore, in the chapter, experiments were designed to investigate whether the induction 

of CIDEB was correlated with the transition to HCV permissiveness, by differentiating hESCs 
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harboring shRNA against CIDEB toward hepatocytes and then testing their susceptibility to 

HCV infection. Experiments were also designed to determine the mechanism of action for 

CIDEB in HCV life cycle. The specific blockage of HCV infection in CIDEB knocked-down 

cells would be determined by a series of cell-based assays, including attachment of viral particles, 

entry of HCVpp, translation and replication of viral RNA, assembly and secretion of viral 

particles. Finally, we were interested in finding out whether CIDEB is also required for infection 

by other positive-stranded RNA viruses, such as dengue virus (DENV), yellow fever virus 

(YFV), and West Nile virus (WNV). 

 

 

Methods 

 

Cells and Hepatic Differentiation 

 

Human ESC line WA09 (H9) cells were obtained from the WiCell Research Institute and 

differentiated into hepatocyte like cells with a protocol developed in Chapter two. Huh-7.5 cells 

were kindly provided by Charles Rice (Rockefeller University) and Apath LLC. GS5 Replicon 

cells were developed in our laboratory by inserting GFP into the C-terminus of NS5A, followed 

by sorting GFP containing cells through flow cytometry. Huh-7.5/CLDN
KD

 cells were generated 

in our laboratory.  

 

Antibodies 

 

Anti-ApoE (Mab33) was kindly provided by Guangxiang Luo (University of Alabama at 

Birmingham).  The following antibodies were purchased: anti-HCV Core, NS3, NS5A (BioFront 

Technologies), anti-CIDEB, HA, ApoB, GAPDH (Santa Cruz Biotechnology), anti-FLAF 

(Sigma Aldrich), anti-DENV NS3 (GeneTex), anti-CLDN1 (Invitrogen), anti-Occludin (Abcam), 

anti-CD81 (BD Pharmingen), anti-LDLR (Bioss USA Antibodies), anti-Rab5 (BD Transduction 

Laboratories), anti-Rab7 (Cell Signaling Technology).  

FITC and TRITC conjugated anti-rabbit and anti-mouse immunoglobulins (IgG) were 

purchased from Sigma Aldrich. 
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RNA Interference and cDNA Rescue.  

 

A human immunodeficiency virus (HIV)-based Lentiviral vector was used to express the 

short hairpin RNAs (shRNAs). The target sequences are shown in Table 5.1. Stable cells 

expressing shRNAs were obtained by selection with 1.2 µg/ml (for Huh-7.5 cells) and 0.6 µg/ml 

(for WA09 cells) of puromycin for 3 weeks. The CIDEB cDNA that is resistant to sh-CIDEB 

contains mutations within the targeting sequences, as shown in Table 5.1 

For cDNA rescue experiment, Huh-7.5 cells were transiently transduced with shRNAs 

for 4 days and then transfected r-CIDEB expression plasmid for another 20 hrs. Transfected cells 

were then infected with high titer HCVcc for 16-20 hrs before being harvested for western 

blotting analysis of viral antigens. 

 

 

Table 5.1. shRNA targeting sequences for CIDEA and CIDEB 

Genes shRNA targeting sequence 

CIDEA 5’- AACACGCATTTCATGATCTTG-3’ 

CIDEB 5’-AAAGTACTCAGGGAGCTCCTT-3’ 

r-CIDEB 5’-AAAGTcCTgcGcGAaCTCCTT-3’ 

 

 

Viruses and Viral Infection 

 

A JFH-1-based high-titer HCVcc (JJ virus, kindly provided by Guangxiang Luo) was 

produced in Huh-7.5 cells as previously described. The genotype 1b serum was obtained from a 

commercial supplier (Teragenix, Ft. Lauderdale, FL) with a RNA titer of 1.8 10
6
 copies/ml. 

Infection of DHHs and Huh-7.5 cells was performed as described in chapter two. Two serotype-2 

dengue viruses: strain 16661 and New Guinea C (NGC) (kindly provided by Qianjun Li at The 

University of Alabama at Birmingham) were amplified in Huh-7.5 cells. GFP-Vesicular 

stomatitis virus (GFP-VSV) was provided by Dr. Fanxiu Zhu at FSU, with a titer 1.2 10
7
 FFU.  

For the colocalization experiment, Huh-7.5 cells were incubated with a high-titer virus 

preparation at a multiplicity of infection of 10-50 at 4°C for 2 hrs. The cells were then washed 

with PBS three times and shifted to 37°C for 1-3 hrs before being fixed for immunostaining.  
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Colony Formation Assay 

 

Cells were seeded in 10-cm dishes (usually 5 10
6
) and antibiotics were added the next 

day: G418 (500µg/ml) or puromycin (1.2µg/ml).  Media was changed every 3~4 days to remove 

dead cells. After 3 to 4 weeks, the dish was washed with PBS one time and 10ml of methanol 

was added into dish for 10 min at room temperature. After that, 3ml of crystal violet blue buffer 

was added and incubated for 10 min and then the dish was immersed in a buck volume of water 

to remove non-attached crystal violet pigments.  

 

HCV Attachment Assay 

 

Huh-7.5-based cells cultured in 12-well cell culture plates were incubated with HCVcc in 

the absence or presence of Heparin (200µg/ml) at 4°C for 2 hrs. Subsequently, the unbound HCV 

particles were removed by aspiration and by washing cells with PBS, gently and thoroughly. The 

virion RNA of cell-bound HCV was determined by quantitative RT-PCR.  

 

Infection Time Course Assay 

 

Cells cultured in 12-well plates were exposed to viral inoculum at -2h time point at 4°C 

and then were shifted to 37°C at 0h point after thorough but gentle PBS washing. When being 

collected at indicated time points (except for 0h point), cells were trypsinized and then washed 

with PBS to remove surface-bound virions. For 0h point, cells were collected with Trizol reagent 

after PBS washing. The amount of HCV RNA detected at 0h reflects the virions bound on the 

cell surface prior to entry. HCV RNA was determined by quantitative RT-PCR. 

 

HCV Pseudoparticles (HCVpp) Production and Infection 

 

HCVpp were produced in HEK-293T cells as previously reported. For CD81 treatment, 

cells were pre-treated with 10µg/ml of anti-CD81 antibody for 4 hrs and then infected with 

HCVpp supplemented with the same antibody at a final concentration of 10µg/ml. Infectivity 

titers were determined 72 hrs post infection, using a firefly luciferase assay system (Promega).  
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Membrane Fusion Assay Using DiD-Labeled JFH-1 HCVcc 

 

The HCV fusion assay was performed as described (41).  Briefly, high titer HCVcc was 

labeled with DiD (Invitrogen) according to manufacturer’s instructions. DiD-HCVcc particles 

were then purified by density centrifugation before used for infection.  Infection of cells by DiD-

HCVcc was performed in 12-well cell culture plates with slides. Fusion spots were counted from 

multiple representative fields. 

 

Generation of Huh-7.5 Cells-Derived CIDEB Knockout Cell Lines 

Conducted by Christy Hammack, a graduate student in Tang laboratory 

 

 

Results 

 

CIDEB Is Induced During Hepatic Differentiation and Required for HCV Infection of 

Differentiated Human Hepatocyte 

 

We recently identified a transition stage during the hepatic differentiation process when 

the cells became permissive for HCV infection (228). The expression of a liver-specific gene, 

CIDEB, became detectable during this transition (day10 to 11) and steadily increased along the 

hepatic differentiation (Fig 5.2), raising the possibility that induction of CIDEB was correlated 

with transition to HCV permissiveness.  

 

 

 

 

 

 

 

Figure 5.2. Induction of CIDEB during hepatic differentiation. Equal amounts of cells at the 

indicated days were subjected to western blotting for detection of CIDEB expression. 
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We then determined if CIDEB expression was required for infection of DHHs by HCV. 

A small-hairpin RNA (shRNA) directed at CIDEB mRNA was introduced into the human 

pluripotent stem cell line WA09 to produce a stable line which, upon differentiation, produced 

DHHs with reduced CIDEB expression (DHH/CIDEB
KD

). Knockdown of CIDEB in DHHs does 

not significantly affect the hepatic functions, as demonstrated by comparable abilities to store 

glycogen (Fig 5.3, (1)) and secrete albumin (Fig 5.3, (2)) between DHH/Ctrl and DHH/CIDEB
KD

 

cells.  

 

 

 

 

 

 

 

 

 

Figure 5.3. Hepatic functions of DHH/Ctrl and DHH/CIDEB
KD

 cells. (1). Glycogen storage in 

DHH/Ctrl and DHH/CIDEB
KD

 cells. Differentiating cells at day 16 cells were fixed for Periodic 

acid-Schiff staining (10X); (2) Albumin secretion from day 16 and day 18 DHH/Ctrl and 

DHH/CIDEB
KD

 cells. Media were subjected to albumin ELISA. Data were normalized to 

DHH/Ctrl cells at day 16. Error bars represent standard deviations from triplicate experiments.  

 

  

 

 

 

 

 

 

Figure 5.4. Knockdown of CIDEB in DHHs suppressed infection by HCV. DHH/Ctrl and 

DHH/CIDEB
KD

 cells at day 11 were exposed to HCVcc (1) and HCVser (2) for 4 hrs. Two days 

post infection; cells were analyzed by western blotting or qRT-PCR to detect HCV NS3 or RNA, 

respectively. Error bars represent standard deviations from duplicate experiments. **: p<0.01 

(Panel (2) was contributed by Emily Lee in Tang laboratory) 
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When both DHH/Ctrl and DHH/CIDEB
KD

 cells were challenged with JFH-1-based 

HCVcc and virions derived from a genotype 1b patient serum, knockdown of CIDEB effectively 

inhibited infection of the DHHs by both HCVcc and serum-derived HCVser (Fig 5.4). Taken 

together, these results indicate that CIDEB was important for HCV infection of DHHs. 

 

CIDEB Knockdown Inhibits HCVcc Infection of Huh-7.5 Cells 

 

To facilitate mechanistic studies, we determined if CIDEB was also required for HCV 

infection of Huh-7.5 cells. shRNAs against luciferase, CIDEA, CIDEB, or TGM2, another 

highly upregulated gene identified in Chapter Three, were transiently introduced into cells, 

followed by infection with HCVcc. All shRNAs could inhibit the target gene expressions (data 

not shown) but only suppression of CIDEB could dramatically inhibit HCVcc infection (Fig 5.5).  

 

 

 

 

 

 

 

 

Figure 5.5. CIDEB knockdown inhibits HCVcc infection of Huh-7.5 cells. Cell were transduced 

with Lentivectors targeting luciferase, CIDEA, CIDEB, or TGM2. Four days after transduction, 

cells were challenged with HCVcc and viral infections were detected by western blotting at 24 

hrs post infection. 

 

 

The inhibitory effect of CIDEB shRNA was recapitulated by commercially validated 

siRNA duplexes that targeted a different region of the CIDEB mRNA (Fig 5.6, (1)), ruling out 

the possibility that inhibition of HCV infection was resulted from non-specific effects of shRNA 

transduction. Furthermore, Huh-7.5 cell lines with stable CIDEB knockdown were also less 

susceptible to HCV infection (Fig 5.6, (2)), suggesting that long-term suppression of CIDEB also 

inhibits HCV infection. 
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To further preclude the possible off-target effect of the CIDEB-shRNA in Huh-7.5 cells, 

we exogenously expressed a full-length shRNA-resistant CIDEB cDNA in sh-CIDEB transiently 

transduced cells and then challenged the transfected cells with HCVcc 24 hrs later. Viral 

infection could be partially rescued by exogenous expression of full-length CIDEB, not the C-

terminal truncated mutant (Fig 5.6, (4)). Therefore, these results further support the importance 

of CIDEB for HCV infection. The inability of N-terminus of CIDEB to rescue viral infection 

indicates that the N-terminal conserved region of CIDE family was not required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Inhibition of HCVcc infection by siRNA and shRNA against CIDEB. (1) Synthetic 

siRNA duplex that targets a different site of CIDEB mRNA inhibited infection. Huh-7.5 cells 

were transfected with siRNA duplex and infected with HCVcc at 48 hrs post transfection; (2). 

Huh-7.5 cell lines with stable CIDEB knockdown were less susceptible to HCV infection. Two 

independently generated cell lines were infected by HCVcc for 24 hrs and then harvested to 

detect viral infection; (3) Schematic representations of constructs used in (4); (4). Huh-7.5 cells 

were first transduced with Lentivectors targeting luciferase, TGM2 or CIDEB for four days and 

then transfected with expression plasmid containing indicated cDNA. At 16 hrs post transfection, 

cells were then infected with HCVcc and collected at 20 hrs post infection to detect viral 

infection. HA-CIDEB*: full-length CIDEB with point mutations that disrupt the recognition site 

by shRNA; the C-terminal truncated cDNA of CIDEB lacks the shRNA target site. 
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CIDEB Acts at an Early Step of the HCV Infection Cycle 

 

We next investigated the specific step during the HCV infection cycle that was inhibited 

by knockdown of CIDEB. Infections were synchronized by exposing cells to viral particles for 2 

hrs at 4°C and the internalization of viral particles was initiated by shifting to 37°C after gentle 

but thorough washing. Direct comparison of infection time courses in Huh7.5/Ctrl, Huh-

7.5/CIDEB
KD

, and Huh-7.5/CLDN1
KD

 cells revealed that a reduction of HCV RNA signal started 

to manifest in both knockdown cells between 12 to 16 hrs after infection (Fig 5.7).  

 

 

 

 

 

 

 

 

 

Figure 5.7. Time course of HCV infection in control, CIDEB
KD

, and CLDN1
KD

 cells.  Viral 

inoculum was added to cells at -2h at 4°C and the cells shifted to 37°C at 0h. At indicated time 

points, cells were collected with Trizol reagent after PBS washing. The amount of HCV RNA 

detected at 0hr reflects the virions bound on the cell surface prior to entry. Data were normalized 

to Ctrl cells at -2h point. Error bars represent standard deviations from duplicate experiments. **: 

p<0.01.  

 

 

At the protein level, however, the inhibition of HCV protein expression could be detected 

as early as 8 hrs after infection in Huh-7.5/CIDEB
KD

 cells (Fig 5.8, top), suggesting that CIDEB 

is required at or prior to the first round of protein synthesis before RNA replication starts. 

Surprisingly, HCV protein expression was not affected by knockdown of CIDEB when the HCV 

RNA was introduced by electroporation, for up to 24 hrs after transfection (Fig 5.8, bottom), 

indicating the role of CIDEB in HCV life cycle is specific to virion-mediated infection process. 

This result also rules out the possibility that CIDEB was involved in the initial translation of viral 

RNA and subsequent RNA replication. 
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Figure 5.8. Core expression from RNA delivered by infection or transfection in control and 

CIDEB
KD

 cells."Cells were either infected with HCVcc or electroporated with JFH1-RNA. Total 

cell lysates were collected at the indicated time points after the addition of virus (top) or 

electroporation (bottom) and subjected to western blotting to detect HCV core protein. 

 

 

In addition, the replication kinetics of a full-length J6/JFH-based genome (GLuc) in Huh-

7.5/CIDEB
KD

 cells, as measured by expression of a reporter gene incorporated into the genome, 

was also comparable to that in the Huh-7.5/Ctrl cells when introduced by electroporation (Fig 

5.9), further indicating that CIDEB was not required for the initial translation of subsequent 

RNA replication. 

 

 

 

 

 

 

 

 

 

Figure 5.9. Intracellular replication kinetics of transfected HCV RNA in control and CIDEB
KD

 

cells.  At the indicated time points after electroporation with Jc1 GLuc RNA (WT or GND), cell 

culture media were collected for luciferase assay. Error bars represent standard deviations from 

duplicate experiments. 
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Next, knockdown of CIDEB in Replicon GS5 cells also had no detectable effect on the 

replication of subgenomic viral RNA (Fig 5.10, (1)). Finally, colony formation assay also argued 

against the role of CIDEB in the replication of subgenomic Replicon of various genotypes (Fig, 

5.10, (2)). 

 

 

 

 

 

 

 

 

Figure 5.10. CIDEB is not required for replication of HCV replicons. (1) GT-1b NS5A-GFP 

Replicons were transduced with lentivectors targeting luciferase, CIDEA or CIDEB for four days. 

Transduced cells were then fixed and monitored for GFP expression. (2) Stable Huh-

7.5/CIDEB
KD

 cells supported efficient colony formation by subgenomic Replicons of GT-1a 

(H77), -1b (Con1), and -2a (JFH-1).  Subgenomic Replicon RNAs were electroporated into Ctrl 

and CIDEB
KD

 cells, followed by G418 selection. Replicon colonies were visualized by crystal 

violet staining. 

 

 

CIDEB Knockdown does not Affect Virion Attachment 

 

The time course results suggests that CIDEB functions in a virion-associated step early in 

the infection cycle, such as viral attachment, endocytosis, and uncoating, which can be further 

divided into fusion and nuclear capsid release.  

To investigate if CIDEB was involved in HCV binding to cell surface, we determined the 

effect of CIDEB knockdown on viral attachment. HCVcc was incubated with Huh-7.5 cells for 2 

hrs at low temperature to allow binding but prevent entry. After extensive washing, the amount 

of virus bound was determined by qRT-PCR with HCV specific primers. Virion-binding of Huh-

7.5/CIDEB
KD

 cells was comparable to that of Huh-7.5/Ctrl cells (Fig 5.11). As expected, virion-

binding was significantly affected by the well-known binding inhibitor Heparin (Fig 5.11), 

supporting the reliability of the experiment.  
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Figure 5.11. Knockdown of CIDEB does not affect the attachment of HCV particles. Ctrl and 

CIDEB
KD

 cells exposed to HCVcc at 4°C for 2hrs with gentle sharking. Cells were harvested by 

adding Trizol and viral RNA was analyzed using qRT-PCR. Data were normalized to Ctrl cells 

without HCVcc exposure and reflected by relative fold changes. Error bars represent standard 

deviations from duplicate experiments. *: p<0.05.  

 

 

Furthermore, knockdown of CIDEB in Huh-7.5 cells did not affect the expression of 

known HCV receptors (CLDN1 and OCLN) and attachment factor (LDL-R) (Fig 5.12). These 

results convincingly indicated that knockdown of CIDEB did not affect binding of viral particles 

to the cell surface. 

 

 

 

 

 

 

Figure 5.12. Expression of two HCV receptors and one attachment factor in Ctrl and CIDEB
KD

 

cells. Equal amounts of both Huh-7.5/Ctrl and Huh-7.5/ CIDEB
KD

 cells were analyzed by 

western blotting to check the expression levels of LDLR, OCLN, CLDN1, and GAPDH. 
 

 

CIDEB Knockdown does not Affect Viral Entry of Pseudotyped Particles 

 

By expressing functional viral glycoproteins on the surface, HCVpp has been 

demonstrated to be able to closely mimic the entry of authentic viral particles. We next examined 

cell entry mediated by HCVpp bearing genotype 1a E1 and E2. CIDEB knockdown had no effect 



85"

"

on HCVpp entry while knockdown of CLDN-1, as well as an anti-CD81 antibody both showed 

significant inhibition as expected (Fig 5.13). Similar like HCVpp, VSV-Gpp bearing VSV G 

protein on its surface could enter both Huh-7.5/Ctrl and Huh-7.5/CIDEB
KD

, arguing against the 

general defect on receptor-mediated endocytosis in Huh-7.5/CIDEB
KD

 cells. 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. HCVpp and VSV-Gpp infection of CIDEB
KD

 cells. Ctrl, CIDEB
KD

 and CLDN1
KD

 

cells were challenged with HIV viruses pseudotyped with HCV E1E2 or VSV-G. Firefly 

luciferase activities were measured 72 hrs post infection by the pseudotyped viruses. Values of 

HCVpp and VSV-Gpp infection in Ctrl cells were normalized to 100% for the respective 

pseudotypes. The anti-CD81 antibody was added to the Ctrl cells (at a final concentration of 

10µg/ml) 4hrs before infection and maintained throughout the experiment. Values reflect the 

relative percentage over the infection of Ctrl cells and Error bars represent standard deviations 

from duplicate experiments. **: p<0.05.  

 

 

CIDEB is not Required for Virion Production 

 

The results shown above suggest that CIDEB might be involved in the late entry steps, 

such as membrane fusion and nucleocapsid release. On the other hand, CIDEB was found to 

associate with lipid droplet, the organelle that participates in the assembly of infectious viral 

particles, raising another possible function for CIDEB in HCV life cycle. To test this possibility, 

both Huh-7.5/Ctrl and Huh-7.5/CIDEB
KD

 cells were electroporated with Jc1/GLuc2A RNA and 

supernatants from 48 hrs and 96 hrs post electroporation were collected. Virus productions from 

both cell lines were determined by checking their infectivity on naïve Huh-7.5 cells. As 

demonstrated by secreted luciferase activities and intracellular viral antigens, no difference was 
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found between the two cell lines (Fig 5.14). Taken together, these results indicated that 

knockdown of CIDEB had no detectable effect on the assembly and secretion of infectious viral 

particles. 

 

 

 

 

 

 

 

 

 

Figure 5.14. Virus production in control and CIDEB
KD

 cells. Supernatants collected from the 

electroporated cells at the indicated time points post electroporation were used to inoculate naïve 

Huh-7.5 cells and the level of G-luciferase activity was measured 48 hrs after infection. Error 

bars represent standard deviations from duplicate experiments.  

 

 

CIDEB is Required for HCV Membrane Fusion 

 

A recent study has reported the development of a virus-host membrane fusion assay by 

labeling HCVcc particles with the lipid-philic dye, DiD. This DiD dye could incorporate into 

biological membranes: at high concentration, it’s self-quenching; when the labeled membrane 

fuses with a target membrane, the DiD dye will diffuse away from each other, resulting in 

dequenching that could be observed by immunofluorescent microscopy (185).  Taking advantage 

of this assay, we therefore determined if CIDEB was required for the membrane fusion between 

viral envelope and endosome membrane. 

Huh-7.5/Ctrl cells were incubated with the DiD-labeled HCVcc particles at low 

temperature to synchronize the attachment then shifted to 37°C to initiate the internalization of 

bound viral particles. The punctate signal, which was thought to resulte from the diffusion of the 

DiD dye from viral envelope membrane to endosome membrane, became detectable around 1 hr 

post-temperature shift and steadily increased over the next 4 to 6 hrs (Fig 5.15).  
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Figure 5.15. The fusion spots of DiD labeled HCVcc increased over time. Huh-7.5/Ctrl cells 

were exposed to labeled HCVcc at 4°C for 2 hrs and then shifted to 37°C to initiate entry. The 

numbers indicated the average number of spots per 100 cells counted and standard deviation of 

three independent experiments is shown.  

 

 

Previous studies have demonstrated that during HCV infection, the fusion events occur 

within the early endosome (142). In order to find out the subcellular localization of those 

observed punctate signals, early endosome maker Rab5 was co-stained and significant 

colocalization was observed between Rab5 and those punctate signals (Fig 5.16, top). Similar 

colocalization was also found between late endosome marker Rab7 and the punctate signals (Fig 

5.16, bottom). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. Colocalization of the DiD fusion signals with Rab5 and Rab7. Four hours after 

being shifted to 37°C, the cells were fixed and stained with anti-Rab5 or anti-Rab7 antibodies. 

Green: Rab5/Rab7; Red: DiD; Blue: DAPI; White arrows point to colocalized Rab5/Rab7 and 

DiD punctate. 
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Next, to further validate this fusion assay, Huh-7.5/Ctrl cells were treated with different 

entry inhibitors before being exposed to the DiD-labeled HCVcc particles, and as expected, the 

punctate signals were dramatically reduced by these treatments, while PBS or DMSO had no 

effect (Fig 5.17). Of note, treatment with NH4Cl, which was used widely as pH perturbation 

reagent and therefore thought to be able to inhibit fusion events during viral entry, could also 

effectively block the fusion events in the current setting, further supporting the reliability of this 

assay. 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. DiD HCV fusion signal is sensitive to pH perturbation and HCV attachment and 

entry inhibitors. The number of DiD signals were quantified at 1hr and 4 hrs after the 

temperature shift, respectively.  NH4Cl was added at a final concentration of 20mM before 

shifting; anti-ApoE (at a final concentration of 50µg/ml) was incubated with virus and all the 

entry inhibitors were incubated with cells at 2 hrs before temperature shift: anti-CD81: 10µg/ml; 

ITX-5061: 1.0µM.  The numbers were normalized to DMSO treated cells the at 1 hr point after 

the temperature shift. Values reflect relative fold changes and error bars represent standard 

deviations from duplicate experiments. *: p<0.05. 

 

 

Interestingly, compared to Huh7.5/Ctrl cells, the fusion signals were notably reduced in 

Huh-7.5/CIDEB
KD

 cells, but not in Huh-7.5/CyPA
KD

 cells, which harboring shRNA against 

CyPA, a cellular cofactor specifically required for HCV RNA replication (Fig 5.18). When a 

control supernatant from uninfected cells was subjected to the same labeling and purification 

process, and then exposed to Huh-7.5/Ctrl cells, it did result in detectable signals, which might 

be from cell-derived contaminants labeled during the process. However, the signal from the 
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control medium remained largely unchanged during the observation period, indicating that the 

punctate signals above control medium are from fusion events of labeled viral particles. 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. HCV fusion was inhibited in CIDEB
KD

 but not in CyPA
KD

 cells. Experiments were 

performed as indicated in Figure 5.18. Media from Huh-7.5 cultured for 48hrs were labeled with 

DiD using the same procedure and used as background control. The numbers indicated the 

average number of spots per 100 cells counted. Error bars represent standard deviations from 

duplicate experiments. *: p<0.05; **: p<0.01. 

 

 

Taken together, these results indicated that CIDEB was involved specifically in the 

fusion step during HCV infection. 

 

CIDEB is Required for Efficient Infection of Huh-7.5 Cells by Dengue Virus (DENV) 

 

For HCV, as well as viruses from Flavivirus genus, their particles bind to unique 

receptors on the cell surface; however, the post-binding mechanisms of entry for these enveloped 

viruses mostly fall into two main categories. Some viruses deliver their genome to the cytosol of 

target cells by fusing their envelope with the plasma membrane, which other ones enter by 

endocytosis. For many enveloped viruses that enter cells by endocytosis, like HCV and other 

Flavivirus, an activation step occurs in endosomes (either early or late) which leads to the fusion 

of the viral envelope with the membrane of the endosome and then delivery of the viral genome 

into the cytosol (138). The acidic pH of endosomes is thought to play an essential role in 

triggering this fusion event, which is catalyzed by viral envelope glycoproteins. Once in the 
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cytosol, the input viral RNA will be used directly for translation of polyprotein, which is cleaved 

co- and post-translationally by cellular and viral proteinases into functional structural and 

nonstructural proteins. After that, the life cycle of different viruses diverge from each other. 

Because of the similarities between HCV and DENV during their entry processes, we 

therefore wanted to determine whether CIDEB is also important for infection of Huh-7.5 cells by 

DENV. shRNAs targeting luciferase, CIDEB, CyPA or TGM2  were transiently introduced into 

Huh-7.5 cells, followed by infection with both strains of DENV.  Similar like HCVcc infection, 

only suppression of CIDEB could effectively inhibit the DENV infection (Fig 5.19). And this 

inhibition of DENV infection was not due to non-specific effects of shRNA transduction, since 

the same siRNA duplexes used in HCV infection were also be able to achieve a similar 

inhibitory effect like CIDEB shRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. CIDEB is required for efficient infection of Huh-7.5 cells by DENV. (1).CIDEB 

knockdown suppressed DENV (type 2, strain Thailand/16681) infection. Huh-7.5 cells were 

transduced with lentivectors were challenged with DENV at four days after transduction and 

viral infections were detected by western blotting at 20 hrs post infection; (2) Synthetic siRNA 

duplex targeting CIDEB mRNA inhibited DENV (strain Thailand/16681) infection. Huh-7.5 

cells were transfected with siRNA duplex and infected with HCVcc at 48 hrs post transfection; 

(3) CIDEB knockdown suppressed infection by another DENV strain (type 2, New Guinea C 

strain (NGC)).  
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To find out whether CIDEB similarly participated in the fusion step of DENV infection 

of Huh-7.5 cells, DiD-labeled DENV particles were used to infect both Huh-7.5/Ctrl and Huh-

7.5/CIDEB
KD

 cells. Interestingly, the punctate signals were also significantly reduced in cells 

with CIDEB knockdown (Fig 5.20), suggesting a similar action of CIDEB during DNEV 

infection. Currently, we could not rule out the possibility that CIDEB was also required for other 

steps during DENV infection.  

 

 

 

 

 

 

 

 

 

 

Figure 5.20. DENV (strain Thailand/16681) fusion was inhibited by CIDEB knockdown. Ctrl 

and CIDEB
KD

 cells were exposed to DiD-labeled DENV at 4°C for 2 hrs with gentle shaking. 

Cells were then thoroughly but gently washed with PBS and shifted to 37°C to initiate 

internalization. At indicated time points, cells were fixed and checked for DiD signals. Media 

from Huh-7.5 cultured for 48 hrs were labeled with DiD using the same procedure and used as 

background control. The number indicated the average number of spots per 100 cells counted 

and error bars represent standard deviations from duplicate experiments. *: p<0.05; **: p<0.01. 

 

 

Infection of Huh-7.5 Cells by Vesicular Stomatitis Virus (VSV) does not Require CIDEB 

 

The above results have shown that two positive-strand RNA viruses, HCV and DENV, 

both depended on CIDEB for their fusion step, when infecting hepatocytes.  

However, when a negative-strand RNA virus, like VSV, was used to infect both Huh-

7.5/Ctrl and Huh-7.5/CIDEB
KD

 cells, no inhibition was observed (Fig 5.21). This result argues 

against the possibility that knockdown of CIDEB makes the Huh-7.5 cells become generally less 

permissive to viral infection. 
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Figure 5.21. Efficient infection of the CIDEB
KD

 cells by a GFP-tagged VSV. (1). Schematic 

representation of GFP-VSV genome. (2) and (3). Ctrl and CIDEB
KD

 cells were infected with 

GFP-VSV and cells were either fixed to GFP expression (2, 100×) or subjected to western 

blotting to analyze GFP expression over time at indicated time points post infection (3). 

Representative images were shown in (2). 

 

 

CIDEB Coats the Surface of Lipid Droplets 

 

A previous study using mouse hepatocytes has demonstrated that CIDEB proteins are 

predominantly located on lipid droplets and smooth ER, promoting the formation of 

triacylglycerol-enriched VLDL particles (233). To better understand the mechanism by which 

CIDEB participates in the fusion step of both HCV and DENV, we determined whether CIDEB 

shows a similar subcellular distribution in human hepatocytes. When being transfected into Huh-

7.5 cells, the majority of FLAG-tagged full-length CIDEB showed the typical ring-like structure 

close to the perinuclear region, coating cytosolic lipid droplets, which were shown by Bodipy 

staining (Fig 5.22, (1)). This subcellular localization of CIDEB was further confirmed by GFP-

tagged CIDEB, which displayed more prominent distribution of ring-like structure (Fig 5.22, (2)). 

 

Next, we generated a series of truncated mutants and tested their subcellular distribution 

in Huh-7.5 cells. The N-terminal conserved region of CIDEB showed diffused staining pattern, 

while the C-terminus truncated mutant containing aa 1-195 formed a similar structure like full-

length CIDEB does (Fig 5.22, (4)). 
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Figure 5.22.  CIDEB coats the surface of the lipid droplets. (1). Subcellular localization of 

FLAG-CIDEB. Huh-7.5 cells were transfected with FLAG-CIDEB and fixed at 20 hrs post 

transfection to analyze the subcellular distribution of CIDEB by anti-FLAG antibody (red). Lipid 

droplets were stained by BODIPY (530/550) (Green); (2) Subcellular localization of GFP-

CIDEB; (3). Schematic representation of CIDEB mutants; (4). Subcellular localization of 

CIDEB mutants. Huh-7.5 cells were transfected with CIDEB mutants and fixed at 20 hrs post 

transfection to analyze subcellular distribution. 

 

 

We next determined if CIDEB interacted with HCV structural proteins. We transfected 

HA-CIDEB into Huh-7.5 cells chronically infected with a JFH-1 variant that carries a FLAG-

tagged E2 (JFH-1/FLAG-E2) and then performed immunoprecipitation with beads conjugated 

with anti-HA antibodies. Full-length CIDEB associated with FLAG-E2 in these cells while a C-

terminal deletion mutant of CIDEB, which displays similar subcellular distribution, failed to 

interact with FLAG-E2 (Fig 5.23 (1)).  

Furthermore, in JFH-1/FLAG-E2 infected cells, extensive colocalization between E2 and 

CIDEB was also detected (Fig 5.23, (2)). These results therefore indicate that CIDEB was 

capable of associating with the HCV glycoprotein complex.  
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Figure 5.23. Association of CIDEB with glycoproteins. (1). CIDEB co-precipitates with E2 in 

infected cells. HA-CIDEB and HA-CIDEB (1-195) were transfected into Huh-7.5 cells infected 

with JFH-1/FLAG-E2 and cell lysates were collected for anti-HA immunoprecipitation at 24hrs 

after transfection; (2). Colocalization of CIDEB and E2 in infected cells. Huh-7.5 cells were 

infected withJFH-1/FLAG-E2 virus for one week, followed by transfection with HA-CIDEB. 

Cells were fixed at 20 hrs post transfection and stained for E2 (anti-FLAG antibody) and CIDEB 

(anti-HA antibody). 

 

 

Induction of Colocalization Between Endosome Markers and CIDEB during the Entry of 

HCV and DENV, but not VSV 

 

The function data suggested that CIDEB was required for the entry of authentic HCV and 

DENV particles into hepatocytes, more specifically the membrane fusion step where viral 

envelope membrane fuses with endosome membranes to release the nucleocapsid into the cytosol. 

The above results have shown that, however, in uninfected and chronically infected Huh-7.5 

cells, CIDEB localizes to the surface of lipid droplets, forming ring-like structures.  

We then determined if CIDEB colocalized with endosome markers during the entry of 

viral particles into cells. Consistent with previous results, in the uninfected cells, the majority of 
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CIDEB proteins form ring-like structures, coating the surface of lipid droplets; while both the 

early endosome markers Rab5 and EEA1 displayed discrete punctate structures all over the 

cytoplasm (Fig 5.24). And there was no colocalization between Rab5/EEA1 and CIDEB.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24. Subcellular localization of early endosome markers and CIDEB in uninfected Huh-

7.5 cells. Huh-7.5 cells were transfected with FLAG-CIDEB and stained for endogenous early 

endosome markers (Rab5 and EEA1) (green) and CIDEB (anti-FLAG antibody, red). 

 

 

Surprisingly, upon HCV and DENV infection, a substantial Rab5 or EEA1 were re-

distributed, now demonstrating a ring-like structure pattern and co-localizing with CIDEB 

staining (Fig 5.25).  Similar re-distribution of early endosome markers was not observed for 

infection of Huh-7.5 cells by VSV particles (Fig 5.26). The induced colocalization between the 

endosome markers and CIDEB occurred within 1 to 3 hrs of the cells being shifted into 37°C to 

allow virus internalization, suggesting an association of the virus-containing endosomes with 

CIDEB protein. 
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Figure 5.25. Subcellular localization of early endosome markers and CIDEB in HCV/DENV-

infected Huh-7.5 cells. Huh-7.5 cells were transfected with FLAG-CIDEB for 20hrs, and then 

exposed to HCV or DENV viral particles for 2hrs at 4°C and shifted to 37°C to initiate 

internalization. Cells were then fixed 1-3hrs post temperature shift and stained for endogenous 

early endosome markers (Rab5 and EEA1) (green) and CIDEB (anti-FLAG antibody, red). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. Subcellular localization of early endosome markers and CIDEB in VSV-infected 

Huh-7.5 cells. Huh-7.5 cells were transfected with FLAG-CIDEB for 20hrs, and then exposed to 

VSV viral particles for 2hrs at 4°C and shifted to 37°C to initiate internalization. Cells were then 

fixed 1-3hrs post temperature shift and stained for endogenous early endosome markers (Rab5 

and EEA1) (green) and CIDEB (anti-FLAG antibody, red). 
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Our previous results have shown that CIDEB could associate with the HCV glycoprotein 

complex, in chronically infected cells. However, during the entry process, we were unable to 

demonstrate an association between CIDEB and viral antigens, especially the glycoproteins, due 

to limitations of current techniques to detect the tiny amount of E1 and E2 that are carried by 

viral particles during entry. 

 

Downregulation of CIDEB Protein by HCV, but not DENV Infection 

 

Surprisingly, a dramatic downregulation of CIDEB expression in HCV infected cells 

starting approximately 24 hrs post-infection was observed (Fig 5.27).  

 

 

 

 

 

 

 

 

 

Figure 5.27. CIDEB protein level was reduced in HCV-infected Huh-7.5 cells. (1). 

Downregulation of CIDEB by HCV infection. Huh-7.5 cells were infected with HCVcc and at 

indicated time points cells were harvested for western blotting analysis to check NS3 and CIDEB 

levels. (2) The mRNA of CIDEB is not down-regulated by HCV infection.  Experiments were 

carried out as indicated in (1), except that collected cells were subjected to Trizol RNA 

extraction, followed by qRT-PCR to analyze CIDEB mRNA levels. Error bars represent standard 

deviations from duplicate experiments. 

 

 

 

To identify which HCV protein or process is responsible for the downregulation, we 

electroporated Huh-7.5 cells with either wild-type JFH-1 RNA or its derivatives that contain 

various mutations (Fig 5. 27). The wild-type genomes (JFH-1 and Jc1-GLuc) expressed NS3 and 

could downregulate CIDEB as early as 24 hrs post electroporation. The polymerase mutant GND, 

due to a defect replicase (128), was not able to express NS3 and did not downregulate CIDE-B 
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expression. The Δcore mutant, however, expressed NS3 to similar levels of the wild-type 

genomes but clearly failed to downregulate CIDEB expression. Similar to Δcore mutant, the 

ΔE1E2 mutant also failed to reduce the CIDEB expression, even at 48 hrs post electroporation. 

These data argued a possible correlation between CIDEB downregulation and secretion of viral 

particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.28. Replication- and assembly-defective genomes failed to down-regulate CIDEB. (1) 

and (2). Huh-7.5 cells were electroporated with replication (GND)- and assembly (Δcore and 

ΔE1E2)-defective genomes. At indicated time points, cells were collected and analyzed by 

western blotting to check viral protein and CIDEB expression.  The GND mutant contains 

mutations in the RNA-dependent RNA polymerase gene that abolishes replication and protein 

expression; (3) HCV infection downregulates CIDEB at post-transcriptional level. 

 

 

However, although CIDEB is also required for infection of Huh-7.5 cells by DNEV, 

DENV infection could not reduce CIDEB, up to 72 hrs post infection. 
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Figure 5.29. DENV infection could not down-regulate CIDEB. Experiments were performed as 

stated in Figure 5.28., except for using DENV (type 2, strain Thailand/16681). 

 

 

Knockout of CIDEB in Huh-7.5 Cells Blocks Infection by HCV and DENV 

 

In order to further our understanding of the mechanism by which CIDEB participate in 

the fusion step, we generated Huh-7.5 cells with CIDEB being knocked-out by transcription 

activator-like effector nucleases (TALENs) (38), as demonstrated in Fig 5.30. Sequencing results 

revealed that the CIDEB gene was disrupted by extra sequence insertions within the targeting 

site of TALEN, resulting in no CIDEB expression at the protein level (Fig 5.30, (2)). Consistent 

with CIDEB
KO

 (CIDEB
-/-

) mice study, knockout of CIDEB did not significantly affect the 

growth rate of Huh-7.5 cells, as shown by cell proliferation assay (Fig 5.30, (3)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.30. Knockout of CIDEB in Huh-7.5 cells. (1). Schematic representation of CIDEB gene 

and TALEN targeting site. (2) No expression of CIDEB in CIDEB
KO

 cells. Similar numbers of 

both Huh-7.5 and Huh-7.5/CIDEB
KO

 cells were subjected to western blotting analysis to check 

endogenous CIDEB levels; (3). Knockout of CIDEB does not affect the proliferation of Huh-7.5 

cells. (Panel (2) was contributed by Christy Hammack in Tang laboratory). 
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And as expected, knockout of CIDEB effectively protected Huh-7.5 cells from being 

infected by HCVcc, by both strains of DENV (Fig 5.31, (1)). However, these Huh-7.5/CIDEB
KO

 

cells were still highly permissive to VSV infection (Fig 5.31-(2)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.31. Knockout of CIDEB inhibits infection of Huh-7.5 cells by HCV and DENV, but not 

VSV. Both Huh-7.5 and Huh-7.5/CIDEB
KO

 cells were exposed to different viruses, and then 

collected at indicated time points for either western blotting analysis or immunofluorescence 

analysis of viral antigen. 

 

 

Discussion 

 

Studying the molecular determinants of transition into a permissive status for viral 

infections during directed differentiation is a novel approach for identifying host factors 

contributing to viral tropism. The identification of a liver-specific entry cofactor for HCV in this 

chapter represents a proof-of-concept for this approach. Our demonstration that HCV-resistant 

DHHs could be produced in vitro by coupling genetic modification of stem cells with hepatic 

differentiation has implications for clinical utility of stem cell-based therapy.  
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CIDEB could associate with the HCV glycoprotein complex, in transiently transfected 

and chronically infected cells, however, we currently cannot distinguish direct versus indirect 

binding between CIDEB and HCV E1/E2 complex. According to one study, membrane topology 

prediction suggests that CIDEB is associated with the cytosolic side of the intracellular vesicular 

membranes (233), such as lipid droplets. This topology strongly supports the existence of a yet-

unidentified transmembrane protein that can bridge any interaction between CIDEB and the 

HCV glycoproteins displayed on the incoming virions. Our preliminary data also showed a 

potential interaction between CIDEB and the envelope protein (E) of dengue virus. It will be 

very interesting to find out whether both interactions require the same bridge protein in Huh-7.5 

cells. 

A striking finding in our study is that the entry of both HCV and DENV particles could 

induce re-distribution of early endosome markers (Rab5 and EEA1) to the surface of lipid 

droplets, colocalizating with CIDEB. The mechanism underlying this interesting phenomenon 

remains unknown at the present time, but may be related to, among other possibilities, the 

signaling pathway triggered by the binding of viral particles to their receptors, or the receptor-

mediated endocytosis. Recently, CD81 was found to play a fundamental role in HCV infectivity, 

mediating not only the initial virus binding but also the activation of endogenous cellular 

responses that facilitate HCV infection at different stages (27). It is possible that the binding of 

HCV to CD81 or other receptors or the endocytosis process sends signal to induce the re-

distribution of Rab5/EEA1. However, it is more likely that the virion-containing endosomes are 

recruited to lipid droplets by indirect interaction between viral glycoproteins and CIDEB through 

a third bridge protein. Although we were currently unable to demonstrate an interaction between 

viral glycoproteins and CIDEB during the entry process or to prove the existence of the missing 

bridge protein, in HCV infected cells, the association between CIDEB and glycoproteins 

complex could be shown through two different methods. Moreover, our preliminary data also 

showed that CIDEB proteins purified from transfected HEK-293T cells could capture HCV 

particles from infected supernatant and a very strong interaction between CIDEB and E1 when 

they were co-expressed in HEK-293T cells, arguing for the possibility that there was a bridge 

protein exists. Currently, we are working on looking for the missing bridge protein and 

identification of such a protein will eventually solve all the mysteries. Meanwhile, developing 

techniques to increase the sensitivity to directly capture viral antigens associated with incoming 
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virions will also be crucial to understand the mechanism how some of the early endosomes were 

re-distributed to lipid droplets. 

The role of lipid droplets to serve as a scaffold for viral genome encapsidation has been 

well-characterized for both HCV (145) and DENV (188). Besides, it has also been proposed that 

VLDL assembly pathway, which involves the incorporation of lipid form lipid droplet into 

nascent VLDL, is utilized by HCV as a mechanism for transport of virions out the cell (167). 

Such a model is supported by recent studies, which demonstrate the ability to block the release of 

infectious HCV by inhibiting expression of ApoB (155), ApoE (34) and microsomal triglyceride 

transfer protein (MTP) (68, 93). While for DENV, it is thought that lipid droplets could also 

temporally store and sequester the highly basic DENV core protein in the cytoplasm of infected 

cells, regulating their availability (188). Whether it’s also true for HCV core will be an 

interesting question to answer.  

On the other hand, whether the colocalization between the re-distributed early endosomes 

and CIDEB on the surface of lipid droplet is the prerequisite for virus fusion to occur or whether 

lipid droplets are also involved in such an early entry process is currently unknown and will also 

be an interesting question deserved further investigation. Such potential roles of lipid droplet 

during viral entry is supported by a recent study, which demonstrated that depletion of sterol 

regulatory element-binding protein (SREBP)-1 and SREBP-2 could significantly inhibit the 

formation of lipid droplets and HCV infection (125). Although this study attributed the inhibition 

of HCV infection to the impairment of viral production, their data did not rule out the possible 

role of lipid droplets during initial infection.  

Generation of CIDEB knockout cell lines by TALEN system provides us a great 

opportunity to address into more details the role of CIDEB during HCV and DENV infection 

cycles. Most of our data were derived from experiments using the CIDEB knockdown cell lines 

generated with shRNA transduction. Inhibition of virus infection was further confirmed in the 

knockout cell lines, arguing for the utilization of the knockdown cells in virus researches. 

However, we still could not rule out the possibility that CIDEB might also be required for other 

steps of infection cycles. We therefore performed the similar infection time course experiments 

using the newly made knockout lines. Surprisingly, our preliminary data pointed to a novel role 

of CIDEB in viral RNA replication step, and this role was clearly not observed in knockdown 

cells. More detailed experiments are undergoing right now in our laboratory. 



103"

"

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32. Time course of HCV infection in control, and CIDEB
KD

 and CIDEB
KO 

cells.  (1). 

Viral inoculum was added to cells at -2 hr at 4°C and the cells shifted to 37°C at 0 hr. At 

indicated time points, cells were collected with Trizol reagent after PBS washing. The amount of 

HCV RNA detected at 0 hr reflects the virions bound to the cell surface prior to entry. Data were 

normalized to Ctrl cells at -2 hr point. (2). Gluc RNAs (wild type or GNN mutant) were 

electroporated into cells and luciferase activities were monitored at indicated time points. Error 

bars represent standard deviations from duplicate experiments. **: p<0.01. CIDEB-KO: 

knockout cells; L-CIDEB: knockdown cells; GNN (Huh-7.5): electroporation of GNN mutant 

RNA into Huh-7.5 cells. 

 

 

Downregulation of CIDEB after infection can serve HCV in several ways. It can help 

prevent trapping of the virions displaying the glycoprotein complex.  It may also safeguard 

against apoptosis induction and promote survival of the infected cells, contributing to 

establishment of chronic infections. In this regard, it is interesting to note that the expression of 

HCV transgenes in mice also contributed to CIDEB down-regulation by infection of an 

adenovirus. The precise mechanism for the downregulation of CIDEB remains to be determined. 

We did not detect mRNA reduction or secretion of CIDEB into the culture medium, indicating 

intracellular protein degradation is a plausible mechanism. 

In summary, we identify a new entry cofactor that facilitates fusion between HCV and 

endosome membranes and contributes to hepatic tropism of HCV. We also found that CIDEB is 

needed for infection of hepatocyte by DENV, possibly through a similar mechanism. CIDEB and 
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its interaction with HCV/DENV could be targets for future therapeutics of infection from both 

viruses; and the stable, genetically-modified stem cell line that can give rise to HCV-resistant 

hepatocyte-like cells is a potential source for animal transplantation experiments to assess the 

feasibility of producing chimeric livers that can resist infection in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



105"

"

CHAPTER SIX 

POSSIBLE ROLE OF LIPID DROPLETS IN VIRAL ENTRY 

 

 

Introduction 

 

In Chapter Five, our data have shown that upon entry of both HCV and DENV particles, 

early endosome could be re-distributed to the surface of lipid droplets, colocalizating with 

CIDEB proteins. We also found a correlation between the capability of viruses to induce such a 

re-distribution and CIDEB-dependence of those viruses to infect host cells. The mechanism on 

how this interesting phenomenon was happening remains unknown at the present time. Our 

preliminary results indicated that CIDEB was able to strongly bind to the glycoproteins of both 

CIDEB-dependent viruses, HCV and DENV. Subcellular localization analysis of both viral 

glycoproteins and CIDEB, however, argued against the possibility of such a direct interaction 

between them. We proposed, therefore the existence of a third bridge protein that mediates their 

interaction. Such a protein has to be a transmembrane protein, able to bind both viral 

glycoproteins and CIDEB independently, and expressed in permissive cells. Identification of this 

bridge will definitely help better understand the mechanism by which early endosomes were 

recruited upon the infections by HCV and DENV. 

Another more urgent question will be the biological significance of such striking 

recruitment of those early endosomes to lipid droplets. CIDEB was found to be required 

specifically for the membrane fusion, a step during the late stage of viral entry. So far, whether 

there is a connection between re-distribution of early endosome and glycoprotein-mediated 

membrane fusion is also unknown. Such a mysterious question, on the other hand, raises the 

possibility that lipid droplets might be involved in the entry process of those viruses. This 

hypothesis was further supported by one of our recent observations that there were less lipid 

droplets in Huh-7.5/CIDEB
KD

 cells. 

The role of lipid droplets to serve as a scaffold for viral genome encapsidation, a late step 

during the viral life cycle, has been proposed for both HCV (145) and DENV (188). HCV 
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structural protein core was thought to bring together the viral components necessary to initiate 

assembly at lipid droplets. Furthermore, ultrastructural analysis revealed membrane cisternae 

structure around or in close proximity to lipid droplets and such lipid droplet-associated 

membranes, also positive for both core and E2, are believed to be locations for HCV particle 

assembly (145). Similar like HCV core proteins, DENV core proteins were also found to 

accumulate around lipid droplets in infected cells. Although the detailed mechanism is still 

unclear, it is thought that DNEV core was also able to recruit viral genomic RNA to the surface 

of lipid droplets, forming the nucleocapsids.  Interestingly, in DENV infected cells, lipid droplets 

were also proposed to be temporary depots to store and sequester core proteins (188), therefore 

controlling other processes, such as viral RNA synthesis. However, whether lipid droplets are 

also involved in other steps of viral life cycle has not been investigated. 

Lipid droplets, ubiquitous organelles found in most eukaryotic cells, consist of a 

phospholipid monolayer that surrounds a core of neutral lipids, such as sterol esters or 

triacylglycerols (56). Numerous proteins, many of which play functional roles in lipid droplet 

biology, decorate their surface as CIDEB does. Although many aspects are as yet poorly 

understood, the current model for lipid droplet biogenesis indicates that the organelles are 

derived from the ER (226), where the enzymes that synthesize neutral lipid for the cores of lipid 

droplets are localized primarily. According to the model, neutral lipids are synthesized between 

the leaflets of the ER membrane (177). The mature lipid droplet is then thought to bud from the 

ER membrane to form an independent organelle that is contained within a limiting monolayer of 

phospholipids and associated proteins. 

The small molecule PF429242 was reported to be a potent inhibitor of site-1 protease 

(S1P) (85), a protease required for the proteolytic cleavage of SREBP, which are a family of 

transcription factors that regulate lipid homeostasis by controlling the expression of a range of 

enzymes required for endogenous cholesterol, fatty acid (FA), triacylglycerol and phospholipid 

synthesis (47). While Triacsin-C belongs to a family of fungal metabolites all having an 11-

carbon alkenyl chain with a common N-hydroxytriazene moiety at the terminus (84). Due to the 

N-hydroxytriazene group, Triacsin-C has acidic properties and may be considered a 

polyunsaturated fatty acid analog, therefore is an inhibitor of long-chain fatty avid acyl-CoA 

synthetase. 
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In this chapter, we were using both PF429242 and Triacsin to transiently inhibit lipid 

droplet formation in a variety of cells and then studying their permissiveness to virus infection. 

We were focusing on the early steps during the viral life cycle, such as particle attachment, 

endocytosis, membrane fusion, and initial RNA translation. 

 

 

Methods 

 

Chemicals and Antibodies 

 

PF429242 was purchased from AdooQ (Irvine, CA); Triacsin-C was from Santa Cruz 

(Dallas, TX); DMSO from EMD4Biosciences (Darmstadt, Germany); Bodipy 495/503 and 

530/550 from Invitrogen (Carlsbad, CA). Rabbit polyclonal anti-GFP antiserum was kindly 

provided by Dr. Brian Chait at Rockefeller University and used at a 1:20,000 dilution in Western 

blotting. DENV anti-NS3 antibody was described in Chapter Five. 

 

Cells and Viruses 

 

Huh-7.5, BHK-21, HeLa, A549, and Vero cells regularly maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) culture media supplemented with 10% FBS and 1% 

Penicillin/streptomycin. GS5 Replicon cells have been described in Chapter Five. West Nile 

virus Replicon cells (Rluc-Neo-Rep-BHK21) were established as described previously and 

maintained in regular cell culture media supplemented with 1.0mg/ml G418 (Gibco BRL).  

 

Table 6.1. List of Viruses used for studying the functions of lipid droplet during virus infection 

Name Genome & polarity in vitro cell model 
Hepatitis A virus ss (+)RNA Huh-7 

Respiratory syncytial virus ss(-)RNA A549, HeLa 

Parainfluenza virus ss(-)RNA A549 

Rubella virus ss (+)RNA A549, Vero 

Yellow fever virus ss (+)RNA BHK-21 

Hepatitis C virus ss (+)RNA Huh-7.5 

Dengue virus (T=1,2,3,4) ss (+)RNA BHK-21 
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In vitro Transcription and Electroporation 

 

Jc1-Gluc wide-type and mutant plasmids were linearized with XbaI and extracted by 

phenol-chloroform. RNAs were generated using the MEGAscript T7 kit (Ambion, TX) and 

purified by phenol-chloroform extraction. For electroporation, 6-10µg of RNA was used for 

4×106 cells in a volume of 400µl of suspended cells by Gene Pulser Xcell Electroporation 

Systems (Bio-Rad, CA). Media were changed 4 hrs post electroporation. 

 

Results 

 

PF429242 and Triacsin-C Inhibit Lipid Droplet Formation 

 

Our previous results suggest that lipid droplets might be involved in other steps during 

virus infection cycle. Therefore, two inhibitors of lipid droplet formation were used to transiently 

treat a variety of cells. As expected, both PF429242 and Triacsin-C could dramatically reduce 

the intracellular lipid droplet formation within 24 hrs (Fig 6.1 and 6.2). Short term treatments of 

cells with both drugs did not result in significant inhibition of cell proliferation or cause any 

morphological changes (Fig 6.3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. PF429242 reduced the lipid droplet formation. PF429242 was added to culture media 

at a final concentration of 40µM for 24 hrs and then cells were fixed for Bodipy staining (lipid 

droplet, green). 
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Figure 6.2. Triacsin-C reduced the lipid droplet formation. Triacsin-C was added to culture 

media at a final concentration of 5.5µM for 24 hrs and then cells were fixed for Bodipy staining 

(lipid droplet, green). (Control image for Vero and BHK-21 cells were the same as Figure 6.1) 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.  Effects of PF429242 and Triacsin-C on proliferation of Huh-7.5 cells. Huh-7.5 cells 

were seeded and treated with two drugs and cell numbers were counted every 24 hrs. Error bars 

represent standard deviations from duplicate experiments 

 

 

PF429242 and Triacsin-C Inhibit Infection of Huh-7.5 Cells by HCVcc 

 

A previous study has shown that PF429242 could effectively block HCV from 

establishing infection in Huh-7.5 cells (162). And reduction of lipid droplet formation therefore 

virus assembly by PF429242 treatment was proposed as the mechanism for the inhibition of 
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HCV infection in treated cells. Their data, however, could not rule out possible functions of lipid 

droplets during other steps, especially at the early stage of viral infection cycle. 

We first determined the permissiveness of drug-treated cells to HCV infection. Huh-7.5 

cells were treated by with two drugs or with vehicle DMSO for 24 hrs and then exposed to high 

titer HCVcc. At indicated time points, cells were harvested and analyzed for viral antigen. 

Consistent with the previous study, PF429242 could dramatically inhibit HCV infection at all 

time points (Fig 6.4). And the other drug, Triacsin-C showed a similar trend of inhibition (Fig 

6.4). Interestingly, for both drugs, the inhibition could be detected as early as 8 hrs post infection, 

by which viral RNA replication has not started yet, according to our infection time course 

demonstrated in Chapter Five (Fig 5.7). This result therefore raises the possibility that lipid 

droplet might also be required for certain early steps, such particle attachment, endocytosis, 

membrane fusion, and initial RNA translation. 

 

 

 

 

 

 

 

 

 

Figure 6.4.  Inhibition of HCV infection by PF429242 and Triacsin-C. Huh-7.5 cells were treated 

with two drugs for 24 hrs and then exposed to HCVcc. At indicated time points, cells were 

harvested and analyzed by western blotting to check viral antigens.  PF429242: 40µM; Triacsin-

C: 5.5µM.   

 

 

PF429242 and Triacsin-C do not affect HCV RNA translation and replication 

 

To further confirm the involvement of lipid droplet in these early steps listed above, GS5 

cells harboring stably replicating subgenomic viral RNA were treated with  two drugs. Up to 

72hrs post treatment, no effect on HCV RNA replication and translation was observed (Fig 6.5), 

arguing against the possible functions of lipid droplet at these two steps.  
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Figure 6.5.  No inhibition of HCV RNA replication by PF429242 and Triacsin-C. GS5 cells were 

treated with PF429242, Triacsin-C, or DMSO and collected at indicated time points for western 

blotting analysis. PF429242: 40µM; Triacsin-C: 5.5µM; CsA: 4.0µg/ml 

 

 

Next, we took advantage of the full-length Jc1-GLuc RNA, which contains the Gaussia 

luciferase gene as a reporter. The initial RNA translation and subsequent RNA replication were 

monitored by checking G-luciferase activity in the supernatants. 

 

 

 

 

 

 

 

 

 

Figure 6.6. No inhibition of HCV RNA replication by PF429242 and Triacsin-C 

(electroporation). PF429242: 40µM; Triacsin-C: 5.5µM. 

 

 

As expected, depletion of lipid droplets has little effect on the translation of 

electroporated viral RNA, as shown by the signal increase from 0hr to 4hrs post electroporation. 

Dramatic signal increases were also seen after 12 hrs, representing the beginning of viral RNA 

replication (Fig 6.6, (1)). A similar result was also observed with electroporation of wildtype 

JFH1 RNA, as demonstrated by NS3 ELISA (Fig 6.6, (2)). 
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PF429242 and Triacsin-C Inhibit Infection of Huh-7.5 and BHK-21 Cells by DENV 

 

The above results indicate a novel function for lipid droplet in the entry of HCV particles 

into hepatocytes. To test the general importance of lipid droplet for the entry of other viruses, we 

analyzed DENV infection in both Huh-7.5 cells and BHK-21 cells. Similar like HCV infection, 

treatment of Huh-7.5 cells with both drugs also effectively block DENV infection and the 

difference could be detected as early as 8 hrs post infection (Fig 6.7, (1)). Interestingly, 

PF429242 also showed dose-dependent inhibition of DENV infection in BHK-21 cells, a baby 

Hamster kidney fibroblast cell line (Fig 6.7, (2)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7.  Inhibition of DENV infection by PF429242 and Triacsin-C. (1). Huh-7.5 cells were 

treated with two drugs for 24hrs and then exposed to DENV. Cells were harvested at indicated 

time points and analyzed by western blotting to check viral antigen; (2). BHK-21 cells were 

treated with indicated amount of PF429242 for 24hrs and then exposed to DENV. Cells were 

harvested at indicated time points and analyzed by western blotting to check viral antigen. 
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Unfortunately, DENV RNA electroporation experiments could not be done in our 

laboratory, therefore at the present time, we could not rule out the possibility that lipid droplets 

were required for the initial translation of DENV RNA carried by invading virions.  

According to a previous report, for DENV infection, 12 hrs post infection is thought to be 

the time point when the initial round of translation could be uncoupled from late stages of RNA 

replication. Taken together, these results once again might argue for the possible roles of lipid 

droplet in the entry of DENV particles. 

 

PF429242 and Triacsin-C do not Affect VSV Infection of Huh-7.5 Cells 

 

So far, two positive-strand RNA viruses have been tested. Next, we went ahead to 

determine the possible role of lipid droplets in infection of VSV, a negative-stranded RNA virus. 

Surprisingly, treatment of Huh-7.5 cells with both drugs did not result in any detectable effects, 

as demonstrated by GFP expression (Fig 6.8). This result also argues against the possibility that 

depletion of lipid droplets generally affects the receptor-mediated endocytosis. 

 

 

 

 

 

 

 

 

Figure 6.8. No inhibition of VSV infection by PF429242 and Triacsin-C in Huh-7.5 cells. Huh-

7.5 cells were treated with PF429242, Triacsin-C, or DMSO and fixed at 8hrs post infection. 

PF429242: 40µM; Triacsin-C: 5.5µM; Huh-7.5/CIDEB
KD

 as a control. 

 

 

Discussion 

 

Virus entry typically occurs in several tightly controlled, consecutive steps. For a virus 

that enters via endocytosis and moves to the nucleus, entry starts with events at the cell surface 
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and end with the decondensation of the genome at the site of replication. As the virus progresses 

in its entry program, it undergoes changes that lead to events such as penetration, capsid 

destabilization, and uncoating of the genome. Many of these changes result from conformational 

alterations in viral structures. While for other viruses, such as Sendai (146) and measles virus 

(153), their particles fuse directly with the plasma membrane, resulting in delivery of viral 

genome into cytosol. Whether or not lipid droplets are involved in one or more steps is unknown 

and will be a very interesting topic. 

Although the precise mechanism remains elusive, our preliminary data do suggest a novel 

role for lipid droplets in the entry of two positive-strand RNA viruses. Inhibition of HCV 

infection by depletion of lipid droplets has been reported before (125, 162), however, the 

proposed mechanism was not convincing. Our direct virus infection versus RNA electroporation 

results clearly pointed to a defect during the early stage of entry. Two different intracellular 

targets involved in lipid droplet formation were inhibited in our study, resulting in similar 

inhibitory effects on virus entry. It is therefore unlikely that inhibitions of those two targets, 

rather than depletion of lipid droplet formation, are directly responsible for the defect. More 

detailed experiments are definitely needed to clearly rule out this possibility. 

 Lipid droplet might also be required for the entry process of viruses from other 

categories. As listed in the Methods, we will test more viruses from other different categories. 

We will also further dissect the entry process, to pinpoint the defect. 
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CHAPTER SEVEN 

 

CONCLUSION 

 

 

Hepatic cells (DHHs) derived by directed differentiation of stem cells, both hESCs and 

iPSCs, can support entire life cycle for HCV, starting with viral particle entry and ending with 

secretion of infectious virion into culture media. Infection of DHHs was sensitive to replication 

inhibitors as well as entry blockers. We have also demonstrated that DHHs could support 

infection by two clinical HCV isolates of genotype 1a and 1b serum. By knocking-down 

important HCV cofactors, such as CyPA and PI4K, we showed that genetic modification of 

pluripotent stem cells before directed hepatic differentiation could provide us a renewable source 

of HCV-resistant hepatocyte-like cells in vitro, which could in turn be used in transplantation 

experiments. 

Interestingly, we also identified a defined transition stage during the hepatic 

differentiation process when the cells become permissive for HCV infection. The induction of 

miR-122 was found to correlate with hepatic specification and precede the transition to HCV 

susceptibility. EGFR and EphA2, two RTKs required for the HCV entry process through their 

kinase function, were also specifically upregulated in the permissive cells. In addition, PI4K, 

another critical HCV factor involved in regulation of phosphorylation of NS5A protein, was 

induced in day 10 permissive cells.  Besides those known positive cofactors, many antiviral 

genes or putative restriction factors, such as IFITM1 and IFI30, were also found to be 

downregulated during the transition stage, further suggesting that the transition to HCV 

permissiveness may require both the activation of positive factors and the downregulation of 

antiviral genes. 

Finally, by studying the molecular basis for the transition, we identified CIDEB, a liver 

specific gene, was upregulated during the transition. Knockdown of CIDEB in both DHHs and 

Huh-7.5 cells significantly blocked HCV infection. We further found that CIDEB was 

specifically involved in the membrane fusion step, through an association with viral 

glycoproteins. Interestingly, we also found CIDEB was important for DENV infection of 
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hepatocytes, possibly by facilitating the membrane fusion. When CIDEB was knocked-out in 

Huh-7.5 cells, the resulting cells effectively blocked both HCV and DENV from establishing 

infections. Surprisingly, we found CIDEB might also participate in the viral RNA replication 

step during the HCV infection cycle. 

This study identified a liver-specific HCV entry cofactor that facilitates membrane fusion 

with a new mechanism and contributes to HCV’s hepatic tropism. CIDEB and its interaction 

with HCV may serve as targets for future anti-HCV therapy. 
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