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The hepatitis C virus (HCV) is a global health issue with no vaccine available and limited clinical treatment

options. Like other obligate parasites, HCV requires host cellular components of an infected individual to

propagate. These host–virus interactions during HCV infection are complex and dynamic and involve the

hijacking of host cell environments, enzymes and pathways. Understanding this unique molecular biosystem

has the potential to yield new and exciting strategies for therapeutic intervention. Advances in genomics and

proteomics have opened up new possibilities for the rapid measurement of global changes at the

transcriptional and translational levels during infection. However, these techniques only yield snapshots of

host–virus interactions during HCV infection. Other new methods that involve the imaging of biomolecular

interactions during HCV infection are required to identify key interactions that may be transient and

dynamic. Herein we highlight systems biology based strategies that have helped to identify key host–virus

interactions during HCV replication and infection. Novel biophysical tools are also highlighted for

identification and visualization of activities and interactions between HCV and its host hepatocyte. As some

of these methods mature, we expect them to pave the way forward for further exploration of this complex

biosystem and elucidation of mechanisms for HCV pathogenesis and carcinogenesis.

Introduction

Hepatitis C virus (HCV) infection is a rapidly increasing

global health problem affecting approximately 3% of the

global population.1,2 Currently there is no vaccine available

and the clinical efficacy of modern therapeutics is limited.

HCV infection is one of the leading cause of chronic hepatitis,
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cirrhosis and hepatocellular carcinoma (HCC) worldwide.

There are six genotypes of HCV with genotype 1a being the

most prevalent in North America while 1b is most prevalent in

Europe and Asia.3 HCV infection remains a major medical

challenge to the world because of the prevalence of HCV

infection, the severity of the associated HCC, the lack of good

diagnostic and prognostic markers, and the absence of broadly

effective treatment strategies.4 Currently clinical treatments

involve combination therapy with modified interferons

(pegylated), which stimulate an immune response, and

ribavirin, an antiviral nucleoside analog. Although much

effort has been put into the development of antiviral

therapeutics specifically targeting HCV proteins and some of

these lead molecules have made it to clinical trials, none are

currently in use as a clinical alternative to the combination of

interferon (IFN) and ribavirin. This treatment has limited

efficacy with only B50% of patients with genotype 1a achieving

sustained virological response. It is not clear how easily HCV

will develop resistance to such therapeutics, although this is a

distinct concern. On the other hand, interactions between

HCV and its host cell environment may bring about new

strategies and leads for therapeutic development that will be

less susceptible to viral adaptations. This review will highlight

some of the recent approaches that have been successfully

employed to identify interactions between HCV and host cell

hepatocytes and how these novel targets may be exploited for

therapeutic applications.

The hepatitis C virus is a positive-sense RNA virus of the

Flaviviridae family that replicates through double-stranded

(ds) RNA intermediates in the cytoplasm of host cells, primarily,

if not exclusively, in hepatocytes.5,6 It is an icosahedral virus

that is enveloped with host cell derived membrane

components.6 Post-translational modifications of the HCV

polyprotein (Fig. 1) are essential to the viral lifecycle and,

thus, represent potential events for therapeutic intervention.6

Processing is critical at an early stage in the HCV replication

cycle since its 9.6 kb RNA genome encodes an B3000 amino

acid polyprotein that is cleaved into three structural

proteins (core, E1, and E2) and seven non-structural proteins

(p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Fig. 1).7,8

Enzymatic cleavage of the polyprotein into functional

components is mediated by at least one cellular signal peptidase

and one signal peptide peptidase, and two viral proteases, NS2

and NS3.7 The host signal peptidases cleave the structural

components of HCV9 while processing of the NS3-5B

fragment is catalyzed by NS3 and its cofactor NS4A.9 Kinetics

studies indicate that cleavage between NS3 and NS4A occurs

early, although small amounts of an NS3-5A intermediate

suggest that alternative cleavage occurs simultaneously.5,10–14

In addition to proteolytic cleavage, phosphorylation by

kinases and glycosylation are other host contributions

important to the HCV lifecycle. Phosphorylation of NS5A

mediates the viral protein’s effects in cells harboring

HCV.6,15,16 Different host cellular kinases are responsible for

phosphorylation of NS5A including members of the CMGC

and CSK1 kinase families.16–19 Glycosylation of HCV proteins

is also essential for its proliferation and virulence.20 At least

three HCV proteins, namely the envelope glycoproteins E1

and E2, which comprise an important part of the viral coat, and

the serine protease NS3, are known to be glycosylated.21–24

Since HCV does not produce its own glycosyl transferase or

glycosidase enzymes, it must rely on host proteins to

appropriately glycosylate these proteins.20 The glycosylation

of the E1 and E2 envelope proteins is of particular importance

to HCV virulence since it is required for both efficient host-cell

recognition and viral entry.21–24 The identity of all host

glycosidases that could participate in HCV glycosylation

and how their activity could be affected by the high-level

expression of viral envelope proteins is not yet known.

While the basic stages of the HCV lifecycle are known

(Fig. 1), many of the details regarding the molecular inter-

actions between the host cell and the virus remain elusive.

Viral entry into the cell marks the primary event leading to

infection. Recently it has been established that the E1 and E2

viral proteins interact with four known host receptors CD81,

claudin-1, SRB-1 and occludin and their interaction can also

be mediated by GAGs, the LDL receptor, and both DC and

liver cell specific-SIGN.25–42 The next step involves the fusion

of the virion particle with membranes of the host cell and

subsequent uncoating and release of the components of the

virion particle that include the positive strand HCV genomic

RNA, some HCV non-structural proteins, including NS5A,

and, in some cases, host proteins, including low density

lipoproteins (LDLs).25,28,29 The HCV RNA then moves to

ribosomes where the HCV polypeptide is translated and

processed as previously mentioned.

Subsequent to the maturation of the individual HCV proteins,

the virus induces modified membranes in the host cell. These are

often observed as membranous webs that are ER-derived.5,11–14

The non-structural HCV protein NS4B is thought to induce

these changes as it is sufficient to generate membranous webs

that are visualized using electron microscopy.5,11–14 These

altered membranes then become the sites for HCV replication,

which is performed by the RNA-dependent RNA polymerase

NS5B. Negative strand RNAs are generated which then act as

templates for the synthesis of new positive strand HCV

genomic RNA. Replication sites are situated on the ER near

where lipid droplets (LDs) are formed.5,43 Viral assembly then
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proceeds and is initiated by the HCV core protein, which is

known to strongly interact with LDs and even cause them to

change localization by trafficking along microtubules.44,45 The

site of viral particle assembly is thought to occur on LDs

adjacent to the ER, and this process is in conjunction with

VLDL particle synthesis.46,47 Although it is not precisely

known, secretion is thought to then involve components of

the VLDL secretion pathway.47

Since its discovery approximately 20 years ago, there has

been a tremendous amount of progress made on understanding

the HCV genome especially with regards to variability in

genomic sequences and the structure and function of the

individual proteins of HCV. However, HCV requires many

specific biomolecular interactions with host hepatocyte cells in

order to proliferate. These host–pathogen interactions can be

difficult to identify as many are dynamic and/or involve host

cell enzymes that are only transiently hijacked. The virus

requires the host cellular factors’ enzymatic activity for post-

translational modifications, structural elements for trafficking,

and unique pathways for cell entry and secretion. Along with

glycosylation of the envelope proteins and phosphorylation of

NS5A, additional examples of host interactions include direct

interaction with host cell geranylgeranylated FBL2 protein48

and a liver specific microRNA, miR-12249,50—both of which

are deemed essential for viral protein maturation and

proper viral infectivity. Much work remains in order to fully

understand the virus’ interactions with the host; consequently,

there exists an imminent need for novel experimental

approaches to discover these interactions and determine their

importance in HCV pathogenesis and persistence.

Identifying host–virus interactions

Biochemical methods

By far the most common and, arguably, the most successful

approaches to identifying host–pathogen interactions for

HCV have come about through fundamental hypothesis

Fig. 1 Schematic of the lifecycle of HCV. (a) The HCV viral particles enter through endocytosis that is mediated by a cascade of interactions with

cell surface receptors (claudin-1, occludin, CD81, and SRBI); (b) after entry, viral RNA is released and (c) translated whereby the polyprotein is

translocated to the ER membrane. Both host and viral proteases post-translationally process the polyprotein into the individual HCV proteins;

(d) viral replication occurs on ER-derived membranes that undergo alterations induced by the HCV non-structural protein NS4A. These sites

include the presence of HCV non-structural proteins, LD-associated membranes, and the dsRNA intermediates. A negative-sense RNA strand is

created and then used as a template to make more positive-sense strand HCV RNA during replication; (e) the viral particle is then formed by

budding into the ER lumen adjacent to LD associated membranes which then interacts with VLDL particles and (f) is released from the cell. The

blue shading in the enlarged images highlighting particular steps in the pathway represents the ER lumen.

This journal is �c The Royal Society of Chemistry 2010 Mol. BioSyst., 2010, 6, 1131–1142 | 1133
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driven research in model systems using modern biochemical

and cell biological methods. These methods have uncovered

various aspects of the entire lifecycle of HCV including inter-

actions of envelope proteins E1 and E2 with various receptors

that are required for HCV entry,25–29,33–42 association of HCV

proteins and replication complexes with modified membrane

compartments,5,13 modulation of host cell function including

misfolded protein response pathway51 and lipid metabolism,48,52–56

interactions of HCV with PKR and the RIG-I pathway for

evasion of an immune response,57–60 association of the core

protein with lipid droplets,45,52,61 and interactions of HCV

with components of the VLDL pathway for viral assembly and

secretion.46,47 All of these discoveries help us to better under-

stand the viral lifecycle, the evolution of HCV, and the reasons

for target specificity or tissue tropism; moreover, they point to

novel strategies for combating HCV. Over the past decade,

there have been hundreds of papers published on potential

host–HCV interactions, most of which have as of yet to be

validated as physiologically or clinically relevant interactions.

Some of these have been the subjects of other reviews and, in

total, there are too many to be covered comprehensively in this

review. Rather, here we will use specific examples to highlight

current approaches and how modern advances in high-

throughput biochemistry are changing the strategies that

researchers are employing to identify important interactions.

Affinity-based approaches for determining molecular associa-

tions. Affinity-based approaches have been very successful at

identifying host–virus interactions for HCV. These experiments

typically involve the genetic fusion of HCV proteins with

affinity tags such as poly-histidine tags, glutathione S-transferase

(GST) tags, FLAG tags, or Myc tags. Limitations of these

approaches include that these tags may interfere with the

normal function or localization of the fused protein and also

that the overexpression of the fusion proteins may identify

interactions that aren’t physiologically relevant during an

HCV infection. Yeast two hybrid (Y2H) screening represents

another approach that has been applied to HCV for identification

of protein–protein and protein–oligonucleotide interactions.

The technique tests for physical interactions by linking the

interactions with a downstream reporter gene. The inter-

actions then control the binding of a transcription factor

onto the transcriptional regulator sequences upstream of the

reporter gene. This is usually accomplished by splitting the

transcription factor into DNA binding and activation

domains, with one fragment fused to the ‘bait’ protein which

in this case would be an HCV protein while the other domain

is fused to ‘prey’ proteins that the ‘bait’ is screened against.

Affinity-based approaches have been used to identify inter-

actions between HCV non-structural proteins themselves as

well as with host cell proteins.62–65 The identification of higher

order multi-protein complexes that are likely to be involved in

the replication of the HCV genome has been achieved by

means of affinity-based methods as well as biochemical and

immunohistochemical investigations.5,12–14,42,62 Many of these

interactions have been summarized elsewhere.65 Recently,

Y2H approaches have established interactions of NS5A,

NS5B and HVAP-33, a SNARE-like protein, which together

form replication complexes that aid in RNA polymerase

activity of NS5B.66,67 Affinity and Y2H approaches have also

identified HCV core and NS5A interactions with apolipo-

proteins and components of lipid droplets.52 Also of note,

HCV proteins were also found to interact with proteasome

components,68 ubiquitin-like proteins,69 host cell RNA binding

proteins,70 helicases,71 DEAD box proteins,72,73 and

lymphotoxin-beta receptor74,75—the latter interaction aiding

in evasion of the host immune response. Experiments involving

pull-down methods have been applied more generally in the

determination of proteome-wide interaction networks.76

A brief summary of progress towards understanding the

interaction networks during HCV infection will be discussed

in the Proteomics approaches section of this article.

Genomic approaches

Transcriptional profiling. Transcriptional profiling is a

powerful approach for determining changes in mRNA levels

on a genome-wide scale during cellular events. Typical

transcriptional profiling experiments involve high-density

microarrays that contain probes for all genes within the

genome of a target organism. Typical experiments distinguish

the mRNA profiles in normal and diseased states with changes

reported as a relative fold change. Transcriptional profiling

has been extensively applied to HCV in studies of various

model systems including HCV replicons77,78 and the over-

expression of individual viral proteins79–82 in hepatocytes, as

well as in small83,84 and large56,85 animal models for HCV

infection. Additionally, studies have been performed on

patient biopsies to investigate links between HCV infection

and the onset of HCC86–93 as well as the effects of HIV

co-infection94 or pegylated interferon and ribavirin therapies95,96

on gene expression profiles.

In a seminal study, Bigger et al. applied transcriptional

profiling to the investigation of an HCV infection in a

chimpanzee.85 The authors described the changes in mRNA

levels during the course of an acute-resolving HCV infection

giving insights into the requirements of the host for successful

clearance of the virus. Most notably, interferon stimulated

genes (ISGs) increased significantly in correlation with viral

load. The data also suggest that HCV clearance requires the

innate immune response to limit viral replication until the

adaptive immune response can clear the infection.

Su et al. also examined the progression of HCV infection by

transcriptional profiling.56 Liver biopsies from different

chimpanzees were used in this study to examine outcome-specific

gene expression profiles. Chimpanzees that developed persistent

infection, transient viral clearance, or sustained clearance were

examined. Common gene expression changes were observed that

may serve solely as markers for an HCV infection but are not

prognostic of the clinical outcome. For example, all chimpanzees

showed gene expression patterns consistent with an IFN-a

response that correlated with the magnitude and duration of

infection. Unique patterns of expression that correlated with

positive outcomes included the genes induced by IFN-g and

those involved in antigen processing and presentation and the

adaptive immune response. Interestingly, during the early stages

of infection, host genes involved in lipid metabolism were also

differentially regulated.

1134 | Mol. BioSyst., 2010, 6, 1131–1142 This journal is �c The Royal Society of Chemistry 2010
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Transcriptional profiling of several systems including

patient biopsies has suggested a link between HCV infection

and a disruption of the metabolic state including pathways

that govern lipid metabolism and cholesterol homeostasis in

the infected livers.97 In fact, both the peroxisome proliferator-

activated receptor-alpha (PPARa) and sterol regulatory

element binding protein (SREBP) pathways (Fig. 2) have

been shown to be modulated during HCV replication and

infection.54,56,98 In addition, the importance of lipid metabolism

and cholesterol homeostasis on HCV pathogenesis has been

emphasized through the use of small molecule inhibitors.

For example, inhibitors of HMG-CoA reductase, the rate-

controlling enzyme of the mevalonate pathway, such as

lovastatin and fluvastatin, have been demonstrated to inhibit

HCV replication (Fig. 3).48,99 Similarly, this effect is shared by

25-hydroxycholesterol and cerulenin,56 both of which act at

the mevalonate pathway, and GGTI-286, an inhibitor of

geranylgeranylation.99 Also, the geranylgeranylated host

protein FBL2 has been implicated as a host factor required

for HCV RNA replication.48 The lipidated form of FBL2 was

shown to interact with NS5A via an immunoprecipitation

experiment, and siRNA mediated knockdown of the protein

reduced viral replication by 65% (Fig. 3). Depletion of

cholesterol using b-cyclodextrin disrupts the membranous

web upon which HCV replication occurs.55 Also, the PPAR

receptor antagonist 2-chloro-5-nitro-N-(pyridyl)benzamide

was shown to modulate HCV replication and rapidly disperses

HCV RNA from replication complexes.98 Transcriptional

profiling of Huh-7 cells treated with 25-hydroxycholesterol

also revealed the changes in gene expression required to induce

an anti-HCV state in the host cell. In addition to the modulation

of many genes expressed in the mevalonate pathway, mRNA

biomarkers of the outcome were identified. These included

PROX1, INSIG-1, NK4, and UBD.78

miRNA profiling. MicroRNAs (miRNAs) are a class of

small non-coding RNAs endogeneously expressed by metazoans

with regulatory roles in a variety of cellular processes including

proliferation, homeostasis, apoptosis, transcription, genome

integrity, translation, and mRNA stability.100,101 The mature

21–25 nt miRNA forms are asymmetrically assembled into

RNA-induced silencing complexes (RISC), where one strand of

the mature miRNA is used to target homologous RNA inducing

a block in translation or acceleration of deadenylation.102,103

Fig. 2 The effects of peroxisome proliferaor-activated receptor (PPAR) and sterol response element (SRE) signaling on lipid metabolism. The

PPAR pathway controls genes that regulate fatty acid b-oxidation and the secretion of lipases involved in fatty acid breakdown. Upon ligand

activation, these receptors heterodimerize with retinoic X receptor (RXR) to alter expression of lipid metabolism genes through binding response

elements (PPREs). The two different SRE signaling pathways highlighted in blue and red represent sterol regulatory element binding protein

(SREBP) isoforms 1c and 2 that control the response to synthesis of triglycerides and cholesterol esters, respectively. Both syntheses result in the

formation of neutral lipids, which are stored in lipid droplets.

This journal is �c The Royal Society of Chemistry 2010 Mol. BioSyst., 2010, 6, 1131–1142 | 1135
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Each miRNA is estimated to potentially interact with over

100 mRNAs and regulate at least one third of all human

genes.104–109 The important roles miRNAs have in most cellular

processes result in the aberrant expression of these genes

correlating, in many incidences, with diseased states. Many

miRNAs have now been linked to several pathologies including

various genetic diseases,110–112 types of cancers,113,114 including

hepatocellular carcinoma (HCC),4,80,115 and viral infections.116–118

For this reason, miRNA profiling has become a very important

tool in uncovering new biomarkers of disease and developing

potential therapeutic targets. Probing the miRNA milieu has

already facilitated the discovery of many oncogenes (reviewed

in ref. 119–122).

Similar studies with regards to HCV have revealed valuable

knowledge with regards to host–virus interactions. MicroRNA

expression profiling study using small RNA cloning to

compare human liver, human hepatoma Huh-7.5 cells, and

Huh-7.5 cells harbouring a HCV replicon demonstrated

miR-122 is the predominant microRNA in all samples and

higher expression of miR-322, miR-197, miR-532-5p, and

miR-374 miRNA families in the HCV infected cells.123

Varnholt et al. conducted quantitative RT-PCR to find

aberrantly expressed miRNAs in HCV-related hepatic

tumours when compared to normal liver parenchyma.124

The study yielded 10 upregulated and 19 down-regulated

miRNAs including overexpression of miR-100, miR-122, and

miR-10a and decreased expression of miR-198 and miR-145. A

similar study on HCV-related HCC using qRT-PCR to study

the miRNA expression in the progression of HCV disease to

cancer in liver tissue samples revealed 17 miRNAs upregulated

in HCC and 6 with decreased expression.125 A cDNA

microarray facilitated examination of miRNA’s regulation of

candidate genes and pathways. The 17 upregulated genes in

HCC were associated with anti-tumour response, while the

17 downregulated targets were oncogenes relating to cell cycle,

adhesion, proteolysis, transcription and translation.

Also, a parallel microarray and qRT-PCR study

demonstrated that interferon beta (IFN-b), one of the current

treatment regimens for HCV, modulates eight miRNAs

which target highly conserved binding sites among all HCV

genotypes.126 These eight miRNAs proved crucial to the

anti-viral effects of the IFN-b treatment.

Fig. 3 The hypothesized effects of host protein FBL2 lipidation on HCV replication. The enlarged image is a cropped view of the membranous

web where the replication complex resides adjacent to lipid droplet (LD)-associated membranes. The presence of FBL2 interacting with the HCV

protein NS5A was shown to be necessary for the formation of a functional replication complex. FBL2 is post-translationally modified by

geranylgeranyl transferase enzymes giving rise to a lipidated form that then becomes anchored on phospholipid bilayers of the ER membrane.

Small molecule inhibitors that modulate host lipid metabolism can reduce the pool of geranylgeranyl diphosphate that is used to

post-translationally modify FBL2 and anchor the FBL2 protein to the ER and associate with HCV replication complexes. The blue shading in

the enlarged images represents the ER lumen.
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While the majority of microRNAs are known to repress

translation and transcription via interactions with the 30

non-coding regions (30NCRs) of target mRNAs, miRNA-122

was found to positively modulate HCV expression.49,50,127

Jopling et al. were the first to report this effect in Huh7 liver

cells stably expressing a replicon.50 The intracellular abundance

of viral RNA was found to increase with ectopic expression of

the microRNA while sequestration of miR-122 through the

use of antisense oligonucleotides (ASOs) prevented accumulation

of replication-competent HCV RNA in newly transfected

cells. Jopling et al. identified two binding sites in the 50NCR

cooperatively mediating this effect through mutational analysis

of the HCV RNA, with ectopic expression of miR-122 with

corresponding mutations rescuing the viral load.49,50 Henke

et al. revealed a translational stimulation role of miR-122

through the use of replication-defective HCV mutant genome

with ectopic expression of miR-122 causing an estimated

increase in translation efficiency of 4-fold in liver cells over

endogenous levels.127 Mutation of the 50UTR binding sites

revealed they were both necessary for translation regulation,

and sequestration of miR-122 by ASOs resulted in a decrease

of translation efficiency. The study also suggested miR-122

stimulates HCV translation through acceleration of the

ribosomal 48S initiation complexes’ attachment to HCV RNA.

Transfection of miR-122 has also been found to stimulate viral

translation and replication in non-hepatic cells.127,128

The therapeutic potential of ASOs revealed by the above

miR-122 studies has led to additional studies using modified

ASOs including locked nucleic acid (LNA) modified oligo-

nucleotide probes129 and antagomirs (cholesterol conjugated

ssRNA analogues).130 Both probe types have yielded effective

and specific silencing of miR-122 and represent potential

therapeutic applications. A qPCR study revealed decreased

levels of miRNA-122 in HCV patients with poor response to

interferon therapy.131 Also, it should be noted the in vivo study

wasn’t able to reproduce the correlation between miR-122

levels and viral load. Therefore, one should proceed with

caution when drawing conclusions from the in vitro studies.

Nonetheless, a recent study in chimpanzees by Lanford et al.

showed the promise of using LNA-modified ASO targeted

against miR-122 as it resulted in long lasting suppression of

viremia.132

Another miRNA that could potentially interact with the

HCV genome was revealed through the use of miRNA target

search algorithms: miR-199*, which was identified as having

a binding site in the IRES of genotypes 1b and 2a.133

Overexpression of this microRNA was shown to cause an

inhibitory effect on HCV replication.

Fig. 4 Examples of small molecules that were discovered to inhibit HCV–host cell interactions necessary for viral propagation.
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These profiling studies have led to an increased understanding

of the HCV aetiologies. Further investigations into miRNA

profiles will help elucidate the mechanism of the disease’s

progression from onset of infection to chronic hepatitis to

HCC. Furthermore, miRNA signatures of disease states will

be of diagnostic and prognostic relevance as they may reveal

novel targets for antiviral therapy.

Proteomic approaches

Recently proteomic approaches have been applied to study

the differential protein expression during HCV protein

expression,61,134,135 replication and infection136 as well as to

discover biomarkers for HCC.137–140 One of the first detailed

proteomics study related to HCV biology was performed by

Yan et al.141 In this study, they used isotope-coded affinity tags

(ICAT) to examine differentially expressed proteins during

interferon treatment of Huh-7 cells. Their study identified

novel IFN regulated proteins and pathways including

metabolism and dynamics of microtubule function, thereby

providing further insights to the possible mechanisms of

antiviral effects of interferon at the protein level and a global

view of the antiviral state that the host cell undertakes during

interferon treatment.

Proteomics experiments have also been conducted with

HCV core protein overexpression in cell lines. Using a

combination of affinity-based pull down experiments and mass

spectrometric analysis, Kang and co-workers were able to

determine that HCV core protein interacts with 14 host cell

factors.134 Some proteins that were identified include heat

shock protein 60, implicated in modulation of apoptosis as

well as fibrous cytoskeletal proteins, vimentin and cytokeratin 8.

Sato et al. also examined the lipid droplet proteomes of cells

expressing HCV core proteins and found a number of

interesting lipid droplet proteins as well as differential

expression of certain proteins such as adipocyte differentiation-

related protein (ADRP) and tail-interacting protein of 47 kDa

(TIP47).61

Proteomics experiments performed on the host cell lipid

raft proteome, or the detergent-insoluble fractions, of cells

replicating HCV identified 100 proteins in lipid rafts of which

39 were induced or repressed during HCV replication.136 This

study also used a modern technique called ‘stable isotope

labeling by amino acids in cell culture’ (SILAC) where they

discovered over 400 differentially expressed proteins based on

two or more unique peptides from which 150 proteins showed

at least 2.5 fold change in expression during HCV replication

with many associated with vesicular and protein trafficking

and in cell signaling. This represented the first evidence that

there is a large scale change in protein subcellular localization

that occurs at membrane rafts which facilitates HCV

replication.

Our group has also been conducting functional proteomics

during HCV replication and infection.142–145 We have shown

that activity-based protein profiling (ABPP) approaches,

where covalent inhibitors label enzyme families according to

their mechanism or substrate preferences, can be used to

examine changes in enzyme activity during HCV replication.

Screening

Genome-wide siRNA knockdown experiments. Modern

methods for high throughput biology have been applied

successfully to discover interactions between HCV and its host.

For example, siRNA-based screening has been successfully

implemented to systematically knockdown genes within the

host genome to discover the relative importance of host cell

proteins and pathways.146–149 For example, Supekova et al.

screened a panel of siRNAs that preferentially target human

protein kinases against an HCV replicon expressing the firefly

luciferase gene as a genetic reporter.147 They identified three

human kinases, Csk, Jak1, and Vrk1, that reduce viral RNA

and protein levels. They also demonstrated that a small

molecule inhibitor of Csk, JK239 (Fig. 4), resulted in a

significant reduction in HCV RNA and viral proteins, further

supporting a role for Csk in HCV replication. Moreover, it

was suggested that this role involved Csk-regulated kinase

Fyn, which had lower levels of phosphorylation during JK239

treatment that led to lower levels of phosphorylation of NS5A.

Two independent studies have been conducted using

genome-wide RNA interference screens.148,149 Tai et al.

identified 96 human genes that support HCV replication, with

a significant number of them being involved in vesicle

organization and biogenesis.148 Phosphatidylinositol 4-kinase

(PI4KA) and vesicle coat complex subunits were among genes

that were further validated with small molecule inhibitors.

Vaillancourt et al. screened an adenovirus-delivered shRNA

library and 73 human genes that support HCV replication.149

They also identified PI4KA as being required for HCV

propagation and demonstrated this to be true for HCV

genotypes 1a, 1b and 2a. Li et al. performed similar genome-wide

knockdown experiments in an infectious model for HCV and

confirmed a large number of previously identified host–pathogen

interactions.146 The classification of the identified genes based

on their molecular function and biological process showed a

significant enrichment for kinases, factors involved in protein

metabolism and modification, oncogenesis, nucleic acid

binding, and nucleic acid metabolism.

The previously described miR-122 regulation of HCV is

dependent on the RNA silencing pathway as siRNA-mediated

knockdown of Drosha, DGCR8, Dicer, or one of the four

Argonaute proteins results in a decreased intracellular

accumulation of viral RNA.123

Small molecule screening. The use of small molecules to

identify host–virus interactions, using techniques sometimes

referred to as chemical genetics, has enabled identification of

novel HCV–host cell interactions. For example, recently

Parsons et al. showed that the internal ribosome entry site

(IRES), a highly conserved structured element of the HCV

RNA, can be disrupted with a benzimidazole inhibitor

(Fig. 4).150 The benzimidazole was shown to induce a

conformational change in the target RNA by interhelical

widening of the IRES subdomain IIa. This causes a break-

down of the critical interaction of the IRES with the host cell

ribosomes that leads to an inhibition of translation of the

HCV polyprotein. We also identified bleomycin as a novel

probe for inhibiting HCV translation through targeted HCV
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genomic RNA degradation in cell culture.151 Chemical genetics

approaches were also used to identify origamicin (Fig. 4), an

analog of the plant hormone abscisic acid, as an inhibitor of

HCV replication, and experiments suggested that its function

was mediated through blocking protein folding thus preventing

maturation of HCV proteins.152 The PPAR-a receptor

antagonist 2-chloro-5-nitro-N-(pyridyl)benzamide (benzamide

in Fig. 4) was also identified as an inhibitor of HCV replication

using chemical genetic methods.54

Bioimaging approaches

Bioimaging studies allow us to understand unique interactions

that are dynamic or transient in nature. Molecular imaging

techniques can aid in measuring pathogen-induced alterations

of host organelles, from the start of infection progressing to

the production of new virion particles, thus enabling a better

understanding of the complexity of dynamic processes.

Traditional structure methods, such as atomic force

microscopy and spectroscopic methods, have increased our

understanding on the HCV lifecycle. By using chemical probes

in molecular imaging to help visualize and quantify

host–pathogen processes, we can spy on these interactions

and measure the changes associated with the lifecycle of

viral–host infection.153 Notably, techniques in microscopy

have advanced in live cell imaging to a point where we can

identify, with high contrast, proteins of choice, without any

biochemical ambiguities that cell fixing methods may impose.

By being able to probe both host and viral proteins that are

specifically involved in the host dependent viral lifecycle, we

have the unique capability to explore the kinetics of the HCV

biological processes.

Atomic force microscopy. Atomic force microscopy (AFM)

represents an interesting tool to study viral structure and

biological complexes without fixing in aqueous environments.

The advancements of non-contact-mode methods have

permitted the probing of complexes in a mechanically non-

invasive manner. The AFM analysis can elucidate detailed

structures of viruses; for example, it has been used to show the

long-range RNA interactions mediating cyclization of the

dengue virus, another member of the Flaviviridae family.

Davis et al. used AFM as a tool to validate predictions of

genome-scale ordered RNA structure (GORS) in HCV.

This tool, however, has yet to be exploited for the investigation

of host and viral factors’ effect on different structural aspects

of HCV as it has been for other viruses.154

Spectroscopy-based protein structure determination methods.

In general, nuclear magnetic resonance (NMR) and circular

dichroism (CD) spectroscopy are invaluable tools for providing

protein structural analyses. With regards to HCV, NMR

spectroscopy has proved useful in delineating structural

determinants of both host and viral factors for essential

interactions in complexes. For example, NMR spectroscopy

was used to confirm structural determinants of NS3-4A for

membrane association and the organization of functional

replication complex155 and, similarly, the structural determinants

of the La protein156 and eIF3157 for facilitating IRES-

mediated translation of HCV RNA. Hanoulle et al. used this

technique along with CD spectroscopy and gel filtration

chromatography to confirm that NS5A-D2 domain is a

substrate of both cyclophilins A and B.158 Both NMR and

CD spectroscopy were also exploited by Lindenbach et al. to

identify a C-terminal peptide of NS4A that regulates hyper-

phosphorylation of NS5B and viral replication.159 These

spectroscopy methods will continue to play crucial roles in

identifying and validating novel HCV host–viral interactions.

Fusion proteins. The use of reporters to track HCV viral

proteins in the progression of infection has played a fundamental

role in understanding the connection between the host and

virus. In particular, fluorescent proteins that are fused with a

protein of interest provide a suitable tool for assessing both

structure and function during an important physiological time

period.160–163 For example, Wolk et al. has fused a green

fluorescent protein to NS5A, which localizes on the HCV-

induced membranous web-like matrix;164 this permitted live

cell imaging to track the fluorescent proteins localized on these

continuous membranous webs and critically analysis of

kinetics by following their movements. With the help of fusion

proteins, the membranous web was identified to exist in two

distinct populations and their physical movements pertain to

small and large replication complexes, which display rapid

saltatory movements in the former, and restricted motion for

the latter. By using microtubule specific probes, the

movements of the small replication complexes were further

shown to travel along the microtubule networks of the cell.164

In contrast, the large replication complexes are continuously

associated with the ER network and their restricted

movements preclude any traveling along microtubule networks.

The role of these small replication complexes was suggested to

broaden the reach of HCV propagation throughout the entire

cell, to ensure a better chance to escape deleterious mutations

and establish highly adaptive infection. Time lapse microscopy

has identified these two types of replication complexes

perpetually involved in HCV propagation and has expanded

the scope towards finally understanding the HCV–host

pathways.164

Non-linear microscopy. Modern techniques using non-linear

optics such as multiphoton fluorescence provides high contrast

imaging with 3-D cross section capabilities. An emerging

modern tool in microscopy is coherent anti-Stokes Raman

scattering (CARS) microscopy, which delivers high specificity

in spatial and lateral resolutions by using non-linear optics to

detect inherent natural resonances such as that of C–H bond

stretching.165–167 C–H bonds are most prevalent in the cell

within lipid-rich bodies such as VLDL particles and lipid

droplets. CARS microscopy, therefore, has the capacity to

visualize these host organelles without the need for chemical

staining or fluorescent dyes of fluorescent fusion proteins.

Notably this system can also be coupled with fluorescence

microscopy to simultaneously obtain information with fluor-

escent probes and information about the changes associated

with lipid metabolism by CARS microscopy.

As previously mentioned, lipid metabolism in the host plays

an important role in the HCV lifecycle. Several aspects of host

cell lipid metabolism and HCV have been examined by CARS
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microscopy including the influence of copper,168 induction of

lipid storage,169 and the influence of metabolic inhibitors on

both the timing and mechanism of inhibition of HCV

replication.54,98

Summary and outlook

New strategies are emerging for the rapid and genome-scale

screening of HCV–host cell interactions that are helping to

discover and define these interactions. The use of genomics,

proteomics, RNA interference, and small molecule screening

has aided in the discovery of host–HCV interactions that

represent novel targets for therapeutic intervention. However,

challenges still remain in understanding the dynamics and

interrelations between the various molecular interactions as

a function of time during infection. New techniques will

undoubtedly need to be applied to further understand the

spatial and temporal changes in the host cell and how

they relate to HCV’s ability to propagate. Also, the clinical

validation of these potential therapeutic targets remains an

important challenge. While known HCV–host interactions are

many in number, none-to-date represent clinically validated

targets that can be used as alternate therapeutic strategies.

Consequently, the identification of novel interactions and the

development of new methods with which to facilitate their

discovery may prove essential to future strategies for curing

chronic HCV infection.
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