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Abstract
The hepatitis C virus (HCV) infects approximately 3% of the world population or more than 185 million people worldwide. Each year, an estimated 350000-500000 deaths occur worldwide due to HCV-associated diseases including cirrhosis and hepatocellular carcinoma. HCV is the most common indication for liver transplantation in patients with cirrhosis worldwide. HCV is an enveloped RNA virus classified in the genus Hepacivirus in the Flaviviridae family. The HCV viral life cycle in a cell can be divided into six phases: (1) binding and inter​nalization; (2) cytoplasmic release and uncoating; (3) viral polyprotein translation and processing; (4) RNA genome replication; (5) encapsidation (packaging) and assembly; and (6) virus morphogenesis (maturation) and secretion. Many host factors are involved in the HCV life cycle. Chaperones are an important group of host cytoprotective molecules that coordinate numerous cellular processes including protein folding, multimeric protein assembly, protein trafficking, and protein degradation. All phases of the viral life cycle require chaperone activity and the interaction of viral proteins with chaperones. This review will present our current knowledge and understanding of the role of chaperones in the HCV life cycle. Analysis of chaperones in HCV infection will provide further insights into viral/host interactions and potential therapeutic targets for both HCV and other viruses.
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Core tip: Interaction of viral proteins with host cha​perones is critical for the hepatitis C viral (HCV) life cycle. Some of these chaperones, such as cyclophilins have been studied in detail recently and have led to the advent of new therapies for HCV infection with high success rates. Further investigation of the role of chaperones in the viral life cycle may allow for deve​lopment of novel therapies both for HCV and related viruses.

INTRODUCTION
The hepatitis C virus (HCV) infects approximately 3% of the world population or more than 185 million people worldwide[1,2]. While infection is less prevalent in developed countries including North America, other areas face prevalence rates as high as 3.5% or more[1]. Each year, an estimated 350000-500000 deaths occur worldwide due to HCV-associated diseases[1-3]. HCV is mainly responsible for liver transplantation in patients with cirrhosis worldwide[4-6]. Furthermore, HCV is the most common chronic bloodborne pathogen in the United States affecting 1.5% of the population and is the major etiologic factor responsible for the recent doubling of hepatocellular carcinoma[5,7-9].

HCV is an enveloped RNA virus classified in the genus Hepacivirus in the Flaviviridae family. It possesses an approximately 9.6 kb positive-sense RNA genome that is translated as a single polypeptide approximately 3000 amino acids in length[10,11]. It is subsequently proteolytically cleaved into 10 viral proteins including the structural proteins core, E1, and E2 as well as the non-structural (NS) proteins p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B[12]. Core is the viral nucleocapsid protein that encapsidates the viral genome in the virion. E1 and E2 are glycoproteins on the viral envelope that are involved in receptor-mediated viral entry. p7 is an integral membrane ion channel also called viroporin that functions to protect virions from acidification during maturation by allowing protons to flow[13]. NS2, NS3, and NS4A are the viral proteases, while NS4B is a helicase. NS5A, a 56-59 kDa multifunctional phosphoprotein, lacks any known enzymatic activity, is a component of the viral replicase complex, and has been implicated in regulation of HCV genome replication, internal ribosomal entry site (IRES)-mediated viral protein translation, and infectious virion assembly[14-18]. NS5B is the viral RNA-dependent RNA polymerase. In addition to these originally identified 10 proteins, another viral protein called the HCV F protein was observed[19,20] and later identified[21-23] to be expressed as a result of a ribosomal frameshift near the beginning of the core protein coding sequence. The F protein has been implicated in the regulation of protein degradation, inhibition of apoptosis, and immunoregulation[24-31].

The 5’ non-coding region (NCR) of the viral genome possesses an IRES, a cis-acting element found in some host RNA transcripts as well as in viruses that allows ribosomal translation initiation to occur internally within a transcript in lieu of 5’ 7-methylguanylate cap-dependent translation[12,32]. The HCV viral life cycle in a cell can be divided into six phases: (1) binding and internalization; (2) cytoplasmic release and uncoating; (3) viral polyprotein translation and processing; (4) RNA genome replication; (5) encapsidation (packaging) and assembly; and (6) virus morphogenesis (maturation) and secretion[33] (Figure 1). 

The viral life cycle begins with the attachment of the enveloped virion to the cell followed by entry, which is mediated by interaction of the E1 and E2 glycoproteins in the viral membrane with a number of hepatocyte cell surface receptors and proteins which include the low-density lipoprotein receptor (LDLR), glycosaminoglycans (GAGs), CD81, scavenger receptor B1 (SR-B1), claudin 1, occludin, and the cholesterol absorption receptor Niemann-Pick C1-like 1[34]. Sub​sequently, the viral particle is internalized through clathrin-mediated endocytosis or an alternative clathrin-independent pathway after which, the viral and cellular membranes fuse through acidification of the endosomal compartment, and the core-encapsidated viral genome is released into the cytosol, uncoated, and subsequently translated[35,36]. The resulting polyprotein is cleaved with the help of the cellular proteases signalase and signal peptide peptidase and the viral proteases NS2-NS3 and NS3-NS4A[37]. Viral genome replication is carried out by NS5B utilizing a negative-sense viral genome intermediate[38]. New virions are assembled at the sites of cytosolic lipid droplets in the vicinity of endoplasmic reticulum (ER) membrane where core protein enca​psidates the viral genome followed by budding of the nascent virion into the lumen of ER[39]. The virions follow the Golgi-dependent secretory pathway during which they undergo maturation by addition of lipid components significantly decreasing their buoyant density[40,41]. Finally the mature virions are secreted through exocytosis[42].

In order to establish successful infection, HCV depends on numerous host factors during its entire life cycle. In addition to performing virus-specific functions such as viral genome replication and virion assembly, HCV proteins alter cellular metabolism, critical signaling pathways, and organellar morphology and function to establish persistent infection and to escape the immune responses. Accumulation of misfolded viral proteins in the ER leads to ER stress and the unfolded protein response (UPR) which is a cellular program to help restore ER protein homeostasis by shutting down cellular protein synthesis, properly folding the misfolded proteins, targeting them to ER-associated degradation (ERAD) if folding is unsuccessful, and inducing apoptosis if the cell cannot cope with the ER stress[43]. HCV suppresses ERAD and apoptosis thereby maintaining cells under ER stress in order to persistently produce its own proteins. However, HCV maintains a balance between ER stress and the UPR and virus production through different mechanisms some of which are presented in this review[44-46]. Additionally, HCV replication in cells disrupts mitochondrial homeostasis leading to formation of irregular mitochondrial morphology, overproduction of reactive oxygen species (ROS), and oxidative stress[47]. Oxidative stress leads to activation of antioxidant programs to cope with the stress, and if unsuccessful, apoptosis is triggered. As is the case with ER stress, HCV not only induces oxidative stress, but also activates antioxidant programs and suppresses mitochondria-induced apoptosis[44,47,48]. Again, this leads to persistent infection and benefits virus production[44]. Thus, while HCV infection and some viral proteins may be capable of inducing apoptosis[49-51], it is generally agreed that apoptosis is effectively suppressed during infection. A few mechanisms that HCV utilizes to suppress apoptosis are also discussed in this review.

Virus infection of hepatocytes leads to rearrange​ments of ER membranes to generate double-mem​brane vesicles (DMVs) and to a lesser extent multi-membrane vesicles that are collectively referred to as the membranous web[52]. Viral genome replication occurs within the membranous web in replication complexes (RCs). Infection by all positive-strand RNA viruses results in the formation of membranous web. It is thought that the membranous web benefits viral replication by: (1) protecting viral RNA and proteins from degradation and intracellular antiviral defense; (2) increasing the local concentration of the factors involved in RNA replication; and (3) ensuring spatial proximity of viral RNA translation, viral genome replication, and virion assembly for efficient progression through the viral life cycle[39].

HCV also hijacks the hepatocyte very low-density lipoprotein (VLDL) pathway for the maturation and secretion of infectious viral particles[53]. Lipid secretion is reduced during infection, and maturing viral particles acquire VLDL characteristics, while secreted viral particles are bound to VLDL particles[40,54].

An important group of host factors intimately invo​lved in essentially all steps of the HCV life cycle are molecular chaperones. The term chaperone reflects the significant role of these cytoprotective proteins in: (1) assisting client proteins to achieve native/functional conformation that is required for their function; (2) assem​bling/disassembling protein subunits; (3) preventing newly synthesized proteins or assembled protein subunits from forming nonfunctional aggregates and molecular crowding; (4) transporting proteins to particular subce​llular compartments which is referred to as intracellular protein trafficking; and (5) targeting proteins to degra​dation if attempts to (re)fold or (re)assemble are not successful[55-57]. Newly synthesized proteins are assisted to fold properly by chaperones. Under stress conditions such as heat shock or viral infection, proteins can become misfolded, and chaperones attempt to refold such proteins. If folding is not successful, the protein gets targeted for proteasome-mediated degradation.

A large number of molecular chaperones belong to the family of heat shock proteins (HSPs) originally identified as proteins that helped refolding proteins that were denatured as a result of heat stress[58]. HSPs are a highly evolutionarily conserved family of proteins that are typically classified into four different systems based on their molecular weight: HSP70, HSP90, HSP60, and small HSPs[57]. The HSP70, HSP90, and HSP60 systems consist of the adenosine triphosphate (ATP)-dependent main chaperones that utilize their enzymatic activity to induce conformational changes in the client polypeptide by hydrolyzing ATP to adenosine diphosphate (ADP). In addition, a number of co-chaperones may assist and regulate the activity of the main chaperones. Small HSPs, on the other hand, do not possess enzymatic activity, and instead, perform their chaperone function by functioning as holdases, i.e., binding to client poly​proteins, preventing their aggregation, and directing them to one of the ATP-dependent HSPs.

HCV has evolved a remarkable ability to interact with numerous chaperones to coordinate the diverse molecular systems and pathways that it requires for its propagation in hepatocytes (Table 1). This review presents our current knowledge and understanding of the chaperones that are involved in the HCV life cycle. First, HSPs are presented covering all four HSP systems HSP70, HSP90, HSP60, and small HSPs. Next, a diverse group of other molecular chaperones are discussed including BAG3, FK506-binding proteins (FKBPs), p23, prefoldin, apolipoprotein J [apoJ or clusterin (CLU)], protein disulfide isomerases (PDIs), microsomal triglyceride transfer protein (MTTP), calnexin (CANX), calreticulin (CALR), “endo​plasmic reticulum degradation enhancer, man​nosidase alpha-like 1” (EDEM1), EDEM3, sigma non-opioid intracellular receptor 1 (SigR1), prohibitin (PHB), and cyclo​philins (Cyps). Finally the chaperone activity of the HCV proteins core, E1, E2, NS3, and NS4A are described. The gene names for the chaperones are also included in parentheses.

HSP70/HSP40 SYSTEM

The HSP70 family of chaperones consists of a large number of proteins that are ubiquitously expressed throughout the cell. They play important roles in proper protein folding, protection of proteins from stress-induced damage, recovery/renaturing of damaged/aggregated proteins, protein degradation, protein translocation, and disassembly of protein complexes such as the DNA replication machinery[59,60]. This family of HSPs typically functions as a group of three proteins where the main HSP70 chaperone interacts with the client polypeptide through its substrate-binding domain (SBD), while the nucleotide-binding domain (NBD) binds to an ATP hydrolyzing it to ADP to induce conformational changes in SBD for its chaperone function. The hydrolysis is stimulated by substrate binding the chaperone resulting in a closed state where it tightly binds the substrate and helps with (re)folding it. Cofactor HSPs also known as co-chaperones, such as HSP40, typically interact with the NBD to modulate chaperone activity and to determine the clients of HSP70s via their specificity in binding particular target proteins. A nucleotide exchange factor (NEF) assists with the removal of hydrolyzed ADP which causes the chaperone to revert to its open conformation releasing the substrate.
HSP70 (HSPA1A)

HSP70 is an inducible chaperone that is expressed in conditions of stress such as heat shock and viral infection. HSP70 has been identified as one of the numerous host factors important for HCV production[61-64]. Knockdown of HSP70 led to decreased virus production[61,63] or replication in subgenomic replicon (SGR) systems[62,63]. Both HSP70 overexpression and autoantibodies against HSP70 in the sera of HCV-infected patients have also been reported[65]. Huh7 cells harboring an HCV SGR demonstrated upregulation of HSP70[66]. It was also found that expression of NS5A alone in huh7 cells was sufficient for upregulation of HSP70[67]. This upregulation was the result of NS5A-induced increased levels of nuclear factor of activated T cells 5 (NFAT5), one of the transcription factors responsible for HSP70 expression. The increased NFAT5 levels itself is mediated by NS5A-driven ROS production.

Our laboratory has shown NS5A to colocalize with HSP70 and HSP40 as well[63]. We further showed that knockdown of HSP70 inhibited NS5A-augmented IRES-mediated translation. The HSP synthesis inhibitor quercetin, a bioflavonoid, also suppressed the NS5A-augmented IRES-mediated translation[63,68]. In addition, we demonstrated that the NS5A/HSP70 interaction is direct and identified the site of NS5A/HSP70 interaction on NS5A to be a hairpin moiety at the C terminus of NS5A domain Ⅰ[17]. Treatment of cells with a synthetic peptide corresponding to this hairpin moiety, which we termed the HSP-binding domain[69], disrupted the NS5A/HSP70 interaction and suppressed NS5A-augmented IRES-mediated translation and virus production[17]. Others have shown that overexpression of HSP70 leads to increased viral RNA and protein levels, while knock​down of HSP70 has the opposite effect[64]. HSP70 was found to interact with NS3-NS4A protein and NS5B as well. HSP70 increases RC formation by interacting with viral proteins in RCs, increasing the stability of viral proteins, and enhancing NS5A-driven viral IRES-mediated translation. Further, HSP70 was found to interact with the 3’ NCR of the viral genome[70].

Heat shock cognate protein 70 (HSPA8)
Heat shock cognate protein 70 (HSC70) is a con​stitutively-expressed housekeeping gene with diverse cellular functions including protein folding, signal transduction, apoptosis, autophagy, and many others[71]. Viral entry occurs at least in part through the HSC70-dependent clathrin-mediated endocytosis[35]. HSC70 activity was found to be significantly increased in an HCV SGR system[72], and HSC70 levels were increased in a proteomic analysis of RCs[73]. HSC70 was also identified to be part of the HCV viral particles, and the viral E2 protein was found to contain the HSC70-interacting histidine-proline-aspartic acid (HPD) motif[74] which is required for the interaction of the HSP40 co-chaperones with HSP70 family of chaperones[75]. Pretreatment of the virus with HSC70 antibody significantly diminished infectivity suggesting that HSC70 is a part of the viral particle[74]. In addition, HSC70, core, and E2 were found to colocalize around lipid droplets, the site of virion assembly. RNAi-mediated knockdown of HSC70 significantly decreased the volume of lipid droplets and viral secretion, but not viral RNA replication levels. These results suggest that HSC70 plays an important role during virion assembly and may play a structural role for the virion as well. It has been observed that HSC70 associates with positive-strand subgenomic viral RNA (corresponding to domains Ⅲ and Ⅳ of the 5’ NCR and 36 nucleotides of core) and the 3’ NCR of the viral genome as well[70,76].

A number of compounds including IMB-DM122, N-substituted benzyl matrinic acid derivatives, and (+)-lycoricidine were shown to downregulate HSC70 mRNA expression leading to decreased virus pro​duction[77-79]. Our lab demonstrated that HSC70 directly binds to NS5A in vitro and colocalizes with NS5A in infected cells[18]. We further showed that knockdown of HSC70 significantly impacted intracellular infectious virion assembly thereby establishing distinct functions of HSC70 and HSP70 in the HCV life cycle. This is further supported by the fact that HSC70 and HSP70 do not interact with each other. Based on the available evidence, therefore, it seems that HSC70 is important for virion assembly.

HSP70B’ (HSPA6)

HSP70B’ is another member of the HSP70 family which is highly similar to HSPA1A in terms of sequence homology (82%) and function[80]. Both chaperones are stress inducible and work in conjunction to protect cells from stress. However, HSP70B’ is the secondary responder to stress after HSPA1A, and proteasome inhibition is a potent inducer of HSP70B’ expression[81]. HSP70B’ was found to be associated with the 3’ NCR of the HCV genome[70].

Glucose-regulated protein 78 (HSPA5)

Glucose-regulated protein 78 (GRP78), also known as the binding immunoglobulin protein (BiP), is another member of the HSP70 family and is the major molecular chaperone in the ER[82]. The ER is involved in vital cellular processes including protein folding, protein transport, the UPR, and calcium homeostasis. The UPR is an adaptive signaling program that is activated in response to accumulation of unfolded or misfolded proteins in the ER, referred to as ER stress. Proteins that are not successfully folded are either sent for refolding or tagged for degradation through the ERAD pathway[83]. If the UPR program is unable to successfully relieve cells from ER stress, it initiates mitochondria-mediated apoptosis[84]. Under certain conditions such as heat stress and pathogen infection, unfolded or misfolded proteins can accumulate in the ER leading to ER stress and activation of UPR. Stimulation of GRP78 transcription is an indication of ER stress and induction of UPR, which occurs in HCV infection likely to repress cellular protein translation in order to utilize cellular resources for the IRES-mediated translation of viral proteins and to suppress innate immunity in order to establish persistent infection[43,85-96]. GRP78 activity was also found to be significantly increased in an HCV SGR system[72]. 

UPR signaling can be initiated by three factors: Activating transcription factor 6 (ATF6), inositol-re​quiring enzyme 1 (IRE1), and double-stranded RNA-activated protein kinase R-like ER kinase (PERK)[43,92]. These three factors act as ER stress sensors and lead to induction of expression of GRP78, which is itself a negative regulator of the three ER stress sensors. ER stress may lead to the proteolytic cleavage of ATF6, an ER membrane-associated transmembrane protein. The 90 kDa ATF6 precursor, also known as pATF6(P), is cleaved to form an approximately 50 kDa N-terminal fragment pATF6(N) which translocates to the nucleus and activates transcription of ER chaperone genes such as GRP78 involved in the UPR. ER stress also leads to phosphorylation of IRE1 which results in the splicing of unspliced X-box-binding protein 1 to spliced XPB1 (sXBP1), a transcription factor that can induce expression of GRP78 and other genes involved in the UPR. Upon initiation of ER stress, PERK can also get activated and phosphorylate the eukaryotic initiation factor 2 alpha (eIF2). Phosphorylated eIF2 (peIF2) results in global inhibition of cellular protein synthesis and enhanced ATF4 expression which leads to induction of UPR genes. HCV can activate all three ER stress sensors.

It was found that the viral glycoprotein E2, and not E1, can induce transcription of GRP78 and that only E2 bound to GRP78[97]. Another group reported that both E1 and E2 bind GRP78[98]. However, it seems that GRP78 tends to bind to E1/E2 aggregates rather than monomeric glycoproteins. Expression of both E1 and E2 was also shown to lead to the UPR[99,100]. The HCV core protein has also been reported to induce expression of GRP78[101]. Induction of core, E1, E2, and p7 in mice liver led to ER stress and overexpression of GRP78[95]. Expression of HCV NS genes led to upregulation of GRP78[102]. The NS2 alone also induces ER stress and leads to upregulation of GRP78 protein levels[46]. NS4B alone can also induce ER stress and the UPR and upregulate GRP78 expression[87,103]. NS5A weakly binds GRP78, enhances GRP78 expression, and protects hepatocytes from ER stress-induced apoptosis leading to persistent infection[104,105]. It was also shown that HCV bearing certain mutations in NS5A and NS5B proteins (C2441S, P2938S or R2985P) displayed higher levels of GRP78 expression[94]. However, it was not clear whether NS5A alone can induce ER stress in these studies. Another group reported that NS5A does not lead to ER stress and the UPR[89,106]. An SGR system expressing all the NS proteins led to the UPR as well[106]. Thus, it is not clear whether the NS5 proteins alone can cause ER stress and the UPR. GRP78 was also shown to benefit virus production in a genome-wide expression analysis of multiple huh7-derived cell lines where interactions with core, E1, E2, p7, NS3, NS4B and NS5A were implicated[107]. Furthermore, GRP78 is a target of miR-30a, miR-30c, and miR-30e that were found to be downregulated in acute HCV infection potentially leading to GRP78 overexpression[108].

In addition to the ER-targeted E1 and E2 proteins, cytosol-targeted E1 and E2 proteins have also been described with opposing functions in the context of ER stress[109-112]. In the cytosol, E1 binds to the cytoplasmic domain of PERK. Furthermore, cytosolic E1 leads to downregulation of GRP78. Similarly, E2 binds to PERK as well, inhibits its kinase activity, reverses PERK-mediated global translation repression, and confers resistance to ER stress. In addition, NS2 leads to phosphorylation of eIF2 and decreased protein synthesis as well as reduction of IRES-mediated translation suggesting that NS2 can also provide a negative feedback regulation of ER stress by decreasing viral protein translation that is responsible for inducing ER stress[46].

Thus, it seems that GRP78, as well as other ER-resident chaperones, play an important role in regulating and maintaining viral protein homeostasis to ensure the availability of sufficient viral proteins to establish a persistent infection while minimizing cellular protein expression and preventing viral protein overload. GRP78 was also found to be associated with positive-strand subgenomic viral RNA (corresponding to domains Ⅲ and Ⅳ of the 5’ NCR and 36 nucleotides of core) and the 3’ NCR of the viral genome[70,76].

A recent study reported that there was no significant difference in the mRNA levels of GRP74 and a number of other genes involved in ER stress and UPR between infected patients and healthy controls[113]. No difference in GRP78 protein levels were observed either. This may be attributed to the fact that typically HCV infects a small percentage of hepatocytes, and therefore, changes may not be detected.

GRP75 (HSPA9)

GRP75 also known as mtHSP70 or mortalin is the mitochondria-resident HSP70 family member. It plays a number of critical roles in the cells including anti-apoptosis, protein transport into mitochondria which may involve HSP60 as well, protection of cells from ROS, and mitochondrial biogenesis[114]. It has also been implicated in membrane trafficking and human immunodeficiency virus (HIV) virion release[115]. In the context of HCV, it has been reported that GRP75 activity was significantly increased in one HCV SGR system[72], while GRP75 protein was significantly downregulated in another SGR system[66]. These different results may reflect the HCV-mediated modulation of GRP75 activity/expression to accommodate its needs during the viral life cycle. Furthermore, NS5A was shown to co-immunoprecipitate with GRP75[105].

HSP40 family
The HSP40 family are co-chaperones of HSP70 proteins that regulate the activity of HSP70s and determine their client range by binding specific target proteins[60,116]. This large family of proteins are homologous with the bacterial DnaJ chaperone, and the term DNAJ is utilized in the gene nomenclature of the isoforms of this family. DNAJA1 and DNAJA2 are the most abundant cytosolic HSP40 co-chaperones[116]. DNAJA1 was reported to co-immunoprecipitate with the NS3-NS4A protein[105]. We have shown that DNAJA2 participates together with HSP70 in regulating the NS5A-augmented IRES-mediated translation of the viral genome[63]. The inter​action of viral proteins with these co-chaperones may, therefore, modulate chaperone activity to benefit the viral life cycle. A genome-wide siRNA screening identified DNAJB1 to be important for HCV production[61]. DNAJB1 plays important roles in regulating apoptosis and cell proliferation[117]. DNAJC7 co-immunoprecipitates with NS3-NS4A protein[105]. DNAJC7 also regulates apo​ptosis by binding to the pro-apoptotic p53 protein and increasing its activity and stability[118]. Thus, it can be speculated that binding of NS3-NS4A may prevent the pro-apoptotic function of DNAJC7/p53 thereby suppressing apoptosis and contributing to persistent HCV infection. DNAJC8 was reported to be upregulated in quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) as well as microarray analyses of host gene expression in infected huh7 cells[119]. DNAJC8 has been shown to play an important role in regulating pre-mRNA splicing by the spliceosome[120]. This is achieved by the binding of DNAJC8 with “serine/arginine-rich splicing factor protein kinase 1”. DNAJB6 interacts with NS5B, and shRNA-mediated knockdown of DNAJB6 led to a significant decrease in viral RNA replication[105]. DNAJB6 may, therefore, be required for the stability or activity of NS5B for viral RNA replication. In addition, miR-17, miR-106a, and miR-106b with DNAJB6 as their target were found to be downregulated in acute HCV infection[108].

There are seven ER-resident HSP40 co-chaperones: DNAJB9, DNAJB11, DNAJC1, DNAJC3, DNAJC10, DNAJC23 and DNAJC25. DNAJC14 was found as a host factor involved in HCV replication in an siRNA screen where knockdown of DNAJC14 led to increased viral replication[62]. Further, DNAJC14 has been reported to be involved in RNA replication of yellow fever virus (YFV) and other flaviviruses including HCV[121] and has been shown to be important for RC assembly in YFV[122]. Overexpression of DNAJC14 blocked viral RNA replication in all flaviviruses tested including HCV, while NS2/3 cleavage was not inhibited. siRNA-mediated knockdown of DNAJC14 also demonstrated similar results indicating that both elevated and reduced levels of DNAJC14 interferes with viral RNA replication. Also DNAJC14 is recruited to YFV RCs consistent with the normal cellular function of DNAJC14 as an ER-localized co-chaperone involved in protein transport[121,123]. DNAJB9 was identified in a microarray analysis as one of the host genes with most consistently modified expression as a result of acute HCV infection[108]. Further, miR-17, miR-106a, and miR-106b that target DNAJB9 were found to be downregulated. DNAJB9 has been shown to be involved in regulation of apoptosis[124]. DNAJC10 expression was found to be increased in HeLa cells expressing HCV polyprotein[125]. DNAJC10 is also a member of the PDI family of chaperones (discussed below) which is responsible for removing non-native disulfide bonds in conjunction with BiP and targeting misfolded proteins for degradation[126]. Interaction of DNAJC10 with EDEM1, an ER chaperone (discussed below), is required for disulfide bond reduction. Interestingly, DNAJC10 is also required for the correct folding of LDLR, one of the cell surface receptors utilized by HCV for entry. DNAJC1 was identified as an antiviral protein in a genome-wide expression analysis of multiple huh7-derived cell lines where interactions with E1 and E2 were implicated[107].

Five members of the HSP40 family have been identified in mitochondria: DNAJA3, DNAJC11, DNAJC15, DNAJC19, and DANJC20. DNAJA3 was identified as an HCV-interacting protein[61]. DNAJA3 is normally involved in maintaining mitochondrial morphology, and altering DNAJA3 levels leads to mitochondrial fragmentation and reduced cell viability[127]. HCV infection leads to mitochondrial dysfunction, and DNAJA3 may play a role in this process.

NEFs

NEFs play an important role in normal chaperone functioning by facilitating replacement of the hydrolyzed ADP with an ATP[128]. Three families of NEFs have been identified for the HSP70 chaperones: (1) HSP110/GRP170; (2) HSP70-interacting protein (Hip) (HSPBP1)/BiP-associated protein (SIL1); and (3) the BCL2-associated athanogene (BAG) family of proteins. The HSP110/GRP170 family consists of three cytosolic members HSP105 (HSPH1), HSP70RY (Apg-2) (HSPA4), and OSP94 (Apg-1) (HSPA4L), and one mitochondrial member GRP170 (HYOU1).

It was found that HSP105 and HSP70RY expression levels increase in HCV SGR systems[66,129,130]. Also knock​down of HSP70RY in an SGR system decreased viral RNA replication levels[130]. This is expected as the levels and activity of HSP70 family members increase during HCV infection which may require more NEFs for their function. Furthermore, HSP110 levels increase in stressed cells likely to assist in coping with stress, and in the context of HCV infection, increased HSP110 levels may help cells with HCV-induced ER stress. Similar effects of overexpression of HSP110 has been reported in cancer and gastric ulcer where targeting HSP110 had beneficial effects[131-133]. In siRNA screens, it was found that knockdown of Hip led to a significant decrease in virus production levels[62,134]. The role of BAG3 in HCV infection is discussed below.

HSP90 SYSTEM

The HSP90 proteins are highly conserved evolutionarily and are involved in the folding of proteins especially those involved in signal transduction[135]. Thus, HSP90 possesses a more discrete range of clients compared with the HSP70 system. Like HSP70, HSP90 also undergoes conformational changes to assist with the folding of client proteins, a process which is driven by ATP hydrolysis, and co-chaperones also assist in regulating HSP90 function. HSP90 has been shown to be important for a large group of viruses including HCV[136]. The HSP90 family consists of the inducible cytosolic isoform HSP90 (HSP90AA1), the constitutively expressed cytosolic isoform HSP90 (HSP90AB1), the inducible ER isoform GRP94 (HSP90B1), and the mitochondrial isoform “tumor necrosis factor (TNF) receptor-associated protein 1” (TRAP1) (HSP90L).

HSP90 (HSP90AA1 and/or HSP90AB1)
HSP90 has been shown to be important for virus production[137]. siRNA-mediated knockdown of HSP90 as well as HSP90 inhibitors geldanamycin, “17-dime​thylaminoethylamino-17-demethoxygeldanamycin” (17-DMAG), herbimycin A, and radicicol resulted in dose-dependent suppression of HCV in a replicon system[138]. Further, viral levels in chimeric mice with a humanized liver treated with 17-DMAG were significantly reduced. Other derivatives of geldanamycin as HSP90 inhibitors have also been reported to block HCV RNA replication[139].

HSP90 is required for the maturation of the viral polyprotein complex specially to generate functional NS2/3 protease[140]. HSP90 inhibitors were shown to block NS2/3 cleavage. Expression of HCV core in Saccharomyces cerevisiae impaired the growth of yeast cells, and it was found that HSC82, the yeast homolog of HSP90, is required for the stability of core protein[141]. Treatment of yeast cells with the HSP90 inhibitors geldanamycin, radicicol, herbimycin A, and herbimycin C suppressed core-induced growth impairment. HSP90 directly binds to NS3 through the NS3 helicase region and is required for NS3 stabilization[142,143]. In an SGR system, the HSP90 inhibitor “17-N-allylamino-17-demethoxygeldanamycin” (17-AAG) resulted in NS3 degradation specifically[142]. In the same SGR system, 17-AAG also suppressed HCV RNA replication in a dose-dependent manner. However, it was not clear if replication was affected directly or through decreased IRES translation. A subsequent study demonstrated the indirect interaction of HSP90 with the subunit C of eIF3c which involves and is dependent on the viral IRES RNA[144]. This interaction prevents the ubiquitination and the subsequent proteasome-dependent degradation of eIF3c which is required for IRES-mediated translation of the viral genome. Therefore, treatment with HSP90 inhibitors may prevent the chaperoning of eIF3c by HSP90 which leads to its degradation. Knockdown of eIF3c inhibited IRES-mediated translation, but not cellular 5’ 7-methylguanylate cap-dependent translation. 

HSP90 was found to colocalize and co-immuno​precipitate with glycine-tryptophan (GW) 182, an important component of GW bodies which are involved in mRNA degradation and translational repression via miRNAs[145]. Both HSP90 and GW182 also colocalized with NS3, core, and NS5A. Knockdown of GW182 signi​ficantly decreased HCV RNA levels in infected cells, while overexpression of GW182 resulted in a signifi​cant increase in viral RNA levels. The HSP90 inhibitor 17-DMAG and knockdown of HSP90 significantly decr​eased GW182 and miR-122 levels leading to decreased HCV RNA levels. Ethanol was shown to upregulate both GW182 and HSP90 thereby facilitating HCV RNA replication. Interestingly, the same group discovered infectious exosomes from sera of HCV-infected patients or supernatants of infected huh7.5 cells that contained negative-strand viral RNA in association with Argonaute 2 [a component of the RNA-induced silencing complex (RISC)], HSP90, and miR-122[146]. These exosomes are capable of transmitting HCV infection in a CD81, SR-B1, and apolipoprotein E (apoE) receptor-independent manner, which was blocked by miR-122 and HSP90 inhibitors. An interaction between NS5A and HSP90 was also implicated in a genome-wide expression analysis of multiple huh7-derived cell lines[107]. Thus, viral proteins may modulate GW182 activity in an HSP90-dependent manner in order to regulate viral RNA replication and miRNA levels. A number of miRNAs have been shown to be modulated by HCV infection[108].

Treatment with the HSP90 inhibitor 17-DMAG was shown to destabilize phosphoinositide-dependent kinase 1 (PDK1), an upstream kinase of protein kinase C-related kinase 2 (PRK2)[147]. The PDK1-PRK2 signaling pathway leads to phosphorylation of NS5B, which is required for HCV RNA replication[148,149]. 17-DMAG-driven des​tabilization and degradation of PDK1 diminished NS5B phosphorylation levels leading to suppression of viral RNA replication[147]. An interaction between NS5B and HSP90 has also been reported in a yeast two-hybrid system[143]. NS5B co-immunoprecipitates with both isoforms of HSP90 as well[105].

Peripheral B cells have been proposed to serve as reservoirs for persistent HCV infection[150,151]. It was found that peripheral B cells in patients with chronic HCV infection circumvent the interferon beta (IFN)-mediated antiviral response in part by downregulating HSP90 which acts as a stabilizer of TANK-binding kinase 1 involved in phosphorylation of the interferon-regulatory factor 3 (IRF3) transcription factor that induces IFN expression[151]. Thus, by using this HSP90-mediated strategy, HCV in B cells evades detection by the immune system contributing to recurring infection even after liver transplant.

The constitutively expressed isoform of HSP90, HSP90AB1, was found to be significantly overexpressed in the mononuclear cells of HCV-infected patients[152]. Co-infection with HIV decreased the overexpression of HSP90AB1 in the same study. HSP90AB1 was also reproducibly enriched in the detergent-resistant membrane fraction of an SGR system[130].

HSP90 also plays an important role in HCV RNA replication in conjunction with FKBP38, a co-chaperone of HSP90 family, which is a member of the immunophilin family of proteins. The role of FKBP38 and its interaction with HSP90 is discussed in detail in the FKBP38 section below. Another HSP90 co-chaperone p23 is also involved in the HCV life cycle and is discussed below as well.

GRP94 (HSP90B1)

GRP94 is the ER-resident HSP90 isoform which is involved in folding of secreted proteins, ER stress, and the UPR[153]. It was found that the viral glycoprotein E2, and not E1, can lead to the ER stress response and induce transcription of GRP94[97]. This leads to activation of nuclear factor kappa B and induction of anti-apoptotic proteins[50]. In addition, knockdown of GRP94 abolished the anti-apoptotic activity of E2 suggesting that E2 inhibits apoptosis induced by HCV infection and leads to persistent viral infection in hepatocytes. The HCV core protein also contributes to ER stress by inducing the expression of GRP94[101]. Increased expression of GRP94 was also observed in the liver of mice con​ditionally expressing HCV structural proteins core, E1, E2 and p7[95]. No binding of GRP94 to either E1 or E2 glycoproteins was observed[98]. GRP94 was reproducibly enriched in the detergent-resistant membrane fraction of SGR cells[130]. HCV utilizes GRP94 as well as other ER-resident chaperones especially GRP78 to maintain viral protein homeostasis in the ER in order to establish persistent infection and suppress cellular protein trans​lation. GRP94 was also shown to be beneficial for virus production in a genome-wide expression analysis of multiple huh7-derived cell lines where interactions with core, E2, NS3, and NS4B were implicated[107]. Knockdown of GRP94 in an SGR system led to a significant decrease in viral RNA replication levels as well[130].

GRP94 is prevented from translocating to the cell surface by “aminoacyl tRNA synthetase complex-interacting multifunctional protein 1” (AIMp1)/p43[154], which is a cofactor of aminoacyl tRNA synthetase complex and is involved in regulating transforming growth factor beta (TGF-) signaling. Translocation of GRP94 to the cell surface leads to activation of dendritic cells and leads to autoimmune diseases. The HCV E2 protein has been reported to directly bind AIMp1/p43 and lead to its degradation through ubiquitination and the proteasome pathway[155]. In addition, E2 interferes with the AIMp1/p43-GRP78 interaction leading to lower cellular AIMp1/p43 levels. Decreased AIMp1/p43 levels in cells leads to elevated TGF- signaling and cell surface expression of GRP94. Therefore, these mechanisms may be responsible for HCV-induced liver fibrosis and autoimmune diseases.

HSP60 SYSTEM

HSP60 chaperones also known as chaperonins are an important family of HSPs involved in protein folding and macromolecular assembly[156]. The HSP60 family consists of mitochondrial and cytosolic proteins. The mitochondrial HSP60 (encoded by HSPD1 and HSPE1 genes), also known as mtHSP60, is thought to have originated in the bacterial ancestors that were engulfed by early eukaryotic cells giving rise to the mitochondrial organelle. HSPD1 (the homolog of bacterial GroEL) forms tetradecamers, composed of two stacked heptameric rings with a central cavity that accommodates the target protein. HSPE1 (the homolog of bacterial GroES) forms one heptameric ring that serves as a cap for the HSPD1 structure. The HSPD1/HSPE1 complex functions in protein folding in an ATP-dependent manner. The eukaryotic/cytosolic chaperonin, also known as “TCP-1 ring complex/chaperonin-containing TCP-1” (TRiC/CCT), is homologous to the Archean thermosome complexes forming hexadecamers consisting of two octameric rings to assist in oligomeric protein assembly[157] and folding of approximately 10% of the proteome[158]. TRiC/CCT is composed of eight paralogous subunits encoded by TCP1 and CCT2-8 genes. The TRiC/CCT complex lacks a GroES-like homolog and instead uses a built-in cap system. Typically, the term HSP60 is used to refer to the mitochondrial chaperonin, whereas the eukaryotic cytosolic homolog is referred to as TRiC/CCT.

HSP60 (HSPD1/HSPE1)

Proteomic analyses of huh7 cells harboring an HCV SGR demonstrated downregulation of HSP60[66], while it was shown to be reproducibly enriched in the detergent-resistant membrane fraction of another SGR system[130]. However, these studies did not validate HSP60 levels by Western analysis or in the context of viral infection. HSP60 has been shown to interact with core[107,159]. This interaction led to production of ROS and sensitization of cells to TNF-induced apoptosis[159]. Further, overexpression of HSP60 decreased ROS production and prevented apoptosis in core-expressing cells. Thus, binding of core to HSP60 seems to impair the function of HSP60 in regulating ROS production and apoptosis as a possible pro-oncogenic process. However, significant research is still required to elucidate the function of the HSP60 system in the context of HCV infection. Nevertheless, HSP60 has been shown to be important for Dengue virus production (also a positive-stranded RNA virus) although the exact function has not been elucidated[160]. Further, HSP60 is overexpressed in HBV and HIV infection[156,161]. Autoantibodies against HSP60 have been detected in sera of chronic HCV infected patients[162]. HSP60 has also been shown to co-immunoprecipitate with the NS3-NS4A protein[105] and associate with positive-strand subgenomic viral RNA (corresponding to domains Ⅲ and Ⅳ of the 5’ NCR and 36 nucleotides of core)[76].

TRiC/CCT (TCP1/CCT2-8)

The activity of TRiC/CCT, the cytosolic chaperonin, was reported to be increased in an SGR system[129]. Also TCP1, CCT2, and CCT5 were reproducibly enriched in the detergent-resistant membrane fraction of an SGR system[130]. TRiC/CCT also plays an important role in the assembly of RCs which mediate HCV RNA replication[73]. This may be facilitated by an interaction between the subunit CCT5 of TRiC/CCT and NS5B. siRNA-mediated knockdown of CCT5 suppressed viral RNA replication. Treatment with an antibody against CCT5 also suppressed HCV RNA synthesis in an in vitro cell-free assay. These observations suggest that NS5B may recruit TRiC/CCT to the RCs to assemble components of RCs in order to facilitate HCV RNA replication. It was also reported that that CCT4 can co-immunoprecipitate with the NS3-NS4A protein[105]. CCT4 activity was decreased in an SGR system[129].

TRiC/CCT is regulated by a number of co-chaperones including prefoldin. The role of prefoldin in the HCV life cycle is discussed below.

Small HSPS

Small HSPs constitute a family of ten proteins with molecular mass in the range of 12-43 kDa with diverse functions including protein folding, development, and eye lens tissue formation to name a few[163]. They lack enzymatic activity and work as holdases in conjunction with the ATP-dependent chaperones to carry out their functions[57].
HSP27 (HSPB1)
Proteomic analyses of huh7 cells harboring an HCV SGR have demonstrated upregulation of HSP27[66]. HSP27 was found to bind NS5A (and not NS5B) in co-immunoprecipitation studies and colocalize by im​munofluorescence under heat shock conditions[164]. The N-terminal regions of both proteins were found to be involved in the interaction (amino acids 1-122 of HSP27 and 1-181 of NS5A). While the function of this interaction is not known, it has been speculated that it may decrease infection-induced apoptosis. This is likely as HCV is known to modulate apoptosis in order to establish persistent infection. In fact, HSP27 is overexpressed and has anti-apoptotic roles in several cancers as well[165].

HSP22 (HSPB8)

HSP22 is a multifunctional chaperone involved in regulation of protein folding, macroautophagy, carcino​genesis, and apoptosis[166]. HSP22 was reported to be significantly overexpressed in infected huh7 cells as determined by qRT-PCR as well as microarray analyses of host gene expression[119]. HSP22 is an anti-apoptotic protein, and its upregulation by HCV may be one of the mechanisms that HCV utilizes to block apoptosis in hepatocytes.

OTHER CHAPERONES

In addition to HSPs, cells possess a number of other molecular chaperones and co-chaperones that play critical roles in numerous cellular functions by assisting with protein folding and stability in their respective pathways.

BAG3 (BAG3)

BAG3 is one of the BAG family of proteins and serves as a NEF for the HSP70 family of chaperones. BAG3 is the only heat stress-inducible BAG isoform and plays important roles in cell proliferation, apoptosis, adhesion, and migration[167]. It acts as an anti-apoptotic protein in different cancers. In the context of HCV infection, it was found that overexpression of NS5A in HepG2 cells upregulated a number of anti-apoptotic genes including BAG3 when the cells were treated with thapsigargin, an inducer of ER stress[104]. GRP78 was also overexpressed.

FKBP38 (FKBP8) and FKBP54 (FKBP5)

FKBP38 is a co-chaperone of the HSP90 family and a member of the immunophilin family of chaperone proteins which possess peptidylprolyl isomerase (PPIase) activity and also serve as receptors for the immuno​suppressive drug FK506[168]. FKBP38 was identified as an NS5A interacting protein in a fetal liver cDNA library screen, and both NS5A and FKBP38 colocalize to mitochondria and the ER[169]. NS5A and FKBP38 were also shown to co-immunoprecipitate[105]. FKBP38 interacts with HSP90 and plays an important role in HCV RNA replication. FKBP38 forms a complex with HSP90 and NS5A where FKBP38 binds to both HSP90 and NS5A through different sites in its tetratricopeptide repeat domain[137]. Both knockdown of FKBP38 and treatment with geldanamycin suppresses HCV RNA replication in a replicon system indicating that the HSP90/NS5A/FKBP38 complex is important for the regulation of HCV RNA replication. In fact, the FKBP38/NS5A interaction is so critical for the virus that a single amino acid mutation in NS5A that disrupts its binding with FKBP38 impairs virus production[170]. The same group found that HSP90 binds to human butyrate-induced transcript 1 (hB-ind1)[171], which is a member of the Rho family of GTPases and a component of the Ras-related C3 botulinum toxin substrate 1 (Rac1) signaling pathway[172,173]. hB-ind1 was found to bind to NS5A and is involved in viral RNA replication through its interaction with HSP90. Thus, by interacting with NS5A, hB-ind1 recruits HSP90 and FKBP38 to the RCs. In addition, through immu​nofluorescence analyses, it was found that hB-ind1 colocalizes with NS5A, FKBP38, and double-stranded viral RNA at the site of the membranous web[174]. These results further support the role of HSP90 in viral RNA replication. Moreover, treatment with an HSP90 inhibitor decreased the HCV-induced UPR which points to a potential involvement of HSP90 in an hB-ind1-mediated protein folding mechanism in the membranous web in order to circumvent the virus-induced UPR.

It was also found that a few members of the S100 family of proteins, S100A1, S100A2, S100A6, S100B and S100P directly bind FKBP38 in cell-free in vitro assays in a Ca2+-dependent manner[175]. The S100 pro​teins are a family of 24 Ca2+ binding proteins which are involved in regulating inflammation, cell proliferation and differentiation, apoptosis, cell migration and invasion, and Ca2+ homeostasis[176]. The S100/FKBP38 interactions blocked both NS5A/FKBP38 and HSP90/FKBP38 interactions[175]. Furthermore, overexpression of S100A1, S100A2 and S100A6 suppressed HCV RNA replication. S100P was identified as one of the proteins with most consistently modified expression in acute HCV infection[108].

FKBP38 has also been reported to be involved in HCV suppression of apoptosis[177]. NS5A plays an important role in HCV pathogenesis by activating the mammalian target of rapamycin (mTOR) pathway. This leads to suppression of apoptosis and hepatocyte cell survival which is required for persistent infection. NS5A exerts its anti-apoptotic activity by blocking the interaction between FKBP38 and mTOR.

FKBP54 (p54), another FKBP family member, was reported to co-immunoprecipitate with NS5B[105]. FKBP54 is an important co-chaperone involved in regula​ting a number of signaling pathways, steroid hormone receptors, and autophagy[178].
p23 (PTGES3)

p23 (prostaglandin E synthase 3) is another HSP90 co-chaperone and an inhibitor of HSP90 ATP turnover[179]. In addition, p23 together with HSP90 are essential telomerase components, and telomerase activity as well as expression of multiple telomerase components were reported to be significantly induced in HCV infection of huh7.5 cell[180]. The same group also showed that expression of the La protein (Sjogren syndrome antigen B), a regulator of HCV IRES-mediated translation[181], significantly correlated with the expression of telomerase components including telomerase RNA, p23 and HSP90 in HCV-infected patient tissues. Thus, HCV may regulate telomerase activity in an HSP90-dependent manner which may potentially be linked to HCV-induced hepato​carcinogenesis.

Prefoldin (PFDN1-2/VBP1/PFDN4-6)

Prefoldin is the co-chaperone of the cytosolic chaperonin TRiC/CCT. It is a hexameric protein complex consisting of the six subunits encoded by the PFDN1-2, VBP1 (PFDN3), and PFDN4-6 genes[182]. Newly synthesized proteins at ribosomes bind to prefoldin which in cooperation with HSP70/HSP40 transports them to TRiC/CCT for proper folding and preventing protein aggregation. Prefoldin also plays an important role in clearing aggregated proteins as a result of ER stress or proteasome inhibitor treatment.

The HCV F protein, a 17 kDa product of ribosomal frameshift at the beginning of the core protein coding sequence, was found to bind prefoldin 2[183]. Prefoldin is involved in the proper folding of actin and tubulin subunits and plays an important role in the formation of the cytoskeleton. It was found that overexpression of the HCV F protein interfered with the prefoldin 1 and 2 interaction and resulted in an aberrant tubulin cytoskeleton. It was speculated that since an intact cytoskeleton is needed for HCV production in infected cells[184-187], the HCV F protein may modulate and de​crease virus production in order to establish a per​sistent chronic infection[183].

ApoJ/clusterin (CLU)

ApoJ, also known as clusterin, is another chaperone with both intracellular and extracellular functions including protein folding and extracellular protein degradation and is involved in a number of age-related diseases including cardiovascular and neurodegenerative diseases and cancer likely by interacting with HSP60[188,189]. HCV infection led to increased clusterin expression both in cell culture and serum of infected patients[190]. siRNA-mediated silencing of clusterin led to decreased virus pro​duction without affecting viral RNA replication levels suggesting a subsequent step such as translation, assembly, or secretion is affected. It was found that clusterin binds to and stabilizes core and NS5A.

PDI (PDI family) and MTTP (MTTP)
The PDI family of proteins are ER chaperones that are responsible for disulfide bond formation[191]. The term PDI typically refers to the beta subunit of the prolyl 4-hydroxylase (P4H) enzyme, PDIA1 (P4HB), which is the first characterized member of the PDI family[192]. P4HB is involved in the folding and transfer of MTTP, a chaperone itself, from the cytosol into the lumen of ER[193,194]. P4HB and MTTP subsequently form a heterodimer, and MTTP then lipidates and stabilizes apolipoprotein B (apoB), a component of the VLDL produced by hepatocytes. ApoB associates with triglyceride containing particles generating VLDLs, and MTTP is involved in VLDL secretion as well[194,195].

It has been shown that core expression leads to decreased MTTP activity, in an HCV genotype 3-depen​dent manner[196] thereby reducing VLDL formation and secretion, which leads to accumulation of lipids in HCV-infected hepatocytes and subsequently liver steatosis[193,197,198]. Viral NS proteins have also been shown to decrease MTTP expression and activity and implicated in inhibition of VLDL secretion likely due to interaction of NS5A and apoB[199]. NS5A overexpression was also shown to decrease the expression of MTTP and increase lipid droplet size[200]. Furthermore, MTTP gene polymorphisms contribute to the accumulation of lipids in hepatocytes and may predict sustained virological response (SVR) to antiviral therapy in patients infected with genotype 4[201-204]. Thus, HCV infection is highly dependent on modulation of lipid metabolism, possibly in a genotype-specific manner[205-207], through interactions with MTTP[208]. During maturation, the newly assembled virions acquire low-density configuration prior to being secreted, a process that requires MTTP, and the secreted viral particles are bound to VLDL[54,209,210]. Secretion of viral particles depends on the apoB-positive lipoprotein particles in an MTTP-dependent manner, while virion assembly (and infectivity through LDLR and GAGs) requires apoE and is not MTTP and VLDL dependent[34,211-216].

P4HB activity was found to be increased in an HCV SGR system[129]. GRP58 (PDIA3), an important ER chaperone[191,217], was found to be overexpressed in HeLa cells expressing HCV polyprotein[125]. Further, GRP58 was reproducibly enriched in the detergent-resistant membrane fraction of an SGR system, and knockdown of GRP58 led to a significant decrease in viral RNA replication[130]. The activity of two other PDI family members ERp72 (PDIA4) and PDIR (PDIA5) were also significantly increased in an HCV SGR system[72,191]. ERp5 (PDIA6) activity was reduced in an SGR system. It should be noted that SGR systems do not produce infectious virus, and the activity/expression of PDIs may, therefore, not correspond with the context of viral infection.

The PDI family also includes DNAJC10, an HSP40 family member, which is discussed in the HSP40 section above.

Calnexin (CANX) and calreticulin (CALR)
Protein glycosylation among other post-translational modifications is carried out in the ER/Golgi apparatus. Calnexin and calreticulin are ER-resident chaperones that play a crucial role in the proper folding and glycosylation of glycoproteins. Both chaperones are part of a quality control mechanism in the ER that occurs in a cyclical manner[218]. Both HCV E1 and E2 being glyco​proteins undergo the same cycles of quality control until they achieve the proper folding conformations required for the assembly of virions[98]. siRNA-mediated knockdown of calnexin and CALR decreased virus production[62].

Both E1 and E2 rapidly associate with calnexin immediately after synthesis in the ER, but dissociate slowly[61,98,107,219]. While E2 folding occurs rapidly and is complete upon cleavage of the E2-NS2 precursor polyprotein, folding of E1 is slow. Their association with calnexin parallels this timing suggesting that calnexin plays a role in proper folding of the E1/E2 glycoprotein complexes[220]. Calreticulin binds to E1 and E2 glyco​proteins as well[98,107]. Whereas calnexin pre​ferentially binds to monomeric glycoproteins, calreticulin seems to bind to E1/E2 aggregates. The N-linked oligosaccharides on these glycoproteins are important for the formation of E1/E2 complexes and for their interactions with some chaperones as treatment with tunicamycin, a glycosylation inhibitor, blocked the interaction of E1/E2 complexes with calnexin and calreticulin preventing their maturation and suppressing virus production[98,221,222]. Virus infectivity may also be impaired due to incor​poration of immature glycoproteins in some virions[222]. Rather than being secreted, the E1/E2 complexes seem to remain in the ER and do not migrate past the cis-Golgi apparatus and are subsequently utilized in assembly of virions after undergoing proper folding and complex formation. Properly folded E1/E2 heterodimers no longer interact with calnexin[223-225].

NS2 was reported to co-immunoprecipitate with calnexin in infected cells[105]. All viral NS proteins were found to colocalize with the newly synthesized HCV RNA and calnexin at RCs which are ER-derived perinuclear structures[52]. In agreement with this observation, calnexin was reported to be associated with positive-strand subgenomic viral RNA (corresponding to domains Ⅲ and Ⅳ of the 5’ NCR and 36 nucleotides of core)[76]. Calnexin is also a target of miR-130a, miR-130b and miR-310 that were shown to be downregulated in acute HCV infection[108]. HCV core protein causes ER stress thereby inducing the expression of calreticulin[101]. Calreticulin was reproducibly enriched in the detergent-resistant membrane fraction of an SGR system[130]. HCV infection was also found to increase calreticulin expression[226]. 

EDEM1 (EDEM1) and EDEM3 (EDEM3)
EDEMs that consist of three proteins EDEM1, EDEM2, and EDEM3 are lectin chaperones and regulators of ERAD that are involved in targeting misfolded glyco​proteins to the ERAD pathway[227,228]. EDEMs binds to the target glycoproteins that are destined for degradation[229]. EDEMs also bind GRP78 and appear to provide the signal for degradation of the target glycoprotein[227]. EDEM1 and EDEM3, but not EDEM2, directly bind HCV glycoproteins and increase their ubiquitination[230]. Knockdown of EDEM1 and EDEM3 as well as treatment with kifunensine, an ERAD inhibitor, increased the half-life of E1 and E2 and virus production, and overexpression of the two EDEMs decreased virus production.

As mentioned above, misfolded proteins in the ER are targeted to the ERAD pathway if attempts to properly fold these proteins are unsuccessful[83]. While HCV production in cells leads to ER stress and the UPR, the virus has evolved strategies to prevent its proteins from being degraded through the ERAD pathway[44]. The ERAD pathway is activated downstream of the IRE1 pathway, and the IRE1 pathway is activated in response to HCV-induced ER stress and activation of the UPR[92]. However, despite activation of the IRE1 pathway, activation of the ERAD pathway is inhibited in HCV infection[231]. Thus, although sXBP1 is produced indicating activation of the IRE1 pathway, expression of EDEM1 is suppressed. This seems to be unique for HCV as other flaviviruses do not suppress EDEM expres​sion in presence of sXBP1 production[83,231]. HCV NS4B similarly leads to production of sXBP1, but suppresses EDEM expression[103]. The lack of EDEM induction may also lead to increased IRES-mediated translation of viral proteins[231]. These results suggest that EDEMs may play a crucial role in regulating viral protein homeostasis and maintaining a balance in viral protein production to establish persistent infection.

SigR1 (SIGMAR1)

SigR1 is a cholesterol-binding chaperone in lipid-rich areas of ER and mitochondrion-associated ER mem​branes (MAMs)[232]. MAMs play an important role in pathogenesis of HCV by serving as interorganellar com​munication sites between ER and mitochondria both of which are crucial for HCV production[44]. SigR1 is normally involved in crucial processes including cellular response to stress, lipid and protein trafficking, cell survival, and neuroprotection[232,233]. SigR1 has been reported to play an important role for viral RNA replication immediately after virion entry, but not afterwards during persistent infection[44,234]. siRNA-mediated knockdown of SigR1 reduced viral RNA replication only in early stages of infection.

Prohibitin (PHB) and prohibitin 2 (PHB2)
The mitochondrial chaperone prohibitin is involved in a variety of processes including mitochondrial protein folding and membrane potential, cell cycle, and apo​ptosis[235]. It forms a ring structure composed of two subunits encoded by the PHB and PHB2 genes. The HCV core protein as well as viral infection lead to overexpression of prohibitin[236,237], which is a target of the HCV core protein[238]. Core binds to prohibitin and impairs its chaperone function thereby preventing the proper function of mitochondrial respiratory chain leading to overproduction of ROS which may result in hepatocarcinogenesis[237,238]. This is likely caused by the core-mediated suppression of the interaction between prohibitin and subunit Ⅰ and Ⅳ of cytochrome C oxidase[239,240].

Cyps (PPI family)
Cyps are an important family of molecular chaperones most of which possess PPIase activity and are involved in diverse cellular processes including protein folding, scaffolding, protein trafficking, and apoptosis[241]. The genes that encode Cyps are referred to as PPIs. Cyps have been reported to be important for replication of HCV as well as other flaviviruses[242], and Cyp inhibitors such as cyclosporine A (CsA) have been shown to effectively block virus production when used alone or in combination with other antiviral agents such as IFN[243-262]. Cyps have been suggested to play important roles in the HCV life cycle including viral RNA replication, membranous web formation, viral polyprotein cleavage, lipid trafficking, virion assembly, suppression of IFN-based antiviral response, and induction of mitochondrial dysfunction.

It has been suggested that NS5B is recruited to the RCs in the membranous web by cyclophilin A (CypA) (PPIA) likely to ensure NS5B retains its proper con​formation for viral RNA replication[263]. In fact, both NS5B and CypA share a common binding site on NS5A[264] suggesting that CypA delivers NS5B to the RCs at which point NS5B binds NS5A. This function of CypA is supported by the finding that treatment of cells with CsA reduces the levels of NS5B in RCs, but not NS5A or NS3[263]. In addition, mutant NS5B from CsA-resistant replicons retained their RC incorporation in presence of CsA. Other published Cyp inhibitor-selected mutations in NS5B have been reported to increase its RNA binding capacity[265-267]. Also the observed CsA resistance of the JFH1 strain (genotype 2a) is NS5B dependent[268]. PPIase mutant CypA maintained its NS5B binding[263]. However, the mutant CypA was unable to rescue HCV replication in CypA knockdown cells implicating its PPIase activity is important for HCV replication. Another study reported that CypA does not recruit NS5B or NS5A to RCs as CsA treatment did not affect the RC association of NS5B and NS5A, concluding the possibility of a CypA-independent recruitment of NS5B and NS5A to RCs[269]. A recent report seems to resolve this discrepancy[270]. It was found that Cyp inhibitor treatment did not affect the replicase activity of RCs after active RCs are established. This suggests that Cyp inhibitors exert their antiviral activity prior to formation of active RCs supporting the originally proposed CypA-mediated NS5B recruitment model.

In addition, NS5B binds to CypB (PPIB) which is required to stimulate the RNA-binding activity of NS5B and RNA synthesis[271-273]. Both CypA and CypB activate NS5B replicase function, particularly RNA binding, in vitro where CypB demonstrates viral genotype 1b specificity[274]. It was shown that the lack of PPIase activity in mutant CypA and CypB had some effect on NS5B activation, but the PPIase mutant CypA and CypB were still capable of activating NS5B to a significant extent suggesting that the PPIase activity is dispensable for NS5B activation. However, these experiments were performed in a cell free system, whereas the previous experiments showing the importance of PPIase activity in HCV replication were performed in a replicon system. Others have shown NS5B/CypB interaction to be me​diated by CsA-associated helicase-like protein in GST pulldown assays[275].

Significant evidence also points to a role of Cyps in viral RNA replication through their PPIase activity likely inducing conformational changes in viral and/or host proteins for optimal functioning. NS5A is a substrate for the PPIase activity of CypA and CypB through many proline residues in NS5A domain Ⅱ and the linker region between NS5A domains Ⅱ and Ⅲ (known as the low-complexity sequence Ⅱ or LCS-Ⅱ)[276-278]. A three amino acid structural motif, a proline-tryptophan turn, is essential for HCV RNA replication and proper interaction with CypA and influences the PPIase activity of CypA on NS5A domain Ⅱ[279]. CypA also binds NS5A domain Ⅲ and has PPIase activity towards some peptidylprolyl bonds in NS5A domain Ⅲ[280]. The NS5A/CypA inter​action and the PPIase activity of CypA, which are both disrupted by Cyp inhibitors, have been shown to be critical for HCV production[280-289], and the PPIase activity of CypA is required for the NS5A/CypA interaction[281]. Further, wild-type CypA rescued viral RNA replication under CypA knockdown, but a PPIase mutant did not[284]. Indeed, it was found that CypA interacts with NS5A and stimulates RNA binding of NS5A domain Ⅱ in a PPIase-dependent manner[290,291]. Furthermore, some SNP mutations in the PPIase domain of CypA render hepatocytes resistant to HCV replication likely by decreasing the intracellular stability of CypA[292]. Mutant NS5A from Cyp inhibitor resistant virus still binds to CypA as wild-type NS5A in vitro[281,282,286], whereas in cell culture the interaction appears much stronger than with wild-type NS5A implying other cellular proteins are important for this interaction[170]. NS5B was found to further strengthen this interaction as well. Others have provided an alternative mechanism for resistance through NMR analyses showing that the resistant NS5A exhibited a trans to cis conformational shift possibly rendering NS5A less dependent on the PPIase activity of CypA for isomerization[285]. Importantly, the Cyp inhibitor-induced NS5A mutation can rescue viral replication under CypA knockdown conditions[282] although it still requires CypA at lower levels[293]. Thus, most of the evidence to date suggests that CypA is the most important Cyp in the context of HCV replication and that CypA and NS5A are the main targets of Cyp inhibitor-mediated antiviral activity as knockdown of CypB, CypC (PPIC), and CypD (PPIF) failed to suppress viral replication, and NS5A mutations have the major role in Cyp inhibitor resistance compared with NS5B and other viral proteins[263,265,283,284,293-298]. 

Cyp inhibitor treatment also prevents formation of DMVs that are required for RNA replication at RCs suggesting that Cyps are involved in formation of RCs as well[270]. While the NS3-NS5B polyprotein and even NS5A alone suffices for formation of DMVs, knockdown of CypA prevents DMV formation suggesting that Cyps and, in particular, CypA is required for DMV formation. In addition, the PPIase activity of CypA was found to be required for DMV formation indicating that both NS5A and CypA are crucial for formation of DMVs.

The JFH1 SGR (lacking NS2) is not very sensitive to CsA or NIM811 (another Cyp inhibitor)[299], and it was shown that full-length JFH1 was inhibited much more efficiently by CsA implicating NS2 to be important for CsA-mediated viral inhibition in a CypA-dependent manner[283,300,301]. Subsequently, it was found that NS2 itself is not a target of CsA, but that the rate-limiting NS2-NS3 cleavage determines sensitivity to CsA[301]. It has been suggested that NS3 also binds Cyps and that mutations in NS3 may also lead to CsA resistance[297,302]. Also it was found that the CypA dependence of HCV replication correlates with the NS5A-NS5B cleavage kinetics as demonstrated by substitution mutants at this cleavage site[283]. These findings indicate that viral polyprotein cleavage may at least in part be dependent on Cyps especially CypA.

CsA has also been shown to affect hepatocyte lipids pointing to an additional role of Cyps in lipid trafficking and in HCV pathogenesis[303]. Cyp inhibitor treatment disrupts the VLDL pathway of virus maturation des​cribed above resulting in increased lipid droplet size, accumulation of apoB on lipid droplets, removal of NS5A from lipid droplets, and inhibition of infectious virion assembly[291,303]. The Cyps involved were found to be CypA and Cyp40 (PPID).

Yet another role of CypA in viral infection has been suggested in the context of the IFN pathway[304]. It was found that CypA and IRF9, a component of the JAK/STAT pathway, directly bind each other via the PPIase domain of CypA and the newly-identified CypA binding site in the IRF-association domain of IRF9. Cyp inhibitors prevent this complex formation. Interestingly, NS5A and IRF9 compete for binding to CypA, and CypA inhibition led to increased IFN-induced transcriptional activity through interferon-sensitive response elements (ISREs). Thus, it seems that HCV utilizes NS5A to dampen the IFN response by replacing IRF9 in the CypA/IRF9 complex, in order to establish persistent infection in hepatocytes. Furthermore, it was observed that Cyp inhibitor treatment blocks phosphorylation of protein kinase R (PKR) and its target eIF2 which inhibits translation of interferon-stimulated genes[305,306]. Cyp inhibitors also blocked stress granule formation. CypA binds PKR, and this interaction was disrupted by Cyp inhibitor treatment as well[305]. However, it was reported that Cyp inhibitor-mediated inhibition of PKR phosphorylation is due to suppression/clearing of viral infection rather than being a direct effect[306]. Thus, the significance of the CypA/PKR interaction and its disruption by Cyp inhibitors is not clear.

It is also reported that CsA treatment of uninfe​cted huh7 cells induces the UPR and upregulation of GRP78[307]. Further, treatment of cells with UPR-inducing agents suppressed HCV replication. This may suggest that CsA may also exert its antiviral activity by inducing UPR which likely leads to improper viral glycoprotein/protein folding, their aggregation, and subsequent degradation.

The Cyp inhibitor alisporivir has also been found to prevent and to some extent reverse the negative impacts of HCV infection on mitochondrial function revealing another potential role for Cyps in the context of viral infection[308]. In particular, alisporivir prevents HCV-mediated collapse of the mitochondrial membrane potential, overproduction of ROS, and mitochondrial calcium overload through inhibition of CypD-mediated opening of the mitochondrial permeability transition pore[308-310].

HCV PROTEINS AS CHAPERONES

Remarkably, some HCV proteins possess chaperone functions that are critical for virus production. For example, core, in particular the N-terminal domain I, has been shown to play important chaperone roles for viral RNA stabilization, dimerization, and structural rearrangements[311-315]. Also core appears to be involved in folding of the E1 glycoprotein[316]. Both viral glyco​proteins E1 and E2 have been reported to possess chaperone functions. E2 has been reported to be required for proper E1 folding[317]. The disulfide bonds in E1 have been shown to be required for the proper function of E2 during viral assembly and entry[318], and E2 does not seem to be able to reach a native structure in the absence of E1[319]. Further, a monoclonal antibody was reported to recognize properly folded E2 only when complexed with E1[224]. Also the ectodomain of E2 was shown to fold only in presence of E1[320]. CANX may be important for the chaperone activities of HCV glycoproteins[220]. This is in agreement with the observation that E2, unlike E1, did not associate with cellular chaperones such as CANX in an infection-free system[319]. In many class Ⅱ enveloped viruses, of which HCV is a member, one viral glycoprotein acts as a chaperone for the folding of the other one which carries out the membrane fusion after viral entry in order to release viral genome in the cytosol[321]. However, for HCV, the mechanism of membrane fusion and the role of glycoproteins is not fully understood. The NS3 protein which possesses a helicase domain has been reported to mediate functions beyond the known helicase activity as it is involved in “intermolecular annealing, resolves three-stranded RNA duplexes, and assists dsRNA and ssRNA inter-conversions to establish a steady state among RNA structures”[322]. NS4A directs NS3 to ER and increases the intracellular stability of NS3[323].

CONCLUSION
Chaperones play crucial roles in HCV infection, and essentially all phases of the viral life cycle depend on chaperone functions and the interaction of viral proteins with chaperones (Table 1). The critical roles of Cyps and HSP90 in HCV RNA replication among others, HSP70 in viral protein translation, HSC70 in virion assembly, and the ER chaperones GRP78 and GRP94 in viral protein stability and persistent infection are important examples. Better understanding of the role of chaperones in the viral life cycle will provide further insights into the mechanism of virus production and suppression of immune response. Recently, significant advancements have been achieved in HCV therapy, and IFN-free therapies utilizing combinations of direct-acting antivirals (DAAs) with or without ribavirin (RBV) are being used successfully to achieve SVR in the majority of cases. Besides very high costs associated with some therapies, other issues include variability in activity across different genotypes, such as genotype 3 that can result in failure to achieve SVR[324]. If RBV is required, significant side effects can occur such as hemolytic anemia[325]. Treatment with DAAs can also result in resistant virus as targeting viral proteins puts direct selective pressure for resistant mutants. Furthermore, a small percentage of patients are infected with intergenotypic recombinant strains of HCV which may not respond optimally to the current standard treatments[326,327]. Analysis of the role of chaperones in the viral life cycle may allow for development of novel strategies to target HCV infection. Targeting host factors may reduce selective pressure on the virus to generate resistant mutants. Furthermore, insights obtained by studying chaperones in HCV infection may allow for development of therapies for other viruses especially flaviviruses.
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Figure 1  A schematic of the hepatitis C virus life cycle. The six steps of the viral life cycle are indicated in colored boxes with numbers. (1) Binding and internalization. HSC70 is part of the viral particle and may play a role in viral entry. Also HCV internalization occurs at least in part through clathrin-mediated endocytosis which involves HSC70; (2) Cytoplasmic release and uncoating. The chaperone activity of E1 and E2 may be involved in membrane fusion that releases the core-encapsidated viral genome into the cytosol; (3) Protein translation and processing. HSP70, together with the DNAJA2 member of HSP40 co-chaperones, is the main chaperone involved in IRES-mediated translation of the viral genome, while HSP90 may play some role as well. Calnexin, calreticulin, and CypA are also involved; (4) Genome replication. HSP90, some members of HSP40 co-chaperones, TRiC/CCT, FKBP38, SigR1, and some Cyps are involved in viral genome replication. Core and NS3 may play some roles in genome replication as well; (5) Packaging and assembly. HSC70, PDI, and MTTP are the principal chaperones involved in infectious virion assembly, and Cyps also play important roles; and (6) Morphogenesis and secretion. MTTP which is involved in the VLDL pathway also plays important roles in viral particle maturation and secretion. Cyps are also involved. Cyp: Cyclophilin; ER: Endoplasmic reticulum; FKBP: FK506-binding protein; HCV: Hepatitis C virus; HSC70: Heat shock cognate protein 70; HSP: Heat shock protein; MTTP: Microsomal triglyceride transfer protein; NS: Non-structural; PDI: Protein disulfide isomerase; SigR1: Sigma non-opioid intracellular receptor 1; TRiC/CCT: TCP-1 ring complex/chaperonin-containing TCP-1; VLDL: Very low-density lipoprotein.
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Table 1  Chaperones and their roles in the hepatitis C virus viral life cycle


Chaperone


�
Subcellular localization


�
Function in HCV infection/stage of viral life cycle


�
�
HSP70 family


�
�
�
�
   GRP75 (HSPA9)


�
Mitochondrial


�
Varied expression/activity[66,72]


�
�
�
�
Interacts with NS5A[105]


�
�
   GRP78 (HSPA5)


�
ER


�
Regulation of viral protein homeostasis and maintaining a balance between viral and cellular translation to prevent viral protein overload (involves induction of ER stress and the UPR)[43,85-96]


�
�
�
�
Increased expression and activity[72,85,88,93,95]


�
�
�
�
Associated with the viral genome[70,76]


�
�
   HSC70 (HSPA8)


�
Cytosolic


�
Infectious virion assembly[18,74]


�
�
�
�
Potentially contributes to stability of virion structure and viral entry through clathrin-mediated endocytosis[35,74]


�
�
�
�
Associated with the viral genome[70,76]


�
�
�
�
Increased expression and activity[72,73]


�
�
�
�
Knockdown decreases lipid droplet size and virion assembly[18,74]


�
�
   HSP70 (HSPA1A)


�
Cytosolic


�
IRES-mediated translation of viral genome[17,63,64,68,69]


�
�
�
�
Increased expression[65-67]


�
�
�
�
Knockdown decreases IRES activity and virus production[61,63]


�
�
   HSP70B’ (HSPA6)


�
Cytosolic


�
Associated with 3’ NCR of HCV genome[70]


�
�
HSP40 family


�
�
�
�
   DNAJA1


�
Cytosolic


�
Co-immunoprecipitates with NS3-NS4A[105]


�
�
   DNAJA2


�
Cytosolic


�
IRES-mediated translation of viral genome[63]


�
�
   DNAJA3


�
Mitochondrial


�
Potentially HCV-induced mitochondrial dysfunction[61,127]


�
�
   DNAJB1


�
Cytosolic


�
Potentially regulates apoptosis[61,117]


�
�
�
�
Knockdown decreases virus production[61]


�
�
   DNAJB6


�
Cytosolic


�
Potentially viral RNA replication[105]


�
�
�
�
Interacts with NS5B[105]


�
�
�
�
Potentially overexpressed[108]


�
�
�
�
knockdown decreases viral RNA replication[105]


�
�
   DNAJB9


�
ER


�
Potentially regulates apoptosis[124]


�
�
�
�
Varied expression[108]


�
�
   DNAJC1


�
ER


�
Interacts with E1 and E2[107]


�
�
   DNAJC7


�
Cytosolic


�
Potentially regulates apoptosis[118]


�
�
�
�
Co-immunoprecipitates with NS3-NS4A[105]


�
�
   DNAJC8


�
Cytosolic


�
Upregulated[119]


�
�
   DNAJC10


�
ER


�
ER protein homeostasis likely benefiting virus production[126]


�
�
�
�
Proper folding of LDLR (viral entry)[126]


�
�
�
�
Likely overexpressed[125]


�
�
   DNAJC14


�
ER


�
Viral RNA replication[62,121,122]


�
�
HSP110 family


�
�
�
�
   HSP105 (HSPH1)


�
Cytosolic


�
Overexpressed[129]


�
�
   HSP70RY (HSPA4)


�
Cytosolic


�
Overexpressed[66,130]


�
�
�
�
Knockdown decreases viral RNA replication[130]


�
�
   Hip (HSPBP1)


�
Cytosolic


�
Knockdown decreases virus production[62,134]


�
�
HSP90 family


�
�
�
�
   GRP94 (HSP90B1)


�
ER


�
Regulation of viral protein homeostasis and maintaining a balance between viral and cellular translation to prevent viral protein overload (involves induction of ER stress and the UPR)[95,97,101]


�
�
�
�
Suppression of HCV-induced apoptosis[50]


�
�
�
�
Potentially HCV-induced liver fibrosis and autoimmune disease[155]


�
�
�
�
Overexpressed[95,101,130]


�
�
�
�
Knockdown decreases viral RNA replication[130]


�
�
   HSP90 (HSP90AA1/HSP90AB1)


�
Cytosolic


�
HCV RNA replication[138,139,148,149]


�
�
�
�
Maturation and stability of HCV proteins[140-143]


�
�
�
�
IRES-mediated translation of viral genome[144]


�
�
�
�
Circumventing IFN response in peripheral B cells[151]


�
�
�
�
Potentially regulates miRNA levels in conjunction with GW182[145]


�
�
�
�
Interacts with NS5A and NS5B[105,107,143]


�
�
�
�
Overexpressed[130,152]


�
�
�
�
Knockdown decreases RNA replication[138]


�
�
HSP60 family (chaperonins)


�
�
�
�
   HSP60 (HSPD1/HSPE1)


�
Mitochondrial


�
Regulates ROS production and apoptosis[159]


�
�
�
�
Interacts with core, NS3-NS4A, and viral genome[76,105,107,159]


�
�
�
�
Varied expression[66,130]


�
�
   TRiC/CCT (TCP1/CCT2-8)


�
Cytosolic


�
Viral RNA replication by assisting in RC assembly[73]


�
�
�
�
Increased activity[129,130]


�
�
�
�
Increased TCP1, CCT2, and CCT5 expression[130]


�
�
�
�
Decreased CCT4 expression[129]


�
�
�
�
CCT4 co-immunoprecipitates with NS3-NS4A[105]


�
�
�
�
Knockdown of CCT5 decreases viral RNA replication[73]


�
�
Small HSPs


�
�
�
�
   HSP22 (HSPB8)


�
Cytosolic


�
Potentially blocks apoptosis[166]


�
�
�
�
Overexpressed[119]


�
�
   HSP27 (HSPB1)


�
Cytosolic


�
Potentially decreases apoptosis[164]


�
�
�
�
Binds NS5A[164]


�
�
�
�
Overexpressed[66]


�
�
Other chaperones


�
�
�
�
   ApoJ (clusterin) (CLU)


�
Cytosolic


�
Binds to and stabilizes core and NS5A[190]


�
�
�
�
Overexpressed[190]


�
�
   BAG3 (BAG3)


�
Cytosolic


�
Co-chaperone of HSP90 family


�
�
�
�
Likely blocks ER-stress-induced apoptosis[104]


�
�
   Calnexin (CANX)


�
ER


�
E1/E2 folding and glycosylation[98,107,219,220,223-225]


�
�
�
�
HCV-induced ER stress and viral protein homeostasis[98]


�
�
�
�
Knockdown decreases virus production[62]


�
�
   Calreticulin (CALR)


�
ER


�
E1/E2 glycosylation[98,107]


�
�
�
�
HCV-induced ER stress and viral protein homeostasis[98,101]


�
�
�
�
Overexpressed[101,130,226]


�
�
�
�
Knockdown decreases virus production[62]


�
�
   Cyp40 (PPID)


�
Cytosolic


�
Lipid trafficking and virion secretion[303]


�
�
   CypA (PPIA)


�
Cytosolic


�
RC formation and viral RNA replication[263,270]


�
�
�
�
NS5A and NS5B activation[276,280]


�
�
�
�
Viral polyprotein cleavage[283,301]


�
�
�
�
Regulates IFN response[304]


�
�
�
�
Lipid trafficking and virion assembly and secretion[291,303]


�
�
   CypB (PPIB)


�
Cytosolic


�
RC formation and viral RNA replication[271,272]


�
�
�
�
NS5A and NS5B activation[271,272,274,276]


�
�
   CypD (PPIF)


�
Mitochondrial


�
Inhibits mitochondrial function leading to ROS production[308]


�
�
   EDEM1 (EDEM1)


�
ER


�
Downregulated[103,231]


�
�
�
�
Binds E1 and E2[230]


�
�
�
�
HCV-induced ER stress[230]


�
�
�
�
Targets misfolded glycoproteins to ERAD (viral protein homeostasis)[227,228]


�
�
   EDEM3 (EDEM3)


�
ER


�
Binds E1 and E2[230]


�
�
�
�
HCV-induced ER stress[230]


�
�
�
�
Targets misfolded glycoproteins to ERAD (viral protein homeostasis)[227,228]


�
�
   Erp72 (PDIA4)


�
Cytosolic


�
Increased activity[72]


�
�
   FKBP38 (FKBP8)


�
Cytosolic


�
Co-chaperone of HSP90 family[137]


�
�
�
�
HCV RNA replication[137]


�
�
�
�
Blocks apoptosis[177]


�
�
�
�
Potentially regulates Ca2+ homeostasis by interacting with S100 proteins[175]


�
�
�
�
Interacts with NS5A[105,169]


�
�
�
�
Knockdown decreases HCV RNA replication[137]


�
�
   FKBP54 (FKBP5)


�
Cytosolic


�
Interacts with NS5B[105]


�
�
   GRP58 (PDIA3)


�
Cytosolic


�
Overexpressed[125,130]


�
�
�
�
Knockdown decreases viral RNA replication[130]


�
�
   MTTP (MTTP)


�
Cytosolic


�
Part of the PDI/MTTP heterodimer involved in VLDL biogenesis[193]


�
�
�
�
Potentially causes HCV-induced liver steatosis[193,198]


�
�
�
�
Viral maturation and secretion[210,211]


�
�
�
�
Decreased expression and activity[193,198-200]


�
�
   p23 (PTGES3)


�
Cytosolic


�
Co-chaperone of HSP90 family[179]


�
�
�
�
Potentially regulates telomerase activity[180,181]


�
�
   PDI (P4HB)


�
ER


�
Folding and transfer of MTTP to ER as a PDI/MTTP heterodimer involved in VLDL biogenesis[193]


�
�
�
�
Increased activity[129]


�
�
   PDIR (PDIA5)


�
Cytosolic


�
Increased activity[72]


�
�
   Prefoldin 


�
Cytosolic


�
Co-chaperone of TRiC/CCT[182]


�
�
   (PFDN1-2/VBP1/PFDN4-6)


�
�
Binds F protein[183]


�
�
�
�
Regulates cytoskeleton likely to balance virus production in hepatocytes[183]


�
�
   Prohibitin (PHB/PHB2)


�
Mitochondrial


�
Inhibits mitochondrial respiratory function leading to ROS production[237-240]


�
�
�
�
Binds core[238]


�
�
�
�
Overexpressed[236,237]


�
�
   SigR1 (SIGMAR1)


�
Cytosolic


�
Viral RNA replication immediately after entry[44,234]


�
�
�
�
Interorganellar communication between ER and mitochondria[44]


�
�
HCV chaperones


�
�
�
�
   Core


�
�
Viral RNA stabilization, dimerization, and structural rearrangement[311-315]


�
�
�
�
Folding of E1[316]


�
�
   E1


�
�
Proper folding of E2[224,318-320]


�
�
   E2


�
�
Proper folding of E1[317]


�
�
   NS3


�
�
Interconversion of viral RNA species[322]


�
�
   NS4A


�
�
Directs NS3 to ER[323]


�
�
�
�
Increases NS3 stability[323]


�
�
Apo: Apolipoprotein; BAG: BCL2-associated athanogene; Cyp: Cyclophilin; EDEM: Endoplasmic reticulum degradation enhancer, mannosidase alpha-like; ER: Endoplasmic reticulum; ERAD: ER-associated degradation; FKBP: FK506-binding protein; GRP: Glucose-regulated protein; GW: Glycine-tryptophan; HCV: Hepatitis C virus; Hip: HSP70-interacting protein; HSC70: Heat shock cognate protein 70; HSP: Heat shock protein; IFNβ: Interferon beta; IRES: Internal ribosomal entry site; LDLR: Low-density lipoprotein receptor; MTTP: Microsomal triglyceride transfer protein; NCR: Non-coding region; NS: Non-structural; ROS: Reactive oxygen species; PDI: Protein disulfide isomerase; RC: Replication complex; SigR1: Sigma non-opioid intracellular receptor 1; TRiC/CCT: TCP-1 ring complex/chaperonin-containing TCP-1; UPR: Unfolded protein response; VLDL: Very low-density lipoprotein.
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