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Abstract
Hepatitis C virus (HCV) is a major cause of chronic liver diseases, including steatosis, cirrhosis and hepatocellular carcinoma, and its infection is also associated with insulin resistance and type 2 diabetes mellitus. HCV, belonging to the Flaviviridae family, is a small enveloped virus whose positive-stranded RNA genome encoding a polyprotein. The HCV core protein is cleaved first at residue 191 by the host signal peptidase and further cleaved by the host signal peptide peptidase at about residue 177 to generate the mature core protein (a.a. 1-177) and the cleaved peptide (a.a. 178-191). Core protein could induce insulin resistance, steatosis and even hepatocellular carcinoma through various mechanisms. The peptide (a.a. 178-191) may play a role in the immune response. The polymorphism of this peptide is associated with the cellular lipid drop accumulation, contributing to steatosis development. In addition to the conventional open reading frame (ORF), in the +1 frame, an ORF overlaps with the core protein-coding sequence and encodes the alternative reading frame proteins (ARFP or core+1). ARFP/core+1/F protein could enhance hepatocyte growth and may regulate iron metabolism. In this review, we briefly summarized the current knowledge regarding the production of different core gene products and their roles in viral pathogenesis.
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INTRODUCTION
Hepatitis C virus (HCV) accounts for approximately 15%–20% cases of acute hepatitis. After acute infection, around 50% to 80% of HCV patients will develop chronic infection. HCV persistently infected individuals are at risk to develop liver inflammation, steatosis, fibrosis, cirrhosis and hepatocellular carcinoma (HCC)[1-4]. Epidemiological studies also indicate that HCV is associated with insulin resistance and type 2 diabetes mellitus [5,6].
HCV is a small enveloped RNA virus belonging to the family Flaviviridae and genus hepacivirus. The HCV genome is a single, positive-stranded RNA with a nucleotide length of about 9.6 kb. This genome encodes a polyprotein precursor of approximately 3000 amino acids, which is processed by host and viral proteases into at least 10 different proteins, which are arranged in the order of NH2-C-E1-E2-p7-NS2-NS3-NS4A-4B-NS5A-NS5B-COOH. C, E1, and E2 are structural proteins while NS2-NS5B and perhaps also p7 are non-structural proteins. The release of C, E1, E2 and, p7 from the polyprotein is mediated by the cellular signal peptidase located in the endoplasmic reticulum, whereas the cleavages between NS2-NS5B are mediated by viral NS2/3 and NS3/4A proteases (for a review[7,8]).
	Following the discovery of HCV, the presence of great nucleotide diversity among isolates was reported[1,9]. Due to the lack of proof-reading mechanism in the NS5B polymerase, a closely related but diverse population of viral variants known as quasispecies is produced at a rate of approximately one mutation per replication cycle within infected individuals[10]. Accumulation of nucleotide substitutions in the virus has resulted in diversification into subtypes and distinct genotypes. Therefore, the HCV RNA genome sequences are highly heterogeneous. At present, HCV is classified into seven major genotypes and numerous subtypes[11]. There is 30%–50% variation among viral genotypes and 15%–30% variation among different subtypes, while there is 1%–5% variation in HCV nucleotide sequence from a single infected patient[12,13]. Viral pathogenesis and response to anti-viral treatment are different among different HCV genotypes, e.g., genotype 3 infection is associated with a high level of liver steatosis while genotypes 1 and 4 are more resistant to interferon (IFN) based therapies than genotypes 2 and 3[11].
The pathobiological changes caused by HCV infection have been attributed to both the host immune responses and the direct viral cytopathic effects[8]. Viral pathogenesis caused by direct viral cytopathic effects is the outcome of the interactions between the host cell and different HCV proteins. In this review, we will only focus on the pathogenicity of HCV core gene products.

PRODUCTION OF HCV CORE GENE PRODUCTS
HCV core protein and the cleaved peptide from the conventional open reading frame 
	The HCV core protein is cleaved at residue 191 by the host signal peptidase (SP) to release it from the precursor polyprotein. This immature core protein is further cleaved by the host signal peptide peptidase (SPP) within the C-terminal transmembrane region to generate the mature core protein and the cleaved peptide. The cleavage of HCV core protein by SPP is essential for HCV assembly[14,15]. The cleavage between core and E1 proteins by SP facilitates further cleavage of core protein by SPP[16]. The exact C terminal amino acid residue of the mature, virion-associated core protein is not known. The studies of core protein expressed in insect cells have indicated that SPP cleaves after residue 177[17], 179 or 182[18], and the studies in human cells have supported that the mature protein terminates at residue 177[15]. Moreover, a recent report demonstrated that a core protein with amino acids 1 to 177 efficiently trans-complemented the viral assembly[19]. Therefore, although the exact C terminus of the core protein awaits further investigation, it is likely that the mature core protein contains 177 amino acid residues. And, the cleaved peptide generated by the sequential cleavages of SP and SPP is composed of amino acid 178 to 191 (Figure 1A).
Comparing with other HCV proteins, core protein is thought to be the most conserved one: results of nucleotide and deduced amino acid sequence analysis across diverse HCV strains reveal 81%–88% nucleotide and 96% amino acid sequence homology[20,21]. Assembly of the virion is initiated by the oligomerization of core protein. Small molecules directly binding to core protein could potentially be potent antiviral agents[22].
	The mature core protein having 177 amino acids consists of two domains: positively charged domain 1 (a.a. 1-117) and hydrophobic domain 2 (a.a. 118-177) (Figure 1A). The domain 1 is rich in basic residues, and is implicated in RNA-binding and homo-oligomerization. The domain 2 is important for the membrane association activity of the core protein as well as for its folding and stability (for a review[23,24]). The amphipathic helices I and II in domain 2 spanning from residue 119 to 136 and residue 148 to 164, respectively, are involved in the association of HCV core protein with lipid droplets[25]. In addition, the region spanning from residue 112 to 152 is associated with membranes of the endoplasmic reticulum and mitochondria[26,27].
	The core protein may also localize with nucleus[26,28] and bind to the nuclear proteasome activator PA28-/REG, resulting in PA28--dependent degradation of the core protein[28].
	The cleaved peptide (a.a. 178-191) is highly conserved with close to 100% identity among different HCV genotypes [19,29].

ARF/CORE+1 PROTEINS FROM THE +1 READING FRAME
In addition to the proteins translated from the conventional open reading frame (ORF), existence of a new antigen encoded in the -2/+1 alternative reading frame (named ARF) was first demonstrated through bioinformatics and patient-based research in 2001[30].
Besides the core protein, a smaller protein was first detected in 1994 when the HCV-1 isolate was in vitro translated[31]. In 2001, this smaller protein (named F) was found to be synthesized by the ribosomal frameshift into the -2/+1 reading frame, not from the conventional viral open reading frame. Results from sequence analysis of different HCV genotypes and from the reactivity of patients’ sera also indicated the existence of a protein product encoded from this -2/+1 reading frame[32].
	In 2002, translation of this -2/+1 reading frame (named core+1) was also verified by the fusion protein reporter assay and antibody response[33]. Therefore, proteins from this alternative reading frame was named ARFP/F/core+1 at first (for a review[34]).
	In addition to F protein, proteins with different lengths were synthesized from this alternative reading frame through various translational mechanisms used in different HCV genotypes and/or strains. The ARFP/double-frameshift (DF) protein from genotype 1b is a chimeria: N-terminal with 42 amino acids of the core protein, followed by 101 amino acids of ARFP in the middle, and end with the C-terminal 30 amino acids of the core protein[35]. Translation from the ARF could be started from non-AUG codon 26 (core+1), GUG or GCG, of genotype 1a or 1b, or initiated from codon 58 (GUG) of genotype 1b[36,37]. Actually, translation initiation from this ARF was detected most efficient at the internal AUG codon at position 85/87 of genotype 1b or 86/88 of H77 strain[37-39], named core+1/S (short form). Therefore, proteins translated from the +1 reading frame are composed of proteins with different lengths[34,40] (Figure 1B). All proteins containing amino acids from this ARF are called ARFP, core+1 proteins or ARF/core+1 proteins. Specific proteins from this ARF are designated after ARFPs or core+1, e.g., F protein was called ARFP/F, core+1/F or ARFP/core+1/F[34,41].
	Different ARF/core+1 proteins could have similar subcellular localization, e.g., both F and core+1/S are cytoplasmic proteins, primarily associated with the endoplasmic reticulum[37,42]. Further immunoflurescence and subcellular fractionation analyses indicated that core+1/S and core+1/F are cytoplasmic proteins with partial endoplasmic reticulum distribution at interphase, whereas in dividing cells they also localize to the microtubules of the mitotic spindle[41]. ARF/core+1 proteins seem to be labile in the cells. F protein was labile in the cells and its degradation is ubiquitin-independent [42,43]. Moreover, core+1/S is also very unstable[41]. In the cells, the half-lives of several ARF/core+1 proteins were around 30 to 120 min (Figure 2A-C). Biochemical properties of different ARF/core+1 proteins are largely unknown. Core+1/S, a highly basic polypeptide, was found to be highly disordered under native conditions, with a tendency for self-association[44].

PATHOGENICITY OF HCV CORE GENE PRODUCTS
Pathogenicity of HCV core protein
At present, the transgenic mouse model was used mostly to study the pathogenic roles of core protein in animals[45]. Core protein was shown to induce the ROS overproduction in the liver of transgenic mice[46]. In one study, core protein could induce steatosis only in the transgenic mice[47]. In another study, the transgenic mice expressing core protein developed steatosis and HCC in the absence of inflammation[48]. On the other hand, the transgenic mice with constitutive core protein expression developed insulin resistance at 1 to 2 mo-old, then leading to type 2 diabetes on a high-fat diet. Most of these mice would develop hepatic steatosis at 6-mo-old and some of them would develop HCC at 16 to 23 mo-old[24,49-51] (Figure 3). 
Transgenic mice with constitutive expression of core protein are usually lack of immune response to this protein. Therefore, transgenic mouse models suitable to study fibrosis and cirrhosis caused by core protein are not available yet. A Cre/loxP recombination system has been developed in transgenic mice to study the inflammation caused by the core protein [52]. This inducible system in transgenic mice may be suitable to study fibrosis and cirrhosis caused by core protein in the near future.
	Molecular mechanisms regarding the pathogenic roles of core protein were studied extensively in the cell culture and transgenic mouse models.

Interaction of HCV core with cellular proteins
HCV proteins orchestrate a complex and dynamic interaction network with cellular proteins contributing to viral persistence and pathogenecity. Through high-throughput yeast two-hybrid screening assay and computation-based analysis, a virus-human protein interactome network has been constructed[53]. Cellular proteins related to four pathways are major targets by HCV proteins: insulin, Jak/STAT, TGF-and focal adhesion pathways. Core protein appeared as a major perturbator of IJT network (insulin, Jak/STAT and TGF- pathways) in this study. Seventy-six cellular proteins were found to interact with core protein in this yeast two-hybrid screening assay. By interacting with PLSCR1, connecting insulin and JAK/STAT, core protein could therefore interfere with both insulin and JAK/STAT pathways. Through interacting with Yin Yang 1, connecting IJT network, core protein could perturb these three pathways[53]. To explore the protein-protein interactions further, the yeast two-hybrid membrane protein system was performed. Eleven human proteins interacting with core protein were identified in this assay. A virus-human protein interactome network has also been constructed[54]. This network suggests that core protein may (1) interfere the host innate immune response through interacting with SLC25A5; (2) induce oxidative stress through interacting with NDUFS2 and ETFB; (3) affect focal adhesion pathway through SLC25A5 and ENO1; and (4) elevate hepatic iron level through its cellular partner FTL[54]. Therefore, core protein could potentially target insulin, Jak/STAT, TGF- and focal adhesion pathways. 
Through extensive literature review, more than 100 cellular proteins (including the proteins mentioned above) were found to interact with core protein and the interaction network of core protein was constructed. These cellular proteins are involved in the processes of signal transduction, transcription, nucleic acid binding, apoptosis, cell cycle, cytoskeleton and kinase activity[55]. Pathogenicity of core protein may be resulted from its interaction with these cellular proteins.

Modulation of cellular gene expression by core protein
HCV core protein could modulate cellular gene expression by directly interacting with transcription factors or indirectly through affecting the signal transduction pathways. Expression of numerous cellular genes is regulated by HCV core protein (for a review[56]). This review focuses only on the cellular genes modulated by core protein identified through global analysis, i.e., microarray. Core protein could stimulate hepatocyte growth, which is at least partly mediated through up-regulation of Wnt-1 expression, both in Huh-7 cells and transgenic mice[57,58]. Stat3 signaling pathway was induced when primary human hepatocytes was immortalized by core protein[59]. Genes involved in lipid metabolism (e.g., SREBP pathway) were affected by core protein in either cultured cells or transgenic mice[60,61]. Core protein could also induce interferon-inducible gene 27 in primary human hepatocytes[62]. Moreover, transgenic mice that conditionally express intermediate HCV core protein develop inflammation possibly through activation of complement 3[52]. On the other hand, core protein may mute the cellular inflammatory response via inhibition of cyclooxygenase 2 expression during HCV infection[63]. In B cells, core protein may impair antigen presentation by downregulation of MHC class II molecules[64]. Therefore, gene expression profiles regulated by core protein are mainly involved in lipid metabolism, signal transduction, protease activity and immune responses[59,60,65-67]. It is important to notice that cellular gene expression profiles modulated by core proteins from different genotypes are not the same[60,67]. 
	MicroRNAs (miRNAs) affect gene silencing via translational inhibition and/or mRNA degradation[68]. The miRNA dysfunction is believed to play important roles in human diseases, including viral infectious diseases, e.g. HCV infection (for a review[56]). HCV core protein could down-regulate the expression of miRNA-122 and miRNA-124 in the cells[69,70]. On the other hand, core protein could down-regulate p21(Waf1/Cip1) expression by enhancing miRNA-345 expression in human hepatoma cells[71]. In monocytes, core protein could also increase the miRNA-155 expression, which in turn up-regulate the TNF- production[72]. Recently, core protein was reported to induce steatosis through up-regulation of the miRNA-27 expression[73]. It is not surprising to know that differentially expressed microRNAs were detected in HuH-7 cells expressing core proteins from different genotypes[74].
Pathogenicity of core protein should be at least partially through modulating cellular gene expression (mRNA and/or miRNA production).

Effect of core protein on apoptosis
Apoptosis is important for a host to defend viral infections, to inhibit viral spread and persistence. Induction of apoptotic pathways in HCV-infected patients, primarily as a result of host immune responses, could lead to viral suppression and virus-mediated liver damage. In HCV-infected liver, however, despite enhanced hepatocyte apoptosis, viral persistence is observed. To date, it is not known whether the infectious virions act as pro- or anti-apoptotic agent in vivo. For virtually all HCV proteins, pro- and anti-apoptotic effects have been described. However, which HCV protein affecting apoptosis in vivo is still unknown (for a review[56,75,76]).
The data regarding the effect of HCV core protein on apoptosis is controversial. Core protein was reported to enhance Fas-mediated apoptosis[77]. However, Fas-mediated apoptosis was inhibited in the transgenic mice expressing core, E1, E2 and NS2 proteins[78]. Core protein could either enhance or inhibit TNF-mediated apoptosis[79-81]. The discrepancy of these results is possibly due to that different virus strains and/or different experimental systems were used. Recently, core protein from genotype 3a was demonstrated to have a stronger effect on anti-apoptosis than the one from genotype 1a[82]. Moreover, it has been mentioned that other factors, possibly cell-type specific, might be involved in different pro- and anti-apoptotic effects of core protein in the cells[83]. Therefore, it is unclear whether core protein inhibits or induces apoptosis in hepatocytes. However, it is still believed that inhibition of apoptosis and enhanced cell proliferation are important in progression of HCC[76]. Recently, core protein was reported to have anti-apoptotic effect in B cells that were isolated from two individual donors[64]. 

Immunomodulatory role of core protein
Through escaping immune detection and/or suppressing the host immune responses, HCV is efficient to establish persistent infection[83]. HCV core protein could modulate immune response in many ways. It is well known that core protein would suppress interferon signaling (for a review[84]). Core protein is reported to block interferon signaling by interacting with the STAT1 protein[85,86]. Through inhibition of interferon regulatory factor-3 (IRF-3) dimerization, core protein suppressed interferonexpression[87]. By reducing the interaction with DEAD-box RNA helicase (DDX3), core protein with specific mutations also attenuated type I interferon response[88]. Core protein is also reported to abrogate DDX3 and interfere with DDX3-enhanced interferon signaling in two different cells[89]. In addition, core protein may alter NK cell function by inducing apoptosis in these cells[90]. Core protein was also reported to stimulate TLR2 pathway assisting the virus to evade from the innate immune system[91]. Therefore, core protein impairs the innate immunity through these activities.
In hepatocytes, HCV infection or core protein expression could up-regulate the CD55 expression, limiting excessive complement activation[92]. Moreover, hepatocytes infected with HCV or expressing core protein displayed significant repression of complement 9 expression[93]. On the contrary, in the transgenic mice with core protein, complement 3 was up-regulated in inflamed liver. Moreover, administration of CD55 reduced hepatic inflammation[52]. It is not known which factor(s) caused the discrepancy. However, it is possible that core protein may modulate the complement activity in different situations.
	In the transgenic mice, core protein could suppress T cell response via enhancing Fas-mediated apoptosis in these cells[94]. In addition, through interaction with gClqR, core protein could up-regulate the expression of PD-1 and SOCS-1 in T cells and monocytes/macrophages[95,96], of Tim-3 in monocytes[97], and of STAT3 on human monocytes, macrophages, and dendritic cells[98], and in turn, suppress the functions of these cells. Core protein could also inhibit cathepsin S-mediated MHC class II maturation, contributing to weak immunogenicity of viral antigens in chronically infected humans[99]. Therefore, core protein affected the innate and adaptive immunities.
Jurkat cells expressing core proteins suppressed CD4+ and CD8+ T-cell responses to anti-CD3 plus anti-CD28 stimulation by up-regulation of both FOXP3  and CTLA-4 expression[100]. Therefore, core protein also inhibited the functions of regulatory T cells.
In summary, HCV core protein could modulate immune responses through different mechanisms.

Role of core protein in interferon treatment
As mentioned earlier, core protein is known to inhibit interferon signaling[84-89]. Therefore, core protein sequence variation may be associated with interferon (IFN) therapy resistance. Indeed, substitutions of amino acid 70 and amino acid 91 in the core protein of genotype 1b were reported as independent factors associated with a non-virological response toward interferon treatment. Especially, substitutions of arginine by glutamine at amino acid 70, and/or leucine by methionine at amino acid 91 were significantly more common in non-virological responses toward interferon treatment[101]. After this finding, numerous reports confirmed this association (for a review[11,84]). Consistent with these clinical findings, an in vitro study has also demonstrated that cells with core mutants (R70Q, R70H, and L90M) were significantly more resistant to the interferon treatment than the cells with the wild-type core protein. Moreover, the interferon-resistance of the cells with these core mutants may be through IL-6-induced, SOCS3-mediated suppression of interferon signaling[102].

Role of core protein in oxidative stress
HCV infection is characterized by a systemic oxidative stress. The possible mechanisms of HCV-induced oxidative stress include (1) activation of NAD(P)H oxidase of Kupffer cells and PMN cells during inflammation; (2) iron overload and lipid peroxidation; (3) activation of NAD(P)H oxidase by NS3 protein; (4) increased production of mitochondrial ROS/RNS by the electron transport chain due to core and NS5A proteins; (5) decreased GSH output due to liver damage; (6) decreased antioxidants and antioxidant gene expression; (7) alcohol, drugs, and other chemicals; (8) increased cytokines that increase ROS; (9) increased expression/activity of COX-2; and (10) increased expression of CYP2E1 ( for a review[103]). HCV core protein is reported to be associated with endoplasmic reticulum (ER) and interacted directly with mitochondria. Then, core protein would cause ER stress, inhibit mitochondrial electron transport and increase ROS production[104,105]. 
In the transgenic mice, core protein could induce overproduction of ROS in liver. At the same time, some genes of the antioxidant systems, including heme oxygenase-1 and NADH dehydrogenase quinone 1, were down-regulated in the liver with HCV infection[46]. Similarly, in cooperation with NS3 protein, core protein would impair the induction of cytoprotective Nrf2 target genes in the cells[106]. The expression of a variety of cytoprotective genes is regulated by short cis-acting elements in their promoters, called antioxidant response elements (AREs). A central regulator of ARE-mediated gene expression is Nrf2. Therefore, core protein could induce ROS production and impair cytoprotective response.
On the other hand, it was reported that core protein expression leads to intracellular oxidative stress, and that vital cellular functions are, in turn, protected by the up-regulation of cellular antioxidant defense mechanisms in cultured hepatoma cells[107]. Furthermore, core protein could activate the antioxidant defense Nrf2/ARE pathway in a ROS-independent manner[108]. Therefore, core protein could induce ROS production and, at the same time, activate the cytoprotective response. 
In summary, core protein could induce ROS production. Meanwhile, core protein might up- or down-regulate Nrf2 target genes in different conditions.

Role of core protein in insulin resistance and diabetes
HCV infection is known to be associated with insulin resistance (IR)[109], leading to the development of type 2 diabetes[6,110]. IR in chronic hepatitis C is reported to associate with genotypes 1 and 4, the serum HCV RNA level, and liver fibrosis[111]. Therefore, IR could be promoted by HCV via a genotype-specific mechanism. HCV core protein is a pathogenic factor for the development of IR[84,112,113]. 
Core protein could cause ER stress, increase oxidative stresses[104,105], which can further exacerbate IR[114]. IR caused by core protein (genotype 1b) in transgenic mice was at least partially mediated by induction of TNF- over-production, responsible for phosphorylation of serine residues of insulin receptor substrates (IRS-1 and IRS-2) and down-regulation of glucose transporter gene expression. Indeed, administration of antibodies against TNF- to these mice could restore insulin levels to normal and return insulin sensitivity to normal[51]. Further analysis of this mouse model indicated that a PA28--dependent pathway was required for core protein-mediated IR[49]. To impair the insulin signaling, core protein (genotype 1a) increases IRS-1 phosphorylation at Ser(312) by activating JNK in hepatocytes[115] (Figure 4).
Core proteins from different genotypes down-regulate IRS-1 through genotype-specific mechanisms: the core protein of genotype 3a promoted IRS-1 degradation through the down-regulation of PPAR- and by upregulating SOCS-7 while the core protein of genotype 1b activated mTOR[116]. Further study indicated that core protein of genotype 3a increases SOCS-7 expression through PPAR- in Huh-7 cells[117]. Indeed, deletion of SOCS-7 in the transgenic mice leads to enhanced insulin action[118]. In addition to SOCS-7, over-expression of SOCS-3 has also been linked to insulin resistance[119]. Indeed, core protein (genotype 1b) up-regulated SOCS-3 and caused ubiquitination of IRS1 and IRS2 in the transgenic mice. Furthermore, core protein-induced down-regulation of IRS1 and IRS2 was not seen in the SOCS3(-/-) mouse embryonic fibroblast cells[120]. Actually, activation of SOCS family members is a general mechanism associated with the core proteins from genotypes 1-4 except a rare genotype 1b variant failed to activate any of the SOCS tested. This leads to identifying the role of the amino acids 49 and 131 of core protein in mediating SOCS transactivation[121]. 
Sequence variations in core protein may affect IR development. Indeed, in Japanese patients without cirrhosis and diabetes mellitus, a.a. substitutions of the genotype 1b core protein (Glu70 (His70) and/or Met91) are the significant determinants of severe IR[122].

Role of core protein in steatosis
Steatosis or ‘‘fatty liver’’ is common in patients infected with HCV. Steatosis caused by HCV infection should be classified into two types: metabolic steatosis in patients infected with non-genotype 3, and viral steatosis in patients infected with genotype 3. Metabolic steatosis occurs in the setting of obesity, hyperlipidemia, and IR, whereas viral steatosis is caused by HCV as a direct cytopathic effect[112,123-126]. Transgenic mice with core protein developed hepatic steatosis[47,127]. Therefore, core protein plays an important role in the development of steatosis[128]. Three mechanisms have been proposed regarding the induction of triglyceride accumulation in the liver cells by core protein: firstly by impaired lipoprotein secretion, secondly by increased lipogenesis, and thirdly by impaired fatty acid degradation[124-126,128] (Figure 5). 
	To impair lipoprotein secretion, core protein inhibits the activity of microsomal triglyceride transfer protein (MTTP), which plays a key, rate-limiting role in VLDL assembly/secretion. Thus, its inhibition results in the accumulation of triglycerides in the cells, which causes steatosis[129]. Furthermore, through interaction with mitochondria, core protein induces ROS production. The production of ROS results in peroxidation of membrane lipids and structural proteins, that are involved in the trafficking and secretion apparatus, blocking VLDL secretion. 
To increase lipogenesis, core protein activates transcription factor SREBP-1c through up-regulation of liver X receptor alpha (LXR) and retinoid X receptor alpha (RXR), leading to enhanced activity of various enzymes involved in cellular lipid biosynthesis[61,130-133]. Interestingly, the genes related to fatty acid biosynthesis and srebp-1c promoter activity were up-regulated by core protein in cell line and mouse liver in a PA28-dependent manner[50]. Recently, a study reported that accumulation of triglycerides in HepG2 cells with core proteins was due to delta-9 desaturase, an enzyme involved in fatty acid biosynthesis ( primarily the synthesis of oleic acid), activated by core protein . Moreover, polyunsaturated fatty acids could counteract the impact of core protein on lipid metabolism[134].
	To impair fatty acid degradation, core protein is believed to down-regulate PPAR and MCPT-1, resulting in the reduction of fatty acid oxidation activity[135-138], though some contradictory results were also reported[139,140]. Recently, core protein is reported to induce the expression of miRNA 27 to repress PPAR expression [73]. Down-regulation of PPAR and MCPT-1 by core protein may be mediated by repressing the SIRT1-AMPK signaling pathway[141].
	Recently, a bipartite model has been proposed as a novel mechanism for core protein -induced steatosis: core protein first requires DGAT1 to gain access to lipid droplets[142], and then lipid droplets-localized core protein interferes with triglyceride turnover, thus stabilizing lipid droplets and leading to steatosis[143]. 
In the transgenic mice, HCV core-induced nonobese hepatic steatosis is associated with down-regulation of the leptin gene in visceral fat and concurrent hypoadiponectinemia. Moreover, steatosis is ameliorated by adiponectin administration[144].
	Collectively, the multiple activities of core protein may participate in the triglyceride accumulation in chronic HCV infection. 
	The higher prevalence and much more severity of liver steatosis are observed in patients infected with HCV genotype 3 than in patients infected with other genotypes. Indeed, core protein from genotype 3a but not from genotype 1b could down-regulate PTEN in hepatocytes and trigger the formation of large lipid droplets[145]. Recent studies examining a possible mechanism of steatosis formation in genotype 3a isolates have focused on the a.a. 164 of core protein[146]. Core protein has Phe at 164 position up-regulated fatty acid synthetase promoter stronger[147].
	Sequence variations in core protein may affect steatosis development. Indeed, substitutions at a.a. position 70 and/or 91 of the genotype 1b core gene are associated with the lipid accumulation that causes steatosis [148,149]. Moreover, polymorphisms at the a.a. position 182 and 186 of the genotype 3 core gene are correlated with the intrahepatic steatosis [150].

Role of core protein in fibrosis and cirrhosis
The molecular mechanism(s) of HCV-related fibrosis is unclear. Hepatic stellate cells (HSCs), one of the sinusoid constituent cells, play a critical role in liver fibrosis[151]. Oxidative stress and various cytokines are well known profibrogenic mediators[152]. HCV may induce fibrosis by the following mechanisms: (1) stimulating secretion of profibrogenic cytokines in hepatocytes; (2) interacting with sinusoidal endothelium; and (3) provoking fibrogenesis via HSCs. Transgenic mice with conditional core protein expression developed inflammation and fibrosis[52]. Therefore, core protein plays an important role in liver fibrosis. 
Core protein could stimulate secretion of profibrogenic cytokines in hepatocytes. Indeed, core protein is known to up-regulate TGF1 expression in hepatoma cells[153]. Moreover, core protein in hepatoma cells promotes liver fibrogenesis via up-regulation of CTGF with TGF1 when co-cultured with HSCs[154]. Recently, TGF- was also reported to be up-regulated in transgenic mice with core protein. Moreover, hepatoma cells expressing core protein could activate stellate cells in the co-culture system and this activation was TGF- dependent[155]. In addition, core protein could increase the TNF- production in monocytes[72]. 
Core protein could also provoke fibrogenesis via HSCs directly. Non-enveloped core protein could be secreted by infected cells[156,157]. These secreted core proteins could stimulate fibrosis in HSCs via either obese receptor[158] or toll-like receptor 2[159].
Little is known regarding the molecular mechanism(s) of HCV-related cirrhosis. Core protein could up-regulate and sustain HIF-1 expression under hypoxia, thereby contributing to increased VEGF expression, a key regulator in the hypoxic milieu of liver cirrhosis[160]. Therefore, core protein may play a role in liver cirrhosis through the up-regulation of VEGF expression.

Role of core protein in hepatocellular carcinoma
The major risk factor for the development of HCC in HCV-infected patients is pre-existing cirrhosis. Therefore, the main hypothesis for HCV carcinogenesis is that it occurs through the effects of chronic inflammation and hepatocellular injury. However, HCC can still develop in a small proportion of non-cirrhotic patients with chronic hepatitis C, suggesting that HCV may be directly involved in hepatocarcinogenesis. This was supported by the report that transgenic mice with constitutive expression of HCV structural and nonstructural proteins would develop HCC[161]. HCV core protein plays a very important role in the development of HCC. This was supported by the report that transgenic mice with constitutive HCV core protein expression would develop HCC[162]. 
Core protein may induce HCC development through its contribution to the onset of oxidative stress, steatosis and anti-apoptosis[48,50,76]. In addition to overcoming apoptosis, disruption of hepatocyte growth control is another key molecular event leading to the development of HCC. Actually, core protein could increase cell proliferation through the interaction with cellular proteins (e.g., p53, p73 and pRb), or through the modulation of cellular gene expressions (e.g., p21) and intracellular signal transductions, such as MAPK and Wnt/β-catenin pathways[56-58,163,164]. Moreover, core protein could stimulate primary human hepatocytes to escape from senescence and promote an immortalized phenotype[165,166] (Figure 6).
Furthermore, core protein is reported to trigger hepatic angiogenesis by induction of TGF- 2 and VEGF[167].
Core proteins derived from HCC were demonstrated to shift the TGF- responses from tumor suppression to epithelial-mesenchymal transition (EMT)[168]. Recently, core protein is reported to epigenetically silence SFRP1 and enhance HCC aggressiveness by inducing EMT[169]. Another report also showed that core protein could promote the migration and invasion of hepatocyte via activating transcription of extracellular matrix metalloproteinase inducer[170].
Collectively, the multiple regulatory activities of core protein may result in the development of HCC.
HCV core protein-induced pathogenesis may be genotype-specific. Indeed, over expression of core gene from genotype 3a showed stronger effect in regulating expression of Cox-2 as compared to that from genotype 1a in Huh-7 cells[171]. Sequence variations within HCV core gene are reported in tumors and adjacent non-tumor tissues from the same patients[172-174]. Therefore, sequence variations of core protein within the same genotype may have different pathogenic effect. Indeed, amino acid substitutions in the core protein of genotype 1b are associated with HCC development[175-178], especially at amino acids 70 and 91[84].

Role of core protein in other cancers
In addition to HCC, HCV core protein may be also associated with the development of intrahepatic cholangiocarcinoma (ICC) and hilar cholangiocarcinoma[70,179]. However, more studies are needed to reveal the molecular mechanisms.


Role of HCV core protein in co-infection with HIV or HBV
When co-infection with HIV/HCV occurs, HCC is more likely to occur at a younger age and with a shorter duration of HCV infection compared to those with HCV mono-infection[180]. This indicates HIV could worsen the pathogenic effects caused by HCV. On the other hand, HCV core protein could interact with HIV-1 Nef protein to stimulate HIV-1 replication in macrophages[181]. Moreover, HCV core protein could induce neuroimmune activation and potentiate HIV-1 neurotoxicity[182].
Dual infection with HCV and HBV in cirrhotic patients has been linked to an increased risk of HCC[183], indicated the interactions between these two viruses. A zebrafish model of ICC was established recently by dual expression of hepatitis B virus X protein (HBx) and HCV core protein in liver. Further studies in this model revealed that TGF-beta1 plays an important role in HBx- and HCV core protein-induced ICC development[184]. 

Pathogenicity of the HCV core cleaved peptide 
Though the exact C terminus of core protein has not been determined yet, it is likely that the mature core protein contains 177 amino acid residues[15,19]. Therefore, the cleaved peptide generated by the cleavages of both SP and SPP is from amino acid 178 to 191 (Figure 1A). This peptide is the E1 signal peptide region that facilitates the proper cleavage at core-E1 junction. All signal peptide sequences contain a hydrophobic core region, but, despite of this, they show great variation in both overall length and amino acid sequence[185]. However, the cleaved peptide (a.a. 178-191) is highly conserved with close to 100% identity among different HCV genotypes[19,29]. Sequence conservation in this cleaved peptide suggests that it should play important roles during virus infection. However, no individual residue among these 14 amino acids of the cleaved peptide is absolutely required for infectious virus production, as individual substitutions resulted in wild-type titers and a core protein fragment comprising residues 1 to 177 efficiently complemented assembly in trans[19]. Signal peptides have been suggested to have additional functions[186]. For example, the signal peptide of the lymphocytic choriomeningitis virus glycoprotein is presented by major histocompatibility complex class I as an immunodominant epitope[187], and the liberated HIV-1 gp160 leader sequence is associated with calmodulin[185,186]. A previous report argued for an additional function for this cleaved peptide. The synthetic peptide containing HCV core protein a.a. 178-187, which shows sequence homology with CYP2A6 and CYP2A7, could induce primary CTL responses in peripheral blood mononuclear cells in an HLA-A*0201-restricted manner[188]. If the cleaved peptide (a.a. 178-191) was further processed into (a.a. 178-187), it will be interesting to know how this process occurs in the cells. 
Amino acid substitutions at positions 182 and 186 of the HCV genotype 3a core protein have been identified to cause increased intracellular lipid accumulation in hepatic cells[150]. These amino acid substitutions did not affect the production of mature core protein[150], in agreement with the results of a previous report[19]. Therefore, polymorphisms in the cleaved peptide (a.a. 178-191) may contribute to steatosis development. Jhaveri et al. speculated (1) that the cleaved peptide interacts with host proteins within the ER membrane that mediate lipid metabolism and trafficking and (2) that this interaction may differ between genotypes[150]. It will be interesting to find out which cellular proteins could interact with this cleaved peptide.

Pathogenicity of HCV ARF/core+1 proteins
Detection of the specific antibodies against ARF/core+1 proteins and the T-cell responses in HCV-infected patients provided strong evidence that ARF/core+1 protein is expressed in vivo[30,32,33,189]. However, abolishing the production of ARF/core+1 proteins had no effect on HCV replication in cultured cells or uPA-SCID mice, suggesting that ARF/ core+1 proteins is probably not important for the HCV reproductive cycle[190]. On the other hand, the gene sequence conservation of this open reading frame argues that ARF/core+1 proteins should serve an important function[34].
The role of ARF/core+1 proteins in viral pathogenesis is largely unknown. It was shown that the F protein, unlike core protein, is not involved in NF-kappaB regulation[191]. Moreover, F protein, unlike core protein, could not up-regulate the expression of the fibrosis marker -smooth muscle actin[58].  Actually, F protein does not share the major properties identified previously for the core protein, other than repressing p21 expression[192]. Down-regulation of p21 expression by F protein suggests that F protein may regulate cellular proliferation. Cellular MM-1 protein was found to interact with F protein. Further analysis indicated that F protein can enhance the gene trans-activation activity of c-Myc, apparently by antagonizing the inhibitory effect of MM-1[193]. The ability of F protein to enhance the activity of c-Myc also raises the possibility that F protein may enhance cellular proliferation. Indeed, F protein could induce hepatocyte proliferation in the transgenic mice possibly through -catenin signaling pathway[58]. These results suggest that F protein may play a role in hepatocellular transformation in HCV patients. This hypothesis was supported by the finding that HCV sequences derived from HCC tissues could produce F protein more efficiently than those derived from non-HCC tissues[173,174,194]. Moreover, high occurrence of anti-core+1 antibodies was detected in the serum of HCC patients[195]. 
HCV core protein may regulate iron metabolism through interacting with FTL[54]. Recently, core+1/ARF protein was found to decrease hepcidin transcription through an AP1 binding site[196]. This indicates that core+1/ARF protein may also affect iron metabolism because hepcidin is the main regulator of iron metabolism. Moreover, HCV core and F proteins were shown to induce hepatocyte proliferation in the transgenic mice possibly through -catenin signaling pathway[58]. Therefore, these two proteins seem to have redundant pathogenic roles. This explains the findings that HCV patients who do not produce normal anti-core antibodies have unusually high levels of anti-core+1/ARFP[197], and that the HCV-1b Core+1 products are negatively regulated by core expression[38]. 
F protein was also found to interact with cellular prefoldin 2 protein. Moreover, expression of F protein resulted in aberrant organization of tubulin cytoskeleton[198], which suggests that F protein may affect cellular functions. On the other hand, it is possible that F protein may serve as a modulator to prevent high level of HCV replication and thus contributes to viral persistence in chronic HCV infection since HCV replication requires intact microtubule and actin polymerization[198].
It is not known whether different ARF/core+1 proteins regulate cellular activities through similar pathways. Similar subcellular localization and short half-lives of F and core+1/S proteins[41,42] suggest that these two proteins may have similar regulatory activities. However, further investigations are needed to clarify this issue.

CONCLUSION
In addition to the mature core protein (a.a. 1-177) and the cleaved peptide (a.a. 178-191) encoded from the conventional open reading frame of HCV core gene, several ARF/core+1 proteins could be expressed from the core+1 reading frame. 
Through interacting with cellular proteins, modulating cellular gene expression, inducing reactive oxygen species production, and modulating cellular apoptosis, core protein could induce insulin resistance, steatosis, and even hepatocellular carcinoma. The cleaved peptide (a.a. 178-191) may play a role in the immune response and steatosis development. Though labile, ARFP/core+1/F protein could interact with cellular proteins and enhance hepatocyte growth. The core+1/ARF protein may also affect iron metabolism.
The present-day knowledge about the pathogenic roles of core gene products discussed here is obtained from cell culture and transgenic mouse models. The transgenic mice with constitutive expression of core gene products are tolerant to these proteins, leading to an insufficient immune response. A Cre/loxP recombination system has been developed in transgenic mice to study the inflammation caused by core protein. This inducible system in transgenic mice may be suitable to study the fibrosis and cirrhosis caused by core protein in the near future.
Studies of the cellular mechanisms involved in the pathogenesis of core gene products should help in the design of therapeutic drugs.
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Figure 1 Various hepatitis C virus core gene products. A: The hepatitis C virus (HCV) polyprotein is cleaved at residues 191/192 by the host signal peptidase (SP) and further cleaved at residue 177/178 by signal peptide peptidase (SPP) to release the mature core protein (a.a. 1-177) and the cleaved peptide (a.a. 178-191) from the precursor polyprotein. The mature core protein consists of the positively charged domain 1 (a.a. 1-117) and the hydrophobic domain 2 (a.a. 118-177). The highly basic domain 1 is involved in RNA-binding and its oligomerization. The region containing residues 44-71 of domain 1 binds to PA28. Domain 2 is involved in the association of HCV core protein with lipid droplets; B: Different alternative reading frame (ARF)/core+1 proteins from different HCV isolates/genotypes. The polypeptides from the conventional open reading frame are marked by empty rectangles while those from the alternative reading frame (ARF/core+1) by filled rectangles. The termination codon of ARF/core+1 proteins from other isolates/genotypes may be different from those shown in this figure.


Figure 2 Pulse-chase experiments of different recombinant alternative reading frame/core+1 proteins (H77 sequence was used for this study). A: Authentic F [alternative reading frame (ARF)/core+1/F] protein (the empty rectangle marks the sequence overlapping with the core protein while the filled rectangle for the core+1 coding sequence) with a V5 tag (represented by a gray circle) at its C-terminus; B: The ARF/core+1 protein translated from AUG of amino acid 26 with a V5 tag at its C-terminus; C: The ARF/core+1 protein translated from AUG of amino acids 86/88 with a V5 tag at its C-terminus. HuH7 cells were mock-transfected or transfected with various constructs expressing different recombinant ARF/core+1 proteins as indicated. Forty-eight hours after transfection, cells were incubated in methionine-free medium for two hours and subsequently radiolabeled with 35Smethionine in the same medium (160 mCi/mL) for two hours. Then, regular medium with or without MG132 treatment was used for further cultivation. At the indicated times, cells were disrupted and proteins were extracted to perform the immunoprecipitation assay using rabbit anti-F polyclonal antibody. 

Figure 3 Pathogenecity of hepatitis C virus core protein in the transgenic mice. Some studies have showed that the transgenic mice with core protein developed steatosis only, or steatosis followed by hepatocellular carcinoma. In other studies, the transgenic mice with constitutive core protein expression developed insulin resistance, then leading to type 2 diabetes on a high-fat diet. Most of these mice would develop hepatic steatosis and some of them would even develop hepatocellular carcinoma. 

Figure 4 Molecular mechanisms regarding the insulin resistance induced by core protein. Core proteins from different isolates/genotypes may use common and/or distinct mechanisms to cause insulin resistance.

Figure 5 Molecular mechanisms proposed for the steatosis caused by core protein. Core protein from one genotype may use more than one mechanism to induce steatosis.

Figure 6 Involvement of core protein in the development of hepatocellular carcinoma. In addition to inducing immortalization of hepatocytes, core protein could enhance angiogenesis and promote the epithelial-mesenchymal transition to result in hepatocellular carcinoma. 
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