
Hepatitis C Viral Replication Complex
Subjects: Virology

Contributor: Shih-Yen Lo

HCV genomic RNA replication occurs in the replication organelles (RO) and is tightly linked to ER membrane alterations

containing replication complexes (proteins NS3 to NS5B). The amplification of HCV genomic RNA could be regulated by

the RO biogenesis, the viral RNA structure (i.e., cis-acting replication elements), and both viral and cellular proteins.

Studies on HCV replication have led to the development of direct-acting antivirals (DAAs) targeting the replication

complex.
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1. Introduction

Infection with the hepatitis C virus (HCV) can cause chronic hepatitis C (CHC), liver cirrhosis, hepatocellular carcinoma,

and other extra-hepatic manifestations. The prevalence of CHC patients worldwide was around 71 million in 2017

(https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/). HCV belongs to the family Flaviviridae and

genus Hepacivirus. Its genome is a single-stranded RNA with positive polarity. Many different but closely related

circulating HCV variants (i.e., quasispecies) can be detected in CHC patients due to the low fidelity of the HCV RNA

polymerase (NS5B) and its high replication rate . Thus, HCV genomic RNA sequences are highly heterogeneous among

different isolates. At present, HCV is classified into at least six major genotypes (GT 1 to 6) . The geographic

distribution of different HCV genotypes varies . Subtype 1a is found throughout the US and Northern Europe, while

subtype 1b is widely distributed throughout the world and is a major subtype in Japan. Genotype 2 is present in the same

areas as genotype 1. Subtype 3a is widely distributed in South Asia and Oceania, while subtype 3b is mainly found in East

Asia. Genotype 4 is mainly present in the Middle East, Northern to Central Africa, and Europe. Subtype 5a is mainly found

in South Africa. Genotype 6 is mainly distributed throughout East and South-East Asia.

The life cycle of HCV begins with its binding to cells. Numerous cellular factors, including proteins, lipids, and glycans,

promote the entry of HCV particles into hepatocytes. HCV initially attaches to the surface proteoglycans, e.g., the

scavenger receptor BI, and to the tetraspanin CD81. After lateral translocation to tight junctions, claudin-1 and occludin

proteins become essential for HCV entry. HCV particles are engulfed by clathrin-mediated endocytosis and then fused

with endosomal membranes in low-pH conditions. Viral genomic RNA is then released into the cytoplasm . Then, the

HCV genomic RNA is used for both protein translation and viral RNA replication. HCV RNA replication takes place within

the replication organelles (RO) in the endoplasmic reticulum (ER). Finally, HCV utilizes the biosynthetic pathway of very-

low-density lipoprotein to assemble the viral particles and egress from the cells .

The HCV RNA genome (~9600 nucleotides) possesses one open reading frame that is flanked by 5’ and 3’ untranslated

regions (UTRs) (Figure 1a). Translation of the viral RNA leads to the synthesis of a polyprotein, which is processed into

individual viral proteins via cleavages of both cellular and viral proteases. The structural proteins (i.e., the core and

envelope glycoproteins E1 and E2) are the main constituents of HCV particles, whereas the viroporin p7 and nonstructural

protein 2 (NS2) are involved in virion assembly . The remaining nonstructural proteins (i.e., NS3, NS4A, NS4B, NS5A,

and NS5B; NS3-NS5B) that have specific roles in viral genome amplification form the replication complex . The roles

of different viral proteins in HCV replication are summarized in Table 1.
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Figure 1. The synthesis of the hepatitis C virus (HCV) proteins. (a) The start and stop codons for protein translation were

marked by black circles, while two recognition sites on the 5’ UTR for miR-122 were marked by black rectangles. (b) The

polyprotein is co- and post-translationally cleaved by cellular or viral proteases to yield the structural proteins (core, E1

and E2) and the nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B proteins). The core, E1, and E2 are

processed by cellular signal peptidase (filled arrowhead). A mature core protein will be generated after further cleavage by

signal peptide peptidase (empty arrowhead). The NS2/NS3 junction site is cleaved by the NS2-NS3 auto-protease, and

the remaining nonstructural proteins are processed by the NS3/4A proteinase. (c) All of the HCV proteins are directly or

indirectly associated with the endoplasmic reticulum. Currently used anti-HCV direct-acting antivirals (DAAs) target NS3,

NS5A, and NS5B, respectively. NS3, NS4A, NS4B, NS5A, and NS5B proteins will form the replication complex.

Table 1. Hepatitis C virus (HCV) proteins play different roles in viral replication.

Viral
Protein Role in HCV Replication

Core Package HCV genomic RNA to form nucleocapsids and also involve in lipid synthesis

E1, E2 Responsible for the entry of virions to cells

p7 Ion channel

NS2 Auto-protease to cleave the junction between NS2 and NS3

NS3
NS3 contains an amino-terminal protease domain responsible for the HCV polyprotein processing and a carboxy-

terminal DExD-box helicase domain responsible for HCV RNA replication through unwinding RNA secondary
structures

NS4A Cofactor for NS3 protease

NS4B To serve as a scaffold for the viral replication complex and to induce the rearrangements of membrane vesicles

NS5A To interact with a large number of cellular proteins that are important for viral assembly and function of the
replication complex

NS5B HCV RNA-dependent–RNA-polymerase responsible for HCV RNA amplification

Over thirty years of research on the mechanisms of HCV replication has led to the successful development of direct-acting

antivirals (DAAs) targeting the replication complex .

2. Viral Replication Organelles (RO)

HCV induces cellular membrane alterations referred to as the membrane web (MW) for viral RNA replication . Different

types of membrane alterations induced by HCV were observed . Among these membrane alterations, double-

membrane vesicles (DMVs) induced by HCV infection associated with double-stranded RNA (dsRNA) and nonstructural

proteins are believed to be the sites of viral genome replication (i.e., viral replication organelles (RO)) in cultured cells
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(Figure 2). DMVs comprise the predominant HCV-induced membrane structure that forms in the cytoplasm close to the

lipid droplets (LDs) in cultured cells. LDs with HCV core and NS5A proteins surrounded by ER is close to the HCV

replication (e.g., DMV) and assembly sites. HCV genomic RNA synthesized in the DMVs is transferred by HCV

nonstructural proteins and encapsidated by the core proteins to form the nucleocapsid. The HCV nucleocapsid will then

interact with glycoproteins E1/E2 in the assembly sites and bud into the ER lumen . DMVs are heterogeneous in size,

with an average diameter of ~200 nm. At late time points after infection, multi-membrane vesicles were observed and

believed to reflect a stress response induced by high-level virus replication . These HCV-induced DMVs are

morphologically similar to those identified in cells infected with coronaviruses, picornaviruses and noroviruses .

Previous studies also showed that HCV could induce membrane alterations in the hepatocytes of HCV-infected patients

.

HCV-induced single-membrane vesicles (SMVs) were also detected sporadically in cultured cells . Unlike

observations from the cultured cells, a recent report showed that the MW detected in liver tissues of HCV-infected patients

seems essentially to be made of clusters of SMVs . Further studies are needed to clarify this issue.

The majority of HCV DMVs appear to be closed structures, and only a few of them have an opening pore toward the

cytosol . It is not yet known whether HCV RNA replication takes place on the interior or exterior membrane surface of

the DMVs. If HCV RNA replication occurs on the interior surface of DMVs, then a transport mechanism must be present to

allow the influx of metabolites (e.g., nucleoside triphosphates) required for replication and the exit of newly synthesized

viral RNAs for translation or virion assembly . This hypothesis is supported by the findings that HCV hijacks specific

cellular components responsible for nucleocytoplasmic transport and that these cellular factors are probably involved in

maintaining a transport system between the cytosol and the interior of viral ROs .

There are several advantages to forming viral ROs for HCV RNA synthesis . First, the viral replication complex (NS3-

NS5B) and cellular factors responsible for HCV RNA replication can be concentrated in ROs. Second, ROs, by excluding

cellular RNAs, contribute to the template specificity of the replication complex. Third, the replication intermediates (i.e.,

dsRNA) can be protected from the detection of cellular innate immune sensors. Fourth, ROs facilitate the separation of

different stages in the life cycle of HCV (translation vs. replication, replication vs. assembly) by compartmentalization .

Fifth, several reports showed that viral RNA and proteins associated with the viral ROs are protected from cellular

proteases and nucleases, indicating that RNA replication occurs in a membranous environment separated from the

surrounding cytoplasm .

Figure 2. One proposed model for the formation of HCV replication organelles (RO). Double-membrane vesicles (DMV)

biogenesis is a complex process possibly requiring several membrane remodeling steps, including budding, fission,

pairing, curvature, and fusion . HCV DMV formation can be induced by NS5A with the help of other nonstructural

proteins . HCV activates the lipid kinase PI4KIIIα to generate enhanced levels of PI4P, which in turn attracts lipid

transport proteins (e.g., OSBP, FAPP2, NPC1 and CERT) delivering cholesterol and glycosphingolipids into DMVs.

PSTPIP2, a protein with membrane-deforming activity, and PLA2G4C are also critical for membrane web (MW) formation.

HCV RNA replication can be conducted by NS5B with the help of other nonstructural proteins in the closed DMVs. After

the completion of HCV genomic RNA synthesis, the newly synthesized viral RNAs will be released from the open DMVs

(possibly with Kaps or Nups) for translation or virion assembly. Other possible models for DMV formation have also been

proposed .
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2.1. HCV Proteins Involved in RO Formation

Although any protein of the HCV replication complex (NS3-NS5B) can induce membrane alterations, NS5A is the only one

capable of inducing DMV formation . The insertion of the amino-terminal amphipathic α-helix of NS5A into just

one membrane layer could facilitate the membrane curvature required for RO formations . The observation that NS5A

inhibitors (e.g., daclatasvir) block the HCV RO formation independent of RNA replication demonstrated the essential role

of NS5A in the RO formation . The efficiency of the DMV formation induced by NS5A alone is low but is greatly

enhanced when the other nonstructural proteins are also expressed, e.g., NS4B, NS3, or NS5B .

Similar to NS5A, NS4B also contains terminal amphipathic α-helices, which can alter membrane properties. Moreover, the

membrane topology of NS4B is likely to undergo posttranslational changes , possibly in an NS5A-regulated

manner . Moreover, NS4B contains a GXXXXGK P-loop for nucleotide triphosphate binding, which may be involved in

membrane rearrangements . In addition, NS4B could form homo-oligomeric complexes, which are required for the RO

formation .

2.2. Cellular Factors Involved in HCV RO Formation

In addition to having direct involvement in the RO formation, viral proteins also contribute to membrane alterations by

recruiting cellular factors required for RO biogenesis. For example, NS5A. Cyclophilin A (CypA), receptor for activated

protein C kinase 1 (RACK1) and ATG14L were found to participate in DMV formation for HCV replication by interacting

with NS5A , while Surf4 and prolactin regulatory element-binding (PREB) participated by interacting with NS4B

. PSTPIP2 (Proline-serine-threonine phosphatase interacting protein 2) with membrane-deforming activity and

PLA2G4C (cytosolic phospholipase A2 gamma) are also important for HCV RO formation via direct interactions with

NS4B and NS5A .

The HCV replication complex is reportedly associated with membrane lipid micro-domains (i.e., lipid rafts) , enriched

with cholesterol, sphingolipids, and certain proteins. Lipid rafts generally contain three to five times the cholesterol content

found in the surrounding bilayer . Shaping an ER membrane into an RO for HCV RNA replication requires not only viral

and cellular proteins but also lipid synthesis . Multiple reports have indicated that HCV modulates lipid

metabolism (e.g., cholesterol and fatty acid biosynthesis) to promote viral replication . This modulation results in

de novo lipid biosynthesis in order to increase the membrane surface area required for the RO formation. SREBPs (the

sterol regulatory element-binding protein) are major regulators of lipid metabolism and major transcription factors for the

expression of genes required for lipid biosynthesis . HCV NS4B has been shown to activate SREBP, leading to the

elevated transcription of genes involved in lipogenesis, e.g., fatty acid synthase (FASN) .

Modulation of the lipid environment of RO via HCV also includes the recruitment and activation of the lipid kinase PI4KIIIα

by NS5A and NS5B proteins to generate enhanced levels of phosphatidylinositol 4-phosphate (PI4P) at the RO . PI4P

could attract lipid transport proteins (oxysterol-binding protein (OSBP), four-phosphate adaptor protein 2 (FAPP2), NPC1,

and ceramide transfer protein (CERT) to deliver glycosphingolipids, cholesterol, and ceramide to RO, respectively 

. Recently, it was reported that HCV NS3/4A protease controls the activity of 24-dehydrocholesterol reductase

(DHCR24), catalyzing the conversion of desmosterol to cholesterol and regulating the lipid environment for HCV RNA

replication . In contrast, cholesterol-25-hydroxylase induced by interferon could block MW formation via the production

of 25-hydroxycholesterol and thus restrict HCV replication . Recently, C19orf66, an interferon-stimulated gene, was

reported to inhibit HCV by preventing the elevation of PI4P and altering RO formation .

In addition to these cellular factors, several studies have shown that autophagy plays an early role in establishing HCV

replication . DMVs induced by HCV accumulated at the MW are morphologically similar to autophagosomes .

Thus, autophagy may help to induce MW formation during HCV replication . However, DMVs induced by HCV with an

average diameter of ∼200 nm are smaller than autophagosomes of 500 to 1000 nm in diameter. The exact role of

autophagy in HCV RO formation requires further investigation .

Proteins in the nuclear transport machinery (including soluble nuclear transport factors (NTFs), e.g., karyopherins (Kaps))

and nucleoporins (Nups) in the nuclear pore complexes (NPCs) are probably involved in the transfer between the cytosol

and the viral ROs .
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