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Abstract

The single-stranded Hepatitis C Virus (HCV) genome adopts a set of elaborate RNA structures 

that are involved in every stage of the viral lifecycle. Recent advances in chemical probing, 

sequencing, and structural biology have facilitated analysis of RNA folding on a genome-wide 

scale, revealing novel structures and networks of interactions. These studies have underscored the 

active role played by RNA in every function of HCV and they open the door to new types of RNA-

targeted therapeutics.

Introduction

Hepatitis C Virus (HCV) is a positive-sense single-stranded RNA virus with a highly 

structured genome that is 9.6kb in length. This long RNA molecule includes 5′ and 3′ 
untranslated regions (UTRs), which flank an open reading frame that encodes a massive 

polyprotein that is cleaved into structural and replicative proteins. During replication, the 

viral RNA polymerase (NS5B) generates a negative-sense RNA that serves as the template 

for generating numerous copies of the positive-sense genome, which are then packaged into 

infectious particles. Like many other RNA molecules, the genome of HCV folds into 

complex structural elements that regulate and expand the functional repertoire of the virus 

(known structures are shown in Figure 1). Distinct RNA structural elements are scattered 

throughout all regions of the genomic RNA, and it has recently become possible to 

characterize them through a combination of structural biology and genetics. Previous 

analyses of HCV RNA structure have focused primarily on the 5′ and 3′ UTR of the 

positive-sense genome, along with regions at the 3′ end of the negative-sense strand 

(reviewed in [1]). In the past three years, new technological advances have enhanced our 

mechanistic and structural understanding of these elements, while revealing an abundance of 
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new elements within the ORF that contribute to replication and infectivity. These studies 

have underscored the interplay between RNA and cellular factors in potentiating each phase 

of the viral lifecycle.

HCV infects three percent of the global human population, and chronic infection with this 

hepatotropic virus can lead to liver cirrhosis and hepatocellular carcinoma (HCC). The 

advent of direct-acting antiviral drugs that target encoded proteins has resulted in a marked 

improvement in patient outcomes [2]. However, drug development has been difficult due to 

the diversity of HCV genotypes found within patients (there are currently seven classified 

genotypes and 67 subtypes [3]) and the rapid development of drug resistance due to low 

fidelity of the RNA polymerase. Even within a single patient, the relative abundance of 

different HCV sequences can fluctuate drastically over time [4]. An improved understanding 

of the link between viral RNA sequences, their structures, and the roles these play in the 

virus will facilitate the development of improved therapeutics and more robust models for 

viral function.

Structural features of the 5′ UTR

The architecture and molecular interaction networks of the HCV 5′ UTR are the best 

characterized of the genome. The 340 nucleotides of the 5′-UTR are grouped into four 

domains of relatively conserved sequence across all genotypes. Domain I comprises a short 

stem loop that is flanked by a miR-122 binding site (see below), and domains II–IV 

compose the internal ribosome entry site (IRES), which directs translation of the coding 

sequence (reviewed in [1]). Although the secondary structure of the IRES has been defined 

for two decades (Figure 2A), recent high resolution structural studies have revealed the 

three-dimensional tertiary structure of the IRES, both in isolation and when complexed with 

ribosomal subunits, thereby explaining how the IRES recruits and stabilizes the cellular 

translation machinery.

IRES

The HCV IRES exemplifies the ability of RNA molecules to balance structural rigidity with 

the capacity for dynamical rearrangement. For example, specific RNA structures in the IRES 

mediate interactions with other RNAs and proteins, but flexibility allows dynamic interplay 

among these interactions. Domains II and III of the IRES form large stem-loops that adopt 

extended structures, while domain IV forms a short, unstable stem that encompasses the start 

codon (Figure 2B). Domain III also contains a four-way junction that provides a stable 

platform for extending structural elements into solution, where they can be recognized by 

proteins. The flexibility of these domains are critical for function, as they enable the IRES to 

recruit the ribosomal 40S subunit and initiate translation of viral genes.

Advances in structural biology, particularly cryo-electron microscopy, have enabled us to 

visualize and interpret IRES interactions at high resolution. For example, the foundation for 

a strong IRES-40S interaction is the conserved base-pairing that forms between the 18S 

RNA of the 40S subunit and domain III of the IRES. Intriguingly, nucleotides involved in 

pairing to 18S RNA are required for IRES-mediated translation, but they are not required for 

canonical cellular translation [8], indicating that they have been co-opted by the virus. After 
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the 40S subunit has been recruited, domain II reaches across the head of the 40S subunit, 

wedging open the mRNA binding tunnel and allow the HCV coding sequence to bind [7]. 

For this to occur, the weak stem-loop in domain IV must unfold, explaining why stabilizing 

mutations within this stem-loop are detrimental to HCV translation [9]. In addition to 

recruiting the 40S subunit, another function of domain III is to bind the cellular translation 

factor eIF3. Recent structural studies have demonstrated that this interaction displaces eIF3 

from its canonical binding site near the exit tunnel of the 40S [10]. In this way, domain III 

removes eIF3 so that it does not interfere with IRES-40S binding. Finally, upon association 

of initiator tRNA, eIF2, and the 60S subunit, domain II is released from the 40S head, and 

translation of the HCV genome can begin [7].

miR-122

The interaction between HCV and the hepatocyte-specific microRNA miR-122 represents an 

important quaternary structure that forms during HCV infection [11]. There are two 

miR-122 binding sites at the terminus of the 5′-UTR, and recent functional and structural 

probing studies have explored the base-pairing requirements for these interactions (Figure 3) 

[12–14]. Both of the binding sites involve extensive base-pairing outside of the canonical 

“seed” sequence that is typically found in miRNA-mRNA interactions (Figure 3). The first 

binding site (S1) extends across the domain I stem loop and past the 5′ end of the genome, 

resulting in a 3′ overhang of six miRNA nucleotides. The second binding site for miR-122 

(S2) is adjacent to S1, and the resulting duplexes are sufficiently close that they would be 

capable of coaxial stacking, particularly if pairing were maximized by flanking overhangs. 

The S2 interaction appears to involve weak duplexes that surround a large internal loop. 

Taken together, the S1 and S2 interactions may enable HCV RNA to sequester miR-122 

from endogenous cellular mRNA targets [15]. Additionally, the 3′ overhang at the S1 site 

may protect the HCV genome from cellular exonucleases (reviewed in [16]). There is debate 

over whether miR-122 enhances translation, replication, or both, and structural probing has 

hinted at alterations in long-range interactions in and around the IRES upon miR-122 

binding. However, a concrete mechanism for the dramatic effect of miR-122 on HCV 

infection remains unclear.

The ORF contains important regulatory signals

It is becoming increasingly evident that RNA coding sequences adopt biologically 

significant structures (reviewed in [18]), but until recently, only a few HCV ORF 

substructures had been characterized. For example, it is well established that stem loops at 

the 5′-end of the ORF, within the Core-encoding region, are required for replication of the 

intact genome and that they promote translation [19,20]. At the 3′-end of the ORF, within 

the region encoding NS5B, there is a set of stem-loops that interact with RNA motifs in the 

3′ UTR, resulting in network of RNA elements that are essential for HCV replication [21]. 

Interaction between NS5B and these same structures may explain why NS5B expression is 

required in cis [22].

Recent advances in methods for manipulating large RNA molecules, and for high-

throughput structural probing of RNAs in-vitro and in-vivo have led to studies that reveal 
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extensive, highly specific RNA structural features throughout the HCV ORF [23,24] (see 

Box). For example 90% of the Core-encoding sequence is involved in highly conserved 

base-pairings within well-defined RNA substructures, many of which are involved in 

elaborate secondary structures and long-range tertiary interactions [23]. These structures are 

not random, but rather they represent discrete folded units that contribute directly to 

numerous aspects of the viral lifecycle. Now that RNA structures can be rapidly identified 

via chemical probing, their roles are being tested through viral genetics and cell culture 

assays of viral function.

Box 1

A new era for genome-wide analysis of HCV structure

Historically, only the most highly conserved regions of the HCV genome have been 

structurally analyzed, and technical limitations only permitted examination of specific 

regions in the genome. However, a modern methodology known as SHAPE (selective 2′-

hydroxyl acylation analyzed by primer extension) and related advances, particularly 

when coupled with high-throughput RNA sequencing, allows exploration of every base in 

the entire genome both in vitro andin vivo. This allows identification of structured 

regions throughout the genome and in the context of an intact genome. The powerful 

HCV genetic system can then be used to examine the phenotypic consequences of 

structures that are identified with SHAPE.

Basic workflow for SHAPE analysis: The SHAPE reagent modifies the 2′-OH groups on 

ribose sugars of unpaired nucleotides in an RNA structure. These modified nucleotides 

are revealed as stops or mutations by reverse transcriptase, enabling the calculation of 

relative SHAPE reactivity. Computational RNA folding programs then generate proposed 

structures based on thermodynamics and SHAPE reactivity constraints. Proposed 

structures can then be analyzed for co-variation of nucleotides to maintain base-pairing 

interactions. Finally, high-confidence structures can be analyzed for function.

Upstream regions of the HCV ORF are particularly rich in RNA structural elements, and 

functional analysis of stem-loops within in the Core region has shown that they form higher-

order structures with specific mechanistic roles. For example, a long-range kissing-loop 

interaction between SL427 and 588 affects replication and is required for infectivity (Figure 

1) [23]. Additionally, proper base-pairing of a stem loop within the sequence encoding the 

E1 protein (SL1412) is specifically required for production of infectious virus, while it has 

negligible impact on replication [23]. This structure may serve as an RNA packaging 
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element that interacts with capsid proteins during particle assembly, as in the case of HIV 

RNA (reviewed in [25]).

Due to its location and high level of complexity, one of the most interesting downstream 

elements investigated to date is a large structural motif within the HCV NS4B-encoding 

sequence (SL6038). This region of RNA toggles between two distinct structural states: a 

long stem-loop and a cloverleaf conformation [23]. Genetic and functional analysis suggests 

that this region switches between different conformations during different phases of the 

HCV lifecycle, as locking the structure into the stem-loop conformation abolishes 

replication. Additional stem-loop structures have been identified in the NS5B-encoding 

sequence (J7880, J8880) and these impact viral replication [24]. The overall secondary 

structural organization of the HCV genome has implications for evasion of the human 

immune system, as 90% of helices are limited to seven base pairs or less, perhaps to avoid 

recognition by innate immune sensors that detect double-stranded RNA [24].

To date, most of the functionally-analyzed RNA structures within the ORF are conserved in 

all HCV genotypes. However, regions within the ORF sequence are divergent, and RNA 

structures formed by distinct genotypes may lead to differences in pathogenicity. Indeed, a 

parallel study of three different genotypes has identified regions of differing structure [24], 

and motifs found in the genotype 2a ORF are not maintained by co-varying mutations in 

other genotypes [23]. Therefore, RNA structures adopted by the ORF are likely to underlie 

shared and genotype-specific functions, such as interactions with viral and host factors, and 

it will be intriguing to uncover functional RNA elements that contribute to idiosynchratic 

features of viral subtypes.

RNA Elements within the 3′-UTR contribute to viral replication

Secondary structures within the 3′-UTR of the positive strand have been known for over a 

decade, and some of these are important for HCV replication (reviewed in [1]). The 3′-UTR 

has been classified into three regions: a variable region near the stop codon that forms two 

stem-loops, a flexible polyU/UC tract, and three highly conserved stem loops at the terminus 

known as the 3′ X-tail (Figure 1). These sections of RNA, like those at the 3′ end of the 

minus strand, are likely to direct the HCV RNA polymerase for replication. It is important to 

note that the NS5B polymerase initiates replication more efficiently from the negative-sense 

3′-UTR than the positive-sense 3′-UTR [26], suggesting that the minus strand 3′-UTR 

contains structural features that promote formation of a particularly robust replication 

complex, thereby explaining the relative abundance of positive-sense genomes relative to 

negative-sense RNA in infected cells [27]. Characterization of structural features in the 3′-

UTR, particularly on the negative strand, and understanding their interplay with the 

replication complex, remain rich areas for future investigation.

The potential of RNA-targeted antiviral therapeutics

Despite the recent success of HCV antiviral therapies, the development of resistance and the 

diversity of responses among viral genotypes necessitates an ongoing search for novel 

therapeutic strategies. An emerging alternative approach involves the inhibition of functional 
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RNA structures. The most successful antibiotics ever developed are small molecules that 

target RNA structures within the bacterial ribosome [28], and there is increasing 

appreciation for the value of RNA as a target during treatment of diverse disease states [29]. 

Indeed, a recent unbiased screen for novel antibiotics has identified an RNA riboswitch as an 

effective drug target [30]. Drugs that bind HCV RNA elements already show therapeutic 

potential (discussed below), and a better understanding of HCV RNA structures will 

enhance the value of this approach.

Since the 5′-UTR is the best characterized section of the HCV genome, it is the first region 

that is being directly targeted for antiviral therapy. The exceptional conservation of the 5′ 
UTR suggests an evolutionary constraint on mutations, potentially reducing the likelihood 

for development of drug resistance. Furthermore, drugs targeting this relatively invariant 

region are likely to inhibit all HCV genotypes. Significant progress has already been made 

by using small molecules to target an RNA bulge substructure that is formed by the 

asymmetric loop within domain II of the IRES [31]. The flexible bend induced by this bulge 

is essential for IRES function, and several compounds have been shown to lock this region 

in a bent or extended conformation [32]. Crystallographic characterization of a 

benzimidazole-based inhibitor in complex with this region of domain II reveals a dramatic 

straightening of the bend, presumably inhibiting the ability of domain II to direct the 40S 

head-tilt [33] (Figure 2C). Structure-based design is being used to develop more drug-like 

small molecules with a similar mechanism of action [34].

Another approach for targeting the HCV genome involves the introduction of stable 

antisense oligonucleotides that base-pair with a target RNA, as in the case of Miravirsen, 

which is an antagomir that successfully targets miR-122 via complementarity to the seed 

sequence [35]. In a phase II clinical trial, treatment with Miravirsen reduced viral load in a 

dose-dependent manner and in certain cases cleared HCV [36]. The mode of action of 

Miravirsen is reminiscent of HCV RNA, which sequesters miR-122 and reduces its 

interactions with host mRNA targets [15]. Because loss of miR-122 leads to spontaneous 

development of HCC in mice [37,38] and is correlated with HCC progression in patients 

[39], the long-term effects of Miravirsen treatment should be carefully monitored. However, 

Miravirsen has demonstrated that modulating the interactions between genomic RNA and 

host factors can greatly affect viral load in patients. Therefore, exploring the molecular 

details of the HCV genome structure and its interplay with host factors will expand the 

repertoire of drug targets and uncover new mechanisms for the design of RNA inhibitors.

Implications for Flavivirus RNA structure

HCV is a member of the Flaviviridiae family, which also contains the Flavivirus genus that 

includes Dengue, West Nile, and Zika viruses. Unlike HCV, Flaviruses have capped 5′ ends 

and a shorter 5′ UTR that does not contain an IRES. A longer, highly structured 3′ UTR 

recruits translation factors, and genome circularization brings these factors into proximity to 

initiate translation of the viral polyprotein [40]. Despite these differences between HCV and 

flaviruses, structural elements identified in one type of virus can provide valuable 

mechanistic insights into potential mechanisms for the function of other viruses. For 

example, cyclization elements between the 5′ and 3′ UTR have been proposed for HCV 
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[41]. A distinctive feature of Flavivirus structure is the sfRNA element in the 3′-UTR that 

blocks cellular exonucleases. Recent structural studies of Murray Valley Encephalitis and 

Zika Viruses have shown that the two stem-loops of sfRNA fold into intricate knot-like 

structures that are stabilized by formation of a pseudoknot and other long-range interactions 

(Figure 4) [42,43]. These knot-like structures inhibit RNA unfolding from the 5′ end while 

allowing RNA polymerase to unravel genomic RNA from the 3′ end. This example 

demonstrate how RNA structural elements impart an extra layer of function to viral genomes 

by modulating RNA folding. Interestingly, structures in the HCV 5′ UTR have recently 

been proposed to inhibit cellular exonuclease activity [44], but the details of this behavior 

are unknown. Thus, the common and unique RNA elements of Flaviviridiae provide insights 

into potential mechanisms for regulating function in diverse viruses.

Perspective

Although the majority of available structural studies involve analysis of the HCV genome in-

vitro, it is now possible explore the entire HCV genome within cells or in virus particles. It 

is anticipated that many HCV structural elements will be dynamic in vivo as the genome 

interacts transiently with RNA binding proteins and enzymes. Four of the ten encoded HCV 

proteins bind RNA, including the helicase NS3 and RNA polymerase NS5B, and these are 

expected to influence RNA structure. Modulation of genomic structure throughout infection 

is consistent with the differential requirements for structural motifs during the stages of 

translation, replication, and packaging. Targeting the inherent flexibility of RNA appears to 

be a promising approach for small molecule inhibitors, so exploration of HCV genome 

dynamics will be informative for future drug design. The concepts developed during studies 

of HCV structure and targeting can be applied to other members of the Flaviviridiae, 

underscoring the utility of HCV as a central model system.

An important and relatively unexplored area for future exploration of HCV and related 

viruses is the negative-sense genome, which is rich in structures that probably have 

functional roles. Finally, RNA modification by cellular enzymes will impact genome 

structure and function in ways that are only now being imagined. Recently, N6-

methyladenosine (m6A) was found throughout the genomes of HCV and Flaviviruses, and 

HCV genome methylation has been shown to decrease viral infectivity [45,46]. Some sites 

of relatively high methylation overlap with specific RNA structural motifs in the HCV 

genome, suggesting that individual RNA elements are targeted by methyltransferases. 

Furthermore, it is likely that other RNA modifications will be identified within the HCV 

genome in cells. We are only beginning to understand and imagine how the structure of 

coding and non-coding viral RNA impacts function, but we can now navigate this new 

landscape with advanced new technologies.
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Highlights

• Important RNA structures are found throughout the HCV genome, including 

the ORF

• The HCV IRES adopts a dynamic structure that recruits the cellular 

translation machinery

• RNA structural elements can be targeted for antiviral therapy
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Figure 1. 
Secondary, tertiary, and quaternary structural elements of the HCV genome. Labels at 

bottom indicate region of the genome where structures are located. A. Structures within the 

positive-sense strand of HCV genome. Long-range tertiary interactions are depicted in dark 

grey. Alternate stem-loop and clover-leaf structures of SL6038 depicted. B. Negative-sense 

strand 3′ end of HCV genome [49,50].
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Figure 2. 
Structural features of the HCV IRES. A. 2D structure of the HCV IRES. Domains of the 

IRES are color-coded according to the legend. B. IRES-40S interaction. Binary interaction 

between the IRES and human 40S ribosomal subunit. Adapted from [6], PDB 5A2Q. C. 

Benzimidazole straightens the bend in domain II. Structure of the bend region of domain II 

(domain IIa) complexed with 40S (left) and the corresponding region complexed with 

benzimidazole (right). Right adapted from [33], PDB 3TZR.

Adams et al. Page 14

Curr Opin Virol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Base-pairing interactions between the HCV 5′ UTR and miR-122. Two copies of miR-122 

bind the 5′ end of the HCV genome via canonical seed-sequence interactions (purple) and 

additional interactions (red). The unpaired 3′ ends of miR-122 are depicted, as well as 

bulges formed in miR-122 and SLI/domain I of HCV. Adapted from [13].
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Figure 4. 
Structure of the Flavivirus sfRNA from Zika Virus. A. 2D structure of Zika sfRNA with 

stem-loops color-coded and pseudoknot depicted. B. Crystal structure of Zika sfRNA. 

Shown in orange and blue, the 3′ end of the first stem-loop wraps around the 5′ end of the 

RNA, inhibiting unwinding from the 5′ end. Adapted from [43], PDB 5TPY.
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