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Abstract: In addition to the protein coding information, viral RNA genomes code functional
information in structurally conserved units termed functional RNA domains. These RNA domains
play essential roles in the viral cycle (e.g., replication and translation). Understanding the molecular
mechanisms behind their function is essential to understanding the viral infective cycle. Further,
interfering with the function of the genomic RNA domains offers a potential means of developing
antiviral strategies. Aptamers are good candidates for targeting structural RNA domains. Besides its
potential as therapeutics, aptamers also provide an excellent tool for investigating the functionality
of RNA domains in viral genomes. This review briefly summarizes the work carried out in our
laboratory aimed at the structural and functional characterization of the hepatitis C virus (HCV)
genomic RNA domains. It also describes the efforts we carried out for the development of antiviral
aptamers targeting specific genomic domains of the HCV and the human immunodeficiency virus
type-1 (HIV-1).

Keywords: Viral RNA genome; Functional RNA domains; RNA–RNA interactions; Antivirals; RNA
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1. Introduction

The biological function of RNA has, for long time, been considered to be restricted to its role in
the transmission of genetic information from DNA to proteins. The discovery in the early 1980′s that
the RNA is capable of catalyzing chemical reactions [1,2] led to the reconsideration of this dogma
and aroused the interest in unraveling the molecular mechanisms of the catalytic activity of RNA
molecules and, later, in deciphering the unknown functional roles of RNA within cells. Currently, it is
widely accepted that RNA plays a central role in many biological processes in all living organisms.
An increasing number of functional RNA molecules, so-called “noncoding RNAs”, has been identified.
Although they do not encode proteins, they encode information that is also essential for life. In fact,
errors in RNA metabolism or the loss of function of RNA molecules are the cause of pathological
processes of sanitary importance. Therefore, determining the function of certain RNA molecules has
made it possible to clarify the molecular mechanisms of different biological processes. The genomes
of RNA viruses constitute a particular class of functional RNA molecules. Viral RNA genomes are
compact entities that carry all the information that the virus requires to complete the infectious cycle.
Besides acting as a replication and translation template, viral RNA genomes play several essential
functions for the completion of the viral cycle and their regulation. To achieve all these functions, they
have developed an information coding system that complements and overlaps the protein coding
one. This information coding system uses discrete RNA units that fold into their specific structures
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for storing information. These structural units are, in fact, functional genomic RNA domains and are
highly conserved among the viral population. They can be grouped in complex folded RNA regions
that interact among them to achieve the proper functioning. Thus, the structure of the entire genome
has to be preserved for the efficient viral propagation. This structural conservation contrasts with
the great sequence variability of the viral RNA genomes, which helps the viral populations to adapt
to novel molecular and cellular contexts and to escape host defenses. It also contributes toward the
development of resistance to antiviral drugs. The genome variability is, therefore, limited by the
preservation of the genome structure. The precise equilibrium between the sequence variability and
structure preservation determines the success of the RNA viral populations.

Deciphering the mechanisms that underlie each of the functions performed by functional genomic
RNA domains and understanding the molecular strategies used by RNA genomes to contain all
the information necessary for each of them are scientific problems of great relevance and interest.
Elucidating these mechanisms would provide information of enormous importance to address the
control of infections caused by RNA viruses. The current information indicates that structural RNA
domains play out their different biological roles (e.g., in replication, translation, or encapsidation)
by directly recruiting viral and/or cellular factors and/or by forming high-order structures via the
establishment of long-range RNA–RNA interaction networks (for a review, see Reference [3]).

The essentiality of these genomic RNA domains for the virus makes them excellent candidates
as targets for the development of antiviral strategies. Drugs aimed at interfering with their function
either by blocking their interactions with viral or cellular factors or by impeding their proper folding
may seriously compromise the viral viability. Therefore, they should be considered promising antiviral
agents. Aptamers specifically recognize and efficiently bind to structural elements within a target
molecule, being among the most promising molecules for interfering with the function of structural
domains of viral RNA genomes.

Members of the family Flaviviridae bear a positive single-stranded RNA genome. They are
responsible of worldwide public health problems. The family comprises three genera: Flavivirus, that
includes important human pathogens like Dengue virus (DENV), West Nile virus (WNV), yellow
fever virus (YFV), or Zika virus (ZIKV), among many others; Pestivirus, represented by the virus
responsible of the Bovine viral diarrhea (BVDV) or the classic swine fever (CSFV); and Hepacivirus,
with the hepatitis C virus (HCV) as the most significant member. Their genome contains multiple
highly conserved structural RNA domains, which store essential information for the completion of the
viral cycle. This review focuses on the HCV genome, paying special attention to the work carried out
in our laboratory aimed at the structural and functional characterization of genomic RNA domains.
The second part of the review summarizes the main strategies we have developed seeking aptamers
targeted against specific genomic RNA domains of the HCV and HIV genomes.

2. HCV Genomic Functional RNA Domains

HCV is likely the member of the family Flaviviridae that has attracted major efforts to understand
the molecular mechanisms that govern its infective cycle. Its genome is a 9600-nt-long single-stranded
RNA molecule, which codes for a single open reading frame (ORF) flanked by highly conserved
untranslated regions (UTRs). Although the UTRs comprise numerous conserved structural/functional
RNA elements that play essential roles for the consecution of the viral cycle, these RNA elements
are also distributed throughout the coding region (Figure 1). The 5′ UTR is a highly conserved and
complexly folded region that is mainly occupied by an internal ribosome entry site (IRES) that spans
around 30 nt within the viral capsid coding region [4,5]. The IRES directs the recruitment of the 40S
ribosomal subunit in the absence of a cap structure and initiates the viral protein synthesis [6,7]. It is
folded into four structural domains that comprise a set of highly conserved subdomains, each with
essential roles in the ribosome recruitment and translation initiation. In addition, 5′ UTR structural
domains are essential for viral replication and infectivity [6–12]. The initiation of replication takes
places at the 3′ UTR [8,10,11]. It is a highly conserved 200–250-nt-long region, which contains several
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functional RNA elements grouped into highly conserved domains required for efficient viral replication.
The 3′ UTR also plays an important role in the viral translation, regulating the IRES activity [13,14].

The use of complementary experimental approaches (bioinformatics tools, secondary structure
mapping, and genetic strategies) has provided a good overview of the HCV genome folding [15–23].
It has allowed the identification of up to 20 highly conserved structural elements among different viral
isolates throughout the ORF of the HCV genome (Figure 1). This high structural conservation within a
genome with a high rate of sequence variability indicates that each structural unit codes important
information for the efficiency of the virus infective cycle. In contrast to the genomic UTRs, information
about the structure and function of the ORF structural elements is scarce. Among them, the so-called
CRE, cis-replication element, is probably the one that has attracted more attention (Figure 1). The CRE
is defined by three stable stem-loops known as 5BSL3.1, 5BSL3.2, and 5BSL3.3 located at the 3′ end of
the protein coding region [24,25]. The central domain, 5BSL3.2, is absolutely indispensable for HCV
propagation, acting as an essential element for viral replication. Further, it has been shown that CRE is
a negative regulator of the HCV IRES-dependent translation [26].
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Figure 1. The hepatitis C virus (HCV) RNA genome. Upper panel: A schematic representation of the
genetic organization of the viral genome. The 5′ and 3′ UTRs flanking the single ORF are depicted by a
black line. The viral proteins and their functions are indicated. The translational start and stop codons
are marked by arrows. The numbering corresponds to the codon positions in the ORF according to
the HCV Con1 isolate, genotype 1b. Lower panel: A structural conservation map of the HCV RNA is
represented by gray boxes denoting structurally conserved regions among different viral isolates. The
predicted secondary structures of conserved elements in the ORF of the viral RNA genome are shown
at the bottom. The color code and labels at the bottom indicate the position where each stem-loop is
located. The figure is adapted from Reference [27].

3. Long-Range Genomic RNA–RNA Interactions

Specific structural elements of the 5′ and 3′ ends of the HCV genome are involved in the
viral replication and translation. This implies the existence of a communication between the two
genomic ends. It was commonly accepted that the acquisition of a genomic circular conformation was
mediated by the recruitment at both ends of the cellular and viral proteins, as it was demonstrated
for the recruitment of IRES-activity stimulating proteins by the genomic HCV 3′ UTR [13,28–30].
We questioned whether the conserved structural RNA elements located in the two ends of the HCV
genome were directly involved in the formation of the circular conformation. We first tested the
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ability of two independent RNA fragments comprising the 5′ or the 3′ genomic ends to bind with each
other. Interestingly both RNA genomic ends form a stable complex in in vitro assays [31]. Further
characterization allowed us to demonstrate that this interaction takes place between the two essential
structural RNA elements IIId within domain III of the IRES and the 5BSL3.2 within the CRE (Figure 2).
It responds to a kissing ALIL (apical loop–internal loop) interaction. This result represented the
first evidence of a long-range RNA–RNA interaction involving the two genomic ends, supporting a
protein-independent circularization of the HCV RNA genome. The functional characterization of this
interaction allowed us to conclude that it actually occurs in vivo, being the CRE a negative regulator
of the HCV IRES activity [26] (Figure 2). The use of CRE mutants depleted of specific structural units
demonstrated that this translation regulation activity is mainly restricted to the central structural unit
5BSL3.2 [26].
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conserved structural RNA domains: The defined functional RNA–RNA interactions are indicated
with broken gray lines. The translational start and stop codons are indicated by arrows. The figure is
adapted from Reference [32].

The 5BSL3.2 domain is also involved in an Apical loop–Apical loop (ALAL) long-distance
interaction with the highly conserved 3′SLII domain included in the 3′X tail region at the 3′ UTR [33,34]
(Figure 2). This interaction promotes viral replication. A third functional long-range interaction
has been described, which involves the internal loop of the 5BSL3.2 domain and the upstream Alt
region [17,35,36] (Figure 2).

A functional RNA–RNA interaction seems to take place between domain VI, at the 5′ end of the
protein coding region, and the highly conserved linker sequence between domains I and II within the 5′

UTR. This interaction has been proposed to participate in the regulation of both the viral replication and
translation processes [20,37–40]. Interestingly, the interacting sequence within the interdomain region
overlaps with the interaction site of the liver-specific micro RNA miR-122, which has been shown to
be involved in viral replication and translation [41,42]. It has been proposed that the interaction of
miR-122 would induce a conformational switch of the 5′ genomic end encompassing the IRES, which
would be responsible for the regulation of the activity of this region [39].

All together, these results probe the existence of a network of long-range RNA–RNA interactions.
This network involves essential structural genomic RNA domains of at least the IRES, CRE, and the
genomic 3′ UTR X-tail region and governs the regulation of the essential viral processes (reviewed
in References [27,43]; Figure 2), in which the CRE 5BSL3.2 domain seems to be the conductor of the
orchestra directing the regulatory interactions of all other structural elements.
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To understand the molecular mechanism by which long-distance interactions may regulate viral
processes, a detailed structural analysis at the nucleotide level of the HCV genome was carried out.
For this purpose, a combination of chemical probing methods, SHAPE (Selective 2′-hydroxyl acylation
and primer extension)-based technology analysis and accessibility using oligonucleotide microarrays,
was used. The results of this analysis allowed us to conclude that interactions between elements
of both ends of the viral genomes promote to each other their structural tuning at the secondary
and tertiary levels, which undoubtedly leads to the mutual modulation of their functionality [32,44]
(Figure 3). Each one tunes the structural conformation of essential domains of the other end of the
genome. These structural modifications correlate well with the functional regulation observed. Thus,
modulation of the translation efficiency at the 5′ genomic end by the 3′ end is achieved by promoting
the conformational fine-tuning of the IRES-essential domains III and IV, while the 5′ genomic end
promotes significant structural changes at the 3′ genomic end, mainly at the 3′X tail region. The latest
could account for variations in the translational and replicational efficiencies.
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Figure 3. The conformational tuning of long-distance functional RNA domains: A summary of the
comparative structural analysis of the 5′ and 3′ HCV genomic ends in the presence and absence of
each other end. Only nucleotides that show a differential chemical reactivity are indicated with red
figures. The solid figures indicate increases in reactivity. The empty figures indicate decreases in
reactivity. 4 indicates the DMS (dimethyl sulfate) reactivity. # indicates the NMIA (N-methyl-isatoic
anhydride) reactivity.

Besides intramolecular genomic RNA–RNA interactions, intermolecular ones have also been
described. Thus, the dimerization of the HCV genome is initiated at a highly conserved palindromic
sequence named DLS (Dimerization Linkage Sequence) located at the 3′SLII element of the 3′X tail
region [45,46] (Figure 2). The 3′X tail region folds into two alternative conformations [46,47]: a three
stem-loop (3′SLI-3′SLII-3′SLIII) [48] and a two stem-loop (3′SLI-3′SLII’) conformers, being the latest
dimerization competent one, which exposes the DLS in the apical portion of the stem-loop SLII’.
A functional analysis of the 3′X tail in the presence of the IRES and/or the CRE allowed us to
demonstrate that genomic dimerization is modulated by long-distance elements [49]. This confirms
the functionality of the described long-distance RNA–RNA interactions involving the CRE-3′X tail and
IRES-3′X tail.
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All together, these data demonstrate the existence of a dynamic network of RNA–RNA contacts
that tune the structural conformation of essential distal RNA elements, resulting in the regulation of
the different stages of the viral cycle. Our data support that the 5BSL3.2 domain operates at the core of
this regulatory system.

4. Functional Genomic RNA Domains as Therapeutic Targets

Interfering with the function of viral genomic structural domains either by modifying their folding
or by impeding the interactions they are involved in offers a potential means to compromise their
viral viability and in the consequence of fighting viral infections. Much effort has been devoted to the
development of nucleic acid-based strategies aimed to interfere with the functioning of viral RNA
genomes. Several types of RNA molecules have been shown to be efficient antiviral agents, and some
of them have even entered clinical trials [50–52]. Out of the different inhibitor RNAs, aptamers have
been postulated as promising tools for targeting structural RNA elements.

4.1. Aptamers

Aptamers are short single-stranded DNA or RNA oligonucleotides that recognize and bind
efficiently and specifically to a target molecule [53,54]. Aptamers have been isolated against a
wide range of molecules varying in nature, size, and complexity: from ions to full cells including
small molecules (such as amino acids, nucleotides, antibiotics, or metabolites), peptides, proteins,
nucleic acids, macromolecular aggregates, virus, cell organelles, or tissues (for examples, see
References [55–59]). In all cases, aptamers are isolated following a common experimental in vitro
strategy known as SELEX (Systematic Evolution of Ligands by EXponential enrichment) [54]. It consists
in iterative selection cycles that comprise the following steps: binding to the target molecule,
partitioning the binders, and molecularly amplifying the binders. The SELEX strategy allows the
identification of efficient binder molecules from a large pool of variants, usually 1012–1015. The winner
molecules are known as aptamers. Since it is an entirely in vitro process, the selection conditions are
controlled by the researcher and can be modified along the process.

Herein, we summarize the attempts performed at our laboratory to identify aptamers with a
potential antiviral activity targeting highly conserved structural RNA elements within viral genomes,
paying special attention to the work we have performed to develop RNA inhibitors targeting the HCV
RNA genome.

4.1.1. Aptamers Targeting HCV IRES

We developed an innovative SELEX strategy that was applied to a theoretical population of
more than 1 × 1015 variant RNA molecules with lengths of 84 nt. The original population resulted
from the randomization of 25 consecutive nucleotides linked at the 3′ end of the catalytically active
hammerhead ribozyme targeted against position 363 of the HCV IRES. The resulting population
was subjected to a two-sequential-selection-steps procedure [60]. The first selection step selected for
the binding to the complexly folded HCV IRES, the aptamers’ selection; the second step selected
for cleavage of the viral RNA by the ribozyme domain of the previously selected binders. After six
rounds of selection, the heterogeneity of the population was analyzed and the resulting aptamers
were classified within seven groups defined by a consensus sequence motif ranging from 5 to 9 nt in
length. Each consensus motif is complementary to a specific sequence within the IRES (Figure 4a).
This indicates that the complementary sequence partners are required for the binding of the two
molecules. An in vitro analysis of the inhibition of the IRES activity indicated that the majority of the
selected inhibitory RNAs significantly reduced the IRES-dependent translation, yielding inhibitions
up to 90% [61] (Figure 4b).

A further in vivo analysis in the Huh-7 cell culture (human hepatoma cell line) of the most efficient
in vitro inhibitors yielded efficient antiviral activities showing inhibitions up to 60% and 70% of the
viral translation and replication, respectively [61–64] (Figure 5).
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identification of the aptamer targets within the IRES. The targets determined by the complementary
sequence to the consensus motif that define each aptamer’s group are indicated using a colour code
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activity by a collection of selected aptamers: The IRES-dependent translation was measured in vitro as
the Fluc activity. The values are the mean of at least three independent experiments and are referred to
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Figure 5. The antiviral activity of selected RNA inhibitors in a human hepatoma cell line. (a) The
inhibition of HCV IRES-dependent translation in Huh-7 cells by three RNA inhibitors: The cells were
co-transfected with a mix containing the transcripts IRES-Fluc and cap-RLuc mRNAs and an excess of
a specific RNA inhibitor. The IRES translation efficiency was measured as Fluc versus RLuc activity
and referred to the value obtained in the control reaction without an RNA inhibitor. The activity values
are the mean of three independent experiments. (b) The inhibition of viral replication in a Huh-7
cell line-based HCV sub-genomic replication system (Huh-7 NS3-3′): The cells supporting the stable
replication of an HCV sub-genomic replicon were transfected with individual RNA inhibitors and
incubated for 20 h. The viral replication was measured as the viral RNA amount by qRT-PCR from a
total cell RNA extraction. The data are the mean of three independent experiments.

4.1.2. Anti-HCV CRE Aptamers

The highly conserved genomic CRE element codes essential information for the regulation of
the viral processes. It has been shown to be an essential partner in the viral replication [24,25], and
it is involved in the translation regulation [26,65]. CRE is, therefore, an excellent candidate to be an
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efficient anti-HCV therapeutic target. To assess this hypothesis, we applied a SELEX procedure to
isolate aptamers that could interfere with the functioning of the CRE element, which is defined by the
information encoded by each of its structural domains (5BSL3.1-5BSL3.2 and 5BSL3.3).

For this assay, a starting population of RNA molecules resulting from the randomization of
30 contiguous nucleotides (yielding a theoretical heterogeneity of more than 1 × 1018 variants) was
synthesized and introduced in a standard SELEX procedure. With this strategy, we searched for binders
to a 194-nt-long viral genomic RNA fragment containing the CRE structural element [66] (Figure 6a).
After nine rounds of selection, a collection of RNA aptamers could be classified in five different groups
defined by a consensus sequence, which was complementary to a specific domain within the viral
target RNA (Figure 6a). These complementary sequence motifs are likely involved in the binding
of the two molecules. Interestingly, the majority of the selected aptamers contained more than one
consensus sequence and potentially more than one site of binding in the target molecule [66,67]. To test
the potential of the CRE as anti-HCV target, a collection of 44 aptamers was assayed for their capacity
to inhibit HCV replication. For this purpose, the sub-genomic viral replication system based on the
Huh-7 cell lines mentioned above (see Figure 5) was used. The results of this analysis showed than a
significant number of tested aptamers efficiently reduced the viral RNA levels (Figure 6b). It is worth
noting that those aptamers that yield the highest inhibition levels contained the consensus sequences
of groups 2 and 3, which target the apical and internal loops of the 5BSL3.2 domain, respectively
(Figure 6). Further characterization of the inhibitory effect of aptamers P6-89, P6-96, and P6-103
competed out the recruitment of the viral polymerase by the 5BSL3.2 region [67]. This result was also
confirmed with the group 2 aptamers P-58 and P-78 [68]. Further, the P7-49 that is also an efficient
HCV replication inhibitor seems to bind to the 5BSL3.4 rather than 5BSL3.2 domain. Our data suggests
for the 5BSL3.4, which bears the translational stop codon, to have new unknown roles in the viral cycle.
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Figure 6. RNA aptamers selected against the HCV cis-replication element (CRE): (a) Sequence and
secondary structure of the 194-nt-long viral RNA fragment used as the target for the selection of
anti-HCV aptamers. The highly conserved structural domains of the CRE element (5BSL3.1, 5BSL3.2,
and 5BSL3.3) and the 5BSL3.4 that includes the translational stop codon, are indicated. The target
sequences complementary to the consensus sequence that define the five groups of selected aptamers
are indicated by colored sequences. (b) The inhibition of HCV replication: Huh-7 cells supporting
the stable replication of a sub-genomic HCV replicon were transfected with independent aptamers.
Viral RNA levels were quantified from the total RNA extracted 18 h post-transfection using qRT-PCR.
The bar chart indicates the HCV RNA levels referred to those obtained in the absence of a non-related
RNA molecule, RNA80. The values are the mean of at least four independent experiments [67]. The red
arrows and boxes indicate the aptamers for which the mechanism of action was further characterized.

Taken together, the results of this study support the potential use of the HCV CRE element as a
therapeutic target. More importantly, they provide evidences that aptamers are also useful molecular
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tools for understanding the function of RNA elements and the molecular mechanisms underlying the
RNA-mediated regulation in viral genomes.

4.1.3. Aptamers Targeting the Structural Elements of the 5′ UTR of the HIV-1 RNA Genome

Reports describing the successful targeting of different functional RNA elements in several viral
RNA genomes by inhibitor RNA molecules can be found in the literature. Besides HCV, we have also
targeted RNA aptamers against the 5′ UTR of the HIV-1 RNA genome. For this purpose, we developed
an innovative approach in which we combined a standard SELEX strategy with an in silico analysis of
the selected aptamers, allowing the design of more efficient ones [69].

The SELEX procedure was applied to a starting population of more than 1 × 1015 variants of
64-nt-long RNA molecules. They were binding-challenged against a HIV-1 genomic RNA fragment
comprising the first 308 nt of its 5′ UTR. After 11 selection rounds, we observed that the specific
8-nt-long sequence 5′-GGCAAGGA-3′ appeared in high frequency in the RNA population reaching
89.2% from the total analyzed sequences after cycle 14 [69]. Interestingly, this consensus motif is
complementary to the sequence exposed in the apical loop of the highly conserved polyA domain
of the genomic HIV-1 RNA, indicating that it is the target of the selected aptamers (Figure 7). An in
silico structural analysis of the selected RNA molecules containing the consensus octamer sequence
reveled the existence of a consensus 16-nt-long structural RNA element, which folded into a stem-loop
motif that exposes the octamer sequence in the loop. This 8-nt-long loop was closed by four base
pairs of variable sequence (Figure 8a). This result prompted us to hypothesize that the 16-nt structural
element was responsible of the aptamer binding capacity and, therefore, its potential inhibitory activity.
To validate this hypothesis, an in silico-designed new 16-nt-long RNA aptamer was synthesized.
This aptamer was named RNApt16 and consisted in the consensus octamer sequence exposed in a
loop closed by a 4-bp-long stem, which the sequence of allows the highest thermodynamic stability of
the folded molecule (Figure 8a).
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Figure 7. Aptamers selected against the genomic HIV 5′ UTR: A schematic representation of the
secondary structure of the 5′ UTR of the viral RNA genome. The well-characterized functional
structural elements are depicted. The sequence and secondary structure of the polyA domain is
enlarged in the box with blue letters. The octamer consensus sequence of the selected aptamers is
indicated in red.

A comparison study of the inhibition of HIV particles production in the cell culture by the
RNApt16 and the two most represented selected aptamers XIV22 and XIV26 demonstrated that the
three of them efficiently inhibited viral particle production reaching a maximum inhibition value of
85% for the RNApt16 [69] (Figure 8b). Thus, RNApt16 is the shortest RNA aptamer so far described
that efficiently interferes with its corresponding target.
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Figure 8. The in silico-designed RNApt16: (a) The structural analysis of the representative examples
of 64-nt-long selected aptamers shows the minimum free energy isoform. The probabilities of every
nucleotide to actually hold the structural conformation shown are represented by a colour code (red,
highest; dark blue, lowest). The pink, shadowed box indicates the consensus 16-nt-long structural
domain. The sequence and secondary structure of the consensus motif and the designed RNApt16 are
indicated at the bottom. R, purine; Y, pirimidine; N, any ribonucleotide, (b) HIV-1 inhibition assays:
The inhibition of HIV-1 particles production measured as the p24 antigen production by the XIV22,
XIV26, and RNApt16 aptamers (compared to a negative control). The data represent the mean of three
independent assays. ** The significant differences as compared to the control (p < 0.01). The figure is
adapted from Reference [69].

5. Conclusions

Viral RNA genomes have developed an information storing system beyond the protein coding
one, which stores essential information for the completion of the viral cycle. This system uses structural
RNA elements to perform essential functions. The high conservation of these elements among different
viral isolates and their important roles in the viral cycle make them potentially good therapeutic targets
for new antiviral strategies, which has been confirmed by the reported examples of interfering with
their activity by the use of RNA aptamers or other RNA inhibitors. The approach of RNA aptamers
targeting highly conserved structural genomic RNA elements offers a potential means of developing
new and efficient antiviral strategies. In addition, aptamers are excellent molecular tools to study the
functionality of structural RNA domains in viral RNA genomes.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kruger, K.; Grabowski, P.J.; Zaug, A.J.; Sands, J.; Gottschling, D.E.; Cech, T.R. Self-splicing RNA: Autoexcision
and autocyclization of the ribosomal RNA intervening sequence of Tetrahymena. Cell 1982, 31, 147–157.
[CrossRef]

2. Guerrier-Takada, C.; Gardiner, K.; Marsh, T.; Pace, N.; Altman, S. The RNA moiety of ribonuclease P is the
catalytic subunit of the enzyme. Cell 1983, 35, 849–857. [CrossRef]

3. Romero-López, C.; Berzal-Herranz, A. Unmasking the information encoded as structural motifs of viral
RNA genomes: A potential antiviral target. Rev. Med. Virol. 2013, 23, 340–354. [CrossRef] [PubMed]

4. Reynolds, J.E.; Kaminski, A.; Kettinen, H.J.; Grace, K.; Clarke, B.E.; Carroll, A.R.; Rowlands, D.J.; Jackson, R.J.
Unique features of internal initiation of hepatitis C virus RNA translation. EMBO J. 1995, 14, 6010–6020.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/0092-8674(82)90414-7
http://dx.doi.org/10.1016/0092-8674(83)90117-4
http://dx.doi.org/10.1002/rmv.1756
http://www.ncbi.nlm.nih.gov/pubmed/23983005
http://dx.doi.org/10.1002/j.1460-2075.1995.tb00289.x
http://www.ncbi.nlm.nih.gov/pubmed/8846793


Pharmaceuticals 2019, 12, 38 11 of 14

5. Wang, T.H.; Rijnbrand, R.C.; Lemon, S.M. Core protein-coding sequence, but not core protein, modulates the
efficiency of cap-independent translation directed by the internal ribosome entry site of hepatitis C virus.
J. Virol. 2000, 74, 11347–11358. [CrossRef] [PubMed]

6. Tsukiyama-Kohara, K.; Iizuka, N.; Kohara, M.; Nomoto, A. Internal ribosome entry site within hepatitis C
virus RNA. J. Virol. 1992, 66, 1476–1483. [PubMed]

7. Wang, C.; Sarnow, P.; Siddiqui, A. Translation of human hepatitis C virus RNA in cultured cells is mediated
by an internal ribosome-binding mechanism. J. Virol. 1993, 67, 3338–3344.

8. Kolykhalov, A.A.; Mihalik, K.; Feinstone, S.M.; Rice, C.M. Hepatitis C virus-encoded enzymatic activities
and conserved RNA elements in the 3’ nontranslated region are essential for virus replication in vivo. J. Virol.
2000, 74, 2046–2051. [CrossRef]

9. Friebe, P.; Lohmann, V.; Krieger, N.; Bartenschlager, R. Sequences in the 5’ nontranslated region of hepatitis
C virus required for RNA replication. J. Virol. 2001, 75, 12047–12057. [CrossRef]

10. Friebe, P.; Bartenschlager, R. Genetic analysis of sequences in the 3’ nontranslated region of hepatitis C virus
that are important for RNA replication. J. Virol. 2002, 76, 5326–5338. [CrossRef]

11. Yi, M.; Lemon, S.M. 3’ nontranslated RNA signals required for replication of hepatitis C virus RNA. J. Virol.
2003, 77, 3557–3568. [CrossRef] [PubMed]

12. Yi, M.; Lemon, S.M. Structure-function analysis of the 3’ stem-loop of hepatitis C virus genomic RNA and its
role in viral RNA replication. RNA 2003, 9, 331–345. [CrossRef]

13. McCaffrey, A.P.; Ohashi, K.; Meuse, L.; Shen, S.; Lancaster, A.M.; Lukavsky, P.J.; Sarnow, P.; Kay, M.A.
Determinants of hepatitis C translational initiation in vitro, in cultured cells and mice. Mol. Ther. 2002,
5, 676–684. [CrossRef] [PubMed]

14. Bung, C.; Bochkaeva, Z.; Terenin, I.; Zinovkin, R.; Shatsky, I.N.; Niepmann, M. Influence of the hepatitis C
virus 3’-untranslated region on IRES-dependent and cap-dependent translation initiation. FEBS Lett. 2010,
584, 837–842. [CrossRef] [PubMed]

15. Chu, D.; Ren, S.; Hu, S.; Wang, W.G.; Subramanian, A.; Contreras, D.; Kanagavel, V.; Chung, E.; Ko, J.;
Amirtham Jacob Appadorai, R.S.; et al. Systematic analysis of enhancer and critical cis-acting RNA elements
in the protein-encoding region of the hepatitis C virus genome. J. Virol. 2013, 87, 5678–5696. [CrossRef]

16. Davis, M.; Sagan, S.M.; Pezacki, J.P.; Evans, D.J.; Simmonds, P. Bioinformatic and physical characterizations of
genome-scale ordered RNA structure in mammalian RNA viruses. J. Virol. 2008, 82, 11824–11836. [CrossRef]
[PubMed]

17. Diviney, S.; Tuplin, A.; Struthers, M.; Armstrong, V.; Elliott, R.M.; Simmonds, P.; Evans, D.J. A hepatitis C
virus cis-acting replication element forms a long-range RNA-RNA interaction with upstream RNA sequences
in NS5B. J. Virol. 2008, 82, 9008–9022. [CrossRef] [PubMed]

18. Fricke, M.; Dunnes, N.; Zayas, M.; Bartenschlager, R.; Niepmann, M.; Marz, M. Conserved RNA secondary
structures and long-range interactions in hepatitis C viruses. RNA 2015, 21, 1219–1232. [CrossRef]

19. Mauger, D.M.; Golden, M.; Yamane, D.; Williford, S.; Lemon, S.M.; Martin, D.P.; Weeks, K.M. Functionally
conserved architecture of hepatitis C virus RNA genomes. Proc. Natl. Acad. Sci. USA 2015, 112, 3692–3697.
[CrossRef] [PubMed]

20. McMullan, L.K.; Grakoui, A.; Evans, M.J.; Mihalik, K.; Puig, M.; Branch, A.D.; Feinstone, S.M.; Rice, C.M.
Evidence for a functional RNA element in the hepatitis C virus core gene. Proc. Natl. Acad. Sci. USA 2007,
104, 2879–2884. [CrossRef] [PubMed]

21. Pirakitikulr, N.; Kohlway, A.; Lindenbach, B.D.; Pyle, A.M. The Coding Region of the HCV Genome Contains
a Network of Regulatory RNA Structures. Mol. Cell 2016, 62, 111–120. [CrossRef] [PubMed]

22. Tuplin, A.; Wood, J.; Evans, D.J.; Patel, A.H.; Simmonds, P. Thermodynamic and phylogenetic prediction
of RNA secondary structures in the coding region of hepatitis C virus. RNA 2002, 8, 824–841. [CrossRef]
[PubMed]

23. Tuplin, A.; Evans, D.J.; Simmonds, P. Detailed mapping of RNA secondary structures in core and
NS5B-encoding region sequences of hepatitis C virus by RNase cleavage and novel bioinformatic prediction
methods. J. Gen. Virol. 2004, 85, 3037–3047. [CrossRef]

24. Lee, H.; Shin, H.; Wimmer, E.; Paul, A.V. cis-acting RNA signals in the NS5B C-terminal coding sequence of
the hepatitis C virus genome. J. Virol. 2004, 78, 10865–10877. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.74.23.11347-11358.2000
http://www.ncbi.nlm.nih.gov/pubmed/11070035
http://www.ncbi.nlm.nih.gov/pubmed/1310759
http://dx.doi.org/10.1128/JVI.74.4.2046-2051.2000
http://dx.doi.org/10.1128/JVI.75.24.12047-12057.2001
http://dx.doi.org/10.1128/JVI.76.11.5326-5338.2002
http://dx.doi.org/10.1128/JVI.77.6.3557-3568.2003
http://www.ncbi.nlm.nih.gov/pubmed/12610131
http://dx.doi.org/10.1261/rna.2144203
http://dx.doi.org/10.1006/mthe.2002.0600
http://www.ncbi.nlm.nih.gov/pubmed/12027551
http://dx.doi.org/10.1016/j.febslet.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20079737
http://dx.doi.org/10.1128/JVI.00840-12
http://dx.doi.org/10.1128/JVI.01078-08
http://www.ncbi.nlm.nih.gov/pubmed/18799591
http://dx.doi.org/10.1128/JVI.02326-07
http://www.ncbi.nlm.nih.gov/pubmed/18614633
http://dx.doi.org/10.1261/rna.049338.114
http://dx.doi.org/10.1073/pnas.1416266112
http://www.ncbi.nlm.nih.gov/pubmed/25775547
http://dx.doi.org/10.1073/pnas.0611267104
http://www.ncbi.nlm.nih.gov/pubmed/17299041
http://dx.doi.org/10.1016/j.molcel.2016.01.024
http://www.ncbi.nlm.nih.gov/pubmed/26924328
http://dx.doi.org/10.1017/S1355838202554066
http://www.ncbi.nlm.nih.gov/pubmed/12088154
http://dx.doi.org/10.1099/vir.0.80141-0
http://dx.doi.org/10.1128/JVI.78.20.10865-10877.2004
http://www.ncbi.nlm.nih.gov/pubmed/15452207


Pharmaceuticals 2019, 12, 38 12 of 14

25. You, S.; Stump, D.D.; Branch, A.D.; Rice, C.M. A cis-acting replication element in the sequence encoding the
NS5B RNA-dependent RNA polymerase is required for hepatitis C virus RNA replication. J. Virol. 2004,
78, 1352–1366. [CrossRef]

26. Romero-López, C.; Berzal-Herranz, A. The functional RNA domain 5BSL3.2 within the NS5B coding sequence
influences hepatitis C virus IRES-mediated translation. Cell Mol. Life Sci. 2012, 69, 103–113. [CrossRef]
[PubMed]

27. Romero-López, C.; Berzal-Herranz, A. The 5BSL3.2 Functional RNA Domain Connects Distant Regions in
the Hepatitis C Virus Genome. Front. Microbiol. 2017, 8, 2093. [CrossRef]

28. Bradrick, S.S.; Walters, R.W.; Gromeier, M. The hepatitis C virus 3’-untranslated region or a poly(A) tract
promote efficient translation subsequent to the initiation phase. Nucleic Acids Res. 2006, 34, 1293–1303.
[CrossRef] [PubMed]

29. Song, Y.; Friebe, P.; Tzima, E.; Junemann, C.; Bartenschlager, R.; Niepmann, M. The hepatitis C virus RNA
3’-untranslated region strongly enhances translation directed by the internal ribosome entry site. J. Virol.
2006, 80, 11579–11588. [CrossRef] [PubMed]

30. Lourenco, S.; Costa, F.; Debarges, B.; Andrieu, T.; Cahour, A. Hepatitis C virus internal ribosome entry
site-mediated translation is stimulated by cis-acting RNA elements and trans-acting viral factors. FEBS J.
2008, 275, 4179–4197. [CrossRef]

31. Romero-López, C.; Berzal-Herranz, A. A long-range RNA-RNA interaction between the 5’ and 3’ ends of the
HCV genome. RNA 2009, 15, 1740–1752. [CrossRef] [PubMed]

32. Romero-López, C.; Barroso-Deljesus, A.; García-Sacristán, A.; Briones, C.; Berzal-Herranz, A. End-to-end
crosstalk within the hepatitis C virus genome mediates the conformational switch of the 3’X-tail region.
Nucleic Acids Res. 2014, 42, 567–582. [CrossRef] [PubMed]

33. Friebe, P.; Boudet, J.; Simorre, J.P.; Bartenschlager, R. Kissing-loop interaction in the 3’ end of the hepatitis C
virus genome essential for RNA replication. J. Virol. 2005, 79, 380–392. [CrossRef] [PubMed]

34. Cantero-Camacho, A.; Fan, L.; Wang, Y.X.; Gallego, J. Three-dimensional structure of the 3’X-tail of hepatitis
C virus RNA in monomeric and dimeric states. RNA 2017, 23, 1465–1476. [CrossRef] [PubMed]

35. Tuplin, A.; Struthers, M.; Simmonds, P.; Evans, D.J. A twist in the tail: SHAPE mapping of long-range
interactions and structural rearrangements of RNA elements involved in HCV replication. Nucleic Acids Res.
2012, 40, 6908–6921. [CrossRef] [PubMed]

36. Shetty, S.; Stefanovic, S.; Mihailescu, M.R. Hepatitis C virus RNA: Molecular switches mediated by long-range
RNA-RNA interactions? Nucleic Acids Res. 2013, 41, 2526–2540. [CrossRef]

37. Kim, Y.K.; Lee, S.H.; Kim, C.S.; Seol, S.K.; Jang, S.K. Long-range RNA-RNA interaction between the 5’
nontranslated region and the core-coding sequences of hepatitis C virus modulates the IRES- dependent
translation. RNA 2003, 9, 599–606. [CrossRef]

38. Beguiristain, N.; Robertson, H.D.; Gomez, J. RNase III cleavage demonstrates a long range RNA: RNA duplex
element flanking the hepatitis C virus internal ribosome entry site. Nucleic Acids Res. 2005, 33, 5250–5261.
[CrossRef]

39. Diaz-Toledano, R.; Ariza-Mateos, A.; Birk, A.; Martinez-Garcia, B.; Gomez, J. In vitro characterization of a
miR-122-sensitive double-helical switch element in the 5’ region of hepatitis C virus RNA. Nucleic Acids Res.
2009, 37, 5498–5510. [CrossRef]

40. Ariza-Mateos, A.; Diaz-Toledano, R.; Block, T.M.; Prieto-Vega, S.; Birk, A.; Gomez, J. Geneticin Stabilizes the
Open Conformation of the 5’ Region of Hepatitis C Virus RNA and Inhibits Viral Replication. Antimicrob.
Agents Chemother. 2016, 60, 925–935. [CrossRef]

41. Jopling, C.L.; Yi, M.; Lancaster, A.M.; Lemon, S.M.; Sarnow, P. Modulation of hepatitis C virus RNA
abundance by a liver-specific MicroRNA. Science 2005, 309, 1577–1581. [CrossRef]

42. Henke, J.I.; Goergen, D.; Zheng, J.; Song, Y.; Schuttler, C.G.; Fehr, C.; Junemann, C.; Niepmann, M.
microRNA-122 stimulates translation of hepatitis C virus RNA. EMBO J. 2008, 27, 3300–3310. [CrossRef]
[PubMed]

43. Romero-López, C.; Berzal-Herranz, A. Structure-function relationship in viral RNA genomes. The case of
HCV. World J. Med. Genet. 2014, 4, 6–18. [CrossRef]

44. Romero-López, C.; Barroso-Deljesus, A.; García-Sacristán, A.; Briones, C.; Berzal-Herranz, A. The folding of
the hepatitis C virus internal ribosome entry site depends on the 3’-end of the viral genome. Nucleic Acids Res.
2012, 40, 11697–11713. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.78.3.1352-1366.2004
http://dx.doi.org/10.1007/s00018-011-0729-z
http://www.ncbi.nlm.nih.gov/pubmed/21598019
http://dx.doi.org/10.3389/fmicb.2017.02093
http://dx.doi.org/10.1093/nar/gkl019
http://www.ncbi.nlm.nih.gov/pubmed/16510853
http://dx.doi.org/10.1128/JVI.00675-06
http://www.ncbi.nlm.nih.gov/pubmed/16971433
http://dx.doi.org/10.1111/j.1742-4658.2008.06566.x
http://dx.doi.org/10.1261/rna.1680809
http://www.ncbi.nlm.nih.gov/pubmed/19605533
http://dx.doi.org/10.1093/nar/gkt841
http://www.ncbi.nlm.nih.gov/pubmed/24049069
http://dx.doi.org/10.1128/JVI.79.1.380-392.2005
http://www.ncbi.nlm.nih.gov/pubmed/15596831
http://dx.doi.org/10.1261/rna.060632.117
http://www.ncbi.nlm.nih.gov/pubmed/28630140
http://dx.doi.org/10.1093/nar/gks370
http://www.ncbi.nlm.nih.gov/pubmed/22561372
http://dx.doi.org/10.1093/nar/gks1318
http://dx.doi.org/10.1261/rna.2185603
http://dx.doi.org/10.1093/nar/gki822
http://dx.doi.org/10.1093/nar/gkp553
http://dx.doi.org/10.1128/AAC.02511-15
http://dx.doi.org/10.1126/science.1113329
http://dx.doi.org/10.1038/emboj.2008.244
http://www.ncbi.nlm.nih.gov/pubmed/19020517
http://dx.doi.org/10.5496/wjmg.v4.i2.6
http://dx.doi.org/10.1093/nar/gks927
http://www.ncbi.nlm.nih.gov/pubmed/23066110


Pharmaceuticals 2019, 12, 38 13 of 14

45. Cristofari, G.; Ivanyi-Nagy, R.; Gabus, C.; Boulant, S.; Lavergne, J.P.; Penin, F.; Darlix, J.L. The hepatitis C
virus Core protein is a potent nucleic acid chaperone that directs dimerization of the viral (+) strand RNA
in vitro. Nucleic Acids Res. 2004, 32, 2623–2631. [CrossRef] [PubMed]

46. Ivanyi-Nagy, R.; Kanevsky, I.; Gabus, C.; Lavergne, J.P.; Ficheux, D.; Penin, F.; Fosse, P.; Darlix, J.L. Analysis
of hepatitis C virus RNA dimerization and core-RNA interactions. Nucleic Acids Res. 2006, 34, 2618–2633.
[CrossRef] [PubMed]

47. Blight, K.J.; Rice, C.M. Secondary structure determination of the conserved 98-base sequence at the 3’
terminus of hepatitis C virus genome RNA. J. Virol. 1997, 71, 7345–7352.

48. Tanaka, T.; Kato, N.; Cho, M.J.; Sugiyama, K.; Shimotohno, K. Structure of the 3’ terminus of the hepatitis C
virus genome. J. Virol. 1996, 70, 3307–3312.

49. Romero-López, C.; Barroso-delJesus, A.; Berzal-Herranz, A. The chaperone-like activity of the hepatitis C
virus IRES and CRE elements regulates genome dimerization. Sci Rep. 2017, 7. [CrossRef]

50. Reyes-Darias, J.A.; Sanchez-Luque, F.J.; Berzal-Herranz, A. Inhibition of HIV-1 replication by RNA-based
strategies. Curr. HIV Res. 2008, 6, 500–514. [CrossRef]

51. Poolsup, S.; Kim, C.Y. Therapeutic applications of synthetic nucleic acid aptamers. Curr. Opin. Biotechnol.
2017, 48, 180–186. [CrossRef] [PubMed]

52. Zuckerman, J.E.; Davis, M.E. Clinical experiences with systemically administered siRNA-based therapeutics
in cancer. Nat. Rev. Drug Discov. 2015, 14, 843–856. [CrossRef] [PubMed]

53. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990,
346, 818–822. [CrossRef] [PubMed]

54. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage
T4 DNA polymerase. Science 1990, 249, 505–510. [CrossRef] [PubMed]

55. Wilson, D.S.; Szostak, J.W. In vitro selection of functional nucleic acids. Annu. Rev. Biochem. 1999, 68, 611–647.
[CrossRef] [PubMed]

56. Rajendran, M.; Ellington, A.D. Selection of fluorescent aptamer beacons that light up in the presence of zinc.
Anal. Bioanal. Chem. 2008, 390, 1067–1075. [CrossRef] [PubMed]

57. Raddatz, M.S.; Dolf, A.; Endl, E.; Knolle, P.; Famulok, M.; Mayer, G. Enrichment of cell-targeting and
population-specific aptamers by fluorescence-activated cell sorting. Angew. Chem. Int. Ed. Engl. 2008,
47, 5190–5193. [CrossRef]

58. Marton, S.; Reyes-Darias, J.A.; Sanchez-Luque, F.J.; Romero-Lopez, C.; Berzal-Herranz, A. In vitro and ex
vivo selection procedures for identifying potentially therapeutic DNA and RNA molecules. Molecules 2010,
15, 4610–4638. [CrossRef]

59. Kumar, P.K. Monitoring Intact Viruses Using Aptamers. Biosensors (Basel) 2016, 6, 40. [CrossRef]
60. Romero-López, C.; Barroso-delJesus, A.; Puerta-Fernández, E.; Berzal-Herranz, A. Interfering with hepatitis

C virus IRES activity using RNA molecules identified by a novel in vitro selection method. Biol. Chem. 2005,
386, 183–190. [CrossRef] [PubMed]

61. Romero-López, C.; Díaz-González, R.; Berzal-Herranz, A. Inhibition of hepatitis C virus internal ribosome
entry site-mediated translation by an RNA targeting the conserved IIIf domain. Cell Mol. Life Sci. 2007,
64, 2994–3006. [CrossRef] [PubMed]

62. Romero-López, C.; Díaz-González, R.; Barroso-delJesus, A.; Berzal-Herranz, A. Inhibition of hepatitis C virus
replication and internal ribosome entry site-dependent translation by an RNA molecule. J. Gen. Virol. 2009,
90, 1659–1669. [CrossRef] [PubMed]

63. Romero-López, C.; Berzal-Herranz, B.; Gómez, J.; Berzal-Herranz, A. An engineered inhibitor RNA that
efficiently interferes with hepatitis C virus translation and replication. Antiviral Res. 2012, 94, 131–138.
[CrossRef] [PubMed]

64. Romero-López, C.; Lahlali, T.; Berzal-Herranz, B.; Berzal-Herranz, A. Development of Optimized Inhibitor
RNAs Allowing Multisite-Targeting of the HCV Genome. Molecules 2017, 22, 861. [CrossRef] [PubMed]

65. Romero-López, C.; Ríos-Marco, P.; Berzal-Herranz, B.; Berzal-Herranz, A. The HCV genome domains 5BSL3.1
and 5BSL3.3 act as managers of translation. Sci. Rep. 2018, 8, 16101. [CrossRef] [PubMed]

66. Marton, S.; Berzal-Herranz, B.; Garmendia, E.; Cueto, F.J.; Berzal-Herranz, A. Anti-HCV RNA Aptamers
Targeting the Genomic cis-Acting Replication Element. Pharmaceuticals (Basel) 2012, 5, 49–60. [CrossRef]
[PubMed]

http://dx.doi.org/10.1093/nar/gkh579
http://www.ncbi.nlm.nih.gov/pubmed/15141033
http://dx.doi.org/10.1093/nar/gkl240
http://www.ncbi.nlm.nih.gov/pubmed/16707664
http://dx.doi.org/10.1038/srep43415
http://dx.doi.org/10.2174/157016208786501454
http://dx.doi.org/10.1016/j.copbio.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28582756
http://dx.doi.org/10.1038/nrd4685
http://www.ncbi.nlm.nih.gov/pubmed/26567702
http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://dx.doi.org/10.1146/annurev.biochem.68.1.611
http://www.ncbi.nlm.nih.gov/pubmed/10872462
http://dx.doi.org/10.1007/s00216-007-1735-8
http://www.ncbi.nlm.nih.gov/pubmed/18049815
http://dx.doi.org/10.1002/anie.200800216
http://dx.doi.org/10.3390/molecules15074610
http://dx.doi.org/10.3390/bios6030040
http://dx.doi.org/10.1515/BC.2005.023
http://www.ncbi.nlm.nih.gov/pubmed/15843163
http://dx.doi.org/10.1007/s00018-007-7345-y
http://www.ncbi.nlm.nih.gov/pubmed/17938858
http://dx.doi.org/10.1099/vir.0.008821-0
http://www.ncbi.nlm.nih.gov/pubmed/19264618
http://dx.doi.org/10.1016/j.antiviral.2012.02.015
http://www.ncbi.nlm.nih.gov/pubmed/22426470
http://dx.doi.org/10.3390/molecules22050861
http://www.ncbi.nlm.nih.gov/pubmed/28531161
http://dx.doi.org/10.1038/s41598-018-34422-7
http://www.ncbi.nlm.nih.gov/pubmed/30382192
http://dx.doi.org/10.3390/ph5010049
http://www.ncbi.nlm.nih.gov/pubmed/24288042


Pharmaceuticals 2019, 12, 38 14 of 14

67. Fernández-Sanlés, A.; Berzal-Herranz, B.; González-Matamala, R.; Ríos-Marco, P.; Romero-López, C.;
Berzal-Herranz, A. RNA Aptamers as Molecular Tools to Study the Functionality of the Hepatitis C Virus
CRE Region. Molecules 2015, 20, 16030–16047. [CrossRef]

68. Marton, S.; Romero-Lopez, C.; Berzal-Herranz, A. RNA aptamer-mediated interference of HCV replication
by targeting the CRE-5BSL3.2 domain. J. Viral. Hepat. 2013, 20, 103–112. [CrossRef]

69. Sánchez-Luque, F.J.; Stich, M.; Manrubia, S.; Briones, C.; Berzal-Herranz, A. Efficient HIV-1 inhibition by
a 16 nt-long RNA aptamer designed by combining in vitro selection and in silico optimisation strategies.
Sci. Rep. 2014, 4, 6242. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/molecules200916030
http://dx.doi.org/10.1111/j.1365-2893.2012.01629.x
http://dx.doi.org/10.1038/srep06242
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	HCV Genomic Functional RNA Domains 
	Long-Range Genomic RNA–RNA Interactions 
	Functional Genomic RNA Domains as Therapeutic Targets 
	Aptamers 
	Aptamers Targeting HCV IRES 
	Anti-HCV CRE Aptamers 
	Aptamers Targeting the Structural Elements of the 5' UTR of the HIV-1 RNA Genome 


	Conclusions 
	References

