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1. Introduction

Viruses, the most abundant organisms on our planet, affect all living
beings, including animals, plants, parasites, fungi and bacteria. Their subtle
ability to develop strategies to evade the host immune system, along with the
high mutation and replication rates, has made viruses plague terrestrial eco-
systems since their appearance. Indeed, virus-borne infectious diseases tend
to spread abruptly over wide geographical areas, leading to outbreaks
that can dramatically affect health, national economies, and the overall
well-being of societies.' In the past few decades, pharmaceutical and
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biotechnological advance has succeeded in developing new therapeutics for
the management of different viral diseases: for example, anti-retroviral ther-
apy against the human immunodeficiency virus (HIV), or the pan-genotypic
direct-acting antiviral drugs used for hepatitis C (HCV) management.
Nevertheless, the majority of current therapies are unable to accomplish
virus eradication or sustained virological response, therefore the battle
against viral pathogens still represents a primary focus of medical research.
In addition, the constant onset of new viral pathogens, generally correlated
with massive outbreaks, imperils researchers to determine the pathogenic
mechanisms of the new viruses, with the ultimate goal to provide new
therapeutic approaches in the antiviral field.””

Viruses are obligate intracellular parasites characterized by great diversity
in terms of morphology, size, genome nature, and protein composition.
A virus particle, also called a virion, consists of the viral genome, which
can be either DNA or RNA in a single- or double-stranded state, sur-
rounded by a protein coat, the capsid. Some virus families additionally
present an external lipid bilayer called envelope, derived from cellular
membranes (Fig. 1).

In order to replicate, viruses induce the host cell to synthesize all the
essential components necessary to form new virus particles. As a conse-
quence, new virions are assembled in the cell and egress from it to infect
other cells, completing their replicative life cycle (Fig. 2). Some viruses
do not always actively replicate while within the host but remain dormant
in defined cell types by integrating their genome into the host DNA, or
through formation of circular viral genome molecules (episomes). This pro-
cess is termed viral latency: through it the virus can evade the host immune
system, usually establishing a lifelong infection.” It is worth noting that
each viral class has its own peculiar viral cycle: their details will be described
later in this chapter.

genome

capsid
bilayered
envelope

Fig. 1 Cartoon representation of a generic virus structure. Viruses can be either “naked,”
i.e, formed by the genome and capsid only, or “enveloped,” i.e., with the additional
presence of the outer lipid membrane (envelope) and surface proteins, as shown.
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Fig. 2 Cartoon representation of a simplified virus life cycle. The virus attaches to the
host cell through surface receptors or proteins (step 1) and enters the cell, according to
different mechanisms (step 2). After penetration, the viral genome is uncoated (step 3)
and released into the cytoplasm. At this stage, the DNA or RNA genome nature defines
the location and the strategy adopted for genome replication (step 4): the majority of
DNA viruses replicate in the cell nucleus. Most RNA viruses replicate in the cytoplasm of
infected cells. For retroviruses, retrotranscription occurs in the cytoplasm, while integra-
tion takes place in the cell nucleus. After viral mRNA synthesis, viral proteins are
expressed in the cytoplasm (steps 5-6). The newly synthesized viral elements (genomes
and proteins) are assembled into new virions (step 7) and released outside the cell
(step 8). Adapted from Ruggiero, E.; Richter, S. N. G-Quadruplexes and G-Quadruplex
Ligands: Targets and Tools in Antiviral Therapy. Nucleic Acids Res. 2018, 46, 3270—3283.

Viruses can be classified according to different parameters, such as
genome nature, capsid structure, presence of the envelope, type of infection.
The most commonly used system is the Baltimore classification, which allo-
cates viruses into seven different classes, according to the nucleic acid type
and the resulting mRINA synthesis mechanism (Table 1).”

G-quadruplexes (G4s) have been identified in viruses belonging to
almost all groups of the Baltimore classification. Indeed, in the past few years,
research on the biological role of G4s in virology has boomed, provid-
ing strong evidence of the relationship between G4s and the regulation of
key viral steps. A recent comprehensive bioinformatics analysis traced puta-
tive G4-forming sequences (PQSs) in all human viruses, showing that their
distribution is statistically relevant, making them a distinctive feature of the
different virus families. In addition, such PQSs are highly conserved, despite
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Table 1 Baltimore classification of viruses.

Class Genome® mRNA synthesis Virus families
I dsDNA mRNA transcribed directly from DNA  Herpesviridae
template Adenoviridae

Papillomaviridae
Polyomaviridae
Poxviridae

II ssDNA ssDNA converted to dsDNA before Anelloviridae
transcription Parvoviridae

I  dsRNA mRNA transcribed from RNA genome  Reoviridae

IV ssRNA (+)  RNA genome acts as mRNA Coronaviridae
Astroviridae
Caliciviridae
Faviviridae
Picornaviridae
Togaviridae

A% ssRINA (=)  mRNA transcribed from RINA genome  Rhabdoviridae
Filoviridae
Paramyxoviridae
Arenaviridae
Bunyaviridae
Orthomyxoviridae

VI ssRNA —RT Genome is converted to dsSDNA by RT, it Retroviridae
is integrated into the host’s genome and
then transcribed to mRNA

VII  dsDNA —RT DNA is transcribed through an RNA Hepadnaviridae
intermediate which acts as mRINA or as
template for mRINA synthesis

*ds=double-stranded; ss=single stranded; RT =reverse transcriptase; + and — indicate strand
orientation.

the high recombination rates that characterize viruses, suggesting a crucial
role for G4s in viral evolution and replication, and corroborating their
targeting as a valid pharmacological approach for antiviral therapy.”

2. DNA viruses

DNA viruses include a great variety of viruses in terms of host types,
genome length and structure, replication site, replication machinery source
and associated diseases. Based on their unique characteristics, they can adopt
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different replication strategies.” Most of these viruses share the ability to
cause latent infections, where the virus remains quiescent in a specific cel-
lular reservoir, in a non-replicative state until reactivation.” DSDNA viruses
have been found to be particularly enriched in PQSs.” Indeed PQS-related
functional studies have been reported for most herpesviruses, papillo-
maviruses and also the hepatitis B virus (Fig. 3).
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Fig. 3 Summary of G4s reported in DNA virus genomes. For each virus the following
information is provided: first column, virion structure and dimension; second column,
genome size and organization; third and fourth columns, schematic representation
of the G4s (red dots) location in the genome or in the mRNA,; fifth column, G4 ligands
tested so far on viral G4s and corresponding references. Adapted from Ruggiero, E.;
Richter, S. N. G-Quadruplexes and G-Quadruplex Ligands: Targets and Tools in Antiviral
Therapy. Nucleic Acids Res. 2018, 46, 3270—3283.
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2.1 Herpesviruses

The Herpesviridae family includes a large number of viruses with long linear
dsDNA genomes: it comprises more than 100 pathogens classified into
three subfamilies, alpha-, beta- and gammaherpesvirinae, which mainly differ
in the host target cells. Among all human herpesviruses (HHVs), nine spe-
cies routinely infect humans, are extremely widespread and responsible for
the onset of several different diseases, such as orolabial and genital herpes,
chickenpox and shingles, mononucleosis and difterent types of cancer
(Table 2). Interestingly, more than 90% of adults are infected with at least
one of these.”

HHVs differ significantly in terms of DNA base composition and
sequence arrangement; nonetheless, they share many biological properties,
including the ability to sustain, after a primary infection, a latent state
through maintenance of their genome in the infected organism as an
10

extrachromosomal nuclear episome. ~ During their life cycle, HHVs trigger
an intricate chain of events to achieve replication, which involves both

cellular and viral structures. Briefly, after attachment to the host’s cell

Table 2 Human herpesviruses classification.
Subfamily Virus Acronym Major related diseases

Alpha Herpes simplex virus HSV-1  Orolabial herpes, encephalitis

type 1
Herpes simplex virus HSV-2  Genital herpes
type 2
Varicella zoster virus VZV Chickenpox, shingles
Beta Cytomegalovirus CMV  CMV-mononucleosis, congenital
cytomegalic inclusion disease
Human herpesvirus HHV-  Roseola infantum
6A/6B 6A/B
Human herpesvirus HHV-7 Roseola infantum
7
Gamma  Epstein-Barr virus ~ EBV Mononucleosis, lymphomas,
leukemia, lymphoproliferative
syndromes
Kaposi’s sarcoma- KSHV  Kaposi’s sarcoma, Castleman disease
associated

herpesvirus
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surface, the virus penetrates into the cell cytoplasm and migrates to the
nucleus, where it releases the viral genome. Here, different complex steps
lead to the synthesis of concatemer copies of viral DNA, which, along with
the newly translated viral proteins, are assembled into new virions and
finally released."’

Pharmacological research in the antiherpetic field has been quite success-
ful, since to date, several efficient drugs are available on the market. One of
the most efficient antiviral agents is acyclovir, along with its derivatives.
These compounds are classified as nucleosides analogues: they block viral
replication by being incorporated into the nascent viral DNA. They have
been widely employed for the treatment of alpha-HHVs and are still con-
sidered the first line drugs of choice in the management of these viruses.
However, the excessive use of anti-HHVs agents over large periods, espe-
cially in immunocompromised patients, has led to the onset of resistant viral
strains. Moreover, considering that HHVs undergo latency, and that, to
date, there is no way to eradicate the virus from the host cells, the develop-
ment of new compounds with innovative targets and mechanisms of action
is urgently needed."’

Genome-wide bioinformatics analysis has revealed remarkable PQS
density in all HHV species, mostly in genome regulatory and repeated
regions, which are crucial to sustain the episomal form. The enrichment,
distribution and conservation rate of these sequences strongly corroborate

12,13 In

G4s as functional elements in the regulation of the viral life cycle.
addition, a recent study demonstrated an interesting correlation between
G4 sequence composition in HHVs and their hosts, suggesting a possible
long-term virus-host co-evolution process.'* Consequently, G4s may
represent efficient pharmacological targets, alternative to those aimed at

by the current anti-herpetic therapies.

2.1.1 Alpha-herpesviruses

The subfamily of alpha-HHVs includes HSV type 1 and 2, and VZV: these
are characterized by the establishment of a persistent infection in sensory
neuronal cells. Most of the studies conducted on the role of G4s in
HHVs regulation focused on the HSV-1 virus, as its genome is charac-
terized by 68% GC content, with multiple and highly stable G4-forming
sequences.”” HSV-1 G4s formation has been monitored in infected cells
through a G4-specific antibody at different time points post-infection.
G4s were found to form in a virus cycle-dependent fashion. During viral
replication, viral G4s fold massively in the cell nucleus and localize in
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different compartments according to the viral genome movements in the
cell during the viral cycle.'® Bioinformatics and the following experi-
mental analysis traced conserved PQSs in: (i) the promoter region of
immediate-early genes of all alpha-HHVs, genes that are expressed at
the very early stage of viral infection and encode for regulatory proteins
involved in all subsequent viral steps'’ (ii) the terminal and internal
repeated regions, which include packaging signals involved in concate-
mer cleavage during replication'” (iii) the proximity of recombination
breakpoints.'® Most of the identified G4s proved to be exceptionally stable
when tested in vitro through biochemical and biophysical assays.

Employment of known G4 ligands has provided interesting insights in
the regulation of HSV-1 Gd4s, first and foremost the reduction in virus rep-
lication, obtained after treatment with either BRACO-19 (IC5,~8 pM)"?
or a core-extended naphthalene diimide derivative (ICso~ 18 nM)."” Both
compounds led to a significant reduction in viral DNA synthesis and late
transcripts production. Furthermore, in vitro assays revealed the ability of
G4 ligands to improve further HSV-1 G4s stability and their ability to stall
polymerase progression.

2.1.2 Beta-herpesviruses

Viruses belonging to the Betaherpesvirinae subfamily are the human CMV,
HHV-6 and HHV-7, which mainly exploit leukocytes as target cells for
latency. Recent work on this class of viruses has analyzed the regulatory role
of G4s in the human CMV and HHV-6.

2.1.2.1 Human cytomegalovirus

The human CMV is estimated to affect more than 80% of the worldwide
population. It has the largest dsSDNA genome among HHVs (~235 kb),
which was found to include a remarkably high number of PQS, distributed
among the promoters of immediate-early, early and late genes. The majority
of the sequences have been demonstrated to actually fold into G4 struc-
tures, and to be stabilized after treatment with two different porphyrin-
based G4 ligands, TMPyP4 and NMM. Interestingly, in a luciferase
reporter system that included different PQSs in viral promoters, NMM
was shown to suppress the expression of several mRINAs and to reduce
both intracellular and extracellular viral DNA levels.”’ Recently, the
anti-CMYV activity of a polymerase inhibitor CX-5461, a known G4 ligand
currently in phase I clinical trial, was also demonstrated. Interestingly, the
compound induced a 2.0 log reduction in viral titer, together with a
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significant decrease in the amount of viral DNA and pUL44, the viral
processivity factor: these data indicate that the effect of CX-5461 is exerted
at the viral DNA replication stage of the viral life cycle. Considering that
the compound is known to induce a DNA damage response (DDR), its
antiviral activity may be related to a double G4-related mechanism of
action, involving both the viral targets and the activation of cellular stress
response pathways.”'

2.1.2.2 Human herpesviruses 6A/6B

HHV-6 consists of two related viruses known as HHV-6A and 6B, which
infect almost 100% of the human population and cause the febrile illness rose-
ola infantum, also called the sixth childhood eruptive disease. The HHV-6
genome is characterized by the presence of variable-length telomere-like
repeat regions at its termini, which can integrate by homologous recombina-
tion into the human chromosome at the telomeres; however, the mecha-
nisms regulating this process remain poorly understood. Considering that
telomeres are commonly known to fold into G4s, involvement of these
non-canonical arrangements in the regulation of HHV-6 chromosomal inte-
gration is plausible. Indeed, treatment of HHV-6 infected telomerase-
expressing cells with the G4 ligand BRACO-19 resulted in a significant
reduction in chromosomal integration, likely due to the prevention of
telomere end elongation.”

2.1.3 Gamma-herpesviruses

The human viruses EBV and KSHYV, classified as gamma-HHVs, establish
latency in lymphocytes. They are both associated with the develop-
ment of lymphomas originating from B cells, especially in immunocom-
promised patients.

2.1.3.1 Epstein-Barr virus

EBV is one the most common human viruses in the world, affecting more
than 90% of the world’s population. Its primary infection tends to be gen-
erally asymptomatic. However it could lead to infectious mononucleosis
and, in the worst case, to various types of cancer. Its genome comprises genes
encoding for six EBV nuclear proteins that are expressed only in the latent
infection and sustain the viral episome maintenance.” Studies on the char-
acterization and role of G4s in EBV showed that the EBV-encoded nuclear
antigen-1 (EBNAT1), the viral protein pivotal to immune evasion, promotes
viral DNA replication by interacting with RINA G4s and recruiting the
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cellular origin replication complex. The EBNA1 mRNA itself is enriched
in folded G4s, which behave as cis-acting modulators of viral mRINA trans-
lation, producing ribosome dissociation.”””” EBNA1 mRINA G4s have also
been found to regulate the endogenous presentation of EBNA1-specific
CD8+ T-cell epitopes, seen in persistent infections.” The employment
of G4 ligands has helped the investigation of the functional and biochemical
characteristics of EBNA1. BRACO-19, for instance, stabilized the viral
RNA G4 and, in infected lymphocytes, reduced EBV genome copy num-
bers. It also negatively modulated transcription levels of EBNA2 and
EBNA3A, and inhibited EBNA1-dependent DNA replication.”* Another
G4 ligand, pyridostatin (PDS), enhanced the stability of the EBV G4s,
reducing EBNA1 synthesis level in a concentration-dependent way, both
in vitro and in vivo. As a result, EBV-infected cells were found to be less effi-
ciently recognized by virus-specific T cells, although such a mechanism still
needs to be elucidated. These data show that G4-mediated inhibition affects
processes that are crucial for viral DNA replication, reinforcing the impor-
tance of alternative DNA structures in the regulation of virus processes. The
cellular protein nucleolin, which has been widely shown to bind G4s,”” rec-
ognizes and also binds viral EBNA1 mRNA G4s. As a consequence it
downregulates EBNA1 expression and antigen presentation, counteracting
EBV stealthiness. Such interactions can be targeted to modulate EBV pro-
gression: indeed the PhenDC3 G4 ligand was found to prevent nucleolin
binding to EBNA1 mRNA G4s and to increase the endogenous EBNA1
levels in EBV-infected B cells and in cells derived from a nasopharyn-
geal carcinoma.” Following on from PhenDC3, variously substituted
bis(acylhydrazones) derivatives have also been investigated for their ability
to interfere with the nucleolin/EBNA1 mRNA G4s interaction. Two com-
pounds, PhenDH?2 and PyDH2, have been found to be more active and less
toxic with respect to the lead compound.” However, it is worth noting
that although many of the tested PhenDC3 analogues displayed strong
in vitro binding and stabilization of RNA G4s, only a few of them were
able to interfere with EBV immune evasion. This result suggested that
the ability to hamper nucleolin/EBNAT1 interaction might require addi-
tional activities, independent from G4 stabilization. Indeed, different G4
ligands can generate opposite effects: this is the case of PDS, which, in con-
trast to PhenDC3, further suppressed EBNA1 mRNA translation,” as also
demonstrated by quantitative proximity ligation assay.”” All these data sup-
port the ability of EBNA1 G4s to operate as nucleolin-binding platform.
A very recent study reported that they also promote nuclear retention,’’
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but the relationship between the two processes needs further investigation.
Notably, EBV nuclear antigens are involved in B-cells transformation, espe-
cially EBNA1, which is expressed in all EBV-related tumors.”” Therefore, it
1s tempting to speculate that the nucleolin/EBNA1 G4 complex could be
involved in virus-related oncogenesis and it might be exploited as a phar-
macological target to impair both virus and tumor progression.

G4s have also been observed in mRNAs of additional gamma-HHV
maintenance proteins, known to regulate their self-synthesis, corroborating

the structural regulatory role of G4s in the virus system.”’

2.1.3.2 Kaposi's sarcoma-associated herpesvirus

KSHV is the causative agent of Kaposi’s sarcoma and other lympho-
proliferative disorders, such as primary eftusion lymphoma and a plasmablastic
form of multicentric Castleman’s disease. It mostly concerns AIDS patients, as
KSHV seroprevalence is directly proportional to HIV seropositivity rates. At
the moment, there are no treatments for the lytic or latent infections.”” The
KSHYV genome is arranged in a ~ 140 kb long central region, encoding viral
genes, flanked by repeated regions (terminal repeats, or TRs), which harbor
the viral episome unique origin of replication. TRs are highly enriched in
G/C bases and have been demonstrated to form stable G4s, located both
in the forward and reverse strands, and involved in the regulation of episomal
replication. Stabilization of viral G4s by means of different G4 ligands,
PhenDC3 and TMPyP4, stalled the replication fork at the TR level, with
consequent replicative stress and inhibition of KSHV DNA replication,
which resulted in the dramatic reduction (60%) of viral episome copy num-
bers.” In addition, the KSHV latency associated nuclear antigen 1 (LANA1)
protein, which is the master regulatory protein of KSHV latency, forms G4
structures in its own mRINA, analogous to EBNA1. G4 stabilization induced
by TMPyP4 treatment downregulated LANA1 translation, with consequent
reduction of protein expression in KSHV infected cells, suggesting that
LANA1 mRNA G4s are involved in the regulation of the translation
machinery. Interestingly, reduced translation has been found to be strictly
related to reduction of antigen presentation, one of the main mechanisms
adopted by LANAT1 to promote immune evasion.””

Altogether, these data confirm that G4s are key regulatory element in
the regulation of host-pathogen interaction in the Herpesviridae family and
support the feasible exploitation of these structures as innovative pharma-
cological targets in the antiherpetic therapy.
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2.2 Other DNA viruses

Among DNA viruses, G4s have been also studied in the human papilloma-
virus (HPV) and the hepatitis B virus (HBV).

2.2.1 Human papillomavirus

HPVs include more than 100 characterized viruses, which infect and re-
plicate within epithelial structures, inducing specific hyperplastic lesions.
Among them, those defined as “high-risk” HPVs can efficiently induce
malignant transformation of infected cells, leading to the onset of cervical,
anogenital, and several oropharyngeal cancers. Notably, high-risk HPVs
infections cause almost 99% of cervical cancers and approximately 5%
*° Currently, despite the availability of anti-HPV
vaccines, access to effective treatments is limited in many parts of the

of all cancers worldwide.

world; furthermore, no specific anti-HPV drugs are available. G4 forming
sequences have been found in 8 out of the 120 identified HPV types, all
belonging to the “high risk” HPV subgroup.’’ Nevertheless, the majority

of the identified sequences are characterized by high polymorphism,”®

which allows the formation of different alternative structures, i.e., hairpins.s()
Such dynamism makes HPV G4s difficult to study and, above all, to target;
therefore, further in-depth studies will be necessary to disclose the in-

volvement of HPV G4s in the viral life cycle.

2.2.2 Hepatitis B virus
HBV is a hepatotropic virus, characterized by a partially double-stranded,
circular DNA genome, which replicates through an RNA intermediate,
synthesized by a reverse transcriptase. Persistent HBV infections are related
to serious liver damage, eventually leading to cirrhosis and hepatocellular
carcinoma. The pronounced genetic variability associated with HBV deter-
mines the existence of 10 genotypes (A—J) which differ in terms of trans-
missibility, virus loads, response to antiviral therapy, and ability to cause
liver disease. Hundreds of millions of people worldwide are chronically
infected with HBV, and despite the availability of a prophylactic vaccine
and antiviral drugs that keep HBV levels under control, full eradication
is not yet achievable. Treatments are urgently needed, as almost 1 million
deaths per year are estimated to be caused by HBV-related cancers and
associated diseases.””

Very recently, a G4-forming sequence was identified as a genotype-
specific regulator of HBV replication, located in the preS2/S promoter of
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HBYV genotype B. The sequence was shown to fold into an intramolecular
hybrid G4 structure, the stabilization of which surprisingly led to enhanced
transcription of the preS2/S gene promoter, with consequent production of
the HBV surface antigen (HBsAg). The positive modulatory effect was
demonstrated through the employment of the G4 ligands BRACO-19
and PDS, revealing a yet unknown role for DNA secondary structures in
the viral context."'

3. RNA viruses

RNA viruses constitute the major part of the global virome, occupy-
ing four out of seven of Baltimore’s classes. They display the highest muta-
tion rates, which often generate multiple complex mixtures of related virus
variants, feature responsible for their adaptability to environment selection.
The high number of mutations is generated by the RNA-dependent RINA
polymerase that lacks proofreading activity.’” This enzyme synthesizes
RNA from the RNA template and, therefore, it is essential for replication
of most RINA viruses.

PQSs have been abundantly found in both positively- and negatively-
stranded ssRINA viruses, while very few have been observed in dsRINA
viruses.” Most of the studies reported so far regard flavi-, filo- and
coronaviruses (Fig. 4).

3.1 Flaviviruses

The Flaviviridae family comprises a large number of (+)-ssRINA viruses, the
genomes of which serve also as mRINA for viral protein translation. More
specifically, the whole genome is translated into a unique polyprotein,
which subsequently undergoes different cleavages by means of viral and
host proteases, to finally provide three structural proteins, namely the
pre-membrane/membrane (prM/M), the capsid (C) and the envelope
(E) proteins, and seven non-structural (NS) proteins. At both ends of
the viral genome, there are two untranslated regions (UTR) of different
length, which are essential for viral replication and immune modulation
and whose activity is strongly related to the secondary structures adopted,
mainly stem-loops.* Flavivirus infections represent a serious global threat
because of the continuous outbreaks reported worldwide. Pathogenic
flaviviruses are mainly transmitted by mosquitoes or ticks and subsequent
infections can lead to the onset of severe neurological and non-neurological
diseases. The family comprises over 100 virus species, including emerging
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and re-emerging arboviruses of global significance, such as Japanese enceph-
alitis (JEV), West Nile (WNV), Zika (ZIKV), dengue (DENV), yellow
fever (YFV), and tick-borne encephalitis (TBEV) virus, and also the hep-
atitis C virus (HCV), which belongs to the Hepacivirus genus. Albeit com-
mercially available vaccines for some of these viruses have been developed,
nowadays no effective specific treatments exist, besides the recent one
established against HCV. Considering the global threat of flaviviral pan-
demics, specific treatments are craved for.""

3.1.1 ZIKA virus

ZIKV is transmitted to humans by mosquito bites: in adults, it usually causes
mild to no symptoms, while it might be devastating if contracted during
pregnancy, as it is related to microcephaly in the unborn child. Several
G4 forming sequences have been discovered in the positive strand of the
ZIKV genome, while the negative one is devoid of PQSs. Seven of the
identified sequences were found to be surprisingly conserved within more
than 50 analyzed flavivirus genomes. Given the great viral genome variabil-
ity, this observation suggests a significant involvement of these PQS in the
regulation of the life cycle of these viruses. An additional G4 in the unique
3’-UTR region is present in ZIKV: this region is pivotal to viral replica-
tion of the negative-sense strand, therefore it could be a target to impair
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viral progression.

3.1.2 Hepatitis C virus

HCV affects more than 70 million people worldwide. It can cause both
acute and chronic hepatitis, possibly leading to cirrhosis, liver failure
and cancer. Indeed, HCV is responsible for 25% of liver cancers. The
HCV genome, in common with that of all flaviviruses, is organized into
a long open reading frame, which produces a unique polyprotein that is
processed by proteases to form 10 structural and non-structural proteins.
Notwithstanding the numerous virus variants emerging constantly in
patients, the core protein is the least variable and therefore it represents
an attractive antiviral target.’® In the last decade, the development of
direct-acting antiviral agents (DAAs), a combination of drugs targeting
specific nonstructural proteins, has dramatically changed the management
of HCV infections, improving sustained virological response by 90%."
Nevertheless, because of the possible emergence of resistant strains (https://
www.hcvguidelines.org/evaluate/resistance, accessed Jan 23, 2020), identi-
fication of new targets is always highly valued.
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Bioinformatics and biophysical analysis of HCV G4s has demonstrated
the existence of six conserved PQSs throughout the whole viral genome,
mostly in the negative strand. The one located in the core gene was char-
acterized as the most stable G4."” Its stabilization with the G4 ligands
TMPyP4 and a PDS derivative (PDP) promoted viral RNA-dependent
RNA polymerase stalling, with consequent reduction in HCV core protein
levels. In vivo analysis revealed that PDP led to G4-mediated antiviral acti-
vity in the low micromolar range, by inhibiting intracellular replication of
different HCV genotypes.”” A deeper investigation also showed that the
HCV core RNA G4 is recognized and bound by the cellular protein
nucleolin. This interaction, which has been found to be structure-related,
resulted in inhibition of HCV replication in cells. Such activity was
counteracted by the employment of G4 ligands such as PDS and PDP,
which competed for the same binding site. TMPyP4 did not produce the
same effect, however, this last compound is in general less selective for
G4s.”’ Moreover, HCV infection promoted nucleolin overexpression,
which in turn induced a drastic reduction of HCV total RNA levels.
Conversely, nucleolin silencing was directly correlated with increased
HCV RNA expression.”” These results strongly suggest the existence of a
host anti-viral immunity mechanism involving G4 structures. Additional
bioinformatic studies based on a different algorithm showed the presence
of a very interesting G4-forming sequence in the stem-loop Ily of the
HCV negative strand, precisely in the 3’-UTR, which is the initiation site
for the (+)-strand replication. The G4 sequence, highly conserved in many
different HCV strains, was strongly stabilized by the bisquinolinium deriv-
ative PhenDC3 and as a consequence, RINA synthesis was hampered by
more than 70%. Moreover, in a luciferase system in which luciferase expres-
sion was directly related to viral replication, 60% reduction was observed
upon treatment with the compound.”

HCV was also used as the reference RNA virus to develop a fluores-
cence light-up probe, a thioflavine T derivative (ThT-NE), for the direct
visualization of the native HCV RINA genome in living cells. ThT-NE
showed remarkable specificity for HCV RINA G4s with respect to other
G4s in different cell models, probably because during infections viral G4s
outnumber cellular G4s in order to maximize viral replication. Moreover,
the HCV replication machinery promotes formation of vesicle-like viral
replication complexes that contain most of the newly synthesized viral
RNA, generating a localized G4 enrichment that improves ThT-NE
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recognition.”” If this strategy were applicable also to other pathogens, it
would represent a striking turning point in pathological research and clinical
diagnosis.

3.2 Filoviruses

Filoviruses comprises five genera of viruses, including deadly pathogens such
as Ebola (EBOV) and Marburg (MARYV) viruses, which cause fatal hemor-
rhagic fever in humans and primates, with no cure available thus far. These
viruses are characterized by filamentous virions with a ~19 kb-long (—)
ssRINA, which includes seven genes. Filoviruses RINA replication consists
in the generation of a (+)ssRNA intermediate, namely the anti-genome,
which acts as template for the synthesis of new genomes. Studies on the pres-
ence of G4s in filovirus genomes has revealed a highly conserved G-rich
sequence in the EBOV L gene, which encodes for the viral RNA-
dependent RNA polymerase and modulates viral replication and trans-
cription. In vifro analysis has demonstrated that this sequence folds into a
dynamic parallel G4, stabilized by treatment with the TMPyP4 ligand.
Interestingly, this compound was able to reduce L gene transcription and
to impair replication of the EBOV mini-genome, a cell-based method
involving firefly luciferase as reporter protein.”” Moreover, induced circular
dichroism experiments performed in the presence of the fluorescent probe
thiazole orange, revealed the folding into G4s of several sequences derived
from original viral isolates of both EBOV and MARV.”* Additional inves-
tigations will be necessary to assess the biological role of the identified
sequences in the viral life cycle.

3.3 SARS coronavirus

The severe acute respiratory syndrome coronavirus (SARS-CoV) was iden-
tified after a massive outbreak in 2003, which led to the death of almost
10% of the affected people. The virus is one of the most pathogenic viruses
in humans and it is highly contagious. Furthermore, no effective drugs are
available against it. SARS-CoV belongs to the Coronaviridae family and has a
(+)-ssRINA genome of 29.7 kb in length, encoding for 13 viral genes. The
nonstructural protein 3, also known as SARS unique domain (SUD), plays a
crucial role in viral replication and transcription. It was demonstrated to
preferentially bind G4-forming oligonucleotides that form in the 3'-UTR
of mRNAs coding for host-cell proteins implicated in the regulation of
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several processes, such as apoptosis and signal transduction. For this reason,
the SUD/G4 interaction has been speculated to be involved in the modu-
lation of genome replication and host cell response to viral infection.””°
In December 2019, a novel coronavirus named SARS-CoV2 was iden-
tified in Wuhan, China; it causes the coronavirus disease (COVID-19),
which in a minority of people progresses to severe atypical pneumonia that
requires hospitalization and has extremely high mortality among the elderly
and immunocompromised people.”” SARS-CoV-2, being highly conta-
gious, caused a pandemic (COVID-19) in the early months of 2020.
SARS-CoV and SARS-CoV-2 share 86% genome homology: they both
infect humans by entering the lower respiratory tract through the
angiotensin-converting enzyme 2 (ACE2).”® However, an amino acid
composition difference of about 25% was found between the SUD of
the two viruses,”  therefore further characterization of the SARS-CoV-
2 SUD will be necessary to assess its function and possible interaction with

G4 nucleic acids.

4, Retroviruses

Retroviruses are the most ancient discovered viruses: they are able
to infect almost all vertebrates worldwide, causing severe diseases, such as
immunodeficiencies, neurological disorders, and cancer. Retroviruses are
classified into two subfamilies: Orthoretrovirinae, including alpha-, beta-,
gamma-, delta-, epsilon-retroviruses and lentiviruses; Spumavirinae, repre-
sented by the genus spumavirus. They possess two copies of (+)-ssRINA
genome, formed by four coding genes, gag, pro, pol and env, several genes
encoding for accessory proteins and two flanking repeat segments followed
by untranslated regions. The pol gene encodes for the reverse transcriptase
(RT) enzyme, the RNA-dependent DNA polymerase that allows synthesis
of viral DNA from the genomic RNA. The newly formed dsDNA, which
presents two identical long terminal repeats (LTRs) at both ends, once inte-
grated into the host’s chromosomal DNA forms the provirus. The provirus is
transcribed and translated to form new virions, or it may remain dormant,
i.e., latent: in both cases, it can be no longer eliminated from the host. The
LTR located at the 5'-end represents the control center for viral gene
expression. It is organized in three sections, U3, R, and U5. The U3 region
includes binding sites for transcription factors and acts as the unique pro-
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moter for retroviral transcription.’
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Interestingly, highly conserved PQSs have been found in the majority of
retrovirus subfamilies, mainly located in the LTRs. Biophysics assays have
demonstrated the actual ability of these sequences to fold into G4s, which
were strongly stabilized by G4 ligands, such as BRACO-19 and a core-
extended NDI, supporting the possibility of targeting the LTR G4s as

. . . . 61,62
innovative antiretroviral therapy.” "’

4.1 Lentiviruses

Viruses belonging to the Lentiviridae tamily infect a broad range of mam-
mals: they are responsible for the onset of several neurological and immu-
nological deficiencies, the most known of which is the human acquired
immunodeficiency syndrome (AIDS) caused by HIV-1. Related diseases,
associated to different lentiviruses, can be observed also in species like
simians, felines, equines and cattle.

Analysis of PQSs in these viruses has mainly focused on the promoter
region, the 5-LTR, revealing that almost all members of the family share
the possibility to fold into G4s. The most intriguing result was the abun-
dance of PQSs in relation to species: all lentiviruses affecting primates
showed PQSs in their 5'-LTR. A lower percentage was observed in the
bovine lentiviruses, while none, or very low, in the phylogenetically more
distant species. These data suggest that the G4 structures are beneficial to
the overall virus biology and have consequently been selected for through-
out evolution. Furthermore, a strong correlation between G4s and the
binding site for the transcription factors Sp1 and NF-xB was observed in
almost all primate lentiviruses, corroborating the key role played by G4s
in the regulation of viral transcription.”’

4.1.1 Human immunodeficiency virus type 1

The HIV-1 virus, lead representative of the lentivirus subfamily, is still one
of the most serious public health challenges. Since its discovery in the early
1980s, successful and significant efforts have been reached in terms of pre-
ventions and treatment: to date, almost 38 million people worldwide are
affected by the virus, more than half of which are receiving antiretroviral
therapy (ART), a combination of three or more antiretroviral drugs that
reduces virus production and correlated disease progression (https:/www.
who.int/gho/hiv/en/, accessed Jan 23, 2020). Nevertheless, there is still no
cure to eradicate the virus from the host, and HIV-related deaths continue
to impact society and economy: consequently, identification of alternative
and effective antiviral targets is urged.
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G4s perfectly fit into this picture, as they could represent key elements
in HIV-1 targeting, both in the lytic and latent state. Research on G4s in
this virus has been quite productive, on both the viral genomic RINA
and the integrated provirus (Fig. 4).

The HIV-1 genome, as mentioned above, consists in two copies of
positive, single-stranded RINA that, once synthesized, dimerize in order
to be encapsulated into the new virion: this step is critical for viral recom-
bination (Fig. 5). Several G-rich sequences have been found in proximity
of the dimerization site”” and in the central portion of the genome, adjacent
to a central polypurine tract.”* Both RNA regions are associated with
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Fig. 5 Cartoon representation of the HIV-1 life cycle. The virus attaches to the host cell
through surface receptors (step 1) to enter the cell (step 2). After penetration, the viral
genome is uncoated (step 3) and released into the cytoplasm. At this stage, the viral RNA
is retro-transcribed into a double-stranded intermediate (step 4) which enters the
nucleus, where it can be integrated into the host genome (step 5). After transcription
(step 6), mRNA acts as template for the synthesis of new viral genome copies and for the
expression of viral proteins in the cytoplasm (steps 6). The newly synthesized viral ele-
ments (genomes and proteins) are assembled into new virions (step 7) and released
outside the cell (step 8). Adapted from Ruggiero, E.; Richter, S. N. G-Quadruplexes and
G-Quadruplex Ligands: Targets and Tools in Antiviral Therapy. Nucleic Acids Res. 2018,
46, 3270-3283.
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dimerization and primer-strand transfer during reverse transcription, events
that promote recombination. Collected data infer that the G4s in this
region might be involved in the regulation of the aforementioned processes,
making RNA G4s fundamental for the virus.

At the 5-UTR, specifically in the U3 segment, a highly G-rich
sequence, overlapping with three Sp1 binding sites, has been found to fold
into multiple G4s. These structures provide a contact point for dimerization
between the two RNA strands, contributing to viral recombination.”” In
detail, three G4s have been identified, U3-II, U3-III and U3-IV, which
showed remarkable stability and were well recognized by the G4 ligand
BRACO-19, which was able to stall RT progression in vitro, therefore
impairing viral DNA synthesis and thus viral production.”® The nucleocap-
sid protein (NCp7), a viral protein that assists RT by unwinding HIV-1
RNA genome secondary structures in order to promote polymerase pro-
gression, could counteract such mechanism. NCp7 is known to preferen-
tially bind single-stranded nucleic acids compared to duplex states, and
works as a chaperone, as it promotes folding of nucleic acids in their most
thermodynamically stable conformations.”” It was recently demonstrated
that NCp7 contributes to RT processivity by recognition and subsequent
unfolding of HIV-1 RNA G4s.”® NCp7 has also been reported to interact
in vitro with a G4 sequence located in the HIV-1 central DNA flap over-
lapping positive-strand, which forms a tetramolecular G4.°” The G4s in
this region might be involved in the protection of the pre-integrated
genome from nuclease degradation. However, the biological outcome of
the G4-NCp?7 interaction still needs to be elucidated in vivo.

Regarding the provirus, the LTR U3 promoter sequence is highly
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enriched in guanines, especially at the Sp1l and NF-xB binding sites.
this region, three overlapping G4 structures can form: LTR-II and LTR-
IIT that are constitutively formed, and LTR-IV, the folding of which
is induced by proteins or ligands binding.”' LTR-IIT and LTR-IV struc-
tures, which have been characterized through NMR spectroscopy, showed
very peculiar features. LTR-III G4 folds into a hybrid, three-layered
quadruplex, with a conserved duplex stem-loop in the central loop.””
LTR-IV G4 has a parallel topology with a bulged G-tract at its 3'-end.””
Such distinctive structures could be exploited to design specific ligands
able to selectively target HIV-1 LTR G4s, overcoming the low selectivity
that characterizes currently available G4 ligands. The two LTR G4s are
mutually exclusive and induce opposite effects on the LTR promoter activ-
ity. LTR-III G4 stabilization inhibits viral transcription,”’ while LTR-IV
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G4 hampers this activity.”” The folding/unfolding of this region is con-
trolled by at least two cellular proteins: nucleolin, which greatly stabilizes
the LTR G4s, with a consequent overall silencing effect,”* and the human
ribonucleoprotein A2B1, which in turn unwinds the G4s to promote
transcription.”” These data infer that the fine balance between G4s might
be one of the regulatory mechanisms in the regulation of HIV-1 promoter
activity. Moreover, it has been very recently shown that the LTR transcrip-
tion machinery also involves another alternative structure, the i-motif,”°
which can form in the provirus negative strand, further supporting the reg-
ulatory role of non-canonical nucleic acids structures in virus biology.”’
Several G4 ligands have been tested to assess the effect on HIV-1 G4s on
the viral promoter and promising stabilizing activity was observed, lead-
ing to an overall antiviral effect. BRACO-19 significantly stabilized the
naturally occurring G4s, LTR-II and LTR-III, and induced folding of
LTR-IV. Upon treatment with increasing compound concentrations,
LTR promoter activity was reduced by almost 70% when compared to
the untreated condition: a mutated non-G4 sequence used as control
showed no variation in promoter response and thus confirmed the effect
to be G4-related.”' BRACO-19 was then tested in various cell lines, using
different HIV-1 strains. It exerted promising G4-mediated antiviral activity,
in the micromolar range. Considering that the G4 ligand also stabilizes
HIV-1 RNA Gd4s, the antiviral effect could be ascribed to a dual mecha-
nism of action, both at the pre- and the post-integration level.”” The devel-
opment of a new series of core-extended NDI derivatives has significantly
improved the anti-HIV-1 activity of the G4 ligands. In fact, these molecules,
characterized by exceptional solubility properties, displayed outstanding
in vitro stabilizing activity on HIV-1 LTR G4s, with preference for the viral
over the human telomeric G4s, used as a cellular reference. Most impor-
tantly, the series exhibited strong antiviral activity in the low nanomolar
range (IC50 <25 nM). Time-related antiviral assays combined with reporter
assays, have confirmed the G4-mediated mechanism of action.”®

Further investigation on G4s in the HIV-1 integrated genome have
identified three PQSs in the nef gene. This encodes for the viral accessory
protein Nef, a factor involved in the maintenance of a persistent HIV infec-
tion in vivo. The nef gene is located at the 3'-end of the viral genome, with
its coding region that partially overlaps with the 3’-LTR. The observed
PQSs were highly conserved and able to fold into two-tetrads G4s. Nef
G4s were stabilized in vitro by different G4 ligands, such as TMPyP4,
BRACO-19 and PIPER. Interestingly, employment of TMPyP4 in the
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TZM-bl reporter cell line, which supports Nef-dependent HIV-1 repli-
cation, resulted in a dose-dependent inhibition of viral infectivity.”’
Altogether, these data support the possibility of exploiting viral G4s as novel
anti-HIV-1 targets, possibly in both the lytic and latent infection.

Indeed, one of the most appealing and interesting aspects about G4s
in HIV-1 is their possible involvement in the regulation of viral latency.
The virus establishes a state of latent infection in T cells: at this stage, it is
not susceptible to antiretroviral drugs. The molecular mechanisms underly-
ing this process are complex and not completely understood; nonetheless
some forms of latency entail transcriptional interference, thus the 5'-LTR
and its G4s might be involved.”’ G4 stabilizing agents have been tested in
cells infected with latent HIV-1, where they showed strong antiviral acti-
vity, effectively linking G4s to HIV-1 latency. BRACO-19 in latently
infected cells reduced viral titer to undetectable levels, an effect that was still
observed after long-term treatment. TMPyP4 administration also blocked
viral replication in two lymphocyte T cell lines with established HIV-1
latency. The antiviral activity was found to be coupled with higher apo-
ptosis/death rates, with respect to untreated cells and the effect was

enhanced upon association with DNA damage repair inhibitors.”'

5. Discussion and final remarks

The involvement of G4s in the regulation of cellular processes,
such as transcription, replication, translation and telomere maintenance,
has been widely accepted by the scientific community. The development
of specific G4 ligands with promising anticancer effects has encouraged
identification of new ways to harness G4 modulation in other human dis-
eases, including viral infections. Altogether, the data collected in the past
few years on G4s in viruses, their interaction with specific ligands and the
consequent effect on the modulation of the viral machinery validate the
possibility of developing G4-based antiviral drugs. The first aspect to
acknowledge is that all the characterized viral G4s are located in highly-
conserved genomic regions. In virology, base-conservation analysis is a
critical issue, since viruses are characterized by high mutation rates.*” The
limited availability of deposited sequences for many viruses, especially the
emerging ones, limits a comprehensive conservation analysis; however, data
accumulated so far clearly show that PQSs are conserved elements within
viruses, thus representing efficient targets in antiviral research.
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Taking into account that both hosts and viruses have genomic
sequences able to organize into G4s, one of the most demanding tasks
in the design of antiviral G4 ligands is to accomplish selectivity toward
viral versus cellular G4s. As a matter of fact, one of the major limitations
in the development of these compounds is in respect to the common
chemical features that characterize the currently employed G4 ligands:
the large flat aromatic core that stacks on the G quartet, increasing dis-
crimination among different G4s; high-molecular weights and positive-
charged side chains, which guarantee loops and grooves interaction to
the detriment of cellular uptake.®” Indeed, low selectivity and poor drug-
like properties are major factors in the lack of progression of current
G4 ligands beyond phase II clinical trials.

In order to achieve selectivity, deep knowledge about the structural
characteristics of each identified G4 is necessary. In fact, loop and groove
regions are distinctive marks of the G4 structure and are amenable to selec-
tive recognition. Structural data on cellular G4/G4 ligand complexes has
demonstrated the involvement of the grooves in the stabilization of such
interactions, contributing to formation of a compact arrangement that
would likely efficiently impair the transcription machinery.®* It is therefore
possible to speculate that enhanced selectivity could be mediated by inter-
action with loop/groove moieties. To this end, NMR and crystallographic
determinations of viral G4s and their complexes with ligands are neces-
sary, in order to allow ad hoc design of new antiviral molecules. To date,
only two viral G4 structures have been solved through NMR spectroscopy:
the HIV-1 LTR-III"* and LTR-IV"® G4s. Molecular docking analysis,
coupled to cleavage experiments, has enabled the identification of groove
interactions between LTR-III G4 and the NDI-Cu-DETA derivative, a
highly selective G4-cleaving agent.” Structure resolution is thus a valid
approach for the development of specific compounds.

Notwithstanding their poor selectivity, most of the G4 ligands tested
in viruses have demonstrated promising antiviral activity and, in the major-
ity of cases, the activity was shown to be G4-dependent. One possible
explanation for this outcome is the amount of viral G4s, which, during
infection, largely exceeds that of cellular G4s, especially during replica-
tion, as reported for HSV-1."" Considering that generally G4s are located
in regulatory regions crucial for viral life cycle progression, a combination
of abundance of viral G4s and impairment of key viral functions might
explain the observed antiviral effect. Exploring the effective folding of
G4s during different steps could help not only help understand the role
of G4s in different viruses, but it would heighten the possibility of
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targeting them in the most useful and effective way. Ultimately, extending
this kind of investigation to other viruses would likely lead to a more rapid
and successful application of G4 ligands in antiviral research.

However, it must be realized that each virus has complex and unique
characteristics, therefore investigation of the effective target and mechanism
of action of compounds at the molecular level may not be straightforward.
The case of the EBV virus is a clear example of this entangled picture:
PDS impairs EBNAT1 synthesis, while PhenDC3 exerts the exact opposite
effect.”*® Probably, the overall outcome could be ascribed to multiple
G4-mediated mechanisms.

Finally, one of the most exciting applications of G4 ligands in antiviral
therapy is the possibility to fight viruses that undergo latency. Current avail-
able therapies cannot eradicate the latent virus from its host, and conse-
quently infective agents such as HIV and HHVs still cause non-eradicable
diseases. In this scenario, a G4-mediated pharmacological approach would
affect both the replicating and the latent virus, possibly leading to virus
eradication. To this end, the virus-induced manipulation of host chromatin
needs to be considered. Recently, several studies reported virus-host
chromatin interactions and chromatin machinery modulation by viral
proteins.”® Epigenetic modifications of viral chromatin and viral trans-
criptome might be crucial in conveying the virus toward either lytic or
latent infection.””*” Since G4 formation has been directly linked to the
suppressive role of heterochromatin and it seems to occur only in highly
transcribed nucleosome-depleted chromatin regions,” it would be fasci-
nating to understand how viral G4s affect and could be affected by such
a complex mechanism.

In conclusion, all the data reported so far on G4s in viruses clearly show
that G4 structures are pivotal elements in the regulation of the virus life
cycle, both at the lytic and latent levels. G4 ligands can be envisaged as
efficient and promising antiviral agents; therefore research on the discovery
of new G4-ligand small molecules should be encouraged. The availability of
selective molecules will also help to clarify and further understand the role
of G4s in the viral life cycle and ultimately in viral pathogenesis.

G4-mediated antiviral drugs could represent a striking turning point
in the management of viral infectious diseases, especially in people who
cannot access immunization, such as immunocompromised and elderly
people. Finally, the G4-mediated antiviral effects observed in latent
systems may lead to cutting-edge therapeutic approaches in the treat-
ment of human deadly malignancies, such as AIDS, herpes- and HPV-
related cancers.
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