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Abstract

G-quadruplexes (G4s) are non-canonical nucleic acids secondary structures. Their presence has
been firmly established in the human genome, as well as in that of many viruses. Our research
group has previously identified highly conserved G4s in the U3 region of the HIV-1 genome and
the long terminal repeat (LTR) promoter of the proviral genome. In the present work, we
addressed how the RNA and DNA HIV-1 G4s can be modulated by various ligands (proteins and
chemical compounds), leading to the regulation of important virulence processes. Unveiling so
far unknown mechanisms in the HIV-1 infection regulation could help the discovery of new targets
for the design of specific inhibitors to be proposed as new antivirals.

Initially, we focused on the identification of new RNA G4 binding proteins and the derived
modulation. We proved that the HIV-1 nucleocapsid protein (NCp7) binds and unfolds the HIV-1
RNA U3 G4s. Importantly, the NCp7-mediated RNA G4 structure resolution favoured proceeding
of the reverse transcription (RT). Conversely, the G4 ligand BRACO-19 (B19) stabilized the RNA
G4 folding, thus hindering RT progression, and also counteracting the destabilizing activity of
NCp7. On the one hand, our data pointed out the strength of NCp7 as chaperone protein that is
able to process the extremely stable HIV-1 RNA G4s in order to allow viral retro-transcription to
occur. On the other, they indicate a new target of G4 ligands that inhibit both RT and NCp7. This
information brings out the possibility to develop selective U3 RNA G4 ligands, to be proposed as
effective anti-HIV-1 drugs with an innovative mechanism of action.

We then moved to the investigation of the regulatory role of DNA LTR G4s on viral latency. We
reported for the first time the actual folding of the viral LTR G4s within the context of HIV-1 latent
chromatin, where the viral promoter is in a repressed state. Moreover, LTR G4s stabilization
mediated by two G4 ligands down-modulated viral transcription, thus counteracting viral
reactivation from latency. We presented here the possibility to selectively target LTR G4s to
control viral latency and develop innovative antiretroviral drugs to manage HIV-1 infection. In this
context, targeting LTR G4s constitutes the basis for the progress of new antiviral compounds with
an unprecedented mechanism of action. However, the vast majority of G4 binders present high
molecular weights and protonated side chains, which may cause bioavailability problems when
subjected to in vivo studies. As a consequence, we here investigated the antiviral activity of a
new series of Quindoline-derived compounds presenting more drug-like features. Our data
highlight the importance to develop small druggable molecules to target viral G4s in order to

handle viral infections.
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Sommario

| G-quadruplex (G4s) sono strutture secondarie non canoniche degli acidi nucleici che sono state
identificate in regioni regolatorie del genoma umano, cosi come in quelle di molti virus. Il gruppo
di ricerca della Professoressa Richter ha precedentemente identificato strutture G4 altamente
conservate nella regione U3 del genoma di HIV-1 e anche in una regione promotoriale del
genoma provirale. In questa tesi tratteremo di come i G4 presenti nellRNA e nel DNA di HIV-1
possano essere modulati da vari ligandi (sia proteine che composti chimici), ottenendo cosi la
modulazione di importanti processi virologici. La scoperta di meccanismi finora sconosciuti nella
regolazione dell'infezione da HIV-1 potrebbe portare all'identificazione di nuovi farget per la
progettazione di specifici inibitori da poter proporre come antivirali.

Inizialmente ci siamo concentrati sull'identificazione di nuove proteine in grado di legare gli RNA
G4 e sulla loro conseguente modulazione. Abbiamo dimostrato che la proteina virale
nucleocapside (NCp7) € in grado di legare e svolgere il G4 nella regione U3 di HIV-1. E’
importante sottolineare che la risoluzione della struttura G4 mediata da NCp7 ¢ stata osservata
favorire il processo di trascrizione inversa. Al contrario, il ligando BRACO-19 (B19), stabilizzando
il ripiegamento del’RNA a G4, ha ostacolato la progressione della trascrittasi inversa, anche
contrastando I'attivita destabilizzante di NCp7. Da un lato, i nostri dati hanno sottolineato la forza
della proteina NCp7 come chaperone che risolve le strutture G4 altamente stabili del’RNA di HIV-
1 al fine di consentire la trascrizione inversa virale. Dall’altro lato, abbiamo portato una nuova
conseguenza dell’attivita del ligando G4, legata all'inibizione dell’attivita della trascrittasi inversa
e di NCp7. Queste informazioni hanno messo in evidenza la possibilita di sviluppare ligandi
selettivi per il G4 del’lRNA U3 di HIV-1 al fine di proporre terapie anti-HIV-1 piu efficaci con un
meccanismo d’azione innovativo.

Siamo poi passati ad indagare il ruolo regolatorio che le strutture G4 nel DNA LTR di HIV-1
possono avere sulla latenza. Abbiamo dimostrato per la prima volta il folding autentico dei G4
virali nel’LTR in un contesto di cromatina latente, in cui il promotore si trova in uno stato inattivo.
Inoltre, la stabilizzazione dei G4 dellLTR mediata da due ligandi G4 ha inibito la trascrizione
virale, contrastando cosi la riattivazione virale dalla latenza. Abbiamo quindi presentato la
possibilita di bersagliare selettivamente i G4 virali nellLTR di HIV-1 per controllare la latenza
virale e sviluppare farmaci antiretrovirali innovativi per gestire I'infezione da HIV-1. In questo
contesto, colpire selettivamente i G4 dellLTR costituisce la base per I'avanzamento di nuovi
composti antivirali con un meccanismo d’azione senza precedenti. Tuttavia, la maggior parte dei
ligandi G4 presenta pesi molecolari elevati e sostituenti protonati che possono causare problemi
di scarsa biodisponibilita quando sottoposti a studi in vivo. Di conseguenza, ci siamo focalizzati
sullo studio dell’attivita antivirale di una nuova serie di composti derivati dalla Quindolina che
presentano caratteristiche chimico-fisiche piu promettenti. | nostri risultati hanno dimostrato
l'importanza di sviluppare piccole molecole per colpire selettivamente i G4 virali al fine di gestire

le infezioni virali.
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Introduction

1. Introduction

1.1 G-quadruplex structures

1.1.1 G-quadruplex structures: beyond the canonical architecture of the double helix

The canonical DNA secondary structure is the right-handed double helix (also known as B-DNA
form) described by Watson and Crick over 60 years ago.' This structure represents the
predominant and more energetically favoured form in which DNA can be found.

Despite the traditional view that considers DNA as a relatively stable element, numerous studies
report that the DNA is highly dynamic.?® In fact, beyond the canonical DNA form, it can adopt
various alternative conformations. More than 10 types of so-called non-B or non-canonical nucleic
acids secondary structures have been characterized in the years.*® These include G-quadruplex
structures, as well as i-motifs, triplexes, cruciforms, hairpins (Figure 1.1).5

B-DNA form
JAVAYATAVAVAVATAVATAVAVAN

non-B-DNA secondary structures

G-quadruplex Triplex Hairpin
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Figure 1.1: Representation of some non-canonical DNA secondary structures compared to the B-
DNA form. Adapted from Saini et al.®

Accumulating evidence suggests that non-B DNA structures may play crucial biological roles in
genetic instability, chromatin-remodeling, DNA damage and repair, dysregulation of gene
expression, alteration of the replication landscape, thus contributing to the generation of a variety

of human diseases, such as cancers.*’

1.1.2 DNA and RNA G-quadruplex structures: general features

The very first scientific evidence that led to the discovery of G-quadruplex structures over the
years was reported by the German chemist Ivar Bang in 1910. Almost 40 years before the
knowledge of the DNA double helix, he noted that guanylic acid forms a viscous gel at high

concentrations.® About 50 years later, X-ray diffraction revealed that guanylic acids could
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effectively assemble into four-stranded helical structures® that account for the gel-like properties
of the aqueous solution. Then, the formation and organization of what we now called a G-tetrad
or G-quartet were revealed for the first time. The G-tetrad consists of a square planar arrangement
in which each of the four molecules of guanylic acid is the donor and acceptor of two hydrogen
bonds. Precisely, G-tetrads are held together by eight Hoogsteen hydrogen bonds (Figure 1.2).
These bonds differ from those observed in canonical Watson—Crick pairing and involve the
interaction of the N7 group from one guanine with the exocyclic amino group from a neighboring
base.0-12

Interest in nucleic acids intensified over the following decades. Various studies reported that
guanosine homo-oligomers could adopt the G-tetrad conformation, both in the ribose and
deoxyribose forms.'® Thus, both DNA and RNA sequences particularly enriched in guanine
residues have the potential to assemble into the G-tetrad arrangement. Moreover, two or more
G-quartets can stack on top of each other to form the tetraplex secondary structure, now known
as G-quadruplex structure (G4).

The formation and stabilization of G4s highly depend on the presence of monovalent and bivalent
cations, especially K*, and to a lesser extent Ca?*, NH4*, Na*, Rb*, Mg?*, Ni*, Cs*.'"%"% The
stabilization effect is due to the coordination of the positively charged cations with the
electronegative O6 atoms in the center channel of the adjacent stacked G-tetrads.’® When the
ionic radius of the cation is relatively small (e.g., in the case of Na*), the ions can be located in
the middle of a single G-tetrad and coordinate four oxygen atoms. Alternatively, the ion may be
embedded between two G-tetrads and coordinate eight oxygen atoms, as for larger cations, like
NH4* and K*.'” Generally, the nature of the cations has a considerable effect on the stability of
the resultant G4s. Since the K* induces high thermodynamic stability to the G4 and it is the main
cation in vivo, G4s can readily form in vitro mimicking its physiological intracellular concentration
(~140 mM)."®

From the earliest days of studying G-quadruplexes in vitro, extensive structural polymorphism
was noted. First of all, G4s can be classified into intramolecular (also unimolecular) or
intermolecular, since the G-tracts that participate in the G4s formation can derive from one or
multiple (up to four) strands (Figure 1.2)."'8 Moreover, Gs in each quartet can adopt either
a synor an anti glycosidic bond angle conformation, which is the torsion angle of the bond
between the base and the sugar. Consequently, each of the four G-tracts can run in the same or
opposite direction with respect to its two neighbors, forming parallel, anti-parallel, or hybrid core
conformations (Figure 1.2). Parallel G4s have all the Gs in the anti glycosidic bond angles
conformation. Instead, antiparallel topologies derive from the combination of both anti and syn
conformations of the glycosidic bond angle." Depending on these orientations, the G-blocks
delimit four negatively charged grooves of different sizes (narrow, medium, or wide).'? The loops,
which are the sequences located between successive G-tracts that serve to link stacked G-
quartets, give other contributions to conformational diversity, particularly for intramolecular G4s.
The loops can adopt three different conformations: lateral, diagonal, or propeller (Figure 1.2).'8

Specifically, the parallel topology requires a connecting loop to link the bottom G-tetrad with the



Introduction
top G-tetrad, leading to propeller-type loops. Antiparallel and mixed-type G4s allow greater variety

of loop conformations, resulting in diagonal and lateral loops, in addition to the propeller

one(Figure 1.2).11
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Figure 1.2: Arrangement of guanosine residues into a G4 structure. Hoogsteen hydrogen bonds are
represented as dash lines. Blue circles represent potassium ions that coordinate the structure. One or
multiple (two or more) strands can participate in the G4s formation giving shape to monomeric, dimeric, or
tetrameric G4s. Depending on the syn/anti glycosidic bond angle conformation, the strands can form parallel,
anti-parallel, or hybrid G4s. The loops can adopt three different conformations: lateral, diagonal, or propeller.
Adapted from Chen et al."®

Recently, increasing studies describe the formation of very singular G4 structures. As an
example, since the G-blocks can be interrupted by non-G nucleotides, bulges have been
observed to protrude from the G4 core, further increasing G4s complexity.®

The just explained structural general features reflect the organization of the DNA G4s and also
those of RNA G4s, with some variables and topological limitations.?° Of course, the most relevant
differences between RNA and DNA G4s are those between RNA and DNA themselves: the
presence of a ribose sugar instead of a deoxyribose sugar and of uracil instead of thymidine.?'
The additional presence of a hydroxyl group in position 2’ of the ribose sugar has several
consequences. First of all, it makes RNA G4s more stable with respect to the DNA counterpart
because of the formation of additional intramolecular hydrogen bonds, the increase in stacking
interactions, and the recruitment of more water molecules within the RNA G4 grooves.?!
Moreover, the 2’-hydroxyl group prevents the ribose sugar to adopt the syn-type glycosidic angle

conformation, strongly favouring the anti-conformation. As a consequence, the topology of all the
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known naturally occurring RNA G4s is limited only to the parallel conformation, where all the four
strands are oriented in the same direction.?%-2!

Loops length and composition highly dictate the stability of both DNA and RNA G4s. Since RNA
G4s can adopt only parallel topology, the loops are present only in their propeller-type
conformation. Moreover, the substitution of thymidine with uracil in the loop sequences increase
the stability of RNA G4s, both augmenting stacking interactions and making them less hydrated.??
Other parameters can induce differences between DNA and RNA G4s, such as the cation binding
specificity. Even if K* greatly stabilizes both DNA and RNA G4s, Na*, Mg?*, Ca?* seem to have
no effect on RNA G4 stability.?!

Altogether, we can summarize that RNA G4s are generally more compact, less hydrated and

often more thermodynamically stable than DNA G4s (Figure 1.3).%!

DNA G4 RNA G4

(less stable) (more stable)

Propeller loop

T
T T
- thymine residues - uracil residues
- parallel, antiparallel, - 2’-hydroxyl group in
and mixed topologies ribose sugar
- lateral, diagonal, - more stacking interactions
propeller loops - less hydration

- only parallel topology
- only propeller loops

Figure 1.3: Differences between DNA and RNA G4 structures. Adapted from '® and 22,

Overall, DNA and RNA G4s can present a high level of topological variants, depending on multiple
factors. Nowadays, advanced technologies could help us to better characterize their precise
conformation, spatial arrangement, and stability. The final goal is to exploit the high polymorphism
of G4s to identify specific structural determinants in order to allow selective recognition. A special
interest comes from the pharmaceutical field. Indeed, ligands could be designed to selectively
target a specific G4 over other structures (e.g., duplexes or other G4s), in order to develop new

therapeutic drugs against various human diseases.

1.1.3 G-quadruplex interaction with ligands

G4 structures possess structural determinants that can be considered as interaction sites for
various ligands. The binding modes between binders and G4s and the specificity of the
recognition are important aspects to be considered for the purpose of selectivity. Moreover, since
ligands binding can either stabilize or destabilize G4s, the G4 folding and unfolding modulation is

a matter of particular interest, especially for the possible biological implications.
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Generally, both chemical compounds (natural and synthetic) and proteins can be described by

the generic term ligands. They will be discussed separately in the following paragraph.

1.1.3.1 G4s interaction with chemical compounds

The therapeutic possibilities of targeting G4s by interacting compounds were first reported by Sun
and co-workers in 1997. They reported that the targeting of the telomeric G4s with small
molecules makes telomeric ends inaccessible for the telomerase-mediated extension, thus
inhibiting the enzyme activity.? From that moment, much effort has been directed toward the
identification and design of G4-interactive compounds, in order to propose promising potential
therapeutics (especially against cancer).

Since G4s possess various interaction sites, which mainly include terminal G-tetrads, grooves,
and loops, several modes of interaction between G4s and compounds have been elucidated
(Figure 1.4).

Figure 1.4: Examples of G4-compound interacting modes. (A) External stacking binding mode. (B) Loop
binding. (C) Groove binding.

Generally, most of the G4-interacting compounds have an aromatic surface for stacking with G-
tetrads, a positive charge or basic groups to bind to loops and grooves, and steric bulk to prevent
intercalation within double-stranded DNA.?* Therefore, common G4 binders are flat aromatic
molecules with fused-ring systems that can establish = — 7 stacking interactions with the external
tetrads of the G4.18242% External stacking binding mode is the preferred way of interaction of the
vast majority of the G4 ligands. It does not require the transient unstacking of G-quartets, as
instead occurs in the intercalation mode. Intercalation is not energetically favoured because of
the G4 rigidity,?® and it is also not desired because it could lead to duplex targeting as well. For
these reasons, the compounds steric bulks are important to prevent intercalation.?

The G4 loops and grooves are also accessible for small molecules interactions. Many of the
identified ligands contain side chains with amino groups or other substituents that can be
positively charged by protonation or methylation. Protonated side chains contribute to better
recognition and stronger binding to the loops, grooves, and the negatively charged phosphate
backbone of the G4s through electrostatic interactions.?-28 In contrast to the G4-tetrads, which
are a common feature of all the G4s, loops and grooves are strictly dependent on the DNA/RNA
sequence involved in the formation of the secondary structure. Then, since they are different in
size and shape between one structure and another, they can represent attractive binding sites for

the selective targeting of G4s.26-%
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An important aspect of be considered is the possibility to specifically target RNA G4s versus the
DNA counterpart. In fact, as previously explained, RNA G4s possess unique chemical properties,
suggesting it is possible to develop selective small molecules against RNA G4.2° Until now, only
one compound exhibits high molecular specificity for RNA over DNA G4s, which is the
carboxypyridostatin derivative.?°

To date, through rational structure-based and in silico drug design, a large number of compounds
from many chemical classes has been developed against G4 nucleic acids.?® Specifically, around
1000 chemical compounds targeting both DNA and RNA G4s have been reported in the G-
Quadruplex Ligands Database (G4LDB).?*3° Some of the most studied G4 interacting compounds
(natural and synthetic) are: telomestatin,®® BRACO-19,*2 TMPyP4,3® PIPER (a perylene
diimide),3* NDIs (naphthalene diimides),?® PDS (pyridostatin),®® PhenDC3,*” Quindoline,*®

Quarfloxin.3®

Figure 1.5: General chemical structures of some of the most relevant G4 ligands. (A) Telomestatin;
(B) BRACO-19; (C) TMPyP4; (D) PIPER; (E) c-exNDI; (F) PDS; (G) PhenDC3; (H) Quindoline; () Quarfloxin.
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For the purpose of this work, BRACO-19, derivatives of the naphthalene diimides (NDI) family,
and Quindoline-like compounds will be focused on.

BRACO-19 (3,6,9-trisubstituted acridine  9-[4-(N,N-dimethylamino)phenylamino]-3,6-bis(3-
pyrrolodinopropionamido)acridine, or B19) is a trisubstituted acridine and can be considered an
“in situ protonated G4 ligand”.?® It was rationally designed by computer modeling. Specifically, its
central acridine aromatic core has been introduced to allow efficient G-tetrads stacking. Moreover,
three tertiary amine substituents were inserted to interact with the grooves, since they are
protonated at physiological pH.3? Overall, B19 has been reported to possess higher affinity for
G4s over the duplex DNA, low cytotoxicity, and to efficiently inhibit telomerase activity.*°
Biopharmaceutical studies concluded that its poor permeability across biological barriers restrains
its pharmacological application.' However, B19 remains one of the most studied G4 interacting
compounds, and it is considered a reference molecule in G4 research.*?

One of the more promising classes of G4 binders is that of the naphthalene diimides (NDI)
derivatives.®® The dimensions of the aromatic central core dictate the recognition of different DNA
conformations. In particular, at least four condensed rings are required to bind G4s over the
double-stranded DNA efficiently.*> Moreover, the great advantage of the NDls is that up to four
different side chains can be introduced to the scaffold. These substituents can be protonated at
physiological pH, further enhancing G4 affinity and selectivity. The tri- and tetra-substituted NDls
display very promising G4 binding activity with respect to the di-substituted ones.*

Thanks to their highly versatile structures, various types of NDIs have been synthesized over the
years. Overall, the activity of the NDI compounds was found to be strongly related to the length
of the side chains (distance between the central core and nitrogen atom), the entity of
substituents, and the number of positive charges. More recently, a new series of NDI has been
designed extending the aromatic surface. They have been classified as core-extended NDI
derivatives. These c-exNDls has been obtained fusing the NDI core with various structures,
quinone methides,* 1,4-dihydropyrazine-2,3-dione,*¢ and dihydrobenzophenazine heterocycle,*’
to name a few. Besides increased affinity to the G4 structures, the water solubility and the intrinsic
fluorescence of these compounds also make them promising probes for G4 detection.*®

Some natural alkaloids have been described as G4 ligands, such as GQC-05 and various
Quindoline derivatives.*® GQC-05 (or NSC338258 compound) derived from the plant alkaloid
ellipticine (ellipticine dihydrochloride). It was reported to bind with high affinity the c-myc G4,
stabilizing it and inducing dramatic cytotoxicity against myeloma cells mediated by the cell cycle
arrest and apoptosis progression.

Quindoline is a naturally occurring indolo[3,2-b]quinoline alkaloid. Some studies highlighted its
ability to bind and stabilize the G4 formed in the ¢c-myc promoter.*® NMR studies resolved the 2:1
solution structure complex formed from the small molecules and the biologically relevant c-myc
G4.%° The resolution of the interaction showed an unexpected drug-induced reorientation of the
flanking sequences at both ends of the DNA sequence involved in the G4. Quindoline derivative
compounds have been developed through a rational drug design.® In 2000, Neidle et al. first
reported that the 2,10-disubstituted quindoline derivative could bind to G-quadruplex structures
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in human telomeres, showing inhibitory activity against telomerase with moderate cytotoxicity.3®
They further determined that the 2,7-disubstituted quindoline derivative showed potent activity.
Various observations pointed out that electrostatic interactions are important for the G4 selectivity.
Therefore it has been expected that introducing an electron donor such as an amino group in the
11-position of quindoline could increase the electron density, increasing the electrostatic
interaction between the quindoline derivatives and the negative electrostatic center of the G4.51
These derivatives showed improved inhibition of the telomerase activity and a marked cessation
in cell growth. The GSA-0820 (2-(4-10H-indolo[3,2-b]quiolin-11-yl)piperazin-1-yl)-N,N-
dymethilanamine) is another derivative of this family. It significantly down-regulated the c-myc
promoter activity, and it was reported to stabilize a competing G4 formed on SMN2 Exon 7 after
splicing mechanisms. Actual studies are focused on the elucidation of the G4-related anticancer
mechanisms of this compound.

The group of Professor Laurence Hurley intensively studied Quindoline-like compounds and also
designed one of the two G4 binder that entered clinical trials: Quarfloxin. Quarfloxin is a
fluoroquinolone derivative compound,® originally developed to target the G4 found in the ¢c-myc
promoter. Quarfloxin is highly selective for G4 over duplex and single-stranded DNA and it
reached Phase Il clinical trials.*? Unfortunately, it was withdrawn due to bioavailability related
problems.>?

A major limitation of the so far described G4 interacting compounds is low selectivity profiles and
poor drug-like properties. In fact, to improve G4 binding, the aromatic ring count, positive charge,
and the number of hydrogen bond donors generally exceed what would be optimal for a small
molecule with good pharmacokinetic properties.?* This is why no G4 ligand has so far advanced
beyond Phase Il drug discovery pathway. Therefore, research in the G4 binding compounds will
need to improve both the selectivity and the drug-likeness of G4 binders, in order for them to be

employed in in vivo studies in the next future.*?

1.1.3.2 G4s interaction with proteins

DNA and RNA G4 structures can be specifically recognized by numerous binding proteins.>® Until
now, more than 200 interacting proteins belonging to different species have been identified. The
first and free database G4 Interacting Protein DataBase (G4IPDB) contains detailed information
about all of them.>* Among all, 77 are G4 binding proteins of Homo sapiens.

Generally, it has been observed that human G4 binding proteins possess unique features, such
as prominent enrichment in glycine (G) and arginine (R) residues.>® The arginine/glycine-rich
region is termed RGG domain and is important in G4-protein interactions. Indeed, studies
reported that the RGG motif might enable additional hydrogen bonding and 1r-stacking interaction
with nucleobases, thus strengthening G4 binding affinity.*®

The expression and the level of expression of proteins can greatly depend on the type and the
state of the cell. In addition, they can have variable distribution within the cell, as certain proteins
naturally accumulate in distinct compartments (e.g., in the nucleus).
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Depending on the preferential binding to DNA or RNA G4s, proteins can be divided into DNA and
RNA G4 interactors.>® Moreover, DNA binders may belong to different classes of proteins, such
as telomeres binding proteins, helicases, transcriptional activators, transcriptional repressors,
epigenetic regulators.

The group of the telomeric G4 binding proteins mainly includes POT1 (protection of telomere 1),
and TEBP (telomere end binding proteins; a-f heterodimer). POT1 is a member of the shelterin
complex. It normally binds the single-stranded DNA overhangs at the ends of chromosomes and
is essential for chromosome end-protection. It has been demonstrated to bind telomeric G4s.%”
Helicases are the proteins deputed to separate individual strands of duplex DNA to promote
replication and transcription. Pif1, FANCJ, RecQ, BLM (Bloom syndrome protein), and WRN
(Werner syndrome protein) are the best characterized G4 helicases.%® All of them were shown to
induce the unfolding of different G4 structures.

Among all the characterized G4 binding protein, many of them are involved in transcriptional
regulation. Depending on their effect on transcription, they may be separated into transcriptional
activators or repressors. PARP-1 (poly[ADP-ribose]polymerase 1), nucleolin, nucleophosmin,
MAZ (myc-associated zinc-finger), and CNBP (cellular nucleic acid binding protein) are the main
examples. Soldatenkov and co-workers demonstrated that PARP-1 binds to intramolecular DNA
G4 in vitro, with a 2:1 stoichiometry.5® Nucleolin is a nucleolar phosphoprotein particularly
expressed in highly proliferating cells. It has been first identified as the binding and stabilizing
partner of the G4-structured transcriptionally-inactive form of the c-myc promoter.®° Later it has
been demonstrated to bind viral HIV-1 G4s in vitro,%" with a preference for long-looped G4s,%2 and
also to recognize the mMRNA EBNA1 G4.53

Furthermore, various epigenetic and chromatin remodeling enzymes have been reported to bind
to G4s. A representative example is that of the DNA methyltransferase 1 (DNMT1) enzyme. It
binds to G4s with stronger affinity in vitro compared to duplex DNA, and it loses enzymatic activity
upon G4 binding.®*

Due to the structural similarities between RNA and DNA G4s, some of the described proteins
have also been reported to bind RNA G4s, with some peculiarities. Mainly hnRNPs
(heterogeneous nuclear ribonucleoproteins), ribosomal proteins, and splicing factors were
reported to interact with RNA G4s.%> HnRNPs are a large family of abundant nuclear proteins
involved in various aspects of the RNA metabolism (such as alternative splicing, mRNA transport,
trafficking, and export), and have been reported to bind G4s through their essential RRG-box
region. For instance, the hnRNP A1 has been shown to preferentially bind the telomere RNA G4
both in vitro and in live cells, presenting unfolding activity.®® The same effect has been observed
after hnRNP A2/B1 binding to HIV-1 LTR G4s.%”

Besides human-derived proteins, other proteins have been identified in yeasts, such as Sub1%
and SIx9.%° So far, only one viral protein, i.e., EBNA1 of the Epstein-Barr virus, has been shown
to bind to folded RNA G4s to promote viral DNA replication.”

Although chemical compounds tend to induce a preferential G4 stabilization effect, proteins can

both stabilize or destabilize the non-canonical secondary structures, leading to various cellular
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effects depending on the G4 location within cells and on the cell cycle step. Approaches that can
reveal the composition and dynamics of complexes between G4s and interacting proteins would
be needed to improve the knowledge of the G4 interactome. This may in turn present

opportunities for small molecule modulations of these interactions.””

1.1.3.3 Tools for G4 detection

Until now, both functionalized compounds (i.e., fluorescent probes) and “special proteins”
(monoclonal antibodies) have been developed to selectively detect and visualize G4s in cells.
Appropriately functionalized compounds, such as radiolabeled and alkyne functionalized coupled
with fluorophores G4 ligands, were initially developed. Moreover, intrinsically fluorescent
molecules that display different fluorescent emission or excitation maxima, and appropriate
fluorescent decay lifetimes upon binding to G4s (e.g., o-BMVC, DAOTA-M2), have also been
exploited for cells imaging.” The compound 0-BMVC is an example of fluorescent biomarker
selective for G4 recognition over the duplex.”

Antibodies were also employed to visualize G4s. Very few G4-specific antibodies have been
prepared: hf2,® BG4,”* and 1H6.7° The single-chain antibody hf2 detect G4s in vitro with at least
100-fold higher affinity with respect to duplexes. However, this tool has been proved to be
unsuitable for whole-cell immunofluorescence.”® 1H6 was obtained immunizing mice with stable
G4s. It has been used to visualize G4s within cells, and it does not to detect RNA G4s.” The
FLAG-tagged single-chain variable fragment (scFv) antibody was generated by phage display
and characterized through in vitro selection on G4s. It possesses nanomolar affinity towards both
DNA and RNA G4s, and it allows detection of G4s in cells by immunofluorescence.”™

The introduction of G4-selective antibodies allowed the acquisition of substantial evidence of the
effective formation of G4 structures in the cell genome.” However, questions remain about
whether they can be sensitive to the level of a single G-quadruplex or can only detect high local
densities of multiple G-quadruplex motifs. Therefore, a map of the precise locations of G4s at the

whole genome level would be preferable.

1.1.4 G-quadruplex distribution throughout genomes

For biology, the important question is if, where and when G4 structures are formed in vivo. The
implementation of predictive techniques (in silico algorithms) and technological advancement
(i.e., next-generation sequencing methods) enabled the characterization and mapping of a lot of
G4 structures in genomes. G4s have been extensively reported in the human genome, as well as
in the genome of non-human organisms, including other mammals,”” bacteria,”® yeasts,”
viruses, 24280 and plants.?’ Generally, these structures are highly conserved, indicating a
selection pressure to retain such sequences at specific genomic sites.®? Moreover, this
conservation seems to be highest among mammalians with respect to non-mammalian or lower
organisms.

The G4 structures that may form in the human genome and the genetic content of the known

human viruses are considered as fundamental pillars in the research of Professor Richter’s group.
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1.1.4.1 G4s in the human genome and their regulatory roles

Bioinformatic predictive tools (e.g., QGRS mapper,®® QuadBase,? G4Hunter,® Quadfinder)
employ algorithms to determine how many putative G4 sequences (PQSs) a genome would be
expected to contain. These computational analyses have predicted over 370000 G4 sequence
motifs in the human genome.?’

Although predictive algorithms are very useful in identifying new G4s, they all present limitations.
The main problem is that these techniques cannot ascertain if G4s can effectively be
present/folded or not in cells. Moreover, they do not accurately predict all the PQSs in a genome
with motifs with large loops, non-guanine bulges, or other variables, which represent another
stumbling block.”6:88

Recently, the advent of next-generation sequencing (NGS) has provided an excellent opportunity
to design specific methods to identify G4s at a genome/transcriptome-wide level. G4-seq and
BG4-ChlP-seq were then employed to map Gd4s in the human genome.8%%°

G4-seq assay offers an in vitro reference map of sequences that can form G4s in purified human
genomic DNA.”® The G4-seq technique identified 700000 G4s in the human genome:® about
twice as much as the number of G4s predicted in silico by standard algorithms. This is possibly
due to the presence of many non-canonical G4s, with bulges or long loops.

More recently, the BG4 antibody has been used to isolate G4-containing fragments from human
chromatin.®® The analysis yielded about 10000 G4s in the chromatin from human epidermal
keratinocytes (NHEKs) and 1000 G4s from spontaneously immortalized HaCaT keratinocytes.®
This represents only 1% of the sites with the capability to form G4s as observed in G4-Seq.8° The
difference in the number of G4s reported from in vitro and in vivo techniques (i.e., G4-seq versus
G4-ChlIP) suggests that the cellular environment may play a central role in affecting the dynamics
of G4 formation in cells.”"® Specifically, the native chromatin context could mask the majority of
G4 epitopes, limiting BG4 sensitivity. The G4 number variability can also depend on the fact that
the PQSs can be folded into G4s only in specific cellular conditions. Moreover, many cellular
factors, such as binding proteins (e.g., helicases), can likely remodel the DNA G4 landscape in
vivo.’1:76

A ftraditional view considered that since the genomic DNA is primarily double-stranded, the
formation of G4s may be favored when DNA is rendered transiently single-stranded. This could
occur mainly during DNA replication, transcription, and repair. Telomeres and mRNA are
physiologically single-stranded nucleic acids forms, which are expected to be more prone to fold
into G4s. However, G4 formation can depend on negative supercoiling, molecular crowding as
well as interacting binding proteins. Therefore, these and other observations suggest that G-
quadruplex formation may not necessarily require the prior melting of the DNA double helix, but
various elements should be considered, making this picture much more complex than initially
thought. Then, more analyses are necessary to understand how G4s are distributed in different
cell lines and during different phases of the cell cycle, making the G4-related research still an
open field.

11
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In silico algorithms and G4-NGS methods allow identifying a particular G4 enrichment in peculiar
regions of the human genome. Initially, bioinformatic analysis reported that G4s appeared not
randomly distributed, but enriched in functional regions associated with genome regulation, such
as telomeres, promoters, and 5’ untranslated regions (5’-UTR) (Figure 1.6).°" A few years later,
the majority of G4s identified by BG4-ChlP-seq were found in nucleosome-depleted chromatin

regions corresponding to promoters of highly transcribed genes.®
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Figure 1.6: A conceptual representation of the regulatory roles of DNA and RNA G4 structures.

1.1.4.1.1 DNA G4s at telomeres

Telomeres, repeated sequences at the end of chromosomes, protect chromosomal DNA from
degradation and recombination. They play an important role in genomic stability, aging, and
cancer. Approximately 100-200 nucleotides of the telomeric sequence remain unpaired and form
single-stranded G-rich regions called telomeric 3’ overhang. These ends have strong potential to
fold into G4s in vitro,%? as well as in vivo.”® The formation of telomeric G4s had been observed to
impair the telomerase function.®® The telomerase enzyme elongates the telomere sequences in
cells with high replication rates. It is overexpressed and activated in 85-90% of human cancer
cells.®* Since the abnormal processing of the telomere 3' overhang region may confer cellular
immortality, the telomere G4 has been thought as a potential target for small molecules. G4-
targeting compounds (e.g., telomestatin, BRACO-19) have been shown to inhibit telomerase
activity,*%95% to disrupt telomere capping and induce rapid apoptosis.?® Similarly, the telomeric
G4 binding proteins TEBPa and TEBPS have been reported to promote G4 folding.®” As an
opposite effect, binding of the POT1 protein has been identified to unwind and disrupt the G4

structure, enhancing telomeric ends elongation by the telomerase.%’
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Figure 1.7: Biological roles of G4s at telomeres. Excessive repair mechanisms or telomerase activation
may induce cellular immortality. The G4 unfolding activity of POT1 could enhance telomeric elongation,
leading to tumorigenesis. G4 interacting compounds could induce or stabilize G4s, inhibiting telomerase
binding and favouring apoptosis. Figure from %.

1.1.4.1.2 DNA G4s during replication

During replication, the DNA double strand has to be separated by the helicases activity, allowing
the synthesis of the new filaments by the DNA polymerase. In these circumstances, the DNA is
single-stranded and provides a favorable environment for G4 formation. Various models have
been postulated for the biological role of G4 structures during DNA replication.®® It has been
reported that G4s can form both on the leading or lagging strand during replication. Once formed,
G4s may sterically impede template processing by the polymerase enzyme, thus triggering fork
pausing and instability.®®'%° This evidence have been further confirmed by the fact that
stabilization of G4s by small molecules induced genetic instability. Therefore, to ensure the
correct progression of the replication process, G4s have to be denatured. Many helicases have
been reported to solve G4s.% The best characterized examples are Pif1 and FANCJ. For
instance, Pif1 has been proved to unwind a tetramolecular G4 formed by the CEB1 sequence in
the leading strand of the replication fork. Moreover, the G4 compound PhenDC3 inhibited Pif1-
mediated G4 unwinding.®® FANCJ unfolded G4s in a preferential 5’-3’ polarity, suggesting activity
on the lagging strand, and the presence of telomestatin impaired its unwinding activity in vitro.'"'

1.1.4.1.3 DNA G4s in gene promoters and their regulation of transcription

Nearly 50% of the human genes have been observed to present G4 motifs within their promoter.

Specifically, they have been found in proximity to transcription start sites (TSS).%"192
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Correlation studies between PQSs and gene functions revealed that G4s are under-represented
in the promoters of house-keeping and tumor suppressor genes, whereas proto-oncogenes are
over-represented in G4 motifs.®' These findings opened up further investigations about G4s in
promoter regions and strong evidence proved their presence and functions in promoters of
several genes that are related to the so-called “six hallmarks of cancer”.'®® The most
representative G4s in cancer-related genes are: c-myc,'® KRAS,'%® VEGF,% Bcl-2,'%" c-kit,1%®
hTERT,' and PDGF-A"? (Figure 1.8).
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Figure 1.8: The six hallmarks of cancer and the association of them with the G4 structures found in

their promoter regions. Figure from 03,

G4 structures at promoter regions of oncogenes represent the most deeply investigated G4 sites.
Above all, G4 motifs in the nuclease hypersensitive element (NHE)IIl1 of the c-myc promoter are
the first and most studied example of the implication of G4 in the fine tuning of
transcription.50.104.111-113

The high prevalence of G4 motifs in gene promoters suggests that they could modulate
repression or activation of gene expression and have an essential role in gene transcription
regulation. Generally, G4s near promoter regions may influence transcription in both positive and
negative ways, depending on different factors.4

First of all, it has to be considered that G4s may or may not be formed under physiological
conditions, due to the fact that sufficient kinetic energy is necessary to promote their folding.
During transcription, a source of this energy could be represented by the negative superhelicity
accumulated behind the RNA polymerase machinery during its progression.'®

Another important aspect is that G4s can fold in regulatory (such as promoters) or coding regions.
In addition, they can form on the template or non-template strand (Figure 1.9, panels A and B).
Depending on which DNA strand encodes the G4 motif, the structure could either inhibit

transcription (if the motif is on the template strand, blocking the transcription machinery) or
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enhance transcription (if the motif is on the non-template strand, maintaining the transcribed
strand in a more G4 prone single-stranded conformation).

Moreover, considering that enrichment in G4 motifs correlated with conserved transcription factor
binding sites, G4s can modulate transcription both preventing or recruiting interacting proteins
(Figure 1.9, panels C and D). Indeed, G4s can bind transcriptional activators to facilitate
polymerase progression or can bind repressors that negatively affect transcription.”* As
previously mentioned, PARP-1, nucleolin, nucleophosmin, MAZ, CNBP, and various helicases
can be cited as transcription regulatory proteins via G4 interaction.
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Figure 1.9: Possible functional roles of G4s during the transcription process. Figure from 14,

Another issue that should not be neglected for a comprehensive study of G4 involvement in
transcription is epigenetics. Since genes expression depends on cell-types and different phases
of the cells life, chromatin compaction, DNA methylation, and histones modifications have to be
considered for transcription and gene expression modulation. A correlation between G4s and
epigenetic modifications has been reported in several studies.®®''®117 Specifically, the formation
of non-canonical DNA secondary structures is known to affect the positioning of epigenetic marks,
such as the cytosine methylation at the CpG islands. An interesting project reported that CpGs
with low methylation were enriched in G4 motifs, while high methylation correlated with G4-
depleted regions.""® Various chromatin remodeling enzymes have also been reported to bind to
G4s, such as the DNMT1 which loses its methyltransferase activity upon strong G4 interaction.%*
As a consequence, G4 formation can orchestrate CpGs methylation, that is one of the major
epigenetic mechanisms for chromatin modelling, thus regulating genes transcription.

Altogether, transcription is a very complex and finely regulated process, where G4s can exert
both activator or repressor roles, depending also on the contribution of the whole cellular
environment. Further work is needed to unravel the mechanistic and molecular details of how

G4s could influence transcription.
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1.1.4.1.3 RNA G4s and their role in translation

RNA G4 structures have recently caught the attention thanks to two observations. First, RNA is
generally found in cells in a single strand form, so G-rich sequences are more prone to fold into
G4s with respect to the DNA duplex form. Second, RNA is located in cells cytoplasm and this is
a great advantage because they are more accessible by different types of small molecules.
Computational predictions revealed that RNA G4s are present in the 5" untranslated region (UTR)
of many genes of clinical interest."® Some studies reported that RNA G4s in the 5’-UTR inhibited
the translational processes, whereas other evidence suggested that G4s and other secondary
structures are required for the initiation of translation.'?%'2' Moreover, RNA G4s have been
discovered in the mRNA 3-UTR,'?? also downstream of an endo-nucleolytic cleavage site,
suggesting their role in mRNA processing.'?® Moreover, it has been proven that RNA G4s may
influence the translational process also in the open reading frames (ORFs) of mMRNA coding
regions, where they can cause frameshift mutations.'?* Altogether, important roles have been
attributed to them, such as pre-mRNA splicing and polyadenylation, mRNA translation (Figure

1.6). Therefore, RNA G4s appear to be key regulatory motifs of the transcriptome.

1.1.4.2 G4s in viruses and their potentiality

Besides the human genome, PQSs have been found in the genome of almost all known viruses
that can infect humans.'?® Occurrence and location of putative G4s largely varied between each
virus class and family. In particular, according to Baltimore’s classification, PQSs were highly
enriched in the negative strand of retroviruses (ssRNA (RT) viruses), ssDNA viruses and both
strands of dsDNA viruses. Conversely, dsRNA and dsDNA (RT) viruses notably lacked the
presence of G4 forming motifs.'?> Thus, very different viruses may use G4s to control DNA/RNA
dynamics in ways that could be relevant to pathogenic mechanisms and virulence processes.'?®
Over the years, the interest in viral G4s has been increasing. Several studies reported the
presence of G4s in viruses, together with evidence of their involvement in virus key steps (Figure
1.10).1242
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Figure 1.10: Summary of the so far reported G4s in the viral genomes. Information regarding virion
structure and dimension, genome size and organization, location of G4s, number of assessed G4s, and type
of tested G4 ligands are reported for each virus. Figure from 42,

Specifically, in the dsDNA group, G4s have been described in both Herpesviridae and
Papillomaviridae families.’”® Among herpesviruses, G4s have been characterized in herpes
simplex virus type 1 (HSV-1),'?” Epstein-Barr virus (EBV),'?® human herpesvirus 6 (HHV-6),'%°

and 8 (HHV-8), also known as Kaposi's sarcoma-associated herpesvirus (KHSV).1%0
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In 2009, Lieberman and co-workers reported for the first time a G4 structure in the EBV genome.”
Studies proved that the EBV-encoded nuclear antigen-1 (EBNA1) protein recruits the cellular
origin replication complex (ORC) through an interaction with RNA G4s, promoting viral DNA
replication. G4 ligand treatment inhibited EBNA1-dependent stimulation of viral DNA replication
and EBNA1 synthesis.’® The EBNA1 mRNA itself can fold into parallel G4s, regulating viral
mRNA translation, producing ribosome dissociation. G4s in EBNA1 mRNA have been shown to
modulate also the endogenous presentation of EBNA1-specific CD8" T-cell epitopes, which are
involved in persistent infections. ' The cellular protein nucleolin interacts with EBNA1 mRNA G4s
downregulating EBNA1 protein expression and antigen presentation.®3

The KSHV genome is flanked by G-rich terminal repeats, which are able to form stable G4s, both
in the forward and reverse strands.’®®

The HHV-6 genome presents telomeric regions at its termini. Since telomeres can fold into G4s,
the stabilization of these structures by a G4 ligand have been observed to inhibit HHV-6
chromosomal integration.'?°

Concerning the Papillomaviridae family, G4s have been found in only eight out of 120 identified
HPV types.'® However, these include some of the most high-risk cervical cancer HPV types (e.g.,
HPV52 and HPV58).42 In HPV52/58, G4s are located in the long control region (LCR), which is a
regulatory sequence, suggesting a potential role in transcription and replication. In the other HPV
types, PQSs have been demonstrated in the sequences codifying for the L2, E1, and E4 proteins,
suggesting a possible implication of G4s in alternative splicing regulation.'?

In ssDNA viruses, the presence of G4s was reported in the adeno-associated virus (AAV)
genome."™* In particular, 18 PQSs have been identified in the terminal repeat region. The cellular
nucleophosmin protein, which enhances AAV infectivity, has been shown to interact with those
Gds directly.’*

Besides DNA viruses, both positive and negative-sense single-stranded RNA viruses ((+)ssRNA
and (-)ssRNA, respectively) were described to contain G4s.'>'25 The severe acute respiratory
syndrome coronavirus (SARS-CoV), the Hepatitis C virus (HCV),'% and the Zika virus (ZIKV)'¥’
belong to the first group. The SARS unique domain (SUD) of the non-structural protein 3 (Nsp3)
has been reported to preferentially bind G4-forming oligonucleotides that may be found in the 3'-
UTR of human mRNA. Since these mRNA encodes for proteins involved in apoptosis and signal
transduction, it has been proposed that SUD/G4 interaction may be involved in controlling the
host cell's response to the viral infection.’® Wang et al. proved the existence of two highly
conserved RNA G4s sequences in the C gene of HCV. Stabilization of these structures by G4
interacting compounds reduces RNA replication and inhibits protein translation.'® Several PQSs
were discovered in the ZIKV genome. The most interesting one localizes in the unique 3’-UTR
region and it has appeared crucial for initial viral replication of the negative-sense strand.'®” G4s
have also been proved in Ebola virus (EBOV) and Marburg virus (MARV), which belong to the (-
)ssRNA class.*? TMPyP4 treatment has been observed to stabilize the G4 that may form in the L
gene of EBOV, thus inhibiting gene expression and viral replication.'38
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A G4 was also detected in the Hepatitis B virus (HBV) genome, the only member of dsDNA
viruses with RT activity. The highly conserved G4 motif was identified in the promoter of the
preS2/S gene and was observed to regulate transcription positively.'3°

Finally, functionally significant G4s were identified both in the RNA and DNA genomes of the
human immunodeficiency virus (HIV)'0-142 g retrovirus, and in the LTR region of lentiviruses in
general.'?

Overall, the presence of G4 in human viruses, their crucial involvement in the virus life cycle, and
the possibility to target them in order to obtain an antiviral activity have been illustrated. Future
studies on viral G4s will provide a deeper understanding of the G4-mediated regulation of
pathogen virulence. Moreover, DNA or RNA viral G4s could be targeted by specific G4 ligands,
with the hope of finding new solutions against viral infections.

The research group of Professor S. Richter has been studying G4 structures among virus
genomes for years. Since this thesis particularly focused on G4s in the genome of HIV-1 and
HSV-1, these viruses’ main features and the G4 implications in their biology will be presented in

the following paragraphs.

1.2 The human immunodeficiency virus type 1

1.2.1 The HIV-1 worldwide: epidemiology

The Human Immunodeficiency Virus (HIV) was first characterized in 1983.'** It is a member of
the Retroviridae family in the Lentivirus genus. HIV is the causal agent of the Acquired
Immunodeficiency Syndrome (AIDS), a condition in which the progressive failure of the human
immune system allows life-threatening opportunistic infections and cancers to thrive. Nowadays,
AIDS remains one of the most significant infectious disease and AlDS-related illnesses are one
of the leading causes of death and premature mortality worldwide.'*® The Joint United Nations
Programme on HIV/AIDS (UNAIDS) in 2018 estimated that 1.7 million people were newly infected
with HIV and 37.9 million people globally were living with HIV. Among them, 23.3 million were
accessing antiretroviral therapy. The World Health Organization (WHO) reported also that the
Sub-Saharan Africa remained most severely affected, with nearly 1 HIV-positive in every 25
adults, accounting for nearly two-thirds of the people living with HIV worldwide.

Despite advances in our scientific understanding of HIV and its prevention and treatment as well
as years of significant effort by the global health community, leading government, and civil society
organizations, UNAIDS cautions that the pace of progress in reducing new HIV infections,
increasing access to treatment, and ending AIDS-related deaths is slowing down. Therefore, the

need to pay global attention to HIV infection is still high.
1.2.2 HIV-1 general features

HIV can be divided into two major types: HIV-1 and HIV-2. HIV-2 is less virulent, has lower

transmission rate, and takes longer time to progress to AIDS than HIV-1."8 Type 1 virus may be
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further divided into groups: group M (“major”), O (“outlier’), N (“non-M, non-O”), and a possible
group P (“pending the identification of further human cases”). Group M is the most common type
of HIV-1, with more than 90% of HIV-1 infections deriving from it. The M group can be further
subdivided into clades or subtypes (A, B, C, D, E, F, G, H, |, J, K), but there are also other
circulating recombinant forms (CRFs).™’

HIV-1 can also be grouped into two classes depending on the tropism of the virus to different cell
types. Generally, HIV-1 can infects vital cells of the human immune system, such as T
lymphocytes (CD4+ T cells, specifically),'® cells of the monocytes/macrophages lineage
(monocytes, macrophages, microglial cells, dendritic cells),’*® as well as T cells precursors.
However, the HIV-1 M-tropic strain (or R5 viruses) infects mainly macrophages and monocytes,
thanks to its preferentiality to interact with the CCR5 co-receptor present in these cells. In contrast,
the T-tropic strain (or X4 viruses) prevalently uses the CXCR4 co-receptor to infect helper T cells.
HIV-1 virions has spherical, membrane-enveloped, pleomorphic, and about 120 nm in diameter
(Figure 1.11).'0 The envelope (the outer membrane of the virus) contains two glycoproteins:
gp120 and gp41, and it is interiorly coated by the matrix proteins (MA). Moreover, each virion
encloses a cone-shaped capsid, which contains two identical copies of its positive-sense single-
stranded RNA genome (Figure 1.11). The capsid also contains the enzymes reverse transcriptase
(RT), integrase (IN) and protease (PR), some other proteins (Vif, Vpr, Nef, nucleocapsid NCp7),

and the major core protein p24 (Figure 1.11).
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Figure 1.11: Representation of the structure of a mature HIV-1 virion. The localization of the RNA
genome and of the most important viral proteins is detailed.

The HIV-1 replication cycle consists of seven main steps: binding and entry, uncoating, reverse
transcription, provirus integration, replication, virus protein synthesis, and assembly and budding
(Figure 1.12)."%
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The envelope glycoproteins gp120 and gp41 first bind to the host cell binding the CD4 receptor.®3
This interaction causes conformational changes in gp120 that exposes its second binding site for
the cell co-receptor. Depending on the virus tropism, the interaction of gp120 with CCR5 or
CXCR4 co-receptors induces initiation of the membrane fusion process. After the complete
membrane fusion, the virus core is injected into the host cytoplasm. Then, viral uncoating takes
place, freeing the two viral RNA genome copies. The HIV-1 genome is relatively small, it is made
of about 9000 nucleotides (9.7 kb). Generally, the RNA genome consists of nine genes (gag, pol
.env, tat, rev, nef, vif, vpu, vpr), encoding 16 proteins, and several structural landmarks.’# In the
5°-3 direction, the RNA genome contains the following structures: R (repeated sequence), U5
(unique sequence located at the 5’ end), primer binding site (pbs), the nine genes, a poly-purine
rich tract (ppt), U3 (unique sequence located at the 3’ end), and R (Figure 1.13).

The two RNA genome copies are reverse transcribed into a linear double-stranded DNA molecule
(cDNA) by the viral reverse transcriptase (RT) enzyme (Figure 1.13).1%* The reverse transcription
process is one of the key steps in retroviral cycle. Given its importance also for the aim of this
dissertation, it will be deeper discussed.
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Figure 1.13: Schematic representation of the HIV-1 reverse transcription. The conversion of the single-
stranded RNA genome of a retrovirus into double-stranded DNA is a multistep process. (A) The tRNA primer
base pairs to the pbs site of the RNA genome of the retrovirus (light blue). (B) RT generates the minus-
strand DNA (dark blue), and the RNase H activity of RT degrades the RNA template (dashed line). (C)
Minus-strand transfer occurs between the R sequences at both ends of the genome, allowing minus-strand
DNA synthesis to continue (D), accompanied by RNA degradation. The ppt site serves as the primer for the
synthesis of plus-strand DNA (E). Plus-strand synthesis continues until the first 18 nucleotides of the tRNA
are copied, allowing RNase H cleavage to remove the tRNA primer. The second (plus-strand) transfer occurs
(F). Extension of the plus and minus strands leads to the synthesis of the complete double-stranded linear
viral DNA (G). Figure from 54,

The RT enzyme, like other DNA polymerases, needs both a primer and a template. The template
is the ssRNA viral genome, while the primer for the synthesis of the first DNA strand (the minus
strand) is a host tRNA. Different retroviruses use different host tRNAs; HIV-1 uses the Lys3 one.
The 3’ end of the tRNA recognizes and binds its complementary sequence (the pbs) near the 5'
end of the viral RNA. Then, the RT allows the DNA synthesis elongating the minus-strand DNA
from the pbs site to the 5’ end. At this point, the RNA template is substrate for RNase H activity,
which degrades the 5’ end of the viral RNA. Then, the R regions act as a bridge that allows the
newly synthesized minus-strand DNA to be transferred to the 3' end of the viral RNA. After this
transfer, minus-strand synthesis can continue along the length of the genome. As DNA synthesis
proceeds, so does RNase H degradation. However, the ppt of the RNA genome is resistant to
RNase H cleavage, so it is maintained and serves as primer for initiation of the second (or plus)
strand DNA. The plus DNA synthesis continues and the RNase H cleavage removes the tRNA
primer. Removal of the tRNA primer sets the stage for the second strand transfer. Then, the two
pbs DNA complementary sequences anneal and the DNA synthesis of both the two strands

complete. The reverse transcription process creates a DNA product that is longer than the RNA
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genome. In fact, each end of the viral DNA has two identical sequence called the long terminal
repeats (LTRs), each one divided in U3, R, and U5 regions.'*

The newly synthesized proviral dsDNA is then transported across the nucleus membrane as pre-
integration complex (PIC). In the nucleus the integrase enzyme catalyzes the integration of the
viral DNA into the chromosomes of the host cell.’®' In most cases, integration leads to productive
infection, in which viral transcription and gene expression take place. However, in rare instances,
little-to-no viral transcripts are detected, due to the fact that the virus undergoes latency instead
of productive infection.

When active transcription prevails, the 5’ LTR functions as promoters. The U3 region of the LTR
is particularly involved in transcription initiation and modulation. U3 can be subdivided into three
functional sections: an upstream modulatory element containing important binding sites for
cellular transcription factors (e.g., the activator protein 1, AP-1; the nuclear factor of activated T
cells, NFAT; the CCAT enhancer binding protein, C/EBP), an enhancer region with two adjacent
binding sites for the inducible transcriptional activator nuclear factor kappa B (NF-kB), and a basal
core promoter, which contains a specialized initiator element (Inr), a canonical TATA element,
and three tandem Sp1 (specificity protein 1) binding sites (Figure 1.14).15° Genetic variability in
proteins binding sites have been observed between different HIV-1 subtypes.'®'5” However,
among all of them, the NF-kB and Sp1 binding sites are remarkably conserved, confirming that

they are essential for the regulation of viral transcription.
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Figure 1.14: HIV-1 LTR organization. The modulatory, enhancer, and promoter elements of the U3 region
are underlined. The transcription factors binding sites are illustrated as boxes. Figure from %5

Viral transcription is operated by the host RNA polymerase Il (RNAPII) which is recruited in the
PIC based on specific signals. Normally, the TATAA element retrieves the general transcription
factor TFIID, a large multiprotein complex consisting of the TATA-box binding protein (TBP) and
a number of TBP-associated factors (TAFs). These proteins contributes to PIC formation and to
the recruitment of the RNAPII, which initiated transcription. Initially, RNAPII produces only short
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mRNA ftranscripts, due to elongation pausing at the 5 portion of the RNAs. This low level
elongation still allows transcription of the two regulatory proteins Tat and Rev, and the TAR
element, with the production of the TAR RNA stem-loop, a RNA regulatory element. At this point,
the viral trans-activator protein Tat and the P-TEFb (human positive transcription elongation factor
b) complex, which in turn is formed by cyclin T1 (CycT1) and cyclin-dependent kinase 9 (CDK9),
are recruited to the elongation complex via binding interaction with the TAR RNA. This induces
the phosphorylation of the carboxy-terminal domain (CTD) of the RNAPII, which is required to
obtain full-length transcripts and normal levels of expression. 158159

To produce the full range of MRNAs needed to encode the viral proteins, HIV-1 primary transcripts
undergo extensive and complex alternative splicing in the nucleus. HIV-1 can produce more than
40 differently spliced (including unspliced, incompletely spliced, and completely spliced) mRNAs
for the translation of viral proteins.'®® Since unspliced and incompletely spliced transcripts from
cellular genes are typically degraded in the nucleus, HIV-1 circumvents this problem through the
Rev function. In fact, this viral protein allows mRNAs transport from the nucleus to the
cytoplasm.'® Finally, the translation step can take place.

All the 16 HIV-1 proteins can be divided into three groups: the fundamental regulatory proteins
(Tat and Rev; previously mentioned), the essential structural proteins (Gag, matrix (MA or p17),
capsid (CA or p24), nucleocapsid (NCp7), p6, protease, integrase, reverse transcriptase, gp41,
and gp120), and the accessory proteins (Nef, Vpr, Vpu, and Vif).®!

For the intention of this work, the viral nucleocapsid protein (NCp7) requires further insights.
Ncp7 is a small (55 aminoacid residues) basic protein originated from the protease cleavage of
the Gag polyprotein. The basic N-terminal and C-terminal domains of the protein are not
structured and flexible while the central domain contains two highly conserved CCHC type zinc
fingers (Figure 1.15).162.163
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Figure 1.15: Aminoacid sequence of the HIV-1 nucleocapsid protein (NCp7). The N-terminal (Nter), C-
terminal (Cter), and the two zinc-finger domains (ZF1 and 2) are represented.

The highly structured zinc fingers are responsible for sequence specific binding to the nucleic
acids (particularly G and UG/TG runs). NCp7 is essentially involved in almost all the steps of the
HIV-1 replication cycle. First of all, multiple copies (1500 — 2000) of the protein are associated
with the RNA dimer genome inside the mature virions, ensuring protection from RNase activity
once the genome is released into the cytoplasm of host cells. Moreover, NCp7 contributes to the
correct progression of the reverse transcription process, thanks both to its chaperone function (it
favours the secondary structure to adopt the thermodynamically most stable conformation), and

to its annealing activity.'®*%% |t is generally accepted that the chaperone activity of the protein
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facilitates the RT enzyme in dsDNA synthesis by unfolding complex secondary structures formed
by both RNA and DNA templates. In fact secondary structures, such as hairpins, may make
difficult the elongation of nucleic acids by polymerase enzymes due to steric impediments that
could cause pausing sites and incomplete synthesis products. Given the assistance role of the
nucleocapsid protein in key steps of the HIV-1 viral cycle, NCp7 has been considered as a
promising target for antiviral therapy. Some approaches are directed to zinc ejection to obtain
disruption of zinc finger domains responsible for nucleic acids binding and chaperone activity;
other approaches tend to target and stabilize nucleic acids bound by NCp7, such as RNA binders
targeting TAR/CTAR.166-168

The assembly and budding are the last steps required to complete the HIV-1 replicative cycle.
Briefly, the two replicated viral RNA strands associate together with precursor proteins, while core
proteins assemble over them forming the virus capsid. This immature particle migrates toward
the cell surface. During the budding step, the virus exit the host cell acquiring the host-derived
membrane to create the viral envelope, which becomes enriched with phospholipids and
cholesterol.'®® Both during and shortly after the release of the virion, the protease cleaves the
Gag and gag-pol polyproteins to complete virion maturation.

1.2.3 A deepening on HIV-1 latency

Virus latency is the ability of a pathogenic virus to lie dormant (latent) within a cell.'”® In fact, for
certain viruses, after initial infection, proliferation of virus particles ceases, but the viral genome
is not fully eradicated and persists within the host indefinitely (as long as the cell lives). From this
state the virus can reactivate and begin to produce large amounts of viral progeny without the
host being infected by new virus.

Like other retroviruses, HIV-1 establishes a viral latency that is named proviral latency. In this
type of post-integration latency that occurs when a provirus fails to effectively express its genome
and is reversibly silenced after integration into the host cell genome, the virus persists simply as
information (in the form of about 10 kb of integrated HIV-1 DNA). This stably integrated provirus
is replication-competent but transcriptionally silent, due to a repressed state of the viral LTR
promoter_159,170,171

In 1995, the presence of integrated HIV-1 DNA in highly purified populations of resting CD4+ T
cells was definitively shown.'”? Many studies reported that all HIV-1 infected patients contain
latently infected cells (also known as “latent reservoirs”), mostly memory CD4+ T cells, dendritic
cells and cells of the monocyte/macrophage lineage.'” All of these cells have a long half-life in
vivo (t12 = 44 months), thus allowing the latent virus to persist within infected individuals for
decades. Moreover, HIV-1 in proviral latency is nearly impossible to target with antiretroviral drugs
and it is hidden from immune response because of latently infected cells are indistinguishable
from uninfected cells.’”®

The establishment of HIV-1 latency is a complex process and less is known about this.7# It likely
results from the convergence of multiple mechanisms, active at both the transcriptional and the

post-transcriptional levels.'®® These mechanisms include: transcriptional interference, insufficient

25



Introduction

levels of transcriptional activators (absence of nuclear forms of key host transcription factors; e.g.,
NFkB and NFAT), the presence of transcriptional repressors, epigenetics (epigenetic changes
inhibit HIV-1 gene expression), nucleosome positioning, insufficient Tat activity (or absence of
Tat and associated host factors that promote efficient transcriptional elongation), blocks of MRNA
splicing or nuclear export, cellular microRNAs (miRNAs), homeostatic proliferation of latently
infected cells.8%.175.176 The relative importance of these mechanisms is probably dependent on

the physiological state of the cell undergoing infection.

1.2.4 Currently approved treatments and the hope of eradication

To date, important progress has been achieved in preventing new HIV infections and several
antiretroviral compounds against HIV-1 have been approved by FDA. These drugs belong to
several classes, based on their mechanism of action and viral target: nucleoside reverse
transcriptase inhibitors (NRTIs; e.g., azidothymidine, abacavir), non-nucleoside reverse
transcriptase inhibitors (NNRTIs; e.g., nevirapine, efavirenz), protease inhibitors (PI; e.g.,
ritonavir), entry inhibitors (e.g., enfuvirtide), integrase inhibitors (e.g., raltegravir), CCR5
antagonists (e.g., maraviroc). Currently, the indicated treatment consists of a cocktail containing
at least three drugs against at minimum two different viral targets. HAART is able to reduce patient
viremia to undetectable levels, that is why it has radically changed the course of the HIV-1/AIDS
pandemic, transformed it from a deadly disease into a chronic lifelong condition, and saved
millions of lives worldwide.'”” However, despite advantages in the antiretroviral therapy, some
problems remain. These consist in elevated toxicity (e.g., hepatotoxicity, renal failure,
pancreatitis, nausea, insomnia), low adherence to therapy due to lifelong treatments, and the
emergence of resistant strains. It has been calculated that about the 10% of adults with HIV-1
developed first-line ART resistance. The development of drug resistance arises from the extreme
variability of the virus, which is a consequence of the high evolution rate of the virus due to lack
of RT proofreading activity, the high rate of viral replication, and the occurrence of recombination
processes.'’8179 |n addition, although ART is very effective in blocking HIV-1 spread within the
body, it does not eradicate the virus because of the presence of latent reservoirs. Indeed, viral
loads readily rebound when treatment is interrupted making life-long treatment necessary which
is often associated with drug toxicities and a risk of viral resistance. Therefore, there is an urgent
need of therapeutic strategies with an innovative mechanism of action, possibly against highly
conserved viral sites, and able to clear the virus from the infected host in order to reach the
complete recovery.

Currently, two types of HIV cures are in development: a “sterilizing cure” and a “functional
cure.”8-182 A sterilizing cure refers to the complete elimination of replication-competent
proviruses in the body, while a functional cure refers to the long-term control of HIV replication
without treatment.’®® Based on these concepts, significant progress has been made in different
areas. Effective sterilizing strategies include ‘shock and kil and gene editing. The “shock and kill”
or “kick and kill” approach uses small molecules called latency-reversing agents (LRAs) to

reactivate latent reservoirs, thus making possible for ART and immune response to clear the virus
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from the body. Until now, various classes of LRAs have been identified and tested, such as protein
kinase C (PKC) activators (e.g., phorbol myristate acetate, PMA; prostratin; ingenol-B), histone
deacetylase (HDAC) inhibitors (e.g., valproic acid, vorinostat, SAHA), DNA methyltransferase
(DNMT) inhibitors, bromodomain inhibitors, cytokines. Each LRA has a specific efficiency in
reactivating the virus from latency.’® The “shock and kill” approach faces many identified
challenges. First of all, the level of LRAs-mediated reactivation of HIV-1 gene expression appears
to be suboptimal.’® Moreover, considering the heterogeneity of the cell reservoirs and the
multiplicity of molecular mechanisms which underlie latency, different LRAs can reflect a high
diversity in term of the pattern of response.'® It has been concluded that the mechanisms of
latency probably differ from one patient to the other, and even from one cell to another in a single
patient, so it seems that HIV-1 latency reactivation by small molecules may be stochastic in nature
rather than deterministic.'8°

The case of the “Berlin patient” (Timothy Ray Brown) has raised hope for the possibility of
developing an HIV-1 cure. He became HIV-1-negative after receiving hematopoietic stem cell
transplantation from a CCR5A32 homozygous donor.'® Individuals who are homozygous for this
allele are naturally resistant to HIV-1 infection. However, this approach worked for the “Berlin
patient” but not for the “Boston patients”, who have experienced viral rebound."" Moreover, since
CCR5A32 is a rare mutation (about 1% of the population), bone marrow transplantation is a risky
procedure and not tolerated by most patients, this is not a scalable treatment. Nevertheless,
efforts aim to generate this resistant phenotype by disruption or suppression of CCR5 receptor in
CD4+ T cells or hematopoietic stem cells derived from bone marrow or peripheral blood by gene
editing (for example through zinc finger nuclease, ZFN; transcription activator-like effector
nucleases, TALENS; and more recently clustered regularly interspaced short palindromic
repeats-associated protein nuclease-9, CRISPR-Cas9).'8! The applicability of this procedure
remains doubtful. In fact, aside from the side effects, off-targets, costs of autologous
transplantation, another major limitation is potential viral escape from the CCR5-tropism to the
X4-tropic virus. Gene editing techniques have been used also to target the provirus in latently
infected cells. Generally, ZFN, TALENs, and CRISPR-Cas9 have been employed in T cell lines,
primary CD4* T cells, and patient immune cell engrafts in humanized mice'® to eradicate proviral
HIV-1 DNA. However, neither a complete silencing nor a total eradication was reached so far.
Moreover, ethical concerns remain about the application of the CRISPR-Cas9 technique in
humans, without fully understanding the possible consequences.

In view of the major hurdles impeding an effective sterilizing cure, more attention is now being
placed on functional strategies. Conversely to the “shock and kill” strategy, this “block and lock”
approach aimed at fully repressing HIV-1 transcription. Inhibition of HIV-1 transcription could
establish a state of deep latency that is refractory to viral reactivation, thereby suppressing the
residual viremia that arises from reactivation of latently infected cells or from ongoing viral
replication. Some examples are the use of gene-based therapies (RNA interference, RNAi) and
the Tat inhibitor didehydro-cortistatin A (dCA)."®1:18 RNAI, short interfering RNA (siRNA) and

short hairpin RNA (shRNA), can be designed to silence the expression of viral or host mMRNA
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targets that are necessary for HIV-1 transcription and replication.'8® Indeed, the Tat inhibitor dCA,
selectively inhibiting Tat transactivation of the HIV-1 promoter by binding to the TAR-binding
domain of Tat, induces a state of latency with a diminished capacity to be reactivated not only in
vitro but also ex vivo. In a primary cell model of HIV-1 latency, dCA-induced inactivation of viral
transcription persists even after drug removal, suggesting that the HIV-1 promoter is
epigenetically repressed.'® The advancement of developing a functional HIV cure seems more
rapid and effective than that of a sterilizing HIV cure.'®
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Figure 1.16: Sterilizing and functional cure in comparison. The (A) “shock and kill” strategy versus the
(B) “block and lock” approach.

1.2.5 G4 structures in HIV-1

The presence of G4 structures has been demonstrated both at the RNA and DNA levels of the
HIV-1 genome, together with the evidence of their regulatory role in the viral life cycle.'?42

In 2013, our group identified three G4 forming sequences in the HIV-1 nef coding region. At least
two of them presented high level of conservation among most circulating HIV-1 strains. The
stabilization of the nef G4 folding by cations and G4 binding compounds impaired Nef expression,
significantly suppressing HIV-1 infectivity. '8

The knowledge that the HIV-1 LTR U3 enhancer and promoter regions (positions—105/-48 with
respect to the TSS; binding sites for NF-kB and Sp1; see Figure 1.17) was very rich in G bases
(50% G and 70% GC) prompted our group to evaluate the presence of G4 folding sequences.
Twelve putative sequences were found; four of these, namely LTR-I, LTR-II, LTR-Ill, and LTR-IV
exhibited the highest G-scores and high conservation levels among circulating viral strains. LTR-
Il and LTR-Ill demonstrated spontaneous G4 folding in physiological environment, while LTR-IV
formation is induced by the presence of stabilizing ligands.°
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Figure 1.17: G4 structures in the HIV-1 proviral genome. From top to bottom: schematic organization of
the HIV-1 dsDNA genome; magnification of the LTR region, composed of U3, R, and U5; enlargement of
the U3 enhancer and promoter areas, with the indicated binding sites of the two cellular transcription factors
(NF-kB and Sp1), the specified -105/-48 sequence, and the highlighted three mutually exclusive G4s (LTR-
I, LTR-HI, LTR-IV).

The research highlighted also a tightly regulated control of transcription based on G4
folding/unfolding. First of all, single-base mutations (i.e., m4 and m5), which totally prevent G4
formation, produced an increase of the LTR promoter activity, thus proving that G4s act as
repressor elements in the transcriptional activation of HIV-1."4? Other studies reported a fine
tuning of transcription regulation by interacting compounds (e.g., BRACO-19 and c-exNDI)*7:140
and cellular proteins (e.g., nucleolin and hnRNP A2/B1). In particular, the compounds and
nucleolin induced the stabilization of HIV LTR Gd4s, suppressing viral transcription.®” On the
contrary, hnRNP A2/B1 was able to efficiently unfold the LTR G4s, acting as a HIV-1

transcriptional activator (Figure 1.18).7
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Figure 1.18: Ligands-mediated HIV-1 LTR G4s modulation and the consequent regulation of
transcription. BRACO-19 and c-exNDls compounds interact with LTR-Il and LTR-IlIl G4s, and induce the
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folding of the LTR-IV G4. The interacting compounds and the cellular protein nucleolin stabilize the LTR
G4s, thus inhibiting viral transcription. On the contrary, the hnRNP A2/B1 binding promote the unfolding of
all the G4s, enhancing the transcription machinery to proceed.

Because the G4 forming LTR DNA region derives from an identical RNA sequence present at the
3' end of the RNA viral genome (Figure 1.19), the presence of G4 RNA has been tested.
Analogously to the DNA region, the RNA counterpart was divided into three regions (namely U3-
II, U3-lll, and U3-IV) containing four GGG tracts, which are the minimum requirement for the
formation of a three-tetrad G4. Biophysical studies proved the G4 folding capabilities of the
selected RNA oligonucleotides, that displayed a parallel-like conformation.'® Moreover, it has
been proven that the U3 RNAs exhibited significantly higher stability than that of their LTR DNA
counterparts. Incubation of the three U3 RNAs with BRACO-19 greatly stabilized their G-
quadruplex conformation. Finally, HIV-1 RT stop assays proved polymerase stalling due to the
formation of the U3-lll and U3-IV RNA G4s, and when the RNA G4 folding sequence was

incubated with increasing concentrations of BRACO-19, HIV-1 RT was inhibited to a much higher

extent.'®
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Figure 1.19: G4 structures in the HIV-1 RNA genome. From top to bottom: schematic organization of the
HIV-1 ssRNA genome; enlargement of the U3 region, with the specification of the sequence between 8981
and 9038 nucleotides, and the highlighted three RNA G4s (U3-11, U3-Ill, U3-IV).

1.3 The herpes simplex virus type 1

1.2.1 The HSV-1 worldwide: epidemiology

HSV-1 is a highly contagious infection, which is common and endemic throughout the world.
Herpetic infections were first documented in ancient Greece, where Greek scholars adopted the
word “herpes” (which means “to crawl”) to describe them.

The WHO reported that “the global burden of HSV-1 infection is huge”. The organization
estimated that about two-third (67%) of the world population under the age of 50 had HSV-1
infection.’® The prevalence was highest in Africa, south-east Asia, and western Pacific.

Most HSV-1 infections are acquired during childhood. The transmission takes place through oral-

to-skin/oral-to-oral contacts. The greatest risk of transmission is when the skin present active
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sores, but it can occur also when the surfaces appear normal and there are no symptoms. In fact,
oral infections are mostly asymptomatic. When present, symptoms include painful blisters and
ulcers (commonly referred to as “cold sores”) in the skin or mucous membranes of the mouth,
lips, nose, and also eyes. Ulcers formation can be preceded by unpleasant sensations of tingling,
itching, and burning. HSV-1 can also cause severe complications, such as encephalitis and
keratitis especially in immunocompromised patients, and neurologic disability or death in infected
infants (“neonatal herpes”).

The HSV-1 is a recurrent and lifelong infection because the virus can establish a latent infection
in ganglia. Due to latency, there is still no cure. In the majority of the neurons, the viral genome
remains in an episomal state for the entire life of the individual. However, it can reactivate upon
several stimuli such as: UV-light exposition, stress, and hormonal imbalance. Studies reported
the presence of latent HSV-1 in the brains of elderly people'®? and it has been demonstrated a

correlation between HSV-1 and risk of Alzheimer’s disease.'®

1.2.2 HSV-1 general features

HSV-1 or HHV-1 (human herpesvirus 1) is a member of the Herpesviridae family,
Alphaherpesvirinae subfamily, and Simplexvirus genus.'®* The Simplexvirus genus include both
HSV-1 and HSV-2 viruses, that cause orolabial and genital herpes, respectively.

HIV-1 virions are composed of four main architectural features: envelope, tegument, capsid, and
the viral genome. The HSV-1 virion can be represented as a spherical particle with an average
diameter of about 200 nm. The external lipid bilayer envelope contain at least 11 viral
glycoproteins that protrude from the virus surface and are necessary for viral entry. The internal
tegument protect an icosahedral capsid (about 125 nm diameter), which in turn encompasses a
linear, double-stranded DNA genome of 152 kb length (Figure 1.20).1%°

Nucleocapsid Tegument
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Figure 1.20: Representation of the structure of an HSV-1 virion. The dsDNA genome, the icosahedral
capsid, the tegument and the envelope with its viral glycoproteins are represented.
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The HSV-1 replication cycle consists of six main steps: binding, entry, capsid transport to the
nucleus, viral replication and gene expression, capsid assembly, and virion budding (Figure
1.21).1%
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Figure 1.21: The main steps of the HSV-1 replicative cycle.

The initial binding of virus to cells is mediated by the association of viral glycoproteins gB plus gC
with heparan sulfate proteoglycans (HSPGs) present on the cell surface.'®” These interactions
are followed by gD binding to its receptors, such as nectin-1, herpes virus entry mediator (HVEM),
and 3-O-sulfated HS (3-OS HS).' The gD binding to one of its receptors triggers a
conformational change in its protein structure that drives recruitment of a fusion complex
(including gB, gH, and gL)."®” After the fusion of membranes, the viral capsid and tegument
proteins are internalized in the cytoplasm. Once in the cytoplasm, the viral capsid is transported
near the nuclear membrane either by simple diffusion or by cytoskeletal structures, such as
microtubules. It has been demonstrated that from 30 minutes to 1 h post-infection, the viral DNA
passes through the nuclear pores into the nucleus.'% Here, the viral DNA adopts its circularized
conformation (Figure 1.22).'%8 The HSV-1 genome is a dsDNA of 152 kb length that consists of
two unique regions, unique long (UL) and unique short (Us), flanked by inverted repetitions (TRL,
IRL, IRs, and TRs). The inverted repeat sequences flanking UL are named ab and b’a’, whereas

those flanking Us are a’c’ and ca (Figure 1.22).1%
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Figure 1.22: Organization of the HSV-1 genome. (A) The positions of the a, b, and c repeats within the
terminal and internal repeats and the positions of the DNA replication origin (Ori. and Oris) are indicated.
(B) The circularized HSV-1 genome.

A peculiarity of the HSV-1 genome is its high GC content of about 68%, with peak of 87% in
simple sequence repeats.'®®

The viral genome contains 84 open reading frames (ORFs) for the expression of the viral proteins.
HSV-1 lytic infection involves the temporally regulated expression of three classes of viral genes:
immediate early genes (a or IE), early genes (B or E), and late genes (y or L), which can be further
subdivided into early-late (y1) or late (y2).290:201

IE-promoters contain an enhancer element that responds to cellular factors and a TAATGARAT
element that is recognized by the virion protein (VP) VP16.2°2 VP16, along with the cellular factors
Oct1 and host cell factor (HCF), activates transcription of IE genes. They are transcribed between
2 and 4 hours post-infection (h.p.i.)."%® The expression of IE proteins, the infected-cell polypeptide
ICPO, ICP4, ICP22, ICP27, and ICP47, does not require prior viral protein synthesis. These firstly
transcribed proteins are mainly dedicated at blocking the cellular antiviral host response, such as
interferon pathways, and are required for the optimal expression of both E and L gene products.?%?
ICP4 is the principal regulatory protein of the virus; it plays a role as a transcriptional repressor
or activator.2032%4 Binding to an array of cellular protein, ICPO acts as a potent transactivator of
viral and cellular promoters, providing for efficient viral gene expression and growth in vitro and
in vivo. Moreover, it is required both in Iytic viral growth and the efficient reactivation of the virus
from the latent state.?%> ICP27 regulates the processing of viral and cellular mRNAs, and it
modulates ICP4 and ICPO activities. ICP27 is required for an optimal viral DNA synthesis; in fact,
it increases the early-gene expression levels.?%® Furthermore, it contributes to an efficient late-
gene expression, as well as ICP22. ICP22 mediates the formation of a novel phosphorylated form
of RNA polymerase I, and it regulates the longevity as well as the splicing pattern of the ICPO
mRNA. ICP47 may help the virus escape immune surveillance on the basis of its ability to block

the presentation of antigenic peptides to CD8* cells.?"’
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The synthesis of the IE genes induces the synthesis of the 8 class of proteins, which reaches
peak rates between 5 and 7 h.p.i. and is detectable as early as 3 h.p.i.'% The B proteins include
the enzymes that are required for replication of the viral genome; six of them play “core” replication
roles at the replication fork: the single-strand DNA- binding protein ICP8 (or UL29), the two-
subunit DNA polymerase (catalytic subunit Pol and processivity subunit UL42), and a three-
subunit helicase/primase complex (UL5, UL8, and UL52). The remaining HSV-encoded protein
is the origin-binding protein UL9. The viral DNA replication occurs as a rolling circle and begins
shortly after the appearance of the 3 proteins and is detectable as early as 3 h.p.i. and continues
up to 15 h.p.i.198:207

The temporal program of viral gene expression ends with the appearance of the y or late proteins.
The expression of L genes occurs between 12 and 17 h.p.i. Late proteins are proteins necessary
for the DNA cleavage/packaging process and the capsid assembly.?’! At least seven genes (UL,
UL15, UL17, UL25, UL28, UL32, and UL33), together with the terminally redundant a regions of
the HSV-1 genome, are essential to accomplish cleavage and packaging of the viral DNA
successfully. L structural proteins such as VP5 (major capsid protein), VP19C, VP23, VP24, and
VP26 are essential for viral capsid formation. A characteristic of herpesviruses is that capsids are
assembled within the nucleus of infected cells.?® After y-mRNA translation in the cytoplasm, L
capsid proteins enter the nucleus and initiate the capsid assembly. Viral genome packaging and
tegument assembly also take place. The capsid maturates, and there is the fusion of the
enveloped nuclear capsid with the outer nuclear membrane and release of the capsid into the
cytoplasm. Once on the cell surface, viral capsids are endocytosed forming particles of infectious

virions. Finally, the virions are secreted into the extracellular medium.

1.2.3 Currently approved treatments

Currently, FDA approved antiviral agents against HSV-1 infection include: acyclovir (ACV),
valaciclovir (VCV), and famciclovir (FCV).2%°

ACV, a synthetic acyclic guanosine nucleoside analogue, has become a gold standard for the
treatment of HSV-1 infections since its introduction in the 80s. After administration, ACV is
selectively phosphorylated to a monophosphate derivative in infected cells by the virus-encoded
thymidine kinase (TK) enzyme. The affinity of ACV for the viral TK is about 200 times greater than
for the human one. Various cellular kinases convert the monophosphate derivative to di- and
triphosphate derivatives. The ACV-triphosphate represent a competitive inhibitor of the viral DNA
polymerase. In fact, the lack of the 3’ hydroxyl group leads to the termination of the viral DNA
replication.95210

VCV and FCV present a better oral bioavailability than ACV and are also first-line drugs for HSV
infections. Moreover, the off-label cidofovir and foscarnet (a pyrophosphate analogue) are
occasionally used for the treatment of severe HSV infections that have become resistant to other
drugs.?® In fact, drug-resistant HSV-1 strains have emerged over the years. HSV can develop
resistance mainly through mutations in the viral gene that encodes TK by the generation of TK-
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deficient mutants or by the selection of mutants with a TK unable to phosphorylate the drug. Also,
altered DNA polymerase has been detected in some clinical isolates.'®®

A large difference in drug resistance has been observed between immunocompetent and
immunocompromised patients. Although low prevalence (0.1-0.6%) of ACV resistance has been
reported for “normal” patients, it is more often evident in immunocompromised patients (3.5-
10%).2"" This can be explained by the fact that those patients undergo long-term treatments. The
resistant strains can cause severe diseases, such as pneumonia and encephalitis, so it has to be
considered an important clinical problem for immunocompromised patients (e.g., patients with
AIDS).2"

The emergence of drug resistance has created a barrier for the treatment of HSV infections,
especially in immunocompromised patients. Therefore, there is an urgent need to explore new

effective agents to circumvent drug resistance to HSV.

1.2.4 G4 structures in HSV-1

As mentioned before (Paragraph 1.1.4.2), through computational analysis, PQSs were found at
both the strands of dsDNA viruses. The Herpesviridae family was not only the one with the highest
PQS content but also the one that displayed significantly more PQSs than expected in both
genome strands.®° In particular, 316 putative G4s have been identified for the HSV-1 (HHV-1)
virus;?'? and they have been observed to be highly conserved among various HSV-1 strains.'?®
G4 motifs were enriched in the repeat and regulatory regions. Interestingly, more G4-forming
motifs have been found in the IE genes compared to the E and L classes.?'? The G4s high
number, enrichment in peculiar region and high conservation suggest that these structures may
represent a novel type of functional elements in herpesviruses.

Consistently with what has been observed, in 2015 our group has identified and selected nine
regions that presented highly repeated and conserved PQSs."?” Six of them were named gp054
(a-f) because they were mainly found in the gp054 gene, which encodes UL36, the essential viral
tegument protein. Two repeats of gp054b were additionally identified in the leading and lagging
strand of the gene encoding the ICPO protein. Three more G4 motifs were found clustered at the
terminal and internal repeats (both long and short) of the HSV-1 genome. They were called un1,
un2, and un3, and each one was highly repeated (5-18 times). Biophysical techniques proved
their ability to fold into physiological conditions, except un1. The stabilization of the selected HSV-
1 G4s with the G4 ligand BRACO-19 inhibited the polymerase processing at the G4 forming sites.
Moreover, BRACO-19 treatment of HSV-1 infected cells induced inhibition of virus production.'?”
The possibility to target HSV-1 G4s in order to obtain an antiviral activity was further corroborated.
Indeed, it has been observed that the treatment with the potent c-exNDI induced significant virus
inhibition with low cytotoxicity.?'

The implementation of the G4-specific antibody 1H6 allowed our group to visualize G4s during
the HSV-1 life cycle. G4 formation and localization within the cells was found to be viral cycle
dependent. In particular, G4 structures were massively present during viral DNA replication.?'

Therefore, the observed antiviral activities of BRACO-19 and c-exNDI may depend on the

35



Introduction

combination of their high affinity for viral G4s and the massive prevalence of these structures
during infection.

Very recently our group also demonstrated that all IE promoters in the genome of HSV-1 (and of
the other Alphaherpesviruses) contained fully conserved PQSs. They were located both on the
leading and lagging strand. Biophysical and biological analysis proved that all sequences can
actually fold into G4s under physiological conditions and can be further stabilized by the G4 ligand
BRACO-19, with subsequent impairment of viral IE gene transcription in cells.?'®

Overall, these results help shed light on the control of viral DNA replication and viral transcription,

and indicate new viral targets to design specific drugs that impair the early steps of HSV-1

infection.
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Figure 1.23: Representation of the most studied HSV-1 G4s. (A) Localization of the HSV-1 G4s within
the viral genome. Each G4 is represented with its corresponding color (un2 in pink, un3 in dark blue, gp054
in green, ICPO in orange, ICP4 in light blue, ICP27 in red, and ICP22/47 in purple). (B) G4s in the leading
and lagging strands of the IE gene promoters.
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2. Aim of the study

The G-quadruplex structures within the HIV-1 genome were the main subject of the projects
developed during my Ph.D. The studies can mainly be grouped into three topics.

The first part of the work focused on the identification and characterization of new HIV-1 G4-
binding proteins. Particular interest was devoted to the study of the G4 folding/unfolding
modulation upon protein binding, as well as to demonstrate its biological relevance. Unveiling
new insights in the regulation of HIV-1 mechanisms can lead to the discovery of new possible
targets for the design of specific inhibitors.

Secondly, the folding and the regulatory roles of the LTR G4s within the viral latency environment
were investigated. The persistence of transcriptionally silent proviruses, invisible both to the
immune system and to current therapeutic tools, remains the major obstacle to HIV-1 eradication.
As a consequence, the identification of G4-mediated latency regulation mechanisms might help
to define a new molecular target for alternative therapeutic approaches.

The third aim of the study was to screen a new series of small drug-like molecules as antivirals.
This approach constitutes the basis for the development of novel druggable antiviral compounds

with an innovative G4-mediated mechanism of action.
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3. Materials and methods

3.1 The HIV-1 nucleocapsid protein unfolds stable RNA G-quadruplexes in
the viral genome and is inhibited by G-quadruplex ligands

3.1.1 The HIV-1 recombinant nucleocapsid protein

The full-length recombinant nucleocapsid protein was prepared as previously reported?'® in the
lab of Professor Fabris (University at Albany, NY, USA). Briefly, an expression vector containing
the gene for NCp7 was transformed and expressed in BL21(DE3)-pLysE cells. The protein was
subsequently purified and desalted. A UV-Visible Spectrophotometer was utilized to determine
the protein concentration in the obtained sample, using an extinction coefficient at 280 nm of
6.41 M'em™. The stock solution was stored in aliquots at -80 °C until use.

3.1.2 Oligonucleotides and compound

Synthetic oligonucleotides were purchased from Sigma-Aldrich (Milan, Italy). RNA oligos were
shipped in lyophilized form, then dissolved in diethyl pyrocarbonate (DEPC)-treated water at stock
concentrations (1 mM) and stored at -80 °C until use.

Table 3.1 provides specific information about the oligonucleotides used in this study.

The G4 ligand BRACO-19 was obtained from Endotherm GmbH (Saarbriicken, Germany).

Application Name Sequence (5’-3’)
EMSA, CD,
g RNA U3-llI+1IV | GGGAGGCGUGGCCUGGGCGGGACUGGGGAGUGG
MS analysis
RNA U3-IlI+1IV | GGGAGGCGUGGCCUGGGCGGGACUGGGGAGUGG
RT assay CGAGCCCUCAGAUCCUGCAUAUAAGCA
RT stop assay | non-G4 RNA ggﬁﬁiﬁgﬁgngUCUAUGCGAGCCCUCAGAUCCU
Primer RT TGCTTATATGCAGGATCTGAGG

Table 3.1: Oligonucleotide names, sequences, and their applications in the study of the NCp7-
mediated unfolding of RNA G-quadruplex structures.

3.1.3 Electrophoretic mobility shift assay (EMSA)

Native gel shift assay is one of the most sensitive methods to study protein-nucleic acid
interactions.?'” For this reason, here it was used to study the HIV-1 NCp7 binding to viral RNA
G4s. For EMSAs RNA oligonucleotides, labeled with [y-3?P-ATP] using T4 polynucleotide kinase
at 37 °C for 30 min, were annealed by heating at 95 °C for 5 min in lithium cacodylate (10 mM,
pH 7.4) and KCI (50 mM) buffer. The annealed oligonucleotides at 15 nM final concentration were
added to 20 pl of binding reaction (8% glycerol, 30 mM Tris-HCI, 15 mM MgClz, 50 uM ZnCl2)
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containing appropriate levels of NCp7. For EMSA unfolding assays labeled RNA oligonucleotides
were annealed to form G4s, and cold DNA complementary oligonucleotides were added to the
binding reactions at equimolar or 2-fold excess strand ratio. Binding reactions were incubated for
the indicated time in the presence of appropriate protein concentrations. Mixtures were then
loaded on a 12% polyacrylamide native gel and run for 90 min at 90 V. Gels were dried, exposed

overnight, and visualized by phosphorimaging (Typhoon FLA 9000, GE Healthcare).

3.1.4 Circular dichroism (CD) analysis

Circular dichroism (CD) is an absorption spectroscopy method considered as a primary tool for
the characterization of G4 structures. Indeed, different G4s display unique CD spectral signatures
(e.g., 260 nm maximum and 240 nm minimum peaks for parallel G4s, 295 nm maximum and
260 nm minimum peaks for antiparallel G4s, and two positive peaks at 295 nm and 260 nm for
mixed G4s).2'821° Moreover, CD spectroscopy is also useful to study interactions of G4 structures
with various ligands (e.g., proteins and compounds). In fact, ligands binding can induce G4
conformational changes and variations in the G4 stability (following the Tm). For the
aforementioned reasons, CD spectroscopy was applied in this study. For CD analysis, the RNA
oligonucleotides were diluted to 2 uM concentration in 10 mM lithium cacodylate buffer (pH 7.4)
supplemented with 50 mM KCI. Samples were annealed by heating at 95 °C for 5 min and
gradually cooled to room temperature to allow G4 formation. When the unfolding properties of
nucleocapsid protein were analyzed, it was added to the samples at 10-folds
NCp7:oligonucleotide ratio and incubated for 3 h before CD analysis. Where specified, B19 was
added at 8 uM concentration 4 h after the annealing step, and the samples were placed at 4 °C
for 24 h to permit G4 stabilization. CD spectra were recorded on a Chirascan-Plus (Applied
Photophysics, Leatherhead, UK) equipped with a Peltier temperature controller using a quartz
cell of 5 mm optical path length and an instrument scanning speed of 50 nm/min over a
wavelength range of 230-320 nm. The reported spectrum of each sample represents the average
of 2 scans, and it is baseline corrected for signal contributions due to the buffer. Observed
ellipticities were converted to mean residue ellipticity (6) = deg x cm? x dmol™" (mol ellip).
Unfolding spectra were recorded over a temperature range of 20-90 °C, while 90-20 °C were
used for annealing experiments, with a temperature increase rate of 1 °C/min. T, values were
calculated according to the van 't Hoff equation, applied for a two-state transition from a folded to

unfolded state, assuming that the heat capacity of the folded and unfolded states are equal.

3.1.5 Mass spectrometry (MS) analysis

Electrospray ionization (ESI) mass spectrometry (MS) represents a powerful technique to
investigate both G4 structures and G4/small molecules binding.??° As a consequence, this
technique has been employed to evaluate the NCp7-mediated G4s unfolding. For MS analysis,
the RNA oligonucleotides were diluted to 5 uM concentration in a final buffer composition
consisting of 0.8 mM KCI, 120 mM trimethylammonium acetate (TMAA) adjusted from pH ~7 to
7.4 with triethylamine (TEA). Samples were annealed by heating at 95 °C for 5 min, gradually
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cooled to room temperature, added of 20% of water and incubated overnight at 4 °C. Where
appropriate, NCp7 was added to the sample at a 1:1 protein:oligonucleotide ratio and the
incubation was performed at 4° C for 3 h. At the time of analysis, a volume of 5 uL of each sample
was typically scanned by direct infusion using electrospray ionization (ESI) on a Xevo G2-XS
QTOF mass spectrometer (Waters, Manchester, UK). The ESI source settings were: electrospray
capillary voltage 1.8 kV; source and desolvation temperatures 45 and 65 °C, respectively;
sampling cone voltage 65 V. All these parameters ensured minimal fragmentation of the DNAs
complexes. The instrument was calibrated using a 2 mg/mL solution of sodium iodide in 50% of
isopropanol (IPA). Additionally, the use of the internal standard LockSpray (a solution of leu-
enkephalin 1 ug/mL in acetonitrile/water (50:50, v/v) containing 0.1% of formic acid) provided a
typical <5 ppm mass accuracy. This high-resolution system allowed us to visualize the isotopic
pattern, identify the charge state, and therefore unambiguously calculate the neutral mass of the

detected species.

3.1.6 Reverse transcriptase (RT) stop assay

RT stop assay is used to investigate the formation of RNA G4 structures in a sequence of interest,
based on the assumption that a G4 sterically impedes the progression of a reverse transcriptase
(RT) enzyme during the elongation of a radiolabeled DNA primer.?2' This assay can also be
applied to the study of G4 ligands (e.g., proteins and compounds) interactions. In fact, binding
partner-mediated G4 stabilization or unfolding can prevent and encourage, respectively, the
progression of the RT enzyme, visible through differences in elongation products. The DNA
primer was 5'-labelled with [y-3?P-ATP] using T4 polynucleotide kinase at 37 °C for 30 min. The
labeled primer (70 nM) was annealed to the RNA U3-IlI+1V and non-G4 RNA (control sequence
unable to adopt G4 structures) in the presence of 50 mM KCI. The primer extension reaction was
performed by recombinant HIV-1 reverse transcriptase (1 U/reaction; Calbiochem) at 44 °C for
1 h. Where specified, samples were incubated overnight with increasing concentrations of B19
(500 nM - 1 uM - 2 uM - 4 uM) at RT before primer extension. When nucleocapsid protein was
used, appropriate concentrations (350 nM - 700 nM - 1.4 uM) of it were added immediately before
the elongation reaction. Reaction products were treated with NaOH (2 N) at 95 °C for 3 min to
permit the alkaline hydrolysis of RNA, and the pH was adjusted with HCI (2 N) to neutrality.
Samples were ethanol precipitated, and extension products were separated on 16% denaturing

polyacrylamide gel and visualized by phosphorimaging (Typhon FLA9000; GE Healthcare).

3.2 The HIV-1 LTR G-quadruplexes fold in latently infected cells and their
stabilization by G4 ligands counteract viral reactivation from latency

3.2.1 Cell line
U1 cells are a subclone of U937 cells that have been chronically infected with HIV-1. U937 is a
pro-monocyte obtained from a pleural effusion of a two-year-old Caucasian male with diffuse

histiocytic lymphoma. U1 cells are widely used for latency induction experiments. These cells
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show minimal constitutive expression of virus, and the surface expression of CD4 is low. Cells
were maintained in RPMI 1640 medium (Gibco, Life Technologies, Monza, Italy) supplemented
with 10% heat-inactivated FBS (Gibco, Life Technologies, Monza, Italy). All cultures were grown
in a humidified incubator maintained at 37 °C with 5% CO-. Cells were obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH.

3.2.2 Cell treatments

Phorbol 12-myristate 13-acetate (PMA), also known as 12-O-tetradecanoylphorbol-13-acetate
(TPA) (Sigma-Aldrich), were used as HIV-1 latency-reversing agent (LRA). The G4 ligand B19
was obtained from Endotherm GmbH (Saarbriicken, Germany), and the core-extended NDI (c-
exNDI) H-NDI-NMe2-PhAm was synthesized and kindly provided by Professor Filippo Doria and

Professor Mauro Freccero (University of Pavia).

3.2.3 BG4 production and purification

BG4-encoding plasmid (kindly provided by Professor Shankar Balasubramanian, University of
Cambridge, UK) was transformed into BL21(DE3) competent cells (Stratagene) which were
cultured in TY medium (1.6% tryptone peptone, 1% yeast extract, 0.5% NaCl) and 50 pg/ml of
kanamycin. Transformed cells were grown at 37 °C 160 rpm to an ODsoo of 0.7-0.8. BG4 antibody
expression was induced with 0.85 mM isopropyl 3-D-1-thiogalactopyranoside overnight at RT.
Then, cells were pelleted for 25 min at 250009 at 4 °C, resuspended in lysis buffer (20 mM Tris-
Cl pH 8.0, 50 mM NaCl, 5% glycerol, 1% Triton X-100 and 100 uM phenylmethanesulfonylfluoride
solution), and lysed through 5 cycles of freezing and thawing. After centrifugation at 10000g at
4 °C for 20 min, the supernatant was filtered (0.45 um) and purified on a Protino Ni-NTA-agarose
affinity column (Machery-Nagel, Germany) according to the manufacturer instructions. The
column was washed in 20 mM imidazole in 20 mM Tris HCI pH 8.0, 300 mM NaCl, and BG4
antibody 1.5 ml fractions eluted in 250 mM imidazole in 20 mM Tris HCI pH 8.0, and 300 mM
NaCl. The eluted fractions were checked on a Coomassie-stained SDS-PAGE and concentrated
in Amicon Ultra-3k Centrifugal Filter Unit (Merck Millipore, Milan, Italy). The BG4 concentration
was determined using Pierce™ BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA), and the antibody was stored at =20 °C until use.

3.2.4 Chromatin immunoprecipitation (ChlIP) assay

The ChIP assay is a powerful and versatile technique to probe protein-DNA interactions within
the natural chromatin context of the cell.??2223 Here it has been employed to study the presence
of G4-folded structures in latently infected cells. One million of U1 cells were fixed in RPMI
containing 1% (v/v) formaldehyde and 10% (v/v) FBS for 8 min at RT. After 5 min quenching with
125 mM glycine, cells were pelleted and washed twice with phosphate-buffered saline (PBS) 1X
(Gibco, Life Technologies, Monza, Italy) containing 10% FBS. The flash-frozen pellets were lysed
for 5 min on ice in 100 yl of 50 mM Tris-HCI pH 8.0, 10 mM EDTA, 0.5% SDS and protease

inhibitor cocktail. Samples were sonicated using the Covaris E220 to shear chromatin to an
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average size of 100-500 bp (2% duty cycle, 200 cycles per burst, at the intensity of 3) for 30 min.
Sheared chromatin was diluted 1:5 in IP-buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 0.5 mM
EGTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate, and 140 mM NaCl) supplemented
with protease inhibitor cocktail. After a centrifugation step of 10 min at 13000g at 4 °C, the
supernatant containing soluble chromatin fraction was recovered and incubated with 0.7 mg/ml
RNase A (Thermo Fisher Scientific) for 30 min at 37 °C. The quality of the sheared chromatin
fragments was checked by Agilent Bioanalyzer using Agilent DNA High Sensitivity Chips (Agilent
Technologies, Milan, Italy). For ChIP experiments 10 ul protein-G magnetic beads (Pierce™,
Thermo Fisher Scientific) were washed in IP-buffer and incubated with 1 ug Anti-FLAG Ab
(Sigma-Aldrich) for 1 h at 4 °C on a rotating wheel. Then, 50 pyl of RNA digested chromatin was
incubated with 450 ng BG4 Ab (or without for the mock negative control) for 1 h at 16 °C. The
anti-FLAG coated beads were washed with IP-buffer and incubated with chromatin-BG4 complex
for 3 h at 4 °C on a rotating wheel. Beads were washed 4 times with IP-buffer and once in wash
buffer (10 mM Tris-HCI pH 8.0, 10 mM EDTA). Elution of immunoprecipitates and chromatin
crosslink reversal were performed incubating beads with 70 pl elution buffer (10 mM Tris-HCI pH
8.0, 5 mM EDTA, 300 mM NaCl and 0.5% SDS) containing 0.3 mg/ml RNase A (Thermo Fisher
Scientific) for 30 min at 37 °C followed by the addition of 0.5 mg/ml proteinase K for 1 h at 55 °C
and 8 h at 65 °C shaking. The supernatant was then recovered and incubated for 1 h at 55 °C in
the presence of 0.25 mg/ml proteinase K (Thermo Fisher Scientific). The eluted fragments were
purified with the MinElute® PCR purification kit (Qiagen GmbH, Hilden, Germany) and quantified

with the Qubit™ 4 fluorometer (Invitrogen™, Thermo Fisher Scientific).

3.2.5gPCR

Input, immunoprecipitated, and mock-derived eluted fragments were used to quantify G4
enrichment via quantitative PCR, using dual-labeled fluorescent probes (TagMan probes) in
order to increase the specificity and the sensitivity of the gPCR. A standard TagMan™ universal
PCR master mix (Applied Biosystems) was used, and samples were analyzed through an ABI
7900 HT fast real-time PCR system (Applied Biosystems). Cycling conditions were 95 °C for

10 min, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Primer pairs and relative
dual-fluorescent probes (5’-FAM and 3-TAMRA marked probes) (Sigma-Aldrich) are listed in
Table 3.2.

They were designed to detect both G4 ChIP positive and negative regions. Relative enrichments

were derived with respect to their inputs.
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Name | G4 | Type Sequence (5’-3’)
Forward primer | GCTGCATCCGGAGTACTACAA

E.:.}Q + | Reverse primer | GAGAGACCCAGTACAGGCAA
Probe FAM-CAGCTGCTTATATGTAGCATCTGAGGGC-TAMRA
Forward primer | CCACCCTCACCATGTGACC

gg}zin + | Reverse primer | CTTACACTCTTCGCCCTCCTC
Probe FAM-TGCCAAAGAGGCGCGCGGAAACTG-TAMRA
Forward primer | GAAACAGCCCCAAATCTCAA

E;E?n - | Reverse primer | TTGTAGCCAGCAAGCAAATG
Probe FAM-AGTGGCACCCAGACTTGATGGCCGAC-TAMRA

Table 3.2: Names and sequences of primer pairs and probes used in the ChIP-qPCR assay.

3.2.6 Cytotoxicity assay

Cytotoxicity of the tested compounds (H-NDI-NMez2-PhAm and B19) was determined through the
ATPlite™ Luminescence ATP detection assay system (Perkin Elmer, Brussels, Belgium). This
assay is based on firefly luciferase and allows quantitative evaluation of proliferation and
cytotoxicity of cultured mammalian cells. The adenosine triphosphate (ATP) is present in all
metabolically active cells, and its concentration declines very rapidly when the cells undergo
necrosis or apoptosis; it is therefore a marker for cell viability. Briefly, 2x10* U1 cells/well were
plated in white but clear flat bottom 96 wells plates. Cells were next treated at the appropriate
time with serial dilutions of compounds. 72 h after seeding, 100 uL of plated cells were
supplemented with 50 uL of mammalian cell lysis solution and shook for 5 min in an orbital shaker
at 700 rpm. After that, 50 uL of substrate solution was added to the wells, and the microplate was
shaken again for 5 min. Finally, the plate was dark-adapted for 10 min, and the luminescence
was read with the microplate luminometer Centro LB 960 (Berthold Technologies GmbH,

Germany).

3.2.7 p24 ELISA assay

The enzyme-linked immunosorbent assay (ELISA) is a technique designed for detecting and
quantifying substances, such as proteins. The p24 ELISA assay quantifies the amount of the HIV-
1 p24 capsid protein in culture supernatants. Given that the level of p24 correlates directly with
virus titer, we can use the technique to evaluate virus production. Briefly, U1 cells were seeded
into 96-wells plates (2x10* cells/well) and treated with serial dilutions of compounds at the

indicated times after seeding. Cells were also stimulated by PMA treatment (at 10 nM
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concentration). At 48 h post-PMA-stimulation, supernatants were collected and subjected to
protein titration through the p24 ELISA kit (Perkin Elmer). The obtained absorbance levels were
evaluated at 450 nm using a Sunrise Tecan plate reader (Mannendorf, Switzerland). The kit is
supplied with a p24 control which is used to generate a standard curve and calibrate the p24

equivalent of the supernatants.

3.3 Screening of a new series of small molecules as antivirals

3.3.1 Cell lines

Human embryonic kidney 293T (HEK 293T, ATCC?®) cell line is a highly transfectable derivative
of human embryonic kidney 293 cells. Thanks to their features, these type of cells were employed
for the production of HIV-1 viral stocks. TZM-bl is a HeLa cell clone that has been engineered to
express CD4 and CCRS5 receptors and contains integrated reporter genes for both firefly
luciferase and E. coli B-galactosidase under the control of the HIV-1 LTR promoter. These cells
are highly permissive to infection by most strains of HIV, and they allow sensitive and accurate
measurements of infection. The TZM-bl reporter cell line was obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH. African green monkey kidney cells (Vero cells,
ATCC® CCL-81™) and human bone osteosarcoma cells (U-2 OS, ECACC 92022711) are cell lines
highly permissive to infection by various HSV strains. All cell lines used in this study were
maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Life Technologies, Monza,
Italy) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, Life Technologies,

Monza, Italy), and were maintained in a humidified incubator set at 37 °C with 5% COs..

3.3.2 Viruses and viral stocks production

The viral stock of the HIV-1 strain NL4-3 was produced transfecting HEK 293T cells with wild-
type (wt) X4 proviral genome (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH). The
CalPhos mammalian transfection kit (Clontech Laboratories, Santa Clara, CA, USA) was utilized
following the manufacturer’s protocol. Viral particles in supernatants were collected and titrated
using the Reed and Muench method.??* HSV-1 strain F (GenBank: GU734771) was a kind gift of
Professor B. Roizman (University of Chicago, lllinois, USA), whereas recombinant HSV-1
expressing VP16-GFP (HSV-1 v41) virus was kindly provided by Peter O’'Hare (Imperial College
London, UK).225 For viral stocks propagation, confluent Vero cells were infected with HSV-1 strain
F or HSV-1 v41 at a multiplicity of infection (MOI) of 0.01 and maintained from 48 h. Then,
supernatants were collected and subsequently titrated through the plaque reduction assay
(PRA).226

3.3.3 Antiviral assays
The antiviral activity of the tested compounds against HIV-1 was assessed through the
measurement of the LTR-driven luciferase expression in the TZM-bl reporter cells. Briefly, TZM-

bl cells were seeded in 96-well plates (10000 cells/well) and grown overnight to allow cells
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attachment. Cells were next infected with HIV-1 strain NL4-3 at a multiplicity of infection (MOI) of
0.5, treated with serial dilutions of compounds (from 25 uM to 100 nM) and incubated at 37 °C.
After 48 h HIV-1 production was quantified using the BriteLite™ plus reporter gene assay system
(Perkin Elmer), according to the manufacturer’s instructions. Antiviral activities against HSV-1
was investigated by plaque reduction assay. For virus infection, wt HSV-1 (strain F) was added
to cells at an MOI of 1 in serum-free medium. After 1 h at 37 °C, the inoculums were replaced
with complete medium and compounds were next added at increasing concentrations (25—
400 nM). Since a single round of HSV-1 replication takes around 24 h to complete'®,
supernatants were collected 24 hours post-infection (h.p.i.) and stored at —80 °C until viral
titrations by plaque assay. For plaque reduction assay, U-2 OS cells were seeded in 24-well
plates (85000 cells/well) and incubated overnight. Cells were then infected with 250 pl of serially-
diluted (10-folds) supernatants for 1 h at 37 °C. After infection, cells were washed with PBS 1X
and incubated with 500 yl of DMEM supplemented with 0.6% methylcellulose (Sigma-Aldrich)
and 2% FBS. 48 h.p.i., cells were washed with PBS 1X and fixed with formaldehyde 5% in PBS
1X for 20 min at RT, then colored with crystal violet 0.8% (in ethanol 50%). Viral plaques were
counted using an optical microscope (Zeiss, Jena, Germany). The 50% inhibitory concentration
(ICs0), defined as the concentration of compound that inhibits the HIV-1/HSV-1 production by

50%, was determined from the dose-response curve.

3.3.4 Cytotoxicity assays

The cytotoxicity of the tested compounds was evaluated at the same time of antivirals by the MTT
assay (Sigma-Aldrich). The MTT assay is a colorimetric assay for assessing cell viability based
on the conversion of yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
into purple formazan crystals by mitochondria of living cells. Since the total mitochondrial activity
is related to the number of viable cells, this assay is broadly used to measure the in vitro cytotoxic
effects of drugs of interest on cell lines. TZM-bl (10000 cells/well) and U-2 OS (9000 cells/well)
cells were plated in 96-well plates. 24 h after seeding serial dilutions of compounds (from 25 yM
to 100 nM) were dispensed. After 48 h and 24 h from TZM-bl and U-2 OS treatments,
respectively, cells were supplemented with 10 pl of freshly diluted MTT solution (5 mg/mL in PBS
1X) and incubated for 4 h at 37 °C. MTT crystals were then solubilized by the solubilization
solution (10% sodium dodecyl sulfate (SDS) and 0.01 M HCI). After overnight incubation at 37 °C,
absorbance was measured by Sunrise Tecan plate reader (Mannendorf, Switzerland) at 540 nm.
The concentration of compound required to reduce cell grown by 50% (50% cytotoxic

concentration or CCsp) was determined from the dose-response curve.

3.3.5 Oligonucleotides and compounds

Synthetic and desalted DNA oligonucleotides were purchased from Sigma-Aldrich. They were
dissolved in Tris-EDTA buffer (TE buffer; Tris-HCI 10 mM, EDTA 1 mM pH 8.0) at 1 mM final
stock concentration and stored at -20 °C until use. Table 3.3 provides specific information about
the oligos used in this third study. The two control compounds acyclovir (ACV) and

phosphonoacetic acid (PAA) were purchased from Sigma-Aldrich.
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Application | Name Sequence (5’-3’)
un2 GGGGGCGAGGGGCGGGAGGGGGCGAGGGG
un3 GGGAGGAGCGGGGGGAGGAGCGGG
CD, MS gp054a GGGGTTGGGGCTGGGGTTGGGG
analysis
hTel21 GGGTTAGGGTTAGGGTTAGGG
c-myc TGGGGAGGGTGGGGAGGGTGGGGAAGG

HSV Taq primer GGCAAAAAGCAGCTGCTTATATGCAG

TTTTTGGGGGCGAGGGGCGGGAGGGGGCGAGG

un2 GGTTTTTCTGCATATAAGCAGCTGCTTTTTGCC
Taq pol un3 TTTTTGGGAGGAGCGGGGGGAGGAGCGGGTTTT
stop assay TCTGCATATAAGCAGCTGCTTTTTGCC

ap054a TTTTTGGGGTTGGGGCTGGGGTTGGGGTTTTTCT

GCATATAAGCAGCTGCTTTTTGCC

TTGTCGTTAAAGTCTGACTGCGAGCTCTCAGATCC

HSV Taq non-G4 ¢t | 1o ATATAAGCAGCTGCTTTTTGCC

Table 3.3: Oligonucleotide names, sequences, and their applications in the screening of a new class
of G4 ligands.

3.3.6 Circular dichroism (CD) analysis

Circular dichroism experiments have been employed to study G4-small molecules interactions
following both G4s conformational changes and G4s stabilization (through T variations) induced
by the ligand binding upon addition of the compounds.??” The analysis was performed using a
Chirascan-Plus (Applied Photophysics) equipped with a Peltier temperature controller using a
quartz cell of 5 mm path length. G4 oligonucleotides were diluted to a final concentration of 4 yM
in the absence or presence of different concentrations (2.5, 100) KCI and 10 mM lithium
cacodylate buffer. After annealing step (5 min at 95 °C), DNA samples were gradually cooled
down and, where specified, compounds were added at a final concentration of 16 yM. Thermal
unfolding analyses were recorded from 230 to 320 nm over a temperature range of 20-90 °C
(5 °C/min). The reported spectrum of each sample represents the average of 2 scans, and it is
baseline corrected for signal contributions due to the buffer. Observed ellipticities were converted
to mean residue ellipticity (6) = deg x cm? x dmol™" (mol ellip). Tm values were calculated
according to the van 't Hoff equation, applied for a two-state transition from a folded to unfolded

state, assuming that the heat capacity of the folded and unfolded states are equal.

3.3.7 Taq Polymerase stop assay
Taq polymerase stop assay is used to investigate the G4 formation in a DNA sequence of interest,
based on the assumption that a G4 sterically impedes the progression of a DNA polymerase

during the elongation of a *’P-labeled primer complementary to the 3'-end of the G4 template.??'
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When the template containing G4 forming regions is elongated, truncated products are formed
and are discriminated in a denaturing polyacrylamide gel. Specific markers (specified above) are
used to evaluate whether the stop bands correspond to the Gs involved in the G4 formation. This
technique has been employed to validate the G4 stabilizing effect of the best G4 ligand candidate,
following enzyme processivity. The DNA primer (Table 3.3) was 5'-end-labeled with [y-32P-ATP]
using T4 polynucleotide kinase (Thermo Fisher Scientific) at 37 °C for 30 min and then purified
with lllustra MicroSpin G-25 columns (GE Healthcare). The labeled primer (final concentration
72 nM) was annealed to the templates (final concentration 36 nM) (Table 3.3) in lithium
cacodylate buffer (10 mM, pH 7.4) in the presence or absence of the indicated concentration of
KCI by heating at 95 °C for 5 min and gradually cooling to RT to allow both primer annealing and
G4 folding. Where indicated, samples were incubated with various concentrations (2-8 uM) of the
selected compound (GSA-0932) at RT overnight. For primer extension, AmpliTaq Gold DNA
polymerase (2 U/reaction, Applied Biosystems) was incubated at the indicated temperature for
30 min. Reactions were stopped by ethanol precipitation, and primer extension products were
separated on a 16% denaturing gel, finally visualized by phosphorimaging (Typhoon FLA 9000,
GE Healthcare). Markers were prepared based on Maxam and Gilbert sequencing protocol by
PCR reaction with 3?P-labeled primer. PCR products were treated with formic acid for 5 min at
25 °C and then with piperidine for 30 min at 90 °C.

3.3.8 Mass spectrometry (MS) competition assay

Here, native mass spectrometry was employed to evaluate the binding specificity of the best
compound GSA-0932 to HSV-1 G4s instead of various competitors. Oligonucleotides were heat-
denatured and folded in 0.4 mM KCI, 120 mM trimethylammonium acetate (TMAA), pH 7.4, and
20% isopropanol (IPA) overnight at 4 °C. The oligonucleotides were diluted to a final
concentration of 4 yM and incubated with the tested compound at ratio DNA:compound 1:1.5
overnight at 4 °C. Samples were analyzed by direct infusion electrospray ionization (ESI) on a
Xevo G2-XS QTof mass spectrometer (Waters, Manchester, UK). The injection was automatically
performed by an Acquity UPLC h-class (Waters) equipped with an autosampler; the carrying
buffer was TMAA 120 mM, pH 7.4, 20% IPA. Up to 5 pL samples were typically injected for each
analysis. The ESI source settings were the following: electrospray capillary voltage set at 1.8 kV,
the source and desolvation temperatures were 45 °C and 65 °C respectively, the sampling cone
was at set at 65 V. All these parameters ensured minimal fragmentation of the DNAs complexes.
The instrument was calibrated using a 2 mg/mL solution of sodium iodide in 50% of IPA. Binding
affinities were calculated for each experiment using the peak intensity for each species calculated
by MassLynx V4.1. The binding affinity was calculated with the following formula: [BA =
(XG4b/(2G4f + £G4b)) x 100], where BA is the binding affinity, G4b is the intensity of bound G4
DNA, and G4f is the intensity of free G4 DNA.
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3.3.9 Time of addition (TOA) assay

The time of addition assay can provide information about the mode of action of newly discovered
antiviral agents. Specifically, it determines how long the addition of a compound can be postponed
before losing its antiviral activity, and so it establishes what is the last step of the viral life cycle
affected by the presence of a compound, as reported by??8. U-2 OS cells were seeded in 24-well
plates at a density of 80000 cells/well and incubated overnight. The day after, cells were infected
with HSV-1 strain F at an MOI of 0.5 and treated every two hours (from 0 to 10 h.p.i.) with the
tested compound (400 nM) or with ACV (1.6 uM) as reference drug. The supernatants were
collected at 30 h.p.i.,, and then titrated following the plaque reduction assay working protocol
described above (Section 3.3.3).

3.3.10 UV-visible and fluorescence spectra

In order to visualize the compound in cells, we have investigated its spectroscopic features. As a
consequence, UV-visible and fluorescence emission spectra have been recorded.
Spectrophotometric measures were performed using a Lambda 25 UV-Vis spectrophotometer
(Perkin Elmer). Absorption spectra and determination of maximum absorption wavelength were
carried out in 10 mM lithium cacodylate buffer, pH 7.4 at a compound concentration of 25 uM.
The emission spectra were performed on an LS-55 fluorescence spectrophotometer (Perkin
Elmer) at a 2.5 yM compound concentration in 10 mM lithium cacodylate buffer, pH 7. All
instruments were equipped with Peltier temperature controllers. Quartz cuvettes of 0.4-10 cm
path length were used.

3.3.11 Confocal microscopy analysis

Confocal microscopy has been employed both to validate the antiviral effects of the lead
compound through the viral GFP intensity reduction and to observe a possible colocalization of
the compound with the VP16-GFP virus. U-2 OS cells were seeded at 40000 cells/well in 48-well
plates (sterile 48-well glass coverslips) and grown overnight at 37 °C. Cells were next infected
with the GFP-expressing recombinant virus v41225 at MOls of 1 (for viral replication inhibition) or
3 (for colocalization) for 1 h at 37 °C in serum-free medium. Then, cells were washed with PBS
1X and incubated at 37 °C in complete medium for the indicated time (6, 8, 10 h.p.i.). Cells were
treated with the GSA-0932 compound (1-6 uM) for 2 h at 37 °C and eventually with PAA (400 nM),
as replication inhibitor control. At the appropriate times post infection, cells were washed 5 times
with PBS 1X, fixed with 2% paraformaldehyde (PFA, Sigma-Aldrich) in PBS 1X for 20 min at RT,
and subjected to another 5 PBS 1X washes. Mock-infected cells were treated in the same way
as infected cells in each type of experiment and staining, except that serum-free medium was
added in place of the virus. Coverslips were mounted in Vectashield mounting medium (DBA
Italia, Milan, ltaly). For viral replication inhibition studies, images were acquired using a Nikon
A1Rsi+ Laser Scanning confocal microscope equipped with NIS-Elements Advanced Research
software (Nikon Instruments Inc., Melville, USA). GFP fluorescence was evaluated in the 500-

550 nm emission filter range, using an excitation wavelength of 488 nm. For overall fluorescence
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intensity reduction quantification, cells were counted using ImagedJ software, and signals were
appropriately normalized. At least three pictures per condition were considered. For colocalization
studies, images were captured with a Leica TCS SP5 confocal laser scanning microscope (Leica
microsystems, Germany). Laser excitation and emission filters were: diode laser Aex at 405 nm,
Aem 415-460 nm, in order to visualize the GSA-0932 fluorescence; whereas blue argon laser Aex
at 488 nm, Aem 500-550 nm, to detect the GFP fluorophore. Final images included in this work

are representative of multiple experiments.

3.3.12 Immunoblot analysis

The western blot (WB) is a widely used analytical technique to detect a specific protein of interest
in a sample. In this study, WB assay has been used to quantify the amount of an immediate-early
(IE) viral protein expression in treated samples versus untreated controls. U-2 OS cells were
seeded at 280000 cells/well in 6-well plates and grown overnight at 37 °C. Cells were next
infected with the wt HSV-1 virus at an MOI of 1. 15 min post-infection cells were treated or not
with the GSA-0932 compound at increasing concentrations (6-12 uM). At 60 min after infection,
complete medium was restored, and 5 h post-infection cells were scraped off and centrifuged at
1200 rpm for 5 min. Pellets were incubated with the radioimmunoprecipitation assay buffer (RIPA,
20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EGTA, 1% IGEPAL® CA-630, 1% sodium
deoxycholate, 1 mM NasVOs4, 1X protease inhibitor cocktail; 25 pl/pellet) for 30 min at -20 °C.
After centrifugation at 13000 rpm for 5 min at 4 °C, supernatants were collected, and protein
concentrations were quantified by using the Pierce® BCA Protein Assay Kit (Thermo Fisher
Scientific), and samples stored at -80 °C. Each sample was electrophoresed on 8% SDS-PAGE
and transferred to a nitrocellulose blotting membrane (Amersham™ Protan™, GE Healthcare Life
science) by using trans-blot SD semi-dry transfer cell (Bio-Rad Laboratories, Milan, Italy). The
membranes were blocked with 2.5% skim milk in PBS 1X. Membranes were then incubated for
2 h with the respective primary antibody directed against ICP4 (mouse monoclonal, H943, Santa
Cruz Biotechnology, CA, USA), a-tubulin (mouse monoclonal, Sigma-Aldrich), and B-actin
(mouse monoclonal; Sigma-Aldrich). After three washes in PBST (0.05% Tween-20 in PBS 1X),
membranes were incubated for 1 h with ECL Plex Goat-a-Mouse IgG-Cy5 (GE Healthcare).
Images were captured on the Typhoon FLA 9000 and quantified by ImageQuant TL software.
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4. Results and discussion

4.1 The HIV-1 nucleocapsid protein unfolds stable RNA G-quadruplexes in
the viral genome and is inhibited by G-quadruplex ligands

Our group has previously demonstrated that two RNA G-quadruplexes (i.e., U3-Ill and U3-1V) can
form in the G-rich U3 region (positions 8981-9038, representative strain HXB2 LAI, NC 001802)
of the single-stranded RNA genome of HIV-1."®® The U3 RNA G4s exhibited a remarkable high
thermodynamic stability under physiological conditions, significantly higher than that of their LTR
DNA counterparts (i.e., Tm = 82.1 °C and 71.2 °C for U3-Ill and U3-IV, respectively, in 100 mM
K*). Importantly, in vitro study of reverse transcriptase progression (RT stop assay) highlighted
that RNA G4 folding prevents the enzyme from complete elongation of the DNA strand, thus
negatively affecting the reverse transcription process. However, RT is an unavoidable step for
successful viral replication, and it is completely carried out during a typical infection. Thus, we
envisaged the presence of a protein with G4-unfolding activity that would allow progression of the
reverse transcriptase (RT) in infected cells. Since the HIV-1 nucleocapsid protein (NCp7) remains
associated with the viral RNA during reverse transcription, displays nucleic acids chaperone
activity, and has been proved to bind and unfold DNA G4s,'%4229-232 here we explored the
possibility that the NCp7 modulated HIV-1 RNA G4s stability.

4.1.1 NCp7 binds and unfolds the RNA G4s in the U3 region of the HIV-1 RNA genome

We first assessed the ability of NCp7 to bind the G4-folded U3 sequences. To this purpose, the
RNA U3-llI+1V oligonucleotide, folded into G4 in the presence of increasing amounts of NCp7,
was analyzed by electrophoretic mobility shift assay (EMSA) (Figure 4.1).
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Figure 4.1: EMSA with the RNA G4 U3-llI+IV and NCp7. (A) Increasing concentrations of the protein
(7.5nM-15nM-37.5nM -75nM - 112.5 nM - 150 nM - 300 nM) were incubated with RNA U3-1lI+1V G4-
folded in 50 mM KCI buffer. C indicates the protein/oligonucleotide complex. (B) The graph shows the free
G4 band intensity quantification for each lane reported in percentage compared to the control.
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Complexes with NCp7 were reported to precipitate, and thus the disappearance of the free G4
starting from NCp7 75 nM was deemed indicative of the binding. At NCp7 300 nM (Figure 4.1,
lane 8) a faint band corresponding to the G4-NCp7 complex became visible alongside the almost
complete disappearance of the free G4, which indicated binding saturation (Figure 4.1). Since
during retro-transcription a DNA/RNA intermediate forms, we next evaluated the binding
properties of NCp7 to the G4-forming U3-III+IV sequence in the presence of the complementary
DNA oligonucleotide (Figure 4.2).
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Figure 4.2: NCp7 binding to the G4 in the presence of cold complementary DNA strand. (A) The 32P-
marked RNA U3-1lI+IV G4 was annealed in 50 mM KCI buffer and incubated with 0.5 (lanes 2 and 5) and
equimolar (lanes 3 and 6) ratios of unlabeled complementary DNA for 1 h. Then, NCp7 was added at a final
concentration of 300 nM and incubated for 10 min at 37 °C. C indicates the protein/oligonucleotide complex.
(B) NCp7 binding to the G4 in the presence of cold complementary DNA strand for increasing time. RNA G4
was folded in 50 mM KCI buffer and incubated with a 2-fold excess of cold complementary DNA strand for
0-3-6-24hin the presence (lanes 1-4) and absence (lanes 4-8) of 300 nM NCp7. Duplex and free G4
species are indicated by arrows. (C) Quantification of the duplex from (B).

Addition of the unlabeled (cold) complementary DNA strand to the labeled and G4-folded RNA
sequence induced formation of a hybrid RNA-DNA duplex, which had a slower migration rate and
thus could be separated from the single-stranded G4-folded species on a native polyacrylamide
gel (Figure 4.2 A, lanes 1-3). In the presence of NCp7, the RNA-DNA duplex competed for
formation of the RNA G4-NCp7 complex (Figure 4.2 A, lanes 4-6). The free G4 species completely
disappeared upon G4-NCp7 complex formation, while the amount of the free duplex was not
perturbed. These data indicate the preferential binding of NCp7 to the G4-folded RNA vs the
DNA/RNA duplex. To form the duplex, the thermodynamically stable RNA G4 has to be unfolded
prior to base-pairing with its complementary strand. We thus analyzed duplex formation kinetics:
the amount of duplex increased over time and reached 60% at 24 h (Figure 4.2 B, lanes 5-8).
Addition of NCp7 highly increased the amount of the duplex species, especially at 24 h when the
G4 folded oligonucleotide completely converted to the duplex form (Figure 4.2 B, lanes 1-4).
These results indicate that when NCp7 binds to the HIV-1 RNA G4 structures, it stimulates their
unfolding.

In order to confirm the observed unfolding properties of the viral protein toward G4s, circular
dichroism experiments were performed. Briefly, the G4-folded U3-IlI+IV RNA was incubated in
the absence or presence of NCp7 (10x concentration) and analyzed by CD spectroscopy (Figure
4.3).
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Figure 4.3: CD analysis of the HIV-1 RNA G4 unfolding by NCp7. (A) CD spectra registered at 20 °C of
the G4-folded RNA U3-l11+IV (50 mM K*) in the absence (black line) and presence (orange line) of NCp7.
(B) CD melting and annealing curves of the RNA G4 U3-I11+IV in the absence/presence of NCp7. The molar
ellipticity at the peak wavelength (265 nm) is shown as a function of the temperature. (C) CD spectra of the
RNA G4 U3-llI+1V in the absence/presence of both B19 and NCp7. (D) CD melting curves of the samples
from Figure 4.3 C. The molar ellipticity at the peak wavelength (265 nm) is shown as a function of the
temperature.

Sample Tm * SD (°C)
RNA U3-llI+1V 68.3+0.9

+ NCp7 44.8 + 3.6
+B19 >90

+ NCp7 and B19 67.8+1.8

Table 4.1: Melting temperatures of the samples from Figure 4.3, panel D. SD stands for standard
deviations.

Upon addition of NCp7, the molar ellipticity of U3-ll1+1V G4 drastically decreased, while the CD
spectrum maintained the G4 signature, with a maximum at 265 nm and a minimum at 238 nm
(Figure 4.3 A). Usually, low molar ellipticity indicates low stability of the tested G4s. To check the
actual stability of U3-1lI+IV G4 in the presence/absence of NCp7, CD spectra were recorded at
increasing temperature (Figure 4.3 B). The melting temperature (Tm) calculated according to the
van 't Hoff equation applied to the molar ellipticity signal at 265 nm vs the temperature was

53



Results and discussion

68.3 °C and 44.8 °C in the absence and presence of NCp7, respectively, indicating the effective
unfolding of the RNA G4 mediated by NCp7. When the unfolded U3-ll1+1V G4 was reannealed by
steadily decreasing the temperature from 90 °C to 20 °C, in the absence of NCp7 the Tm
maintained its value of 68.3 °C whereas, in the presence of the protein, the oligonucleotide was
unable to regain the folded G4 structure (Figure 4.3 B), indicating that NCp7 was able to maintain
its unfolding properties in this condition. We next investigated if the G4 ligand B19, which has
been shown to stabilize the HIV-1 U3 G4s, could inhibit the G4-unfolding activity of NCp7. We
incubated U3-IlI+IV G4 with B19 before addition and further incubation with NCp7 (Figure 4.3 C,
D). B19 increased the G4 Tm up to > 90 °C; in the presence of NCp7, this was reduced to 67.8 °C
(Figure 4.3 D) indicating that B19 was able to in part suppress NCp7 unfolding activity.

NCp7 unfolding properties were further assessed by electrospray ionization (ESI) mass
spectrometry (MS), a powerful technique to investigate both G4 structures and G4/small
molecules binding.??° The number of the coordinated K* ions is diagnostic of the number of G-

quartets involved in the G4 structures, and therefore of the G4 folded conformation.
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Figure 4.4: ESI-MS spectra of the RNA U3-llI+IV in the absence or the presence of 1 equivalent of
NCp7 in 0.8 mM KCI, 120 mM TMAA adjusted to pH 7.4 with TEA. (A) ESI-MS spectra that show the
entire sample peak distribution of the RNA U3-llI+IV in the absence of NCp7. (B) Zoomed-in spectrum
corresponding to the RNA U3-llI+IV with a 5 charge state. (C) ESI-MS spectra of the RNA U3-llI+IV in the
presence of 1 equivalent of NCp7. (D) Zoomed-in spectrum corresponding to the RNA U3-I11+IV complexed
with NCp7 with a 7- charge state. (E) Zoomed-in spectrum corresponding to the oligo-protein complex with
a 6" charge state.

The MS spectrum of the RNA U3-IlI+1V G4 presented a peak corresponding to the oligonucleotide
coordinated to two K* ions, which indicated the expected three-layered U3-IlI+IV G4 in this
condition (Figure 4.4 A, B). In the presence of NCp7, two additional peaks corresponding to the
oligo-protein complex appeared (Figure 4.4 C). In the complex, the species with 0 and 1 K* ions
were prevalent with respect to the 2 K* ion species (Figure 4.4 D, E), indicating the unfolded state
of the oligonucleotide in the presence and in complex with NCp7, and thus confirming the
unfolding activity of NCp7 towards the HIV-1 RNA G4s.

Using different and complementary techniques (i.e., EMSA, CD, MS), we proved here that NCp7
binds single-stranded RNA G4s, also preferring G4s vs the duplex counterpart. Furthermore, the
viral NCp7 protein effectively unfolds the G4 structures that form in the HIV-1 RNA genome,
decreasing the Tm of the RNA G4 of about 24 °C. On the contrary, the G4 ligand B19 stabilizes
the G4 folding, partially counteracting the destabilizing activity of NCp7.

4.1.2 NCp7-mediated unfolding of the RNA G4s promotes reverse transcriptase
processivity

To investigate whether NCp7 unfolding properties could abolish the previously observed HIV-1
RNA G4-mediated RT stalling’, we performed the RT stop assay in the presence of increasing

concentrations of NCp7.
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Figure 4.5: RT stop assays on the RNA G4 U3-llI+IV and non-G4 RNA control sequence. (A) Templates
were treated with increasing concentrations of NCp7 (350 nM - 700 nM - 1.4 uM; lanes 2-4) prior to
elongation. When folded, samples were stabilized by B19 (500 nM - 1uM - 2 uM - 4 pM; lanes 5-8),
elongation was performed in the absence (lanes 5-8)/presence (lanes 9-12) of NCp7 at 1.4 uM
concentration. Stop bands corresponding to the U3-1V and U3-1Il G4 species in the RNA U3-IlI+1V template
are indicated by arrows. P and FL indicate primer and full-length product bands, respectively. G bases
potentially involved in G4 formation are labeled with asterisks. (B) Stop bands intensity quantification relative
to the RT stop assay represented in panel (A). (C) RT stop assay on a control RNA sequence unable to fold
into G4 structures. Each lane/sample was treated according to what previously explained for the RT stop
assay in panel (A).

The U3-1lI+1V sequence in the presence of K* induced RT pausing at all G-tracts involved in the
formation of the overlapping G4s (i.e., U3-lll and U3-IV, Figure 4.5 A, lane 1). Upon addition of
NCp7, the stop sites decreased, and the full-length RT product increased (Figure 4.5 A, lanes 2-
4, and 4.5 B). When the RNA U3-IlI+IV G4 template was treated with increasing concentrations
of B19, the stop sites significantly increased at the expense of the full-length product (Figure 4.5
A, lanes 5-8, and 4.5 B). When NCp7 was added to the B19-treated samples, the full-length
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product was restored, while the stop sites were mainly maintained (Figure 4.5 A, lanes 9-12, and
4.5 B), with a visible B19 concentration-dependent effect on both the full-length product and stop
sites (Figure 4.5 A, lanes 9-12, and 4.5 B). When the same reactions were performed on an RNA
template unable to form G4s, no significant changes in stop sites and full-length products could
be appreciated (Figure 4.5 B). These data indicate that NCp7 unfolds G4 structures that form in
the HIV-1 RNA genome, favoring the proceeding of reverse transcription. In the absence of G4
stabilizing compounds, NCp7 is able to destabilize the structures to allow complete synthesis of
the DNA, while the G4 ligand B19 can in part counteract this effect.

We hypothesized that the HIV-1 nucleocapsid protein could resolve RNA G4s to allow the correct
completion of the RT process in vivo. Several considerations brought out this idea. Specifically,
hundreds of NCp7 molecules coat and protect the HIV-1 dimeric RNA genome in the virion and
later assist several steps of the HIV-1 replication cycle, including reverse
transcription.162.163.165229.233 Moreover, NCp7 displays nucleic acid chaperone activity that, during
reverse transcription, facilitates the rearrangement of nucleic acids into their most
thermodynamically stable structures.'®* Additionally, NCp7 has been reported to bind DNA G4s:
it was able to unfold a short and synthetic monomeric DNA G4,234 and to assemble tetramolecular
G4 structures.?*? However, NCp7 ability to bind and process RNA G4s has never been presented
so far.

Using different and complementary techniques, we proved here that NCp7 was able to bind and
unfold the U3 G4s. In addition, we proved that NCp7 preferentially binds the G4 sequence vs its
duplex counterpart. NCp7 has been reported to bind single-stranded nucleic acid regions
preferentially.?®®> Here we take this concept further and demonstrate that NCp7 binds to
conformationally structured single-stranded regions, such as G4s, and unfolds them. In our case,
this activity resulted in the increased formation of duplex RNA/DNA hybrid, a structure that is
thermodynamically more stable than the G4, as demonstrated by competition experiments in
EMSA. Similar activity has been reported for another single-stranded structured RNA in HIV-1,
the TAR hairpin, which gets unfolded by NCp7 to favour annealing to the complementary
sequence and thus the formation of the double-stranded molecule.'¢7:235

For the first time, a viral protein is reported to unfold RNA G4s. So far, only one other viral protein,
i.e., EBNA 1 of the Epstein-Barr virus, has been shown to bind to folded RNA G4s to promote
viral DNA replication.'?8

We already demonstrated that the U3 RNA G4s folding inhibits RT progression in vitro.'*® Here,
the presence of NCp7 stimulated the production of full-length amplification products by RT, as
assessed in the RT stop assay. These results indicate that NCp7 is able to resolve the stable
RNA G4s, favoring the proceeding of reverse transcription. In a broader perspective, NCp7,
thanks to its chaperone activity, is the viral protein that allows viral retro-transcription to occur in
vivo. Conversely, the G4 ligand B19 stabilized U3 G4s thus inhibiting RT progression at the sites
of G formation. This activity resulted in inhibition of the viral life cycle at the pre-integration step,'®®
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which we proposed due exclusively to inhibition of RT progression at the G4 site. We proved here
by CD and RT stop assay that B19 is also able to counteract the unfolding activity of NCp7.

On the one hand, our data pointed out the strength of NCp7 as a chaperone protein that
processes extremely stable G4 structures in order to allow viral retro-transcription to occur. On
the other, we reported that G4 ligands possess a dual activity at the U3 RNA level: they sterically
hinder RT processing of the structured RNA template, and they inhibit the chaperone activity of
NCp7, which in turn assists RT activity (Figure 4.6). Thus, both activities contribute to the final
effect of inhibition of the reverse transcription process, and thus of the viral life cycle. As a result,
the development of innovative U3 G4-selective compounds may lead to the proposal of new

antivirals against HIV-1 infections.

HIV-1

W
HIV-1 infected cell VAV AR VAN

Figure 4.6: Schematic representation of the unfolding properties of the viral NCp7 vs the stabilizing
activity of the G4 ligand B19. RNA G4 structures that fold in the U3 region of the HIV-1 genome are
represented in red. The NCp7 viral protein is reported in green, whereas the G4 ligand B19 in yellow. The
reverse transcriptase enzyme is colored in orange.

4.2 The HIV-1 LTR G-quadruplexes fold in latently infected cells and their

stabilization by G4 ligands counteracts viral reactivation from latency

Our group has previously reported the first evidence of dynamic DNA G-quadruplex structures in
the HIV-1 LTR promoter region.'® The characterized G4s have been shown to be significant
elements both for their high evolutionary conservation''43 and, importantly, for their regulatory
activity at the promoter level during active transcription. This statement derives from two
significant results. First of all, single-base mutations (i.e., m4 and m5) of the sequence of interest,
which totally prevent G4 formation, produced a 2-fold increase of the LTR promoter activity in a
luciferase reporter assay with respect to the control. This proved that G4s act as repressor
elements in the transcriptional activation of HIV-1. Furthermore, G4 ligands (e.g., B19 and c-
exNDIs)*' were able to stabilize LTR G4s, thus suppressing viral transcription. Given the
observed regulatory activity of the LTR G4s at the HIV-1 promoter level during productive
infection, we asked ourselves what role LTR G4s could have in a latency environment.
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4.2.1 The HIV-1 LTR G-quadruplexes fold in latently infected cells

In order to investigate the bona fide folding of the HIV-1 LTR G4 structures within a latent
chromatin context, an antibody-based G4 chromatin immunoprecipitation (BG4-ChlP) assay was
set up. A cell system reflecting the state of HIV-1 latency was required. Therefore, the HIV-1
chronically infected U1 cells,?*¢27 containing two integrated copies of the HIV-1 proviral genome
per cell, were used. Under basal (unstimulated) conditions, cells show undetectable/minimal
constitutive expression of the virus because the integrated provirus is transcriptionally silent, due
to a repressed state of the viral LTR promoter. U1 chromatin samples were prepared as described
in Section 3.2.4, before being subjected to the BG4-mediated ChIP analysis. The FLAG-tagged
single-chain variable fragment (scFv) antibody BG4 (developed in 74) was previously employed
to map the genome-wide distribution of G4s in the chromatin of the HaCaT cell line.*® We adapted
the previously published protocol to our system. ChIP assay followed by gPCR was employed to
detect and assess the enrichment of LTR G4s with respect to the total sheared chromatin (input).
To this aim, a primer pair spanning the LTR region that folds into a dynamic G40 in vitro was
used (see Table 3.2 and Figure 4.7). As quality control, to evaluate the effectiveness of the
experimental procedure, both G4-positive and negative regions were taken into account (primer
pairs and probes specifications are reported in Table 3.2). Specifically, the human CDK4 (cyclin-
dependent kinase 4) gene was used as a positive control because bioinformatic predictive tools
reported its ability to fold into a G4 and its enrichment through a BG4-ChIP assay has already
been presented.®® Conversely, the negative control region represented by the human ESR1
(estrogen receptor 1) gene did not contain any sequence with a G4 pattern, was never reported
to adopt a G4 structure, and was not detected by previously conducted BG4-ChlIP study.®
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Figure 4.7: BG4-mediated ChIP-gPCR analysis of G4 structures in latently infected U1 cells
chromatin. (A) Image of a typical BG4-ChIP-gPCR analysis. DNA fragments obtained from input (total
sheared chromatin), immunoprecipitated (BG4 IP), and mock (control) were subjected to gPCR analysis.
Displayed values are calculated from the C; of the samples over the input, normalized for the input dilution
factor and reported as percentages of enrichment. (B) Schematic representation of the LTR promoter region.
LTR-specific primers amplify a 161 bp length region which includes the previously characterized G4
structures (i.e., LTR-II, LTR-IIl, and LTR-IV).

First of all, ChIP-gPCR results (Figure 4.7) showed a clear enrichment in the CDK4 G4-positive
region, while a negligible signal was detected for the negative control ESR1. These observations
validated the goodness of the developed BG4-ChlP protocol. Importantly, the analysis highlighted
an evident enrichment in the HIV-1 LTR promoter area comprising the LTR G4 structures. This is
the first time the authentic folding of the viral LTR G4 structures has been demonstrated within

the context of HIV-1 latent chromatin, where the viral promoter is in a repressed state.

4.2.2 The HIV-1 LTR G4s stabilization by G4 ligands counteracts viral reactivation from
latency

Given the proved LTR G4s folding in a transcriptionally inactive state of the HIV-1 promoter and
their above-mentioned observed regulatory activity at the promoter level during lytic infection (i.e.,
negative regulators of transcription), then we wondered if they could modulate viral transcription
reactivation from latency.

To this purpose, the chronically infected U1 cells have been employed once again as a model of
HIV-1 latency. Different agents?*%-2%8 have been reported to stimulate virus expression in this cell
line. Here the potent PKC agonist PMA was selected to be used as latency-reversing agent. We
initially tested the HIV-1 promoter inducibility in the U1 cells following PMA stimulation (Figure
4.8). Two typically reported concentrations of the selected LRA in this cell line had been
screened.?® Cells reactivation from latency was determined by the quantification of the Gag-

derived p24 HIV protein using a p24 ELISA assay.
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Figure 4.8: Measurement of HIV-1 production in the U1 cell line after PMA stimulation. Cells were
treated with 10 nM and 20 nM concentrations of PMA. Supernatants were collected 48 h post-stimulation
and subjected to the p24 ELISA assay. Data are represented as mean + standard deviation (n=2).

The unstimulated (DMSO-treated) control reported only minimal constitutive expression of the

viral p24 protein. On the contrary, PMA-treated U1 cells showed a clear increase in the levels of
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p24 expression, which reflect the HIV LTR transcriptional activation from latency. Since the PMA
10 nM is the minimum concentration of LRA that exert a good increase in the amount of the viral
capsid protein in our system, then we decided to use this concentration for further experiments.

In order to evaluate the G4-mediated modulation of the viral transcription reactivation from
latency, two previously validated LTR G4 stabilizing compounds (i.e., B19 and H-NDI-NMe:-
PhAm)*1%0 were used. Figure 4.9, panel A graphically represent and simplify the work-flow
applied in this study. Briefly, U1 cells were treated with different non-toxic concentrations of both
B19 (from 0.39 to 6.25 uM; see Figure 4.9, panel B) and H-NDI-NMe2-PhAm (from 0.016 to
10 nM, see Figure 4.9, panel C). Treatments were carried out at two different time-points: at 24 h
pre-PMA-stimulation (then right after the seeding), and at the same time of the PMA stimulation.
Dark green and light green colors were used to distinguish the two times, respectively. PMA
stimulation occurred 24 h after the seeding and after the second treatment time-point. In all the
experiment, the G4 ligand-treated but unstimulated cells have been checked for their remanence
in a latency state, which means undetectable p24. Forty-eight h after stimulation, supernatants
were collected and assayed for the amount of the HIV-1 p24 protein. The bar charts represent
the percentage of the p24 amount of treated and stimulated samples reported to stimulated, but
untreated controls (Figure 4.9, panel B, C). Unstimulated samples were taken as negative control.
The line graph was added to represent the cytotoxicity of the G4 ligands measured in 72 h-treated

cells.
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Figure 4.9: G4 ligands-mediated modulation of viral transcription reactivation from latency. Panel (A)
is a schematic representation of the treatment modality applied in this study. (B) The bar chart represents
the detected amount of the p24 viral protein at the tested B19 concentrations. Data are reported as the
percentage of the amount of p24 of the treated and stimulated samples reported to the stimulated but
untreated control. Dark green bars refer to the treatment occurred at 24h pre-PMA-stimulation whereas the
light green bars to that at the same time of PMA stimulation. The line graph represents the cell cytotoxicity
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evaluated 72 h after the B19 treatment using the ATP-lite assay. All the data are represented as mean +
standard deviation (n=2). (C) The H-NDI-NMe>-PhAm mediated effects on the p24 amount and its relative
cytotoxicity, represented in the same way as B19.

Increasing non-toxic concentrations of the two HIV-1 LTR stabilizing ligands B19 and H-NDI-
NMe2-PhAm induced a decrease in the percentage of the HIV-1 p24 protein at both processing
times, with respect to the controls. Given that the amount of the HIV-1 p24 protein correlates
directly with the transcriptional activation of the latent HIV-1 provirus, the G4 ligands promoted a
down-modulation of the viral transcriptional activation induced by the PMA. For the first time,
these data prove that the LTR G4s stabilization mediated by the G4 ligands counteracts viral
reactivation from latency. This evidence confirms that HIV-1 LTR G4 structures act as repressor
elements of the transcriptional activation of the viral promoter also in a latency environment as

that of the chronically-infected U1 cells.

It is worth noting that in recent years efforts have been made to probe the native G4 landscape
in vivo.”124% |n fact, discrepancies were found in the folded state of G4s detected by different
techniques (e.g., computational predictions, G4-seq, ChlP-seq).28-% The local chromatin context
and all the associated proteins likely exert a strong influence on G4 stability and formation in
cells:"" it is therefore essential to consider these factors.

To face the afore issues, we here employed a BG4-ChIP assay focused on the investigation of
the bona fide folding of the HIV-1 LTR G4 structures within the latent chromatin context of the U1
cells. The analysis highlighted an evident enrichment in the HIV-1 LTR portion. This result
represents the first authentic demonstration that a G4 structure can fold within the HIV-1 LTR in
the chromatin context of latently infected cells.

Hansel-Hertsch and coworkers® have previously observed that DNA G4 formation is highly
dependent on chromatin state and is frequently found in regulatory nucleosome-depleted regions
in proximity to genes TSS. In a similar perspective, we proved the folding of G4s within a
nucleosome-free, regulatory region near the TSS corresponding to the LTR promoter of HIV-1.
We must keep in mind that it is not clear yet how the G4 folding is influenced by the chromatin
state and by the presence of epigenetic modifications.'"® These are two factors that have to be
considered in the coming years. Indeed, the inactive/active transcriptional state switch of the
promoter has to be evaluated. Since G4s are dependent on chromatin structure and
transcriptional status, then changing the chromatin landscape would possibly cause a change in
the G4 profile, and consequently affect the transcriptional output. So we are now planning to
perform a BG4-ChlIP experiment with the chromatin of PMA-induced U1 cells. Activation of
transcription at the LTR promoter through stimulation with the latency-reversing agent PMA may
or may not change the G4 profile. The other point that could be investigated is the interactions
between G4s and epigenetic regulators; also considering that evidence pointed out the important
role of G4s in this field.""” Identifying epigenetic modifiers able to bind to G4s with a different

pattern in the active and latent state of HIV-1 infection could lead to new perspectives.
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In the second part of this work, we proved that the LTR G4 stabilization induced by the two G4
ligands produced a down-modulation of viral transcription that counteracted viral reactivation from
latency. Therefore, our data demonstrate that LTR G4 structures can regulate the transcriptional
activity of the HIV-1 promoter also influencing the regulation of virus latency. A recent work
already tested and confirmed the B19 antiviral activity in latent HIV-1 infected cells,?*' so we
detected the same effect in our system.

All this evidence spur us to further investigate the G4s activity at the LTR promoter level. The
understanding of G4-mediated HIV-1 latency regulation mechanisms might help to define a new

molecular target for alternative therapeutic approaches to proviral HIV infections.

4.3 Screening of a new series of small molecules as antivirals

Our research group has previously reported the development of new anti-HIV-1 compounds
targeting the G4 structures in the viral LTR promoter.*”:'®© Most G4 ligands are characterized by
high molecular weights and protonated side chains, which may lead to bioavailability problems
during biopharmaceutical characterization and clinical trials (e.g., Quarfloxin, B19).414252 |n order
to overcome this obstacle, our collaborators (Professor L.H. Hurley group and Reglagene Inc.,
Arizona) synthesized and provided us four small molecules (i.e., Quindoline-I, GQC-05, GSA-
0820, and GSA-0932) (Figure 4.10) characterized by drug-like chemical features. Indeed, unlike
the majority of available G4 binders, they meet the Lipinski’s rule of five criteria, thus giving hope
for their possible success in case of future oral bioavailability studies. Apart from GQC-05 which
is an ellipticine analog,''?%42 all the other compounds are derivatives of the quindoline structure
(or indolo[3,2-b]quinoline),>%5" which is, in turn, a derivative of the natural product cryptolepine.
While Quindoline-I, GQC-05, and GSA-0820 have already been characterized as G4 ligands, as
they were reported to bind and stabilize the c-myc G4 (as reported in Section 1.1.3.1),%%111.112 the
GSA-0932 derivative has never been tested before. Here we aimed at testing the effectiveness
of the small molecules as antivirals, in order to propose new drug-like compounds with an
innovative G4-mediated mechanism of action to be applied in the treatment of HIV-1 infection.
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Figure 4.10: Chemical structures of the small molecules used in this study. (A) Quindoline-I; (B) GQC-
05; (C) GSA-0820; (D) GSA-0932: it belongs to a series of Quindoline-derived compounds never published
before. Ry and R; indicate the presence of substituents we do not disclose because the intellectual property
(IP) is patent-covered (Quindoline compounds and uses thereof, 29-Jan-2019, Serial No.: 62/798,293:
Reglagene USA and UNIPD).

4.3.1 Antiviral activities of the Quindoline-derived compounds

Antiviral assays were performed in TZM-bl cells, in which HIV-1 infection drives transcription of
an HIV-1 LTR-luciferase reporter gene construct. The wt HIV-1 NL4-3 strain, which is an X4 strain,
was used to infect cells. We treated infected cells with increasing concentrations of compounds,
and we measured virus production in culture supernatants by quantifying the luciferase signal at
48 hours post-infection (h.p.i.). Concurrently, the cytotoxicity of the small molecules was
assessed in the same conditions but on uninfected cells by the MTT assay. Antiviral activities
(reported as ICso0) and cytotoxicity (CCso) are listed in Table 4.2.

TZM-bl cell line
Compound
ICs0 (NM) CCso (nM) SI
Quindoline-l 0.241 0.236 <1
GQC-05 0.242 0.309 1.28
GSA-0820 1.309 2.519 1.92
GSA-0932 0.635 1.676 2.64

Table 4.2: Anti-HIV-1 activity and cytotoxicity of the Quindoline-derived compounds. ICs; is the
compound concentration required to inhibit 50% of the HIV-1 production; CCso is the compound
concentration at which 50% of cell cytotoxicity is observed; Sl is the selectivity index calculated as the ratio
of CCxs0/ICso.
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The ICs0 and CCso values obtained for each compound were very similar to each other. The
derived selectivity indexes were approximately equal to 1. We concluded that none of the tested
compounds showed antiviral effects against HIV-1.

Since Quindoline-derived compounds were already proved to bind G4s,%01:12 and considering
i) the impressively high number of G4 structures identified in the genome of the HSV-1,127:213 jj)
their massive presence during the viral life cycle,?'* and iii) the possibility to target them to obtain
considerable antiviral effects,'?”?'> we deemed it worth testing the compounds against HSV-1.
Antiviral and cytotoxicity tests were conducted in parallel on U-2 OS infected and uninfected cells,
respectively. The HSV-1 strain F (MOI of 1) was used to carry out infections. After that, we treated
infected cells with increasing concentrations of compounds and supernatants were collected
24 h.p.i. Viral particles in the supernatants were quantified through the plaque reduction assay.
Cytotoxicity was evaluated by the MTT assay. All the compounds displayed a considerable
antiviral activity against HSV-1 in the nanomolar range (Table 4.3). GSA-0932 showed a
pronounced antiviral activity (ICso = 165.0 nM) together with low cytotoxicity (CCso= 19395.3 nM),
thus resulting the most promising compound, with high selectivity index (Sl = 117.5). Given that
this previously unreported compound showed the most encouraging antiviral effect, seven other
derivatives of this new series of compounds were synthesized with different substituents (mainly
in position 6 of the Quindoline core) (Figure 4.10, D) to assess the best anti-HSV-1 molecule. The
obtained ICso, CCso, and Sl are listed in Table 4.3.

U-2 OS cell line
Compound
ICs0 £ SD (nM) CCso * SD (nM) Si
Quindoline-I 1559+ 6.7 2200.2 +489.3 14.1
GQC-05 267.4 +21.8 1654.6 + 118.5 6.2
GSA-0820 >400 2984.8 + 171.2 <7.5
GSA-0932 165.0 + 49.1 19395.3 £ 738.0 117.5
GSA-0825 356.9 £ 60.9 32709.2 £ 313.8 91.6
GSA-0903 >400 5205.8 + 492.8 <13.0
GSA-0920 >400 3620.6 + 92.1 9.1
GSA-1202 248.0 + 64.4 4852.9 + 261.3 19.6
GSA-1502 >400 14758.5 + 1067.4 <36.9
GSA-1504 308.7+£82.2 4509.6 + 516.8 14.6
GSA-1512 255.6 £ 114.3 18089.5 + 389.8 70.8

Table 4.3: Anti-HSV-1 activity and cytotoxicity of the Quindoline-derived compounds. ICs is the
compound concentration required to inhibit 50% of the HIV-1 production; CCso is the compound
concentration at which 50% of cell cytotoxicity is observed; Sl is the selectivity index calculated as the ratio
of CCso/ICso. SD stands for standard deviation. An intermediate line separates the two analyzed subgroups.

Above all, GSA-0932 remained the one with the best Sl value. A representative antiviral activity

profile of it is shown in Figure 4.11.
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Figure 4.11: Antiviral activity of the hit compound GSA-0932 on HSV-1-infected U-2 OS cells. Infected
cells were treated with increasing concentrations of the compound. Supernatants were collected 24 h.p.i.,
and the viral particles were measured with the PRA. Antiviral activity is expressed as the percentage of the
plaque forming units per milliliter (PFU/ml). The infected but untreated sample was taken as control. Cell
viability was in parallel obtained with an MTT assay on uninfected cells treated in the same conditions.
Histograms represent the antiviral activity of the tested compound while the line indicates the cytotoxic effect.

We thus selected this compound GSA-0932 for further investigation.

4.3.2 The Quindoline-derived best candidate greatly stabilizes G4s with a preference for
the viral HSV-1 conformations vs the telomeric sequence

CD thermal unfolding experiments were performed to investigate the binding and stabilizing
activity of GSA-0932 on HSV-1 G4s. Both structural conformational changes and thermal
stabilities were analyzed. Three representative and previously characterized G4s were
considered: two sequences forming a four-stacked-G-quartet structure (un2 and gp054a) and one
forming a three-G-quartet G4 (un3).'?"2'3 Viral G4s were analyzed by CD spectroscopy at a final
concentration of 4 yM in the presence of physiological K concentration (100 mM) or lower K*
concentration (2.5 mM) in order to better appreciate the effect of the compound in the case of
extremely stable G4 structures (e.g., un2 sequence). Oligonucleotides were also analyzed in the
absence or presence of 4-folds excess of GSA-0932. Recorded spectra are presented in Figure
4.12.
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Figure 4.12: Thermal unfolding experiments on the HSV-1 G4 sequences in the absence or the
presence of 16 yM GSA-0932. (A) un3 G4 (2.5 mM K*); (B) un3 G4 (2.5 mM K*) in the presence of GSA-
0932; (C) un2 G4 (2.5 mM K*); (D) un2 G4 (2.5 mM K*) with the compound; (E) gp054a G4 (2.5 mM K*); (F)
gp054a G4 (2.5 mM K*) with GSA-0932. Spectra were recorded over a temperature range of 20-90 °C.
Changes in molar ellipticity and conformation are indicated with arrows.

In 100 and 2.5 mM K*, the un3 sequence showed a stable parallel topology with a maximum peak
at 260 nm and a negative peak at 240 nm (Figure 4.12 A). An increase in the positive peak
(shoulder) at 290 nm was registered upon addition of the compound (Figure 4.12 B). The un2
sequence, which displays strong stability (above 90 °C at 100 mM K*),'?” was directly analyzed
at 2.5 mM K* to better evaluate the effect of the compound. In this condition, the sequence

displayed its well-known antiparallel conformation'?”-2'3 and a minor population with hybrid-mixed
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conformation (due to the lower stability of the sequence with low concentrations of K*) (Figure
4.12 C). GSA-0932 induced an increase in the molar ellipticity of the positive peak of un2 at
290 nm and the negative peak at 240 nm. Additionally, the compound promoted the stabilization
of the antiparallel conformation of the oligo, reducing the “shoulder” corresponding to the hybrid-
mixed population of G4s (Figure 4.12 D). In 100 and 2.5 mM K*, gp054a showed a typical mixed-
type conformation with two positive peaks at 290 and 260 nm (Figure 4.12 E). Upon addition of
GSA-0932, a slight change in the conformation of gp054a was observed at high temperatures (as
shown in Figure 4.12 F); this is in line with the stabilization of an alternative population of G4 with
a parallel conformation already seen after c-exNDI treatments.?'® Overall, thermal unfolding
experiments proved that addition of the Quindoline-like compound to three peculiar HSV-1 G4s
induce an increase in molar ellipticities, together with slight variations in their typical G4
conformations. Usually, high molar ellipticities indicate high stability of the G4s. To prove this
point, the melting temperatures (Tm) of each sample were calculated at the peak wavelength (i.e.,
264 nm for un3, 295.6 nm for un2, and 264.2 for gp054a). Data are reported in Table 4.4.

2.5mM K* 100 mM K*
Tm (°C) ATm# SD (°C) Tm (°C) ATm# SD (°C)

un3 37.640.4 65.0

un3+GSA-0932 56.4+1.2 18.840.8 66.4 1.4

un2 82.410.3 ND

un2+GSA-0932 >90 >7.5 ND ND

gp054a 57.3/82.4 58.9/>90

gp054a+GSA-0932 |  74.7/>90 17.4/>7.5 74.5/>90 15.6

Table 4.4: Stabilization (7T,) of HSV-1 G4 sequences (4 uM) at 100 and 2.5mM K* in the
absence/presence of GSA-0932 (16 uM). T, values (°C) were calculated according to the van 't Hoff
equation. SD stands for standard deviation, whereas ND stands for not determined.

Addition of GSA-0932 induced an increase in the melting temperatures of all the tested HSV-1
G4s, proving its ability to effectively bind and stabilize viral G4s.
In order to further confirm the increased stability of the viral G4s in the presence of GSA-0932, a

Taq polymerase stop assay was next set up (Figure 4.13 A, B).
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Figure 4.13: Image of a typical Taqg polymerase stop assay. (A) The un2, gp054a, un3 templates were
amplified by Taq polymerase in the absence (lanes 5-9-13) and in the presence of K*, combined with
increasing amounts (2-8 uM) of GSA-0932 (lanes 7-8, 11-12, 15-16) or the same amount of DMSO as that
in the ligand (lanes 6-10-14). Un3 was analyzed at 50 mM of K*, while the other sequences were investigated
at 0.5 mM of K*. A template (non-G4 ctrl) unable to fold into G4 was also used as control (lanes 1-4). P
stands for unreacted labeled primer, FL stands for full-length product. G4-specific Tag polymerase stop sites
are highlighted by vertical bars. (B) Full length and G4 stop bands intensities quantification relative to the
Taq polymerase stop assay represented in panel (A).
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Extended un2, un3 and gp054a forming sequences were used, containing additional flanking
bases at the 3-end: a primer annealing sequence and a 5-T linker region to separate the
annealing sequence from the first G of the G-tract. In the absence of K* (Figure 4.13, lanes 5-9-
13), all three G4-forming sequences, especially un2 (Figure 4.13, lane 5), displayed a marked
stop site corresponding to the first G of the most 3' G-tract, indicating stable G4 folding. In the
presence of K* (Figure 4.13, lanes 6-10-14) the G4-stop site increased in all templates, indicating
that K* stimulates G4 folding and thus inhibits of polymerase progression. Un3 was analyzed at
50 mM of K*, while the other sequences were investigated at 0.5 mM of K* due to their higher
stability. Upon addition of increasing amounts (2-8 uM) of GSA-0932, the intensity of the stop
bands increased in a concentration-dependent manner in all templates (Figure 4.13, lanes 5-9-
13), along with the reduction of the full-length amplicons, thus corroborating the effective
stabilization of the G4s by the compound. Quantification of the G4-stop sites and full-length
products is reported in Figure 4.13, panel B. In contrast, the compound did not affect a control
DNA template unable to fold into G4, indicating that the observed polymerase inhibition was G4-
dependent. The above techniques (CD and Taq polymerase stop assay) proved the ability of
GSA-0932 to efficiently bind and stabilize HSV-1 G4 structures.

In order to check the selectivity of the candidate compound for HSV-1 G4 sequences, competition
electrospray ionization mass spectrometry (ESI-MS) experiments were performed. CD analysis
previously confirmed that in the buffer conditions used for ESI/MS experiments the topology of
the G4-folded oligonucleotides did not significantly modify.?**> Then, the viral un3, un2, and
gp054a G4s were analyzed against two selected competitors: hTel, the G4-forming sequence of
the human telomeric repeat, the most abundant cellular G4, and c-myc, one of the most studied
Gds present in the c-myc oncogene promoter.244245 All the oligonucleotides were diluted to a final
concentration of 4 yM and incubated with the compound at ratio DNA:compound 1:1.5 overnight
at 4 °C. Samples were analyzed by a Xevo G2-XS QTof mass spectrometer. Binding affinities
were calculated as specified in Section 3.3.9 for each experiment using the peak intensity for

each species measured by MassLynx V4.1. Relative binding affinities are reported in Table 4.5.

Competing G4s un3 un2 gp054a ( hTeciill ?—‘r‘nyc)
un3/hTel 50.3+1.2 13.8+0.17
un3/c-myc 37.1+0.77 59.5+1.1
un2/hTel 38.9+1.70 11.1+£0.36
un2/c-myc 29.6+1.9 46.2+1.59
gp054a/hTel 57.3+0.43 ND
gp054a/c-myc 51.8+0.42 45.6+0.75

Table 4.5: Relative binding affinity analyzed by MS competition assay for un3, un2, gp054a, hTel, and
c-myc G4 oligonucleotides. ND stands for not determined (due to a technical problem in correctly
assigning MS peaks to the respective samples).
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The reported analysis clearly showed that our compound GSA-0932 preferentially bound the viral
G4s un2, un3, and gp054a over the telomeric G4 sequence (hTel). However, the compound
preferred the cellular c-myc G4 over the viral ones. This is line with previously reported
data®®""112 that propose the Quindoline-derived compounds as selective for the c-myc G4.
Overall, these data suggested a general, even though not absolute, selectivity of GSA-0932
toward HSV-1 G4s. What have to be taken into account is the binding selectivity of ligands for
G4s with different abundances within cells. Indeed, an infected cell may contain a lot of telomeric
(hTel) G4s, many viral G4s (> 300 PQSs identified in the HSV-1 genome),'?52'2 and few c-myc
G4s. Therefore, the antiviral activity of the Quindoline-derived compounds can be ascribed to
both the massive presence of viral G4s during HSV-1 infection and the ability of the ligands to

preferentially recognize them over the cellular ones.

4.3.3 GSA-0932 acts at early events of the viral life cycle

Time of addition (TOA) assay was performed to assess the temporally last viral step targeted by
the most promising compound (Figure 4.14).?2 Since the HSV-1 replication cycle proceeds in a
well-established chronological order, it is possible to investigate the last viral process targeted by
a compound comparing its action to that of a reference drug in the time frame of replication events.
The well-characterized anti-HSV drug acyclovir (ACV) was used as reference drug. HSV-1-
infected U20S cells were treated with 400 nM concentration of GSA-0932, which corresponds to
2.5-folds its ICs0. To compare compounds in the same range of ICso folds, ACV was used at
1.6 gM, concentration corresponding to about 2.5-folds its ICso. Infection was carried out at MOI
of 0.5 and compounds were added at different times post-infection (corresponding to different
viral cycle steps): every 2 h up to 10 h.p.i. Supernatants were then collected at 30 h.p.i. and
titrated by PRA.
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Figure 4.14: Effect of GSA-0932 on HSV-1 cycle steps evaluated by the time of addition (TOA) assay.
GSA-0932 was tested at 400 nM (light blue line). Acyclovir was used as a reference drug and tested at
1.6 uM (orange line). Data from infected cells treated in the same conditions but without the compounds are
reported in black line (HSV-1 ctrl).
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Treatment of HSV-1-infected U-2 OS cells with the reference drug showed a pronounced
reduction in the viral titer up to 8 h.p.i., whereas increasing levels of PFU/ml were detected after
10 h.p.i. It is worth noting that ACV targets the viral DNA polymerase during the viral DNA
replication that occurs between 6-12 h.p.i."®27 In a very similar way, GSA-0932 kept infection
controlled up to 6-8 h.p.i., while an exponential increase in the viral titer was reached from 10
h.p.i. These results indicate that the compound can target the same viral as ACV (i.e., viral
replication).??® However, one should keep in mind that the TOA allows detection of the last target
in the viral cycle, which does not exclude the possibility that earlier targets are present.??®
Therefore, we can conclude that GSA-0932 acts in early events of the viral life cycle (including
both pre-replicative and replicative events): it inhibits the viral replication machinery and possibly
previous steps.

In order to validate the early effect of the GSA-0932 on HSV-1 infection, we also monitored the
time-dependent decrease in virus production through a confocal microscopy-based approach. U-
2 OS cells were plated on coverslips and infected with a recombinant HSV-1 expressing the GFP
fused to the viral protein VP16 (HSV-1 v41)225 at an MOI of 1. This mutant virus is characterized
by normal replication kinetics and yields.??° Cells were further incubated in the presence and
absence of both the GSA-0932 (1 uM) and the phosphonoacetic acid (PAA; 400 nM), a specific
inhibitor of virus DNA synthesis. Previously results reported that the antiviral effect of a viral DNA
polymerase inhibitor can be monitored following the decrease in GFP fluorescence.?'® Emission
of the GFP fluorescence was evaluated by confocal microscopy, and the reduction in the signal

of the treated vs the untreated samples was quantified.
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Figure 4.15: Confocal microscopy-mediated validation of the GSA-0932 antiviral effect from 6 to 10
h.p.i. Final images presented here are representative of multiple experiments. U-2 OS cells were seeded
on coverslips, infected with the recombinant VP16-GFP HSV-1, and treated 1 h.p.i. with the tested
compound. The three boxes represent the three chosen time points: 6, 8, and 10 h.p.i. For each box: (A)
infected but untreated controls; (B) PAA-treated samples; (C) GSA-0932-treated samples; (D) quantification
of the GFP fluorescent signal. At least three pictures per sample were quantified. Intensity values were
opportunely normalized, and data were expressed as the percentage of the GFP fluorescent intensity
reported to the untreated control.

Up to 4 h.p.i. no significant grouping of green particles could be discerned (data not shown). From
6 h.p.i. VP16-GFP began to accumulate in punctate foci still not very bright (Figure 4.15, 6 h.p.i.
box, A). In the time between 6-10 h.p.i. (Figure 4.15, 8 and 10 h.p.i. boxes, A) these nuclear foci
expanded and coalesced into large globular domains within the nucleus, which likely represented
replication compartments. This is in line with what was already reported in 22°. Addition of PAA
(Figure 4.15, panel B of each box) induced a very pronounced decreased in GFP fluorescent
intensity at 6 and 8 h.p.i. (about 14%), whereas at 10 h.p.i. the green signal was quantified as
about 50% with respect to the control. The GSA-0932 promoted a general decrease in the GFP
intensity, although not as much as the PAA (Figure 4.15, panel C of each box). The reduction in
green intensity was evident at 6 and 8 h.p.i. (42% and 67%, respectively), but at 10 h.p.i. the GFP
quantification was almost the same as the untreated control. It has been reported that PAA
induced GFP-VP16 to accumulate in a diffuse pattern of the cells, without recruitment into nuclear
foci/replication compartments (in line with its inhibitory effect).?2° This was particularly evident at
10 h.p.i. (Figure 4.15, 10 h.p.i. box, B). As to GSA-0932, this could be appreciated in part at 8 but
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not at 10 h.p.i. Overall, these data confirmed and expand the data obtained in the TOA: GSA-
0932 acts in early events of the viral life cycle, mainly up to 8 h.p.i., including both pre-replicative

and replicative events.

4.3.4 GSA-0932 colocalizes with the VP16-GFP viral protein at early stages of infection

We then decided to investigate the optical properties of the Quindoline-derived compounds in
order to observe their cellular distribution and eventually their colocalization with the recombinant
virus by confocal microscopy. UV-visible spectra of the GSA-0932 (25 uM) were recorded in
10 mM lithium cacodylate buffer, pH 7.4, and the wavelengths at which the compound absorbed
UV-visible light at the highest rates were determined (Figure 4.16 A). These corresponded to 419,
346, 332, and 286 nm. GSA-0932 (2.5 uM) fluorescence emissions after excitation at the

indicated wavelengths were also detected (Figure 4.16 B).
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Figure 4.16: Spectroscopic properties of the GSA-0932. (A) UV-visible spectra were carried outin 10 mM
lithium cacodylate buffer, pH 7.4 at a compound concentration of 25 yM using a Lambda 25 UV-Vis
spectrophotometer (Perkin Elmer). (B) Emission spectra were performed on an LS-55 fluorescence
spectrophotometer (Perkin Elmer) at a 2.5 yM compound concentration in 10 mM lithium cacodylate buffer,
pH 7.4.

Thanks to its fluorescent properties, the only laser that allowed excitation of the GSA-0932 was
the diode laser (Aex at 405 nm). Emission filters were Aem 415-460 nm. Otherwise, to detect the
GFP fluorophore the blue argon laser (Aex at 488 nm) was used, with emission filters Aem 500-550
nm. Briefly, cells were seeded on coverslips, infected with the recombinant virus at an MOI of 3
for 8 or 10 h, and treated with the GSA-0932 6 uM for 2 h at 37 °C. Fixed and appropriately
prepared cells were subjected to analysis. Images were captured with a Leica TCS SP5 confocal
laser-scanning microscope (Leica microsystems, Germany). Final images reported here are

representative of multiple experiments.
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8 h.p.i.

10 h.p.i.

Figure 4.17: Colocalization between GSA-0932 and the recombinant VP16-GFP virus. Final images
presented here are representative of multiple experiments. U-2 OS cells were seeded on coverslips, infected
with the recombinant HSV-1, and treated 2 h with the tested compound. The two boxes represent the 8 and
10 h.p.i. time points. For each box, two captured images are shown. (A) GSA-0932 (6 uM) was represented
in blue; (B) VP16-GFP HSV-1 had the green signal; (C) merge. Arrows indicated the colocalization areas.

Both at 8 and 10 h.p.i. we appreciated green nuclear foci which likely represented replication
compartments (Figure 4.17 B), as was already seen in Figure 4.15. From pictures A of Figure
4.17, we observed that the GSA-0932 tended to accumulate in perinuclear and nuclear regions.
From the merge of the two time points (Figure 4.17 C), we observed colocalization between the
compound and the viral VP16-GFP virus. More precisely, the GSA-0932 accumulated in the cell
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(as shown by the cell blue appearance) in the areas where we also detected the green signal
corresponding to the HSV-1 replication compartments. As a consequence, the GSA-0932
significantly localized in the replication compartments at times appointed to this process.
Therefore, it is possible to conclude that Quindoline-derived compounds could exert their antiviral

activity targeting the viral DNA replication step. This also matches with the previous observations.

4.3.5 GSA-0932 decreases the essential viral immediate-early ICP4 protein

We reasoned that since the compound exerts its antiviral activity very early/early in infection, and
considering the recently identified G4s in the IE gene promoters,?'S the GSA-0932-mediated
stabilization of these G4s could inhibit IE gene expression. In order to test this hypothesis, an
immunoblot assay was set up. We decided to evaluate the GSA-0932-mediated viral IE proteins
expression inhibition following changes in the amount of the IE essential protein ICP4 between
untreated and treated samples. ICP4 is a DNA binding protein considered as the major viral

transcription factor thanks to its regulatory role in the viral gene expression.246:247
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Figure 4.18: Image of a typical immunoblot assay with its relative quantification plot. (A) U-2 OS-
infected cells were treated or not with increasing concentrations of GSA-0932 (6-12 uM). Specific primary
antibodies were used to detect two proteins: the viral IE ICP4 protein and the human housekeeping 3-actin.
(B) Quantification of the bands from panel (A). ICP4 contents were normalized to the housekeeping. Data
are presented as the percentage with respect to the untreated control.

We observed a reduction in the amount of the viral ICP4 protein in GSA-0932-treated samples
(Figure 4.18 A), whereas the housekeeping protein remained essentially constant. The relative
quantification (Figure 4.18 B) indicated a reduction of ICP4 to about 36% in the 12 yM-treated
sample, with respect to the untreated control. These results confirmed that the GSA-0932
treatment induces inhibition of the IE proteins expression through its binding and stabilizing

activities toward the G4 structures in the IE genes promoters.

The possibility to target G4 structures in order to obtain new antivirals with an innovative
mechanism of action has been proposed for several viruses.*”127:190.213 However, most of the
already presented G4 ligands are characterized by large flat scaffolds that make them poorly
druggable,®2248 which is why it is necessary to discover small molecules able to bind G4s. The

drug-likeness of the Quindoline-derived compounds has given us hope in their potential.
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All the compounds displayed considerable anti-HSV-1 (but not anti-HIV-1) activity in the
nanomolar range with low cytotoxicity, resulting in promising selectivity indexes.

Through biophysical techniques (CD and Taq polymerase stop assay), we definitely proved the
ability of the tested compounds to efficiently bind and stabilize HSV-1 G4 structures. These
observations confirmed what was already reported for some of the compounds, that is their ability
to potently stack on G4-tetrads.5°

In addition to the drugability, another common problem with G4 ligands is their insufficient
specificity against different G4s.24824° In order to avoid side effects, it would be appropriate to
generate G4 binders selective for viral G4s over cellular ones. That is why subsequent studies of
ESI-MS binding affinity were conducted, and they revealed a general selectivity of the Quindoline
derivatives toward HSV-1 G4s versus the telomeric G4s (the most abundant within cells). Their
lack of optimal recognition by the compound is likely the main reason for the observed low cellular
toxicity at effective antiviral doses. Therefore, we could ascribe the compounds antiviral activities
to the already reported massive presence of HSV-1 G4s in the nucleus,?'* which represents the
main key factor for the promising use of G4 ligands against HSV-1 infections, and to the high
affinity of this class of compounds for the viral G4s.

TOA and confocal microscopy analysis were next set up to investigate the mechanism of action
of the Quindoline-derived compounds thoroughly. We unambiguously proved that GSA-0932
acted in early events of the viral infection, precisely in a time window restricted up to 8 h.p.i. Given
that GSA-0932 overlapped the TOA profile of ACV and it also significantly localized in the
replication compartments at times appointed to this process, it is reasonable to conclude that it
targets the viral replication step. Generally, this includes both direct inhibition of the replication
machinery and the reduction of function in frans, such as the activity of promoters/the expression
of genes that are involved in virus DNA replication. In fact, in the analyzed time window, G4
structures could control both viral DNA replication but also transcription events.'® Moreover,
stable G4 structures are also distributed throughout the viral genome and embedded in the
promoters and coding regions of fundamental genes (especially IE genes),'?"?'® and their
stabilization by a G4 ligand could result in dramatic consequences. Then, in order to investigate
a possible GSA-0932-mediated inhibition of IE proteins expression, an immunoblot assay was
performed. We observed a reduction in the essential viral IE ICP4 protein. Therefore, the
Quindoline-derived compounds could also inhibit IE genes expression by binding and stabilizing
the DNA G4s in the IE genes promoters during transcription.

In a broader perspective, since HSV-1 IE proteins promoted the expression of E genes, which in
turn are involved in the viral DNA replication,?07:247.2%0 the antiviral effects mediated by the
compounds could derive from this repressive mechanism. Overall, for this new class of
compounds, we proposed an antiviral mechanism of action mediated both by the inhibition of
gene expression and of viral DNA replication; or at least the first target also affects the replication
step (Figure 4.19). Generally, as it has been postulated for the c-exNDI,?'® we could say that the
potent effect of the Quindoline-like compounds on the HSV-1 genome is likely sensed at a more

extended level with respect to that of the B19.
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Results and discussion

Since all compounds of the family possess promising chemical features and potent antiviral
activities, this makes them suitable for future development as novel anti-HSV-1 G4 ligands with
more drug-like characteristics. For what has been said so far, the Quindoline-derived compounds
have been recently subjected to U.S. patent coverage (Quindoline compounds and uses thereof,
29-Jan-2019, Serial No.: 62/798,293: Reglagene USA and UNIPD).
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Figure 4.19: Schematic representation of the proposed anti-HSV-1 mechanism of action of the small
molecules Quindoline-derived compounds.
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5. Conclusions

The first part of this thesis focused on the identification of innovative HIV-1 RNA G4-binding
proteins. For the first time, we reported the ability of the HIV-1 NCp7 protein to interact with the
viral RNA U3 G4s. This evidence not only advances our knowledge on the RNA G4 interactome
but also allows us to hypothesize a biological relevance linked to this interaction. Indeed, we
proved that the NCp7 binding induced the unfolding of the extremely stable RNA G4s, thus
favouring the completion of the reverse transcription process. In the opposite way, the G4 ligand
B19-mediated stabilization of the RNA U3 G4s inhibited RT progression also counteracting the
unfolding activity of NCp7. Inhibition of NCp7 is an additional and previously unknown activity of
G4 ligands. Then, increasing the stability of the RNA G4 structures could be a valuable strategy
to decrease the unfolding capacity of NCp7 and thus further inhibit RT progression. Accordingly,
we can highlight the need for G4 ligands with improved U3 G4 selectivity and stabilizing activity
that will likely allow exploiting inhibition of both NCp7 and RT to the fullest extent. This may lead
to the development of anti-HIV-1 drugs with new targets and mechanism of action.

In the second part of the work, the folding and regulatory roles of the HIV-1 LTR G4s within the
viral latency environment were investigated. Through a BG4-mediated ChIP-qPCR assay, we
reported the authentic demonstration of LTR G4 folding in the chromatin context of latently
infected cells. It is worth noting that the formation of G4s within the LTR promoter during virus
latency has never been reported so far. This evidence spurred us to in-depth investigate the role
of HIV-1 LTR G4s in the regulation of viral latency. Then, we proved that the LTR G4s stabilization
induced by two G4 ligands (B19 and the c-exNDI) produced a down-modulation of the viral
transcription that counteracted viral reactivation from latency. Targeting G4s to control viral
latency had been a possibility so far only hypothesized. Now, although further studies are needed
to unravel the correlation between G4 and latency, the design of selective HIV-1 LTR G4 ligands
could allow the development of innovative antiretroviral drugs. The resultant inhibition of HIV-1
transcription could establish a state of deep latency that is refractory to viral reactivation, thereby
suppressing the residual viremia that arises from reactivation of latently infected cells or ongoing
viral replication. As a result, LTR G4s stabilizing agents could become part of the so-called “block
and lock” approach to managing HIV-1 infections.

Aiming at the identification of new G4 ligands to be proposed as antivirals, we had to circumvent
one of the major obstacle of the so far identified compounds, namely their poor physicochemical
properties that make them inadequate for in vivo studies. As a result, we focused on the screening
of a series of small drug-like Quindoline-derived molecules. Even if none of the Quindoline-like
compounds displayed antiviral activity against HIV-1, they exert a nanomolar range antiviral
activities against HSV-1, with negligible cytotoxicity. Biophysical assays proved their ability to

selectively bind and stabilize HSV-1 G4s over the telomeric most abundant G4s in cells. This

83



Conclusions

evidence suggests that the antiviral activity of the Quindoline-derived compounds can be ascribed
to both the massive presence of viral G4s within infected cells and the ability of the ligands to
preferentially recognize them over the cellular ones. Time of addition (TOA) assay and confocal
microscopy analysis proved that the compounds acted in the early events of the viral life cycle
(up to 8 h.p.i.), and immunoblot assay also demonstrated inhibition of the expression of an
essential IE protein. Therefore, we propose an antiviral mechanism of action mediated both by
the inhibition of gene expression and of viral DNA replication; or at least the first target also affects
the replication step. Our data firstly confirmed the central role of HSV-1 G4s in the regulation of
viral processes. Moreover, the results highlighted the importance to target them to develop new
antiviral therapies with innovative mechanisms of action for the treatment of ACV resistant
herpetic infections. In fact, since the emergence of ACV resistant strains may be extremely
dangerous, especially in transplant and immunocompromised patients, new antivirals with a
different mechanism of action are highly wished for. Considering the antiviral activities at
nanomolar concentrations, the hopeful binding selectivity, the ability to hinder the viral cycle at
early stages, and the promising drug-like profiles of the Quindoline-derived compounds, we
proposed them suitable for future development as new G4 ligands with anti-herpetic activity.
Altogether, the results presented in this thesis not only improve our understanding of the G4-
mediated regulation of virulence processes and pathogenic mechanisms but may also constitute
progress from a therapeutic point of view.
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6.1 List of recurrent abbreviations

G4
HIV-1
LTR
NCp7
RT
B19
c-exNDI
HSV-1
ACV
G41PDB
NGS
UTR
TSS
PIC
AIDS
ART
NNRTI
NRTI
PI
VCV
FCV
PAA
PBS
FBS
EMSA
CD

Tm
ESI
MS
RT
ChiP
PMA
LRA

G-quadruplex

Human immunodeficiency virus type 1
Long terminal repeat

Nucleocapsid protein

Reverse transcription

BRACO-19

Core extended naphthalene diimide
Herpes simplex virus type 1

Acyclovir

G4 interacting protein database

Next generation sequencing
Untranslated region

Transcription start site

Pre-integration complex

Acquired immunodeficiency syndrome

Antiretroviral therapy

Non-nucleoside reverse transcriptase inhibitor

Nucleoside reverse transcriptase inhibitor

Protease inhibitor

Valaciclovir

Famciclovir

Phosphonoacetic acid
Phosphate-buffered saline

Fetal bovine serum
Electrophoretic mobility shift assay
Circular dichroism

Melting temperature
Electrospray ionization

Mass spectrometry

Reverse transcriptase
Chromatin immunoprecipitation
Phorbol-12-myristate-13-acetate

Latency reversing agent
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TOA
H.p.i.
MOI

GFP
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Time of addition

Hours post-infection
Multiplicity of infection
Green fluorescent protein
Immediate early

Early

Late

Infected cell polypeptide 4
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