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“Assemble a hundred thoughts and discard ninety.”
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“Science only proceeds after a long series of failures [..].
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Abstract

ABSTRACT

G-quadruplexes (G4) are among the most studied nucleic acids secondary structures. They are
involved in several fundamental biological functions both in human and other organisms. On
one hand the G4 deregulation can lead to different pathologies, on the other hand their peculiar

conformation provides a specific target for therapeutic drugs.

In the present work we addressed different points of G4 biology both in human and viruses. We
explored the formation of G4 structures in a rare type of hardly curable human cancer: the well-
differentiated liposarcoma (WD-LPS). Through a computational tool (QGRS) we identified
several putative G4 sequences in the inducible promoter of the LPS related oncogene MDM?2.
By circular dichroism (CD) spectroscopy and DMS protection assay we assessed the folding of
the key putative G4-forming region. By a pull-down assay we identified several proteins that
specifically interact with MDM?2 G4. The vicinity of this structure to transcription factor
binding sites suggests an involvement in the modulation of MDM?2 transcription initiation.
Moreover, the high number of interacting proteins with helicase function reflects the
importance in maintaining the unfolded state of MDM2 G4 in the LPS cancer environment.
This evidence and the unique structure of MDM?2 G4 makes it a valuable target for the hard

challenge to cure LPS.

Expanding the analysis to the genome-wide level we mapped about 4800 G4s in the WD-LPS
genome by ChIP-seq. We found an overrepresentation of G4s in promoter regions. An active
transcriptional state and high expression were found in association with the presence of G4s,
especially in gene promoters. The stabilization of G4s upon treatment with the potent G4-ligand
H-NDI-NMe;PhAm caused the downregulation of most G4-containing genes together with a
massive alteration of the LPS transcriptome. Moreover, G4 folding appeared to be cell-type
dependent, helping in the establishment of cell-specific transcriptome and identity. These
results are one of the firsts attempts to characterize position and function of G4s in an in vivo
system and move a step forward in the understanding of G4 involvement in the regulation of

gene transcription in a cancer context.

In addition, our group recently discovered the formation of G4 structures in the genome of two
worldwide spread viruses: HIV-1 and HSV-1. We found that the cellular protein NCL interacts
with HIV-1 LTR G4s repressing viral transcription. To understand the G4 structural feature
necessary for NCL binding we applied a systematic EMSA-based experimental approach. We

found that long loops in the G4 structure are the main required feature for high affinity
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Abstract

recognition. This information can be useful for the rational design of new anti-HIV-1 drugs
mimicking NCL action and repressing the provirus replication. Here we also demonstrated that
NCL is a valuable antiviral target also at the level of viral entry. NCL is indeed a co-receptor
for viral attachment to permissive cells and we showed that the G4-forming aptamer AS1411,
already tested in phase II clinical trials for anticancer purposes, is able to sequester membrane
NCL, thus inhibiting HIV-1 entry. We therefore propose AS1411 as a highly tolerated

alternative approach to the current entry inhibitors.

Finally, we developed a new surface plasmon resonance (SPR) immobilization method. This
strategy provides several advantages for the oriented immobilization of easy-to-degrade ligands
and can be theoretically applied to each molecule that does not successfully immobilize through
the standard covalent couplings. Employing this strategy, we measured with high reliability the
affinity of the anti-G4 monoclonal antibody 1H6 for different HSV-1 and human G4s. The
measured high affinity of the antibody to the most represented G4s in the HSV-1 genome was
exploited to visualize the viral G4s in infected cells. We therefore provided one of the first

evidence of the biological modulation of HSV-1 G4s in a biologically relevant context.



Riassunto

RIASSUNTO

I G-quadruplex (G4) sono tra le strutture secondarie del DNA attualmente piu studiate. Tali
strutture sono coinvolte in molte funzioni biologiche sia nell'vomo che in altri organismi. La
deregolazione dei G4 puo portare all'insorgenza di diverse patologie e la loro conformazione

unica ne permette I’utilizzo come bersagli terapeutici specifici.

Questo lavoro si occupa di diversi aspetti della biologia dei G4 sia nell'uvomo che nei virus. E
stata esplorata la formazione di strutture G4 in un tumore raro e difficilmente curabile: il
liposarcoma ben differenziato (WD-LPS). Utilizzando 1’algoritmo QGRS, sono state
identificate pil sequenze che presentano la possibilita di formare un G4 nel promotore
inducibile di un gene coinvolto nella patogenesi del liposarcoma: MDM?2. Attraverso dicroismo
circolare (CD) e il saggio di protezione con DMS, ¢ stata verificata la formazione del G4 di una
sequenza chiave fra quelle individuate. Sono state inoltre identificate alcune proteine che
interagiscono in modo specifico con il G4 di MDM?2. La vicinanza del G4 in analisi con piu siti
di legame di fattori trascrizionali suggerisce il coinvolgimento nella regolazione della
trascrizione. Inoltre, 1'elevato numero di elicasi in grado di legare il G4 di MDM?2 evidenzia
I'importanza di mantenere il suo stato dispiegato nel contesto del liposarcoma. Queste evidenze,
assieme alla sua conformazione unica, rendono il G4 di MDM?2 un interessante bersaglio per la

cura del liposarcoma.

Ampliando ['analisi a livello genomico, ¢ stata impiegata la tecnica di immunoprecipitazione
della cromatina seguita da sequenziamento (ChIP-seq). Questa tecnica ha permesso di mappare
circa 4800 G4 in cellule di WD-LPS. Analizzando la localizzazione dei G4, € stato osservato un
arricchimento nelle regioni promotoriali. La presenza dei G4 in queste regioni ha inoltre
dimostrato una correlazione con lo stato attivo della trascrizione e un'elevata espressione
genica. Stabilizzando i G4 attraverso il composto H-NDI-NMe2PhAm ¢ stata ottenuta la
repressione della maggior parte dei geni contenenti G4 e 1'alterazione massiva del trascrittoma
cellulare. Una diversa modulazione dello stato dei G4 ¢ stata osservata in linee cellulari diverse
con conseguente variazione dell'espressione dei geni corrispondenti. Questi risultati
costituiscono una delle prime evidenze della funzione dei G4 in vivo e migliorano la

comprensione del ruolo dei G4 nella regolazione della trascrizione genica in un contesto

tumorale.

Il gruppo di ricerca coordinato dalla professoressa Richter ha inoltre recentemente individuato

delle sequenze formanti G4 nel genoma di due virus a diffusione mondiale: HIV-1 ¢ HSV-1. E
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stato evidenziato che la proteina cellulare NCL interagisce con i G4 promotoriali di HIV-1,
causando la repressione della trascrizione virale. Un approccio sperimentale basato sulla
tecnica EMSA ¢ stato applicato con l'obiettivo di individuare le caratteristiche strutturali
necessarie per l'interazione NCL-G4. In questo modo ¢ stata dimostrato che la lunghezza dei
loop del G4 ¢ il fattore determinante per il legame fra le due molecole. Questa informazione
puo essere sfruttata per il disegno ragionato di nuovi farmaci contro HIV-1 che mimino 1'azione
di NCL. In questo lavoro ¢ stata anche dimostrata la validita di NCL come bersaglio antivirale
all’ingresso di HIV-1 nelle cellule ospiti. NCL svolge infatti anche una funzione di co-recettore
per l'ingresso virale. Questo lavoro dimostra che, 1'aptamero formante G4 AS1411 ¢ in grado di
sequestrare la NCL di membrana, inibendo l'ingresso virale. Tale aptamero rappresenta percio
un approccio alterativo agli attuali farmaci inibitori dell'ingresso virale nella terapia contro

I'HIV-1.

Infine, un nuovo metodo di immobilizzazione ¢ stato ideato ed applicato alla tecnica di SPR.
Questa tecnica fornisce diversi vantaggi, permettendo 1'immobilizzazione orientata di molecole
facilmente degradabili e applicabilita a qualsiasi molecola dove le tradizionali tecniche di
immobilizzazione covalente non sono efficaci. Sfruttando questo metodo, € stata misurata
l'affinita dell'anticorpo 1H6 per diversi G4 cellulari e virali. Avendo dimostrato una maggiore
affinita per 1 G4 di HSV-1, tale anticorpo si ¢ dimostrato ottimale per la visualizzazione dei G4

virali in cellule infettate e ha fornito un'importante evidenza biologica della modulazione dei

G4 di HSV-1 in un contesto biologicamente rilevante.



Introduction

1 INTRODUCTION

1.1 DNA secondary structures

DNA is today known as the prevalent genetic material in living organisms and repository of
hereditable information. The genetic information is encoded in DNA into two different forms:
as linear nucleotide sequence and as a structural code, regulating its accessibility. Over 60 years
ago, Watson and Crick described the predominant and more energetically favoured form in
which DNA can be found: the right-handed double helix!. However, it became soon clear that
other conformations and localized secondary structures can also be adopted by the most
prevalent nucleic acid. Two different forms of right-handed double helix are possible through
the base pairing modality described by Watson and Crick in the presence of high or low water
hydration, respectively called B-DNA and A-DNAZ Ten years later a different base pairing
modality has been described by Karst Hoogsteen, in which the purine base is rotated and the
C1’-C1’ distance is smaller with respect to the standard geometry® (Figure 1-1). Despite being
rarer, Hoogsteen hydrogen bonding is fundamental for the formation of important double helix
variations such as triple helices and G-quadruplexes which come on top of other known
biologically relevant structures like bubbles, Z-DNA, cruciforms, slipped loops and i-motifs*”
(Figure 1-1). The next paragraphs will provide a more detailed survey about G-quadruplex

(G4) structural properties.

A B BDNA - Z-DNA CRUCIFORM HAIRPIN
. s s 0 0 & \(
\a . . D 9 g
Watson-Crick Pairing 4
? S

G-QUADRUPLEX TRIPLEX

et Bl ’{ W@ﬂiﬂiﬂ W;:}ﬁmmrjo
VaVa

Figure 1-1. Alternative forms of DNA.

A) Comparison of nucleoside spatial arrangement and bonding in Watson and Crick or
Hoogsteen base pairing. B) Examples of non canonical DNA double helix and local secondary
structures compared to the prevalent form of B-DNA®®.
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1.2 G-quadruplex biophysical properties

Since 1910 it was known that high concentrations of guanine bases (G) can form viscous gels in
water. This behaviour found an explanation only 50 years later, when X-ray diffraction data
showed that guanosine moieties are able to arrange in a tetrameric organization linked by
Hoogsteen hydrogen bonds'. Adjacent runs of guanines (G-tracts) in nucleic acid sequences
(DNA and RNA) can form planar associations of four Gs (G-quartets), coordinated with a
central monovalent cation (generally K* or Na*). A G-quadruplex (G4) results from the
stacking, one upon the other, of two or more G-quartets (Figure 1-2 A). Stretches of
nucleotides connecting adjacent G-tracts are called loops and, depending on the length and base
composition of loops, the way a G4 can fold presents a high degree of polymorphism. Gs in
each quartet can adopt syn or anti glycosidic bond angles, G-tracts can orient in the same or
opposite 5'-3' direction one respect to the other, forming parallel, antiparallel or hybrid
conformations (Figure 1-2 B). Depending on the conformation, grooves between G-tracts are
of variable size. For intramolecular G4s the strand polarity is strictly related to the loop nature.
Loops can adopt lateral, diagonal or propeller orientation (Figure 1-2 B). G4s can assemble
also from G-tracts belonging to two or more separated molecules, forming bimolecular or

higher order G4 structures.
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Figure 1-2. G-quadruplex polymorphism.

A) Guanines arrangement into a G-quadruplex. Hoogsteen bond are represented as dotted
lines. A central metal ion favors the self association of the structure into a G-quartet and more
stacked G-quartets form the G-quadruplex (adapted from Tassinari et al. ''). B) G4 loop types.
Highlighted in red from left to right: propeller, lateral and diagonal loop. Adapted from
Ruggiero et al. ).

The elevated plasticity of G4s has always exerted great curiosity in dissecting the factors
determining their precise conformation, spatial arrangement and stability. Nowadays, a deep
knowledge and advanced technologies are available for the biophysical characterization of G4
structures. What pushed these investigations is the opportunity to exploit the high
polymorphism of G4s for the selective recognition and interaction with binding partners. A
special interest comes from the pharmaceutical field, seeing in G4s a highly specific target for

the development of antitumoral and antimicrobial drugs.

Several studies suggest that the loop sequence and length strongly influence G4s conformation,
folding dynamic and binding ability to proteins and small molecules''*. Through single

molecule FRET and Circular Dichroism (CD) experiments, Tippana et al. showed that the
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presence of single thymine loops is sufficient for inducing a parallel G4 conformation, even in
presence of very long neighbour loops (6-9 bases)'®. For non-thymine single nucleotide loops
(A or C), the same behaviour is only confirmed for G4s with remaining loops not longer than 3
bases'. Steric constraint can be the explanation for these observations. The presence of all
loops longer than two bases, instead, gives rise to G4s with mixed conformations and alters the
whole folding dynamic: while single base loops fold very fast into a parallel topology, longer
loops firstly acquire an antiparallel conformation and can then rearrange in a less defined and

slower path.

Interestingly there is a direct correlation between G4 stability and the number of single
nucleotide loops. Through UV melting experiments Bugaunt et al. demonstrated that G4s with
longer loops have a lower thermodynamic stability. Moreover, single nucleotide substitutions in
the loops appear to strongly affect G4s stability. In particular pyrimidines (T, C) are preferred
over adenine, both in single base and longer loops!®. This observation is an important proof of

the fact that the loop sequence, not only influence G4 topology, but also stability.

This information is the starting point of one of the projects that we addressed in the present
work: i.e. is the characterization of G4 structural determinants necessary for the recognition and
binding of the cellular protein nucleolin (NCL). Since previous researches reported that the
length and sequence of G4 loops were critical factors influencing G4 biophysical properties and
thus G4 binding to other molecules, these aspects should be considered when studying both

proteins and small molecules ligands interacting with G4s.

1.3 G-quadruplexes biological functions

G4s are characterized by a scaffold pattern consisting of at least four stretches of two or more
guanines, separated by a variable number of other bases. This conserved motif can be reduced
to a consensus sequence: G Xi.13 G2 X113 G X;.13 where G are guanines and X are tracts of
any residue. Several computational algorithms are available!’, that allowed the initial

identification of putative G4 structures in the genomes of several organisms, like yeast'® and

19,20 22,23

other eukaryotes'®?” along with plants?', prokaryotes?** and viruses**. Biophysical studies first
and functional biology assay then, revealed the implication of G4s in many fundamental

functions for cell maintenance?.
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The present work treats different aspects of G4s in humans and viruses: i) the regulation of
human gene expression and the role in a specific human cancer (liposarcoma); ii) the

modulation and visualization of G4s in selected viruses (HIV-1 and HSV-1).

1.3.1 G-quadruplexes in Human

G4s are dynamic structures which primarily form in single stranded nucleic acid regions. This
feature is found in mRNA and telomeric ends, as well as transient single stranded intermediate
occurring during DNA replication, transcription and repair. The regulatory role of G4s in these
fundamental processes is described below in more details, with a particular focus on

transcription, which is object of investigation in the present work (Figure 1-3).

‘mrGppp -w:;, \‘bwm i AAA
; ?\*:.,

RRNRNNS
. POLYNUCLETIDES
s TRANSLATION
_’:—J EXPANSION
RECOMBINATION ; .,
TELOMERE
DYNAMICS REPLICATION
= VAVAY
i CHROMATIN f\;{
T REMODELLING - N

\/\K(C@J\\/\@ YV

Figure 1-3. Role of G4 structures in the genome.

Formation of a G4 at telomeric end. Chromosome ends alignment mediated by an
intermolecular G4. During transcription G4s can form in the non template strand or on the
template, producing DNA/RNA duplex (R-loop). Intermolecular G4 are putative sites for DNA
recombination and crossing. Formation of G4s during replication con lead to replication fork
stalling. Formation of G4s within mRNAs block translation®.

A portion of the human genome which can easily fold into G4 is the telomeric 3’ overhang

26-28

characterized by the tandem repeat of the GGGTTA sequence**~*. The proposed function of

telomeric G4s is to provide an alternative form of telomere capping, protecting chromosome
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ends from being recognized as unwanted DNA breaks and favouring telomeric

heterochromatinization through TERRAs*%,

In addition to telomers, stably single stranded nucleic acids are also found at the mRNA level.
RNA is relatively unconstrained and thus prone to adopt secondary and tertiary structures.
Several examples of G4s folding at the 5’UTR level have been reported to play an important
role in the post-transcriptional regulation of gene expression, being the target of translation
regulatory proteins or favouring IRES (internal ribosome entry sites) activation®' 4, Moreover,
transient single stranded DNA portions form as intermediates during the processing of the
double helix: principally during transcription, replication and recombination. In particular there

35-37

is evidence of G4 involvement in the selection of firing replicative origins and obstruction

of the mismatch repair proteins, leading to genomic recombination and repeat expansion®®-,
Finally, G4s are involved in transcription regulation with both enhancing and repressing
effects. Being this aspect of G4 biology one of the subjects of the present work, we dedicated a

more detailed survey on G4s implication in gene transcription in the next paragraph.

1.3.1.1 Transcription

The high frequency of putative G4s at gene promoters immediately suggested a role of such
structures in the regulation of gene expression. The first confirmation of this hypothesis came
from studies on the nuclease hypersensitive element (NHE) III; of the oncogene C-MYC,
followed by several other studies supporting the implication of G4s in the fine tuning of gene

transcription*!.

The C-MYC NHE-III; controls 80 to 90% of the gene C-MYC transcription and its ability to
fold into a G4 structure has been deeply characterized in vitro*. G4s alone are not however
sufficient to decide for the fate of a gene in terms of expression. Indeed, it is through the
interplay with specific proteins that G4s affect transcription. In one of the proposed models,
upon helicase mediated unwinding of the double-stranded DNA helix, the temporarily single-
stranded G-rich filament of C-MYC is free to assume a G4 conformation. The complementary
C-rich strand is consequently exposed and recognized by transcription factors (e.g. hnRNPK)
which in turn recruit the RNA polymerase machinery to start transcription*!. On the contrary,
under nuclear stress conditions, the phosphoprotein NCL binds and stabilizes the C-MYC G4
causing a repressive effect on transcription®* (Figure 1-4). Adding a further level of

complexity, NCL-G4 interaction does not always lead to the same effect on transcription. For

10
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instance, when bound to VEGF and NPGPx promoter-G4s it causes transcription enhancement

45,46

by keeping the double helix open

The apparently controversial role of G4s in the modulation of transcription suggests an
important contribution of the cellular environment in defining the conditions for a gene positive

or negative regulation.

It must be considered that under physiological conditions G4s are not always formed in the
double helix, since sufficient kinetic energy is necessary to promote their folding. A source of
this energy is for example the negative superhelicity accumulated behind the RNA polymerase
machinery during its progression. Consequently, G4s can act as transcriptional modulators or
recruit helicases and topoisomerases to be resolved and reconstitute a stable DNA double

helix*".
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Figure 1-4. G4 mediated regulation of transcription.

A) A model for c-Myc transcription regulation: transcription is inhibited or activated
depending on the proteins that are recruited on the promoter, which in turn depends on the
folded or unfolded state of the NHE-III; G4°°. B) The effect of G4 folding in promoter region
can be opposite depending on which is the G-rich DNA strand*'.

Another issue that influences the outcome of G4 formation is the position of the G-rich
sequence within a gene (intron, exon or outside) and the strand (sense or antisense) the G-rich
sequence is in (Figure 1-4). A genome-wide analysis revealed that putative G4 forming
sequences are predominant on the coding strand and downstream of the TSS, and that they
generally inhibit transcription. However, an opposite effect has been observed when G4s are

formed in the template strand, as in the case of the Bloom and Werner Syndromes, in which the

11
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loss of function of specific helicases leads to an up-regulated transcription of G4-associated

genes, in contrast to the expected down-regulation® -3,

An additional consideration in understanding the complex mechanism of G4-mediated
regulation of transcription is the high polymorphism that characterizes the G4 structure, as
discussed in the previous section. Despite the common scaffold, G4s can indeed adopt a variety
of spatial conformations, with different stabilities and kinetics. This affects not only their
recognition by specific proteins, but also the consequent outcome of this binding. Moreover,
G4s are often found in regions with multiple G-stretches allowing the formation of several
distinct G4s, which can be either exclusive or contemporarily folded. The heterogeneity of G4
clusters not only contributes to an intricate regulation of gene transcription but is also hard to
be correctly interpreted. Since in vitro studies not always reproduce the exact physiological
conditions and G4s are highly sensitive to the environment, a G4 studied in vitro can be

different from the one that actually forms in vivo and the obtained results can be misleading.

In this concern, one aspect that should not be neglected for a comprehensive study of G4
involvement in transcription is epigenetics. Gene transcription and expression is a complicated
mechanism which must be strictly regulated in a cell-type specific manner and with the correct
timing during development and the different phases of cells life. Chromatin compaction, DNA
methylation and histone modifications are the main heritable features contributing to gene
expression modulation and establishment of cellular identity during development but also in
adult organisms. G4 involvement in epigenetic modifications has been reported in several
studies™. Specifically, the correlation between DNA methylation and nucleosome occupancy

has been investigated.
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Figure 1-5. G-quadruplex structures role in regulatory chromatin.

DNA G4s tends to form in openchromatin regions and are associated to a high level
transcription .

Cytosine methylation at CpG islands is one of the major epigenetic mechanisms for chromatin
modelling. This modification is enriched at promoters and non-coding DNA regions, having as
an effect the silencing of transcription®®. The formation of non-canonical DNA secondary
structures is known to affect the positioning of epigenetic marks and there are specific DNA
methyltransferases (DNMTs) that preferentially methylate unusual DNA forms. Interestingly, a
comprehensive study on 12 different tissues from the Human Epigenome Project revealed a
conserved negative correlation between CpGs methylation and G4 motifs: CpGs with low
methylation are enriched in G4 motifs, while high methylated CpGs are depleted. G4 formation
can therefore be exploited by the cell to regulate the non-random distribution and inheritance of

cytosine methylation, having important implications on the transcriptome®.

The occurrence of G4 conserved sequences near promoter transcription start sites (TSS) also
correlates with nucleosome depletion, apparently giving selective regulatory benefits, even in
comparison with open chromatin TSS lacking G4s>’ (Figure 1-5). This evidence suggests that

G4 structures work as epigenetic marks for highly transcriptionally active genes.

The role of G4s in epigenetic programming has been recently consolidated demonstrating that

small-molecules mediated stabilization of a specific G4 can induce heritable changes in histone
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marks and cytosine methylation, providing a tool for locus-specific epigenetic

reprogramming’,

Thus, despite accumulating evidence of a linkage between G4s and gene transcription, a clear
rationalization of the mechanism is still missing. In addition to the intrinsic complexity of G4
effects, a limiting factor in the advancement of these studies is the difficulty in analysing G4 in
specific cellular contexts and to separate the direct transcriptional output from the consequent
cascade of events, involving all the phases of gene expression and genome maintenance. Recent
progresses have been made in this direction, thanks to the development of G4 specific
antibodies and the easier and easier accessibility to high throughput and genome-wide
technologies. In the present work, the relationship between G4s and transcription will be
analysed in the context of the human liposarcoma (LPS) cancer, with an attempt to dissect both
the general mechanism of G4-mediated regulation and the involvement of the LPS diagnostic

oncogene MDM?2.

1.3.1.2 Involvement in human diseases

The involvement of G4s as regulatory elements in the described crucial cellular processes
requires a very precise control of their formation in terms of time and position. Consequently,
improper folding, stabilization or unwinding of G4s can lead to severe disfunction of

fundamental molecular pathways, with pathological outcomes.

The connection between G4s and human diseases was initially prompted by the following two
issues: i) The presence of helicase activity at G4 enriched regions. DNA helicases are part of a
family of important proteins responsible for the unwinding of nucleic acids structures. Several
helicases implicated in the unfolding of G4 structures and restoring of the DNA double helix
have been characterized®. The disfunction of these proteins is linked to many human diseases

characterized by: accelerated senescence (Werner syndrome, Hoyeraal-Hreidarsson syndrome

)61453 65,66

and Seckel syndrome , immunodeficiency (Bloom’s syndrome)*, anemia and

neurodegenerative alterations (Fragile X Syndrome or Fragile X-associated tremor ataxia

syndrome, Amyotrophic Lateral Sclerosis and Frontotemporal Dementia®-67:6%)

1i) The overrepresentation of G4s in proto-oncogene promoters. Being cancer one of the firsts
causes of death in the developed world, the possible implication of G4s in its pathogenesis has

always attracted great interest and is also part of the present research.
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Cancer and soft tissue sarcoma
The understanding and treatment of cancer is a difficult goal, due to the heterogeneity and

complexity of this abnormality. At the beginning of the century Hanahan and Weinberg defined
six hallmarks that describe all different types of oncogenic malignancies®. A linkage between
G4s and cancer appeared with the observation that each of the hallmark categories was
represented by at least one G4-containing gene: self-sufficiency for growth signal (C-MYC, C-
KIT, KRAS), insensitivity to anti-growth signal (pRB), evasion of apoptosis (BCL-2), sustained
angiogenesis (VEGF-A), limitless replicative potential (hTERT), and tissue invasion and
metastasis (PDGF-A)" (Figure 1-6 A).
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Figure 1-6. G-quadruplexes in the hallmarks of cancer and LPS.

A)The six hallmarks of cancer in relation with G4 containing genes’'. B) MDM?2 main ways for
inhibiting p53. MDM?2 mediates the export of p53 in the cytoplasm where it is ubiquitinated
and degraded by the proteasome (on the left). MDM?2 binding to p53 impedes p53
transcriptional activity (on the right)’. C) MDM2 promoter organization. P1 and P2
transcriptional products include different 5'-UTRs. Transcription factors regulating the two
promoters are indicated”",

The function of G4s in the mentioned genes has been extensively studied and promisingly
appeared that their stabilization with G4 ligands has as a common effect the downregulation of

transcription of the corresponding genes, with potential anti-tumoral effects. In this light, the
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study of G4s in relation with cancer becomes even more attractive and motivated our interest in
investigating their involvement in soft tissue sarcomas, for which there is a limited biological

knowledge and pressing necessity for new specific treatments.

Sarcomas are a rare and heterogeneous type of tumours, predominantly arising from
mesenchymal cells. Among the most common forms there are bone sarcomas and soft tissue
sarcomas, with about 28.000 new cases per year in Europe’. Treatment for sarcomas is based
on surgical resection and radiotherapy, however conventional chemotherapy has a controversial

efficacy; therefore, new therapeutic approaches are required for a most efficient treatment’®.

A common feature between osteosarcomas and liposarcomas (one of the most frequent type of
soft tissue sarcoma) is the amplification of the chromosome 12 region comprising the proto-

oncogenes Cycline Dependent Kinase 4 (CDK4) and Mouse double minute 2 (MDM?2).

In addition to this somatic alteration, MDM?2 presents two germline single-nucleotide
polymorphisms (SNPs), SNP309 and SNP285, which are related to cancer predisposition and
accelerated tumorigenesis’’. From a molecular point of view, MDM?2 is the principal regulator
of the tumor suppressor gene p53. In particular, MDM2 is involved in a negative feedback loop
in which it inactivates p53 by translocating it from the cytoplasm to the nucleus, ubiquitinating
and targeting it for proteasomal-degradation, hindering p53 ability to interact with the
transcriptional machinery and with target promoters. On the other side p53 binds to two
adjacent p53 recognition elements in the first intron of MDM?2, thus promoting its transcription
(Figure 1-6 B)’>. MDM?2 contains two promoters: the first (P1) is located upstream to the gene
and is constitutively active even in the absence of p53, the second (P2) resides within the first
intron and is induced by p53 binding (Figure 1-6 C). Transcripts resulting from the P2
promoter lack the first exon of the normal mRNA and present an enhanced ability to be
translated in to full-length MDM2 protein due to the presence of an alternative open reading

frame’>78.

It is to note that p53 is not the only transcription factor able to induce the P2 promoter
activation: a number of other responsive elements have been identified in this region: a thyroid
hormone response element, ETS and combined AP1-ETS binding site recognized by growth

factors of the ras-raf-MEK-MAPK-signaling pathway and ERa°.

Since MDM?2 gene amplification is a key event in about one third of sarcoma patient’s
pathogenesis, it has been exploited for the rational design of small molecules acting as MDM?2
inhibitors. To date the most successful results have been obtained with RG7388 (Idasanutlin), a

derivative of Nutlin3a, which has entered a phase III clinical trial*®. The Nutlin cis-imidazolines
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class of small molecules target a hydrophobic cleft in MDM?2 N-terminal domain which is the
precise binding region of p53, having as effect the increase in apoptosis and reduction of

proliferative capacity”’.

Interestingly, we noticed that the P2 promoter of MDM?2 gene is particularly rich in guanines,
and that it contains a peculiar (nnGGGGC)s reapeat sequence. The integrity of the latter

appeared to be necessary for P2 activity in ERo*® breast cancer cells”.

In the present project we checked for the ability of the MDM2-P2 promoter, and more
specifically of the (nnGGGGC)s repeat sequence, to form G4 structures and we investigated

their role in the modulation of P2 transcriptional activity.

1.3.2 G-quadruplexes in viruses

While G4s have been extensively studied in the human genome, viral genomes have started to
be investigated for the presence of such secondary structures only recently. Interestingly, G4
harbouring sequences have been found in important regulatory regions for the life cycle of
several viruses and G4-ligands showed potential therapeutic activity, raising the interest of a

deeper investigation in this field.

The presence of G4s has been experimentally reported in many Herpesviridae: the Herpes
Simplex Virus 1 (HSV-1), Epstein-Barr Virus (EBV), Kaposi’s Sarcoma Herpesvirus (KSHV)
and Human Herpesvirus 6 (HHV6)3%, Preliminary studies on the formation and role of G4s
have been conducted on various other DNA viruses: The Human Papilloma Virus (HPV),
Hepatitis B Virus (HBV), Adeno-associated Viruses (AAV); and RNA viruses: the Human
Immunodeficiency Virus 1 (HIV-1), Severe Acute respiratory Syndrome Virus (SARS-CoV),
Hepatitis C Virus (HCV), Zika Virus (ZIKV), Ebola Virus (EBOV) and Marburg Virus
(MARV)*,

In the present work, the attention is mainly focused on HIV-1 and HSV-1.

1.3.2.1 HIV-1

The Human Immunodeficiency Virus HIV-1 was identified for the first time in 1983 as the

etiologic agent of the Acquired Immune Deficiency Syndrome (AIDS)®. It is a Lentivirus of the
17



Introduction

Retroviridae family that possesses two identical copies of a single stranded RNA genome. HIV-
1 replicative cycle starts with the recognition of CD4* T-helper cells by the envelope protein
gp120%. The viral attachment to the cell is mediated by two main co-receptors, CCR5 or
CXCR4 respectively for M-tropic and T-tropic lymphocytes. After fusion of the viral
pericapside with the cellular membrane, the viral genome is released into the cytoplasm, where
the viral reverse transcriptase promotes the synthesis of a complementary cDNA containing two
identical Long Terminal Repeats (LTRs). The LTRs are necessary for viral integration in the
host genome and function as promoter for viral transcription. Alternatively, the LTR promoter
in the provirus can become silent and thus a latent infection ensues with the virus, that evades

immune system detection®’ (Figure 1-7 A).
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Figure 1-7. HIV-1 life cycle, genome organization and G4s.

A) Schematic representation of the different phases of the viral life cycle®. B) Organization of
HIV-1 reverse transcribed genome and focus on the G4 forming sequence, subdivided into
three main G4s: LTR-II, LTR-III and LTR-1V (adapted from:*).

Despite the highly active anti-retroviral therapy (HAART) allows to keep the disease under
control, a cure is still missing, and patients still die from HIV-related causes. Currently, more

than 37 million people worldwide are infected by HIV and the pandemic continues to spread®.

G4 structures have been detected at the HIV-1 RNA and DNA level and appeared to be
involved in the regulation of many phases of the viral life cycle. A first event in which G4s
have been found to play a critical role is viral RNA dimerization and recombination. During
reverse transcription, the two copies of the viral RNA interact by a dimer initiation site (DIS).

G-rich sequences, able to form bi-molecular G4s, are present near the DIS (in the gag region)
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and are thought to be responsible for the stabilization of the dimer, allowing recombination
between the two copies™. It has been proposed that the retroviral nucleocapsid protein (Ncp) is
involved in this recombination mechanism enhancing bi-molecular RNA G4 formation®!. Other
G4 forming regions have been found in the Nef reading frame that overlaps with the 3'-LTR.
Nef is an accessory protein implicated in immune evasion through the down-regulation of CD4*
and MHC cells. The stabilization of Nef G4s leads to repression of Nef expression and
decreases viral replication®>. Recently, our and another group demonstrated that the U3 region
in the LTR unique promoter of HIV-1 contains a 45 nucleotides long G-rich sequence,
upstream the transcription start site (TSS), that is able to fold into a dynamic cluster of G4s***
(Figure 1-7 B). Interestingly, some of the different G4s in this region (i.e. LTR-II, LTR-III and
LTR-IV) are in a mutually exclusive equilibrium, suggesting a role in the regulation of the
promoter activity. In this light, LTR-III and LTR-IV have been deeply characterized, since the
first is the prevalent species under physiological conditions and the second is only formed upon
induction with G4-ligands®. The two structures were characterized by nuclear magnetic
resonance (NMR) revealing very peculiar conformations, which exert opposite effects on LTR
promoter activity. LTR-III silences, while LTR-IV enhances viral transcription®. This effect is
modulated by G4 interaction with cellular proteins: NCL, which stabilizes the LTR G4 with a
preference for LTR-III, thus suppressing the promoter activity; and the human
ribonucleoproteins hnRNP A2/B1, which unwinds the LTR-G4s promoting viral
transcription””*8, Since NCL was already reported to interact with some, but not all G4s
structures, we here aimed at understanding the G4 structural features necessary for NCL
binding. In addition to improve the understanding of HIV-1 employment of cellular resources,

this point opens the possibility to exploit NCL as alternative antiviral target.

1.3.2.2 HSV-1

Herpes Simplex Virus 1 (HSV-1) is one of the nine types of Herpesviridae which can infect
humans. HSV-1 infections manifest as orolabial vesicular lesions of the mucosa with high
recurrence. The current anti-HSV-1 therapies are highly effective, but do not save the patients
from the reactivation of the virus. Moreover, a consistent percentage of HIV-1 infected patients
and patients who underwent prolonged administration of anti-herpetic drugs, develop

resistances to the treatment. The search for new anti-HSV-1 drugs is therefore still a priority®.

HSV-1 entry into permissive cells can occur through fusion of the viral envelope with the
plasma membrane or through endocytosis. The viral particle is then transported along cellular
microtubules and translocated inside of the nucleus, where transcription, replication and
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assembly of the new virions take place. HSV-1 has a long linear double stranded DNA genome,
consisting of two units, long (Ur) and short (Us), separated by a set of inverted repeats, TR~
IRL and IRs—TRs. Many enzymes involved in the nucleotide metabolism are encoded in the
viral genome and are activated in a cascade, according to which they are classified into:
immediate early, early and late. In the absence of protein biosynthesis, the viral genome is
maintained in a latent circular form inside the nucleus of neurons and ganglia innervating
infection susceptible epithelium, from which it can be reactivated through still unclear

mechanisms® (Figure 1-8 A).
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Figure 1-8. HSV-1 life cycle, genome organization and G4s.

A) Schematic representation of the different phases of the viral life cycle. Credit:
GrahamColm. B) Organization of HSV-1 genome,position of the identified G4s is indicated'®

The HSV-1 genome has an incredibly high GC-content (about 68%) especially clustered in the
repeat regions and thus has the potential to form numerous G4 structures. Biophysical
approaches were used to demonstrate the formation of six G4s in the gp054 gene (named
gp054a-f), encoding for the most important viral tegument protein, and four more extremely
stable G4s clustering at the terminal and internal repeats (named unb, unl-3)'°! (Figure 1-8 B).
Due to the abundance of these repeated G4s in the HSV-1 genome, we aimed at visualizing
them in infected cells through a G4-specific antibody (1H6) at different times post-infections.
In the present work we describe the development of a tailored SPR strategy for the assessment
of 1H6 antibody specificity and affinity for a series of viral and cellular G4s. This made it
possible to confidently follow the HSV-1 G4s during the different phases of infection. In
particular, viral G4s were shown to form in a virus cycle-dependent fashion, with a peak during
viral replication and different localization in cellular compartments according to the viral

genome movements'%%,
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1.4 G-quadruplexes as therapeutic target and tool

The involvement of G4s in key biological functions and their elevated polymorphism has
motivated the interest in such structures as specific therapeutic targets. One of the most
intriguing fields is anti-cancer therapy. Computational and experimental evidence supports the
enrichment of G4 structures in proto-oncogene promoters and telomers, both involved in
hallmarks of many cancers. In this context, the most successful target is C-MYC G4: the
fluoroquinolone-derivative Quarfloxin (Figure 1-9) has reached phase II clinical trial'®. Its
mechanism is based on targeting C-MYC rDNA G4s, inhibiting RNA polymerase I transcription
and NCL interaction, which is translocated in the nucleoplasm triggering a stress response that
results in induction of apoptosis and cancer cell death®™!', Downregulation of C-MYC
expression has also been observed with the ellipticine derivative GQC-05:NSC338258 and a
11-piperazynquindiline'®!%, However, while in the first case C-MYC inhibition was a direct
effect of G4 stabilization, in the second, G4 targeting was not directly involved in the observed
effects. Therefore, assuming a direct cause and effect mechanism between in vitro and cellular

observations can sometimes be dangerous.
Two other well investigated G4 targets are BCL-2 and C-KIT'%17,

BCL-2 expression was shown to be downregulated at mRNA and protein level by a library of
mono-substituted quindoline derivatives and the tetra-substituted naphthalene diimide MM41
(Figure 1-9). Dose dependent reduction of C-KIT expression was observed in a human gastric

cancer cell line treated with a mono-substituted benzo[a]phenoxazine (Figure 1-9)

Besides oncogene promoters, also telomeric G4s represent an interesting target for anti-cancer
therapy. Several G4 stabilizing small-molecules have been reported to bind and affect telomere
function. The G4 ligand BRACO-19 (Figure 1-9) has anti-tumoral activity ascribable to DNA
damage induction at telomers. It has been hypothesized that G4 stabilization leads to
displacement of telomere associated proteins and the exposed DNA extremities activate a
cascade of DNA damage response. Deficiencies in DNA repair processes are common in many

cancers, therefore their stimulation can lead to cell death!'’.

Several others G4 stabilizing compounds with anti-cancer activity have been reported and
targeting a single quadruplex target among the many that can fold in the human genome is

object of continuous research. However, absolute specificity for a unique G4 is a hard
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challenge, due to the common core that all G4s share. The occurrence of G4s in cancer related
genes offers anyway the opportunity of a multi-target strategy, which can be even an advantage,

considering the heterogeneity and complexity of most solid tumors'!!.
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Figure 1-9. Chemical structures of some G4 ligands.

Quarfloxin was designed as c-Myc stabilizer and is the first G4 ligand entering clinical trials.
MMA41 and Quindline derivatives is a tetra-substituted naphthalene diimide used to suppress
Bcl-2 transcription. Mono-substituted benzo[a]phenoxazine was shown to have anti-cancer
activity upon stabilization of c-Kit G4. BRACO-19 has both anti-tumoral and antiviral activity,
has been tested as telomeric G4 stabilizer in huma'®'%®n, and as antiviral in HIV-1 and HSV-1.
TMPyP4 has been tested both as antitumoral and antiviral compound. H-NDI-NMe2Pham was
Sfound through the screening of a small library of c-exNDIs, it preferentially binds to viral G4s
(HIV-1 and HSV-1) with respect to human telomere.

The recent exploration of viral genomes for G4 forming sequences has provided the chance to
develop new antiviral drugs with an innovative mechanism of action and great potential, given
the high conservation of G4 genomic regions. For what concerns HIV-1, our group showed that
targeting the HIV-1 LTR and Nef G4 with known G4 binders, such as BRACO-19 and
TMPyP4 inhibited virus replication (Figure 1-9)°>%, Therefore, we are trying to achieve higher
specificity for HIV.1 LTR G4s by screening and designing new compounds. Good results have
been obtained with the core-extended Naphtalene Diimides (c-exNDIs) H-NDI-NMe,PhAm
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(Figure 1-9), which discriminate the HIV-1 promoter G4s from human G4s, inhibiting viral

replication'!!.

Remarkable antiviral activity has also been observed by using G4 ligands against HSV-1
infection. Both BRACO-19 and the c-exNDI H-NDI-NMe2-PhAm have been tested by our

101,111

group

The massive accumulation of viral G4s in the host nucleus is probably the reason of the

significant activity of these compounds, leading to reduced viral DNA synthesis.

In addition to targets, G4s have also been validated as therapeutic means. For instance, two G4
oligonucleotide aptamers that entered phase II clinical trials are the thrombin-binding aptamer
(TBA) and AS1411. The latter represents a potential anti-cancer drug with anti-proliferative
activity and works by targeting NCL!'2, Several others G4 forming aptamers have also been
studied as anti-HIV agents. The main mechanism of action of antiretroviral G4 aptamers is the
inhibition of HIV-1 reverse transcriptase, virus spread among cells mediated by V3 loop
binding (ISIS 5320), replication and integrase (T30177) and viral entry (T30923)!!3-!16, We
recently tested the AS1411 aptamer as antiviral agent, obtaining inhibition of viral entry. Here
we will show evidence that AS1411 acts as antiviral agent by the subtraction of NCL

availability as HIV-1 coreceptor'!”.

In general, G4-mediated antiviral strategies represent an innovative and valuable alternative to
current treatments, allowing to overcome the problem of resistances and giving hope for the

development of a cure for latent infections.

1.5 Main challenges in the in vivo investigation of G-quadruplexes

Much of the earlier work on G4s was restricted to biophysical, biochemical and functional
studies on synthetic oligonucleotides and in vifro environment. In vitro results can sometimes
be misleading, not representing the real physiological conditions. Recently, significant
advances have been reached in the detection of G4s in cells and in the whole genome context,
supporting the importance of these non-canonical structures for many fundamental biological
functions and therapeutic application''®. Further experiments are however necessary for a more

robust and complete understanding of G4 biology.
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A first challenge that should be addressed is the investigation of the G4 state and regulation in
different cell types and context. Recently, independent laboratories produced two anti-G4
antibodies: BG4 and 1H6''*1?°, Both antibodies and synthetic G4 ligands (PDSo, BMVC and

DAOTA-M2) have been used to visualize G4s in cells by immunofluorescence!?'~'%,

The BG4 antibody has also been used to map G4s through ChIP-sequencing in an immortalized
cell line of keratinocytes and the obtained data were integrated with quantitative transcriptome
analysis®. More data are however necessary for a comprehensive understanding of how G4s are
distributed and modulated in different cell lines, and during different phases of the cell cycle

and development.

A second important challenge in investigating G4 function in vivo is the intrinsic difficulty to
extrapolate the direct effect of G4 formation from the consequent cascade of molecular
pathways. Manipulation of G4s can be achieved by insertion of mutations disrupting the
structure or by stabilizing ligands. Both strategies provide a potent mean, however, being G4s
involved in many of the vital cellular processes, the consequences of their alteration can lead to
a number of direct and indirect effects modifying the whole cellular metabolism. In such

conditions, researchers must be very cautious in drawing conclusions.

Despite the key role of G4s in the maintenance of vital cell functions, the variety of their
implication and consequences of their alteration make the G4s field in constant evolution. A
clear understanding of G4 mechanisms of actions is however a valuable opportunity for a wider
knowledge of cellular mechanisms regulation and therapeutic targeting to treat lethal diseases

as cancer and viral infections.

With the present work we tried to contribute to the increasing understanding of G4s implication
in the regulation of gene expression. At the same time, we explored the biology of LPS, a
highly lethal human cancer, for which G4s represent a promising new therapeutic target,
possibly overcoming the problem of LPS resistance to the classical chemotherapies. We also
focused on G4s in two worldwide spread viruses: HIV-1 and HSV-1. We explored the
requirements for G4s interaction with the cellular protein NCL, known to downregulate HIV-1
G4-mediated transcription and establish the basic assumptions necessary for the monitoring of

HSV-1 G4s in infected cells.

24



Aim

2 AIM

The present work investigates G4s in two very different contexts: humans and viruses. In the
first part of this production we aim at exploring the formation of DNA G4 structures in a
human cell line of WD-LPS (93T449). Very little is known about the biology of LPS and the
mechanisms leading to its strong resistance to classical chemotherapies. Employing 93T449
cell line as a model, we not only aim at identifying previously unreported G4s in LPS relevant
genes, which can be exploited as alternative therapeutic targets in the challenging treatment of
LPS, but also expand the analysis to the genome-wide level, in the wider attempt to clarify the

complex involvement of G4s in the regulation of the gene transcription process.

In the second part, we studied G4s in two worldwide-spread viruses, for which the search for
new treatments is still a priority: HIV-1 and HSV-1. Our group previously discovered that the
high affinity interaction between the cellular protein NCL and the HIV-1 LTR G4s leads to
suppression of viral transcription. Given the reported ability of NCL to interact also with other
but not with all G4s, we here aim at defining the G4 structural requirements for this interaction.
Understanding how NCL interacts with G4s will provide useful information for the future
design of therapeutic compounds, having this complex as target. Indeed, here we also tested

NCL as antiviral target employing the phase II clinical trial G4 forming aptamer AS1411.

HSV-1 was instead chosen as subject of investigation for the huge number of G4s formed in
vitro in its genome. This feature is highly suitable for visualizing the physiological modulation
of viral G4s in infected cells by 1H6 antibody mediated IF. We here addressed the prerequisite
to reliably perform the latter experiment: i.e. analysis of 1H6 specificity and affinity for the

most abundant HSV-1 G4s with respect to the cellular ones.

In general, in this work we studied G4s in two different organisms (human and viral). In this
attempt we employed two different anti-G4 antibodies (one used in ChIP-seq and the other in
IF, for which we here prove the prerequisite) to break down the bigger obstacle in the
understanding of G4 biology: the monitoring of their formation in in vivo systems. Moreover,

we aimed at establishing G4s as new targets and tools for antitumoral and antiviral therapy.
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3 MATERIALS AND METHODS

3.1 Oligonucleotides and compounds

Desalted oligonucleotides were purchased from Sigma-Aldrich (Milan, Italy) and qPCR
primers from Eurofins (Munich, Germany). A detailed list of oligonucleotides name and
sequence is available in the Appendix 7.2. BRACO-19 was obtained from ENDOTHERM
GmbH (Saarbruecken, Germany), H-NDI-NMe;PhAm and PyPhen,PropNMe; were synthesized

and provided by Freccero et al. (University of Pavia, Italy).

3.2 QGRS prediction of putative G4s

The first intron of human MDM?2 gene (GRCh38.p2, NC_000012.12) was analyzed by QGRS
Mapper (http://bioinformatics.ramapo.edu/QGRS/index.php) for the prediction of G4 forming

sequences'?*. The putative G4s were identified by the motif GxNy1GxNy>GxNy3Gy, where x is the
number of guanine (G) tetrads and Ny the length of loops connecting the G tetrads. The
following restrictions have been applied: i) the number of tetrads had to be > 2; ii) maximum
length of QGRS was set to 40 bases; iii) at most one of the loops was allowed to be of zero
length; iv) loop size from O to 15. The found QGRS were ranked based on the G-score, which is
the likelihood to form a stable G4, according to the following principles: a) shorter loops are
more common than longer loops; b) G4s tend to have loops roughly equal in size; c) the greater

the number of G tetrads, the more stable the G4.

3.3 Circular Dichroism Spectroscopy (CD)

For assessing the folding of tested DNA oligonucleotides into G4 structures and determine their
conformation and melting temperature, CD spectroscopy was performed. Oligonucleotides
were diluted to a final concentration of 4 uM in lithium cacodylate buffer (10 mM, pH 7.4)
with or without KCI or NaCl as indicated in text. 20% of PEG200 was added where indicated
to test G4 conformational changes in molecular crowding conditions. After heat denaturation at
95 °C for 5 minutes, samples were folded at room temperature overnight. For experiment in the

presence of BRACO-19, the compound was added after 4h from oligonucleotide heat
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denaturation in saturating concentration of 16 pM. CD spectra were recorded on a Chirascan-
Plus (applied Photophysocs, Leatherhead, UK) equipped with a Peltier temperature controller
using a quartz cell of 5 mm optical path length. The temperature was set at 20 °C and the
spectra were recorded over a wavelength range of 230-320 nm. For Tm determination, spectra
were recorded over a temperature range of 20-90 °C, with temperature increase of 5 °C/min.
Tm were calculated according to the van't Hoff equation, applied for a two-state transition from
a folded to unfolded state. Acquired spectra were baseline corrected for signal contribution due
to the buffer and the observed ellipticities converted to mean residue ellipticity (0) = deg x cm2

x dmol-1 (molar ellipticity).

3.4 Dimethylsulphate footprinting (DMS)

The DNA substrate of interest was purified before use by running on a 20 % denaturing
polyacrylamide gel until separation of the synthesis sub-products is obtained. Bands
corresponding to the DNA product of interest were excised and eluted in water solution
overnight at RT shaking. Eluates were recovered and concentrated by using Amicon Ultra-3k
Centrifugal Filter Unit (Millipore). The purified oligonucleotides were then 5’-end-labeled with
[y-*P]ATP by T4 polynucleotide kinase for 30 min at 37 °C, purified by using MicroSpin G-25
columns (GE Healthcare Europe, Milan, Italy), resuspended in lithium cacodylate buffer 10
mM pH 7.4 with or without KCl 100 mM, heat-denatured for 5 min at 95 °C and folded at RT
overnight. Sample solutions were then treated with dimethylsulfate (DMS, 0.5% in ethanol) for
4 min and stopped by addition of 10% glycerol and B-mercaptoethanol. Samples were loaded
onto a 15% native polyacrylamide gels (acrylamide/bis solution 19:1) and run until the desired
resolution was obtained. DNA bands were localized via autoradiography, excised and eluted
overnight. The supernatants were recovered, ethanol-precipitated and treated with piperidine 1
M for 30 min at 90 °C. Samples were dried in a speed-vac, washed with water, dried again, and
resuspended in formamide gel loading buffer. Reaction products were analyzed on 20%
denaturing polyacrylamide gels (acrylamide/bis solution 19:1) containing 8 M urea, visualized
by phosphorimaging analysis on a Typhoon FLA 9000 (GE Healthcare Europe,Milan, Italy),
and quantified by ImageQuant TL software (GE Healthcare Europe, Milan, Italy).
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3.5 Nuclear proteins extraction, pull-down and Mass-Spectroscopy

(MS)

The 93T449 (ATCC® CRL-3043™) retroperitoneal WD-LPS cell line was used to detect
proteins interaction with MDM2 G4. 93T449 cells were grown in RPMI 1640 (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS. Nuclear
extracts were obtained by using NXTRACT kit (Sigma-Aldrich, Milan, Italy) and quantified

using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Monza, Italy).

Biotinylated oligonucleotides (Sigma-Aldrich, Milan, Italy) were diluted to 3 uM in phosphate
buffer pH 7.4 20 mM supplemented with KCI 100 uM (PB-KCI buffer), heat denatured for 5
min at 95 °C and slowly cooled to RT to allow secondary structures folding. 50 ul of
streptavidin coated magnetic beads (Dynabeads® M-280 Streptavidin, Thermo Fisher
Scientific, Monza, Italy) were washed with PB-KCI buffer and incubated at RT for 30 min in
the presence of 150 pmols of folded oligonucleotides (Mdm2-biot, G-ss-biot as a single
stranded G-rich control and C-ss-biot as C-rich single stranded control) or PB-KCI buffer only
as negative control. The excess oligonucleotide was washed with PB-KCI buffer and PBS-BSA
0.01% to reduce non-specific protein binding. After that, 25 pg nuclear extracts were added and
incubated at 4 °C for 2-3h. Samples were washed three times with PB-KCL buffer and protein
were eluted first in 20 pl NaCl 2 M and second in 2X Laemmli buffer (4% SDS, 80% glycerol,
120 mM Tris-HCI pH 6.8, 200 mM DTT, 0.02% bromophenol blue). Eluted proteins were
separated on a 8% SDS-PAGE and stained overnight with colloidal Coomassie staining (0.02%
w/v CBB G-250, 5% w/v aluminum sulfate-(14-18)-hydrate, 10% v/v ethanol, 2% g/v
orthophosphoric acid). After destaining procedure (10% ethanol and 2% orthophosphoric acid)
bands corresponding to different ranges of molecular weights were cut and in-gel digested.
Briefly, they were first washed with 50% CH3OH and 2.5% acetic acid, dehydrated with
CH3CN, and then reduced with 30 uL. of DTT (10 mM in 100 mM NH4HCOs3) for 30 min at
room temperature. The excess of DTT was eliminated before treating the bands with 30 pL of
iodoacetamide (50 mM in 100 mM NH4HCO3s) for 30 min at room temperature in order to
alkylate cysteine residues. Bands were washed with 100 mM NH4HCOs, dehydrated with CH-
3CN twice, and then digested. Bands were washed with 100 mM NH4HCO3, dehydrated with
CH3CN twice, and then digested with 1 pg of MS-grade trypsin (ThermoFisher Scientific,
Waltham, MA, USA) in 50 pL of 50 mM NH4HCOs; for 30 min on ice. The excess of trypsin
was eliminated and substituted with 20 pL of 50 mM NH4HCO; and the sample were incubated
overnight at 37°C. Peptides were extracted twice with 5% formic acid and two more times with
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50% CH3;CN, 5% formic acid, the peptide mixture was further concentrated in SpeedVac
(Hetovac VR-1, Heto Lab Equipment, Denmark) to 1 pL and resuspended in 30 puL of 1%
formic acid. The peptide mixture was spun down 10 min at 10,000 x g in order to eliminate any
solid particles and analyzed by LC-MS. The injection was automatically performed by a low
pressure Acquity H-class bioQuaternary Solvent Manager UPLC (Waters, Manchester, UK)
system and a Jupiter proteo® RP12 (1.0 x 150 mm, 4 pm, 90A) (Phenomenex, Torrance, CA,
US) chromatographic column. The detection was performed at the beginning of the gradient
ramp for 30 minutes with a mass analyzer Xevo G2-XS QTof mass spectrometer (Waters,
Manchester, UK). Instrument control, data acquisition and data processing were performed with
MassLynx 4.1 software (Waters Corp.). Parent ions having the charge state 4%, 3* and 2* and
signals more intense than 200 counts and the related MS® fragments ion signals more intense
than 50 counts were employed to perform a Mascot Database Search to identify their parent
protein. The matched proteins were deemed as being positively identified when two or more

peptides provided a mascot score greater than 20 and 2-fold higher than the controls.

3.6 Purification of BG4 antibody

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 and 0.5% NaCl) and 50 pg/ml
kanamycin. Transformed cells were grown at 37°C 160 rpm to an ODgy of 0.7-0.8._BG4
antibody expression was induced with 0.85mM isopropyl PB-D-1-thiogalactopyranoside
overnight at RT. The cells were pelleted for 25 min at 25,000g at 4 °C, resuspended in lysis
buffer (20mM Tris-Cl pH 8.0, 50 mM NaCl, 5% Glycerol, 1% Triton and 100 uM
Phenylmethanesulfonylfluoride solution) and lysed through 5 cycles of freezing and thawing.
After centrifugation at 10,000g 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 and 300 mM NacCl, and BG4 antibody 1.5 ml fractions eluted in 250 mM imidazole
in 20 mM Tris HCI pH 8.0 and 300 mM NaCl. BG4 antibody containing fractions were checked
on a Coomassie-stained SDS-PAGE and concentrated in Amicon Ultra-3k Centrifugal Filter
Unit (Millipore). The concentration of BG4 was determined using Thermo Scientific Pierce

BCA Protein Assay kit, and the antibody was stored at —20 °C.
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3.7 G4 Chromatin Immunoprecipitation and library preparation

The 93T449 (ATCC® CRL-3043™) cells were grown to 80 % confluence in RPMI 1640
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-
inactivated FBS. After trypsinization, 2 million cells were fixed in RPMI containing 1 % (v/v)
formaldehyde and 10 % (v/v) FBS for 10 min at RT. After 5 min quenching with 125 mM
glycine, cells were pelleted and washed twice with PBS containing 10 % FBS. The flash frozen
pellets were lysed for 5 min on ice in 100 pl 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 average size of 100-500 bp (2 % duty cycle, 105 W peak incident power, 200
cycles per burst, 25 min). Sheared chromatin was diluted 1:5 in IP-buffer (10 mM Tris-HCI pH
7.5, 1mM 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 centrifuging 10 min at
13,000g at 4 °C, the supernatant containing soluble chromatin fraction was recovered and
incubated with 0.7 mg/ml RNase A (ThermoFisher) for 30 min at 37 °C. For chromatin
immunoprecipitation 10 pl protein-G magnetic beads (Pierce™ ThermoFisher Scientific) were
washed in IP-buffer and incubated with 1 pg Anti-FLAG Ab (Sigma-Aldrich) for 1 h at 4 °C on
a rotating wheel. 50 pl of RNA digested chromatin were incubated with 250 ng BG4 Ab (or
without for the mock negative control) for 1h 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 immonoprecipitates and chromatin crosslink reversal were
performed incubating beads with 70 ul elution buffer (10 mM Tris-HCI pH 8.0, 5 mM EDTA,
300 mM NacCl and 0.5 % SDS) containing 0.3 mg/ml RNase A (Thermo Fisher) for 30 min at
37 °C followed by the addition of 0.5 mg/ml proteinase K for 1h at 55 °C and 8 h at 65 °C
shaking. Supernatant was then recovered and incubated for 1 additional h at 55 °C in the
presence of 0.25 mg/ml proteinase K (Therno Fisher). The eluate was finally purified with
SPRI AMPure XP beads (Thermo Fisher). For each technical replicate, eluted DNA from two
ChIP reactions were combined and the pool subjected to Nextera library preparation as
described by the manufacturer (NEBNext Ultra II DNA library Prep Kit for Illumina, NEB).
The quality and size of libraries and chromatin shearing fragments were checked by Agilent
Bioanalyzer using Agilent DNA High Sensitivity Chips (Agilent Technologies). Samples were
sequenced on an Illumina HiSeq 1500 platform in single-end using 50-bp reads. The

experiment was repeated twice.
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3.8 G-quadruplex ChIP-qPCR

Purified and sonicated DNA (as described above) was used to quantify G4 enrichment via
gPCR, using Fast SYBR PCR mix (Applied Biosystems), with a LightCycler 480 (Roche)
quantitative PCR machine. Cycling conditions were 95 °C for 20 s followed by 50 cycles of 3 s
at 95 °C and 30 s at 60 °C. We employed primer pairs that target G4 ChIP positive and negative

regions (Appendix 7.2). Relative enrichments were derived with respect to their inputs.

3.9 RNA extraction and cDNA library preparation

Total RNA for RNA-seq experiments was extracted from 80 % confluent cells. For the H-NDI-
NMe,-Pham treated cells 1 million cells were seeded in a T75 flask, grown for 24 h and treated
with 1 pM compound for additional 24 h. Then, 1 million cells were trypsinized, pelleted and
resuspended in 1 ml TRIreagent (Sigma Aldrich). Total RNA was extracted by phenol-
chloroform and purified through the RNA Clean and Concentrator-25 kit (Zymo Research),
following the manufacturer’s instructions. Ribosomal RNA was depleted and purified using
Ribo-Zero rRNARemoval Kit (Illumina) and RNA Clean and Concentrator-5 (Zymo Research).
The quality of extracted RNA was checked by Agilent Bioanalyzer on Agilent RNA 6000 Pico
Chips (Agilent technologies) both before and after rRNA depletion. RNA-seq libraries were
generated using the NEBNext Ultra Directional RNA Library Prep kit for Illumina (NEB).
Agilent DNA High Sensitivity Chips (Agilent Technologies) were used to check library size
and quality. Samples were sequenced on an Illumina HiSeq 1500 platform in single-end using

50-bp reads. The experiment was done in three independent biological replicates.

3.10 Data analysis

Raw FASTQ reads were trimmed to remove adaptor contamination and aligned to the human

reference genome version hg38 using Bowtiel (http://bowtie-bio.sourceforge.net/index.shtml).

Reads with more than 2 mismatches and multimapped reads were excluded from further
analysis. G4-ChIP peaks were mapped using HOMER

http://homer.ucsd.edu/homer/index.html) considering only peaks with at least 2 fold more

normalized tags count in the target experiment with respect to the input (used as control),

disabled local tag count and poisson p-value threshold of 0.0001. HOMER was also used to
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associate peaks with the nearby gene, determine the genomic annotation of the region occupied

by the peak and merge peaks from replicates.

RNA-seq reads were aligned to the human reference genome with TopHat and filtered by using
samtools'? to remove alignments with quality lower than 20, not primary alignments and PCR

duplicates.

Gene expression levels were quantified as transcripts per million (TPM). Genes differentially
expressed between: i) 93T449 cells and HaCaT cells and (s-value < 0.1; fold change > 1.0); ii)
93T449 cells treated with H-NDI-NMe,-Pham and untreated 93T449 cells (s-value < 0.25; fold
change > 0.5); were identified using the Bioconductor package DESeq2 and 'apeglm' for LFC

shrinkage!?6.

3.11 Cytotoxicity assay

Cytotoxicity of H-NDI-NMe,PhAm, BRACO-19 and PyPhen,PropNMe, in 93T449 cells was
determined by MTT assay. 7500 cells/well were plated in a 96-wells plate and grown for 24 h.
Serial dilutions of c-exNDI (0.7-12.8 uM) were dispensed to the cells in triplicate. After 24 h
from treatment, cells were supplemented with freshly diluted 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, Milan, Itlay) solution (5 mg/mL) and
incubated O/N at 37 °C. MTT crystals were solubilized with the addition of 100 pl
solubilization solution (10 % SDS and 0.01 M HCI) for 8 h at 37 °C and absorbance was
measured by Sunrise Tecan plate reader (Mannendorf, Switzerland) at 620 nm. The percentage
of cell survival was calculated as follows: cell survival = (Awell — Ablank)/(Acontrol —
Ablank) x 100, where blank denotes the medium without cells and control the untreated cells.
The 50% cytotoxic concentration (CC50) was defined as the concentration of compound

required to reduce cell grown by 50

3.12 Electrophoretic Mobility Shift Assay

EMSA was used to detect G4-NCL interaction and the stoichiometry of G4 folding. The human
recomabinant NCL was purchased from Origene Technologies, Rockville, USA.
Oligonucleotides were 5'-end labeled with [y-32P]JATP by T4 polynucleotide kinase for 30 min
at 37 °C. After ethanol precipitation, DNA labeled species were resuspended in lithium
cacodylate buffer (10 mM, pH 7.4, KCl 100 mM or NaCl 100 mM and 20% (w/v) PEG200

where indicated), heat denatured for 5 min at 95 °C and gradually cooled at room temperature
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to achieve proper G4 folding. For the determination of G4 stoichiometry samples were run in
20% non-denaturing polyacrylamide gels (acrylamide/bis solution 29:1) for ~24 h at 60 V. Gels
were fresh impressed and visualized by phosphorimaging (Typhoon FLA 9000, GE Healthcare
Europe, Milan, Italy). For NCL binding to DNA, reactionswere performed in binding buffer
(Tris—=HCI 20 mM pH 8, KCI 30 mM, MgCI2 1.5 nM, DTT 1 mM, glycerol 8%, protease
inhibitor cocktail — Sigma Aldrich, Milan, Italy — 1%, NaF 5mM,Na3V0O4 1mM), labeled
oligonucleotides (40 nM), human recombinant NCL (300 ng) and incubated for 1 h at 37 °C.
Binding reactions were supplemented with 20% (w/v) PEG200 where indicated. To load the
same amount of DNA in each reaction, counts per second emitted by the radiolabeled
oligonucleotides were measured by a Geiger counter (Mini 900 Scintillation Monitor, Thermo
Scientific™, Monza, Italy). Samples were loaded on 8% non-denaturing polyacrylamide gels
for ~15 h at 40 V. Gels were dried using a gel dryer (Bio Rad Laboratpries, Milan, Italy) and
visualized by phosphorimaging (Typhoon FLA 9000, GE Healthcare Europe,Milan, Italy).
Quantification of bound DNA molecules was performed by ImageQuant TL Software (GE
Healthcare Europe, Milan, Italy). Each gel was performed twice to confirm quantification

results; only results consistent throughout the repeated gels were retained and reported.

3.13 Surface Plasmon Resonance (SPR)

SPR biosensor analysis was conducted on a Biacore T100 platform with dextran-functionalized
CMS Series S sensor chip (GE Healthcare, Life Science, Milan, Italy). Amine Coupling kit and
Mouse Antibody Capture kit (GE Healthcare, Life Science, Uppsala, Sweden) were
respectively exploited for standard amine coupling and the two capturing mediated

immobilization strategies.

SPR technology was used to address different objectives in the present work. Given the
diversity of the used conditions and for clarity reasons we described below the different used

applications separately.
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3.13.1SPR for the measurement of AS1411 affinity

The human recombinant protein NCL (OriGene Technologies Inc., Rockville, MD) and the
HIV-1ms recombinant gp120 (ImmunoDiagnostics Inc., Woburn, MA) were immobilised by
amine coupling in HEPES-NaCl running buffer (10 mM HEPES pH 7.4,150 mM NacCl, 3 mM
EDTA). NCL and gp120 were diluted in sodium acetate buffer (GE Healthcare, Milan, Italy) at
different pHs (4.0, 4.5, 5.0, 5.5) and a pH-scouting procedure was performed as described by
the manufacturer to asses the better pH for immobilization to the dextran chip-surface. Based
on the preconcentration curves NCL and gp120 were then diluted in sodium acetate buffer pH
4.0 at 15 ng/pLL and 20 ng/uL, respectively, and were injected to reach 1500 resonance units
(RU). The flow cell 1 was left free for reference subtraction. Binding analysis was performed at
20 pL/min with contact and dissociation times of 120 s in HEPES-KCI buffer (10 mM HEPES
pH 7.4, 200 mM KCl, 3 mM EDTA).Test oligonucleotides (Appendix 7.2) were diluted to 1
uM in HEPES-KCI buffer, denatured at 95 °C for 5 min and gradually cooled at room
temperature to allow secondary structures folding. Sensorgrams were obtained in the
concentration range of 15.6-1000 nM. The chip surface was regenerated with 1 M KCl
solution. Kinetic analysis was performed through the BIAevaluation software (GE Healthcare).
Double correction for blank (running buffer injection) and reference flow cell was performed

and the corrected sensorgrams fitted through a 1:1 binding model.

3.13.2SPR for the optimization of 1H6 antibody immobilization

Covalent immobilization through Standard Amine Coupling of 1H6 antibody

Covalent amine coupling immobilization of the mouse monoclonal 1H6 antibody (kindly
provided by P. M. Lansdorp)'!? was performed according to the manufacturer use. The flow cell
was activated by injection of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) mixture. After pH-scouting at different pHs (4.0, 4.5, 5.0, 5.5), 1H6
(MW ~155 kDa) was diluted to 15 ng/ul in sodium acetate buffer pH 5.0 and coupled to the
active flow cell surface via exposed primary amines to reach an immobilization level ranging
between 1000-1200 RU. Finally, ethanolamine was injected to block the unreacted ester groups.
A control flow cell was activated and blocked without ligand injection to allow reference
subtraction. HEPES-NaCl (HEPES 10 mM pH 7.4, NaCl 150 mM, EDTA 3 mM) was used as

immobilization buffer. To allow the correct folding of secondary structures, each
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oligonucleotide was diluted to 20 uM in HEPES-KCI buffer (HEPES 10 mM pH 7.4, KCI 200
mM, EDTA 3 mM), denatured fro 5 minutes at 95 °C and then slowly cooled to RT.

Mouse Antibody Capture kit mediated immobilization of 1H6 antibody

Apolyclonal anti-mouse IgG was used to mediate 1H6 coupling the the sensor chip surface.
Immobilization of the anti-mouse IgG (GE Healthcare, Life Science, Uppsala, Sweden) was
performed by amine coupling in HEPES-NaCl buffer at a flow rate of 5 pl/min both on the
reference and active flow cell. The EDC/NHS mixture was injected for 420 sec to activate the
chip surface. The anti-mouse IgG diluted to 40 ng/pl in HEPES-NaCl buffer was injected for
600 sec and the unreacted ester groups were then blocked by 420 sec injection of ethanolamine.
Finally, the unbound ligand was washed away through three consecutive injections of 10 mM
glycine, pH 1.7 (60 sec, 50 pl/min). Immobilization levels between 3000 and 6000 RU were
typically obtained and then primed with HEPES-KCI buffer. 1H6 was diluted to 15 ng/pl in the
same buffer and captured by 600 sec injection at a flow rate of 5 pl/min on the active anti-
mouse [gG immobilized flow cell. Finally, 1 M KCI was injected (20 sec, 30 pl/min flow rate)
to dissociate the non-specifically bound ligand. Typical capturing levels ranged between 800-

1200 RU.

G-quadruplex complex-mediated immobilization of 1H6 antibody

The anti-mouse IgG was immobilized on reference and active flow cells as described in the
section above. After 1 h incubation at RT in the presence of 10 folds of G4 folded
oligonucleotide (Oxy2), 1H6 was captured on the active flow cell. The final injection of 1 M
KCI (20 sec, 30 pl/min flow rate) was used to dissociate Oxy2 from the captured 1H6. Typical
capturing levels ranged between 800-1200 RU.

Kinetic analysis and data evaluation

Each analyte was tested in the concentration range 0.250 - 8 uM. For Oxy2, we tested two
additional low concentrations (0.125 and 0.062 uM) to cover the whole kinetic points. Samples
were injected for 340 sec at a flow rate of 20 pl/min and dissociated for 340 sec. HEPES-KCI
buffer was used as running buffer and for samples dilution. Surface regeneration at the end of
each analyte concentration was performed by 20 sec injection of 1 M KCI at a flow rate of 30
pl/min. Complete regeneration of 1H6 for successive immobilizations was instead performed
with 180 sec injection of 10 mM glycine pH 1.7 (GE Healthcare, Uppsala, Sweden).

BiaEvaluation Software was used for data analysis. The likelihood of fittings was assessed
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through the statistical parameters of Chi?> and U-value'?”!?, The percentage of active surface
was measured as a proportion of the maximum observed response (Rn.xOBS) to the

theoretically expected maximum response (Ru..EXP), where:

RuaxEXP = (MWa/ MWL) x (6n/5C)a/ (6n/6C) x RU; x S (1)

RnaxEXP is the expected maximal response of the interacting molecules expressed in RU; MW,
and MW, are the molecular weights of the analyte and ligand, respectively; RU;is the amount of
immobilized ligand expressed in RU; S is the stoichiometry of the interaction; (dn/0C)s and
(6n/6C), are the refractive index increments (RII) for the analyte and ligand, respectively. The
RII value is necessary to correct the discrepancies in the expected and observed Ry.. RII
depends on the refractive index at the surface (n) and the concentration (C) of the binding
partners. For protein-nucleic acids interactions, RII can be approximated to 1 and discrepancies
from the expected R...x can be ascribed to the physico-chemical properties of the immobilized
SPR chip surface!'?. Often, differences between the composition of the analyte stock buffer and
the SPR running buffer used for diluting the injected analytes generate the so called bulk effect
[37, 39], which appears as a sharp jump of the RU response at the very beginning and after the
end of the injection cycle. To obtain an appropriate fitting of experimental curves, a standard
value of 1/5 of the experimental responses is normally used to correct experimental data where
a bulk effect is detected'*’. To obviate this problem, R,..;OBS has been measured 7 sec after the
injection stop, approximating the analyte binding level at a kinetic point not affected by bulk

shifts'3-132

Kinetic constants were obtained from 1:1 Langmuir fitting (un3 and bcl-2) or heterogeneous
analyte fitting (Oxy2) of sensorgrams, applying default bulk correction, after double subtraction
of buffer and reference flow cell responses. Each immobilization strategy and kinetic analysis
was repeated at least three times. Baseline stability and influences of small baseline deviations

on the goodness of fitting have been measured as:

Rei/ R x 100 where Rei = |Ri- Rp.|(2-3)

R 1s the measured baseline before injection of the analyte and Ri is the baseline measurement

after each regeneration.
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3.13.3SPR for the determination of 1H6 affinity for HSV-1 G4s

To screen 1H6 binding and affinity for a series of viral and cellular G4s with respect to a range
of non-G4 controls (Appendix 7.2) the G4-complex mediated immobilization procedure
described above was employed. The polyclonal anti-mouse IgG (GE Healthcare, Life Science,
Uppsala, Sweden) and the viral G4 oligonucleotide un3 were used to allow the correct
orientation of 1H6 binding site on the chip. Flow cell 1 was blank immobilized with anti-mouse
IgG to permit reference subtraction. Sensorgrams were obtained in the concentration range of
0.250-8 uM. After each oligonucleotide injection, the chip surface was regenerated with KCl
IM solution. All sensorgrams were corrected by reference subtraction of blank flow cell
response and buffer injection response. Data were fitted to a global 1:1 binding model using
BIAevaluation software (GE Healthcare). The stability of 1H6 binding was evaluated by

measuring RU response 20 sec before end of the dissociation phase.

37



Results and Discussion

4 RESULTS AND DISCUSSION

DNA G-quadruplexes in the human genome

4.1 Discovery and characterization of a G4 structure in a relevant

gene for liposarcoma

The vast majority of G4s that were found in the human genome are within promoters of cancer
related genes. Among the better characterized ones we can mention: C-MYC*®, C-KIT'** and
BCL-2"*, The understanding of G4 functions in such genes can be of extreme utility, not only

for gaining a deeper knowledge of cancer biology, but also as alternative therapeutic targets.

The present project is focused on the exploration of G4s in liposarcoma (LPS), a class of soft
tissue sarcomas which is particularly resistant to the classical chemotherapies and is
characterized by a high mortality rate, especially when occurring in the retroperitoneal cavity’®.
The primary and most frequent form into which LPS can manifest is the well-differentiated
liposarcoma (WD-LPS), characterized by the amplification of chromosome 12q13-15 portion,
that comprises the proto-oncogenes MDM?2, CDK4 and HMGA2'3-136, MDM? is a key gene in
the regulation of apoptosis, being responsible for the inactivation of p537%. There are two
different promoters regulating MDM?2 transcription: the first (P1) is constitutive and
responsible for the basal expression of the gene, while the second (P2) is inducible, allows a
faster processing of transcripts and is the main promoter responsible for MDM?2 overexpression
in different cancers’. For this reason, we decided to investigate for the presence of putative

G4s in the first intron of MDM?2, containing the P2 promoter.

4.1.1 Computational prediction of G4s in the MDM?2 inducible

promoter

Putative G4 forming regions were analyzed in the G-rich P2 promoter-containing the intron of
MDM?2 (GRCh38.p2, NC_000012.12) by using QGRS. QGRS is an online computational tool
which predicts and maps putative G4 sequences. A score (G-score) is associated to each

identified sequence reflecting the likelihood to form a stable G4. We performed G4 prediction
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on both forward and reverse strand of the selected genomic region finding a total of 11 putative
G4 forming sequences of which 10 on the forward strand and 1 on the revers strand (Table

4-1).

Interestingly, the putative G4 with the highest score (Mdm119) is located immediately adjacent
to an E-box DNA motif (CACGTG). This type of element is known to work as enhancer for the
recruitment of transcription factors and thus initiate gene transcription'?’. Moreover, Mdm119
is contained in the so called (nnGGGGC)s repeated sequence, whose integrity has been reported

to be necessary for p53-independent activation of the P2 promoter”.

Table 4-1. Putative G4 sequences identified by QGRS-Mapper.

Position | Length | Putative G4 sequence G-Score Strand
21 28 GGTCACTTTTGGGTCTGGGCTCTGACGG 28 F
100 16 GGTTCGTGGCTGGGGG 27 F
119 25 GGGGCGCGGGGCGCGGGGCATGGGG 93 F
160 23 GGTTTTGTTGGACTGGGGCTAGG 28 F
195 14 GGGAGGAGGGCGGG 31 F
214 21 GGACGGCTCTCGCGGCGGTGG 26 F
236 11 GGTGGGGGTGG 31 F
262 34 GGGAGTTCAGGGTAAAGGTCACGGGGGCCGG 53 F

GGG
311 16 GGCGCGGGAGGTCCGG 30 F
3717 26 GGGCGGGATTGGGCCGGTTCAGTGGG 53 F
434 39 %g:((}}g&ACG@CAGAGGCTG@AACCAGC 27 R

The indicated position corresponds to distance from the first base of MDM?2 intron 1. Gs
predicted to be involved in G4 formation are underlined.

The putative G4 Mdm?262 comprises a Sp1 binding site and SNP285G>C locus (rs117039649),
which forms a particular haplotype together with SNP309T>G (rs2279744). The C variant of
SNP285C has been shown to reduce the strength of Sp1 binding and thus counteract the effect
of SNP309G, the latter instead extended a second Spl binding site leading to increased
transcription of MDM2'3%13% A high-score putative G4 structure (Mdm311) has been predicted
to overlap with this second Spl binding site and an ETS response element, suggesting a

potential G4-mediated regulatory mechanism. The only predicted G4 on the reverse strand
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(Mdm434) is also located in a key region, containing one of the two p53 response elements of
MDM?2 P2 promoter’®, In summary, 11 putative G4 forming sequences have been identified in
the inducible promoter of MDM?2 through a computational algorithm. Of these sequences, at
least 4 (Mdm119, Mdm262, Mdm311 and Mdm434) are located in or immediately adjacent to
important transcription factor binding sites (Figure 4-1). This observation suggests a potential
role of the predicted G4s in the regulation of MDM2 P2 promoter activation, but further
investigation is necessary to assess this statement: first, the actual ability of the putative G4s

has to be confirmed.

GGGGCGCGGGGCGCGGGGCATGGGG

GGGAGTTCAGGGTAAAGGTCACGGGGGLLGGGGE

Mdm113
e

G-score
20 40 60 80 100
|

0
\

1 1
Ras/Raf TGF-B1

Figure 4-1. Position and score of the putative G4s predicted by QGRS-Mapper.

The principal transcription factor biding sites and regulatory regions in the P2 promoter are
reported, as well as four putative G4 sequences located in key regions for the transcriptional
modulation of the promoter. Numbers at left and right of the promoter scheme are the bp count
of P2 promoter sequence.

4.1.2 Biophysical characterization of the most probable MDM?2

G4

We choose to initially focus on the predicted putative G4 with the highest G-score (Mdm119)
for assessing its actual folding into a G4 conformation. Mdml119 is embedded in the
(nnGGGGC)s repeated sequence that can theoretically fold into a dynamic G4. Therefore, we
choose to extend the QGRS predicted sequence to comprise the entire five tandem G-tracts,
together with few surrounding bases, in order to represent a more physiological situation. The
exact nucleotidic sequence of the selected region is reported in Appendix 7.2 and from now on

is called Mdm?2-G4 for the sake of simplicity.
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CD spectroscopy was applied to analyze the selected sequence in the presence of 0 mM, 20 mM
and 100 mM KCl, since monovalent cations and in particular K* are known to stabilize G4s'%.
Each of the recorded spectra corresponded to a typical G4 topology, with increasing stability in
the presence of higher K* concentration (Table 4-2 and Figure 4-2). Notably, in the absence of
K* ions, Mdm2-G4 adopted a hybrid parallel/antiparallel conformation with two positive peaks
around 260 nm and 290 nm and a negative peak at 240 nm. By adding K* the antiparallel
conformation prevails, showing two positive peaks at 290 nm and 240 nm and a negative peak

at 260 nm. The antiparallel conformation is the rarest folding assumed by known G4s, making

Mdm?2-G4 a good candidate for selective drug targeting.
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Figure 4-2. CD characterization of Mdm2-G4 folding and thermal stability.

A) In the presence of K™ 100 mM and BRACO-19. B) In the presence of K™ 20 mM and
BRACO-19. C) in the absence of K.

A further proof of the ability of the Mdm2-G4 sequence to fold into a G4 is given by the G4-
ligand dependent stabilization of the latter. Several compounds have been demonstrated to
stabilize or induce G4 folding. Here we selected the trisubstituted acridine BRACO-19'#!
(Figure 1-9) to test its effect on Mdm2-G4 in the presence of 20 mM and 100 mM K*. In both
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conditions a stabilization of the antiparallel G4 conformation was observed (Figure 4-2) but
only for 20 mM K* the ATm could be calculated, since K* 100 mM alone was sufficient to
induce a G4 stability higher than 90 °C, which is the upper limit of the instrument sensitivity. In
the presence of 20 mM K*, instead, BRACO-19 generated a stabilization of 17.0 + 2.7 °C
(Table 4-2).

Table 4-2. CD topological and thermal analysis of Mdm2-G4 oligonucleotide.

K* concentration Drug added Tm (°C) ATm (°C) Topology
0 mM / 29.8+£1.3/55.1+0.6 / Hybrid
20 mM / 68.7+ 0.3 / Antiparallel
20 mM BRACO-19 85.7£2.4 17.0+£2.7 Antiparallel
100 mM / >90 / Antiparallel
100 mM BRACO-19 > 90 / Antiparallel

Mdm2-G4 melting temperatures in the presence or absence of the G4-ligand BRACO-19 are
reported at different K™ concentrations. When possible the stabilizing effect of the compound is
indicated.

JKF
— 3+K*

/ GGGGCGCGGG GCTCGE G 6 6 6 T €C G6TG-%

3’- GGGTACGGGGCGC

Figure 4-3. DMS protection assay.

The M (G+A) lane corresponds to the Mdm2-G4 sequence cleaved in correspondence of G and
A after treatment with formic acid and hot piperidine. DMS and formic acid has been instead
used to treat Mdm2-G4 and identified protected guanines in the presence or absence of K* 100
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mM. Protected guanines are indicated with black dots. The visible oligonucleotide sequence is
reported at the bottom of the figure.

A protection assay was next performed to identify the guanines involved in the G4 structure.
Mdm?2-G4 exceeds indeed the minimum number of guanines required for the formation of an
intramolecular G4, therefore more equilibria with a predominant species are expected. DMS
has been exploited to this aim, as alkylator of nitrogen in position 7 of guanines. Mdm2-G4
folded in the presence or absence of K* 100 mM were compared. While both conditions
allowed formation of a G4 topology, the absence of K* ions led to a different and significantly
less stable conformation, therefore a stronger G protection was expected in the presence of K*
100 mM. Indeed, each guanine in the three internal G-tracts and four guanines in the first G-
tract (5°-3” direction) in the Mdm2-G4 sequence appeared protected in DMS assay (Figure
4-3). Less easy is the interpretation of protection of the fifth G-tract, for the evaluation of
which an NMR investigation would be required. Nevertheless, this result indicates that the
studied G4 forms four stacked quartets, excluding the first guanine in the first G-tract, thus

favoring a shorter loop.

Together these results confirm the ability of Mdm2-G4, derived from the computationally
predicted Mdm119 putative G4, to fold into an antiparallel topology with four stacked quartets
and to be greatly stabilized by the interaction with a G4-ligand. The high stability (> 90°C) of
Mdm?2-G4 structure at physiological K* concentration is an indication of its potential ability to
fold also in a cellular environment and to play a biological role in the regulation of MDM?2

gene.

4.1.3 MDM?2 G4 interaction with nuclear proteins

The most common way through which G4s work as gene regulators is by the interaction with
specific proteins. Several classes of proteins are reported to bind to DNA and RNA G4s with
opposing effects. On one hand they can promote the formation or stabilize tetraplex structures
(e.g. NCL, reported to bind to c-Myc promoter and HIV-1 LTR* and HOP1, involved in
chromosome recombination'#?). On the other hand, they can destabilize and catalyze G4

unwinding (e.g. the protein families of helicases and hnRNPs!43-14),

MDM2 protein is known to be overexpressed in human LPS. Published results demonstrate that

MDM? transcripts derived from the P2 promoter activation have a higher translational potential
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with respect to transcript derived from the constitutive promoter P17%. It would be therefore of
interest to investigate if Mdm2-G4 is a regulator of P2 dependent transcription and which are

the proteins that interact with it.

To this aim we performed a preliminary analysis searching for proteins that recognized the
Mdm?2-G4 structure in a selective way. In particular, we used nuclear protein extracts from the
WD-LPS cell line 93T449 to perform a magnetic beads pull-down assay followed by MS
identification. To focus on proteins which specifically binds to MDM?2 G4 folding, we used
several controls: a single stranded non-G4 G-rich sequence (G-ss), a single stranded C-rich (C-
ss) and beads alone. Among the pulled-down proteins displaying specificity for Mdm2-G4, we
detected an enrichment in helicase and unwinding proteins (Table 4-3). The protein with the
highest score was hnRNP A3: this protein was already reported to recognize single stranded
telomeric DNA, acting as negative regulator of telomere length maintenance and suggesting a
G4 mediated function'*. Interestingly, hnRNP A3 was found to be sequestered in intranuclear
inclusion by accumulated C9orf72 RNA containing the G4-forming hexanucleotide GGGGCC
in ALS and FTD patients'*’. The studied Mdm2-G4 is actually constituted by a very similar
sequence (GGGGC)s, supporting the specificity of this protein for G4s with this peculiar GC-

composition.

More in general, hnRNPs are a family of ribonucleoproteins, many of which have been reported
in association with G4s, with a destabilizing activity'**!¥°. Beside hnRNP A3, we found three
other proteins belonging to this family and complexed with Mdm2-G4: hnRNP F, hnRNP Q
and hnRNP H3. While several studies investigated the function of hnRNP F-G4 complex %152,
less is known about hnRNP Q and H3.

Besides from hnRNPs, other relevant proteins were pulled-down by Mdm2-G4. Ku70 and Ku80
proteins, respectively encoded by XRCC6 and XRCC5 genes, form a dimer and together are part
of the DNA helicase II complex, involved in double-strand breaks repair non-homologous end
joining (NHEJ) and V(D)J recombination'>*-!%, Ku70 was already reported to interact with the
G4s of ERBB2 proto-oncogene'”’, KRAS™® and telomeric G4'° in different types of human
cancers. Its partner Ku80 was not always detected in association with the G4, suggesting that
Ku70 is the factor that mediates the binding to DNA. This hypothesis is also supported by the
higher score and sequence coverage of Ku70 (XRCC6) in the reported experiment (Table 4-3).

Another protein with helicase function that has been found in association with Mdm2-G4 is
DDX3X. It is an RNA helicase that can also unwind partially single stranded DNA portions and

is involved in different steps of gene expression, among which transcription, with either
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enhancing or silencing effect, depending on the target. When involved in translation, DDX3X
was found to specifically recognize complex secondary structures that require helicase activity

to be processed (https://www.genecards.org/cgi-bin/carddisp.pl?gene=DDX3X). Two DDX3X

closely related helicases (DDX5 and DDX17) were reported to interact with GC-rich sequences
with the ability to fold into G4s in cooperation with hnRNP H/F and work as slicing

regulators'®. Interestingly, hnRNP F was also detected in our experiment.

While the proteins described until now prevalently share a G4-destabilizing activity, we also
identified a protein with G4 stabilizing effect: EWS is involved in various cellular processes
among which transcriptional activation. Interestingly, EWS shares with several hnRNPs the
RGG DNA-binding domain, which was demonstrated to recognize G4 structures with strong

specificity!6!162,

Lastly, MYH9, involved in maintenance of platelet structure and cytolytic granule exocytosis,
was previously reported to recognize the C-MYC promoter G4, but the specific role of this

complex was not further investigated**!%,

Altogether, the high number of G4-helicases and destabilizing proteins that we found in
association with Mdm2-G4 suggests the importance for the cell to strictly regulate the folding
of the MDM?2 G4 structure and its possible involvement in gene expression. In particular, the
Ku70-Ku80 complex can be activated after DNA damage response, which is the same stress
stimulus that induces MDM?2-P2 transcription. This observation suggests a possible role of
Ku70-Ku80 helicase in the activation of P2 mediated MDM?2 transcription'®®. On the other
hand, EWS protein can counteract the activity of helicases and hnRNPs, stabilizing the G4.

Further experiments are however necessary for consolidating these observations.

Table 4-3. MS identification of specific Mdm2-G4 binding proteins.

Seq Also Reported on
Name Function Score
Coverage found on G4s
C-ss with 165-167
hni;\l P Trafficking of RNA 125 6% similar
score
ACBL mvolveq in various types of 123 10% /
cell motility
157-159
XRCC6 | S DNA-depegdent ATP- 89 12% Goss
dependent helicase
T64
XRCCS | S8 DNA-depegdent ATP- 57 4% Goss
dependent helicase
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Binds G-rich sequences in pre- 150,151,168,169
hnRNP F | mRNAs keeping it in an 57 6% /
unfolded state
Multifunctional ATP- 190
DDX3X dependent RNA helicase 29 2% /
: . 44
MYH9 cytokllnesm, cell sh.ape, 29 0% /
secretion and capping
26,161,162
EWS transcriptional repressor 28 2% /
interacts with newly
CALX synthesized glycoproteins in 28 1% /
the ER
. . . 170
hnRNp @ | mPplicated in mRNA 24 3% G-ss | C-ss
processing mechanisms
. 165,171
hnRNP ear'ly' heat shock-induced 2 4% /
H3 splicing arrest

The reported proteins are those identified with sufficient confidence based on the indicated
score and which appear to bind Mdm2-G4 in a specific way. When the proteins were also found
in the control oligonucleotides, the score difference was at least double, allowing to presume
higher preference for the target structure. The reported proteins are ordered based on their
score.

The results obtained so far allowed the discovery and characterization of a previously
unreported G4 in the inducible promoter of the human proto-oncogene MDM?2. At
physiological K* salts concentration it folds into a highly stable antiparallel structure and
dilutions of salts allow to measure a strong stabilization of the structure after incubation with a
known G4 ligand. The observed structural features of Mdm2-G4, i.e. the uncommon antiparallel
conformation and the presence of four stacked quartets, makes MDM?2 G4 an attractive
therapeutic target. This observation, together with the identification of specific binding proteins
with opposing effects, supports the biological implication of the studied MDM?2 G4 in the
regulation of various gene processes and the possibility to therapeutically act on them with

potential anticancer activity.

4.2 Genome-wide relationship between G4s and transcription in LPS

While accumulating biophysical characterization and in vitro studies on G4s are accumulating,
more challenging is the understanding of their folding and function in a genome-wide cellular
context. Computational algorithms and a G4-seq DNA polymerase stalling experiment gave

some preliminary results about the genome-wide distribution of over 700,000 G4 forming
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sequences'’>!7*. However, to add biological significance to these results, there is the pressing
need to generate explicit in vivo data. In the last years, evidence of in vivo G4s started to be
consolidated. The main used approaches are fluorescent microscopy G4 visualization, mediated
by G4-specific probes or antibodies!''*!2174-176 Chemical probes were reported to have the
ability to stabilize or induce the folding of G4s manipulating their natural state, whereas
antibody-based approaches have the advantage to recognize only physiologically folded G4s.
The anti-G4 scFv antibody BG4 was recently used to map G4 structures in the fixed chromatin
of normal (NHEK) and immortalized human epidermal keratinocytes (HaCaT)*. Surprisingly, a
striking difference in the number of detected G4s was observed, supporting a cell specific

modulation of G4 folding.

In the present study we applied BG4 ChIP-seq to map G4 regions in the LPS cell line 93T449.
We then combined these results with RNA-seq data to investigate the G4 role in the cell-

specific regulation of gene transcription.

4.2.1 Mapping of DNA G4s in LPS through BG4 ChIP-seq

The FLAG-tagged single chain variable fragment (scFv) antibody BG4 was previously
employed to map G4 structures genome-wide in the chromatin of the pre-oncogenenic
immortalized keratinocytes cell line HaCaT and its normal counterpart (NHEK)®>!'"7, We
adapted the published ChIP-seq protocol to the LPS cell line 93T449 in order to identify the
cell-type specific G4s. Prior to the sequencing, ChIP-qPCR was used to assess the enrichment
of G4 positive regions with respect to the total sheared chromatin (input) (Figure 4-4 A). The
chosen G4 positive control regions were conserved genes previously reported to be recognized
by the BG4 antibody. MDM?2 and CDK4 are LPS-related genes, the first of which folds in vitro
into a G4 structure, as demonstrated in the present study. Negative controls were regions never
reported to adopt a G4 structure and were not detected by BG4-ChlIP or in the published cell

lines.
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Figure 4-4. BG4 chromatin immunoprecipitation of G4 structures.

A) ChIP-gPCR of four G4 positive and four G4 negative regions. Displayed values are
calculated from the Cp of the IP over Input, normalized for the Input dilution factor and
reported as percentages of enrichment. B) ChlP-seq alignments of a G4 positive example
region (CDK4 gene). BG4-1P and Input control are shown. C) ChlP-seq alignments of a G4
negative example region (ESRI gene). BG4-IP and Input control are shown.

ChIP-gPCR results (Figure 4-4 A) showed a clear enrichment in G4 positive regions with
respect to the negative controls. Sequencing of the immunoprecipitated chromatin revealed
about 4800 G4 peaks. Example regions are reported Figure 4-4 B and C.The nonrandom
distribution all over the genome of the observed peaks is a first indication of a biological
control of G4 formation (Figure 4-5 A). To deeper explore the genomic position of G4s we

applied HOMER tool (http://homer.ucsd.edu/homer/ngs/annotation.html) to annotate the peaks

underneath’s region. Interestingly, we found a striking enrichment of G4s in promoter TSS
regions (79 %) with respect to the others functional genomic entities: transcription termination
site (TTS), 5° UTR, 3° UTR, introns, exons, intergenic and non-coding portions. This result
confirms what previously observed through computational predictions of G4s in the human
genome!”®!” and supports the involvement of G4 structures in the regulation of gene

transcription at the genome-wide level (Figure 4-5 B).
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The relation between G4s and transcription has been already explored in in vitro systems of
isolated genes and mainly through gene reporter assays. In most cases ligand-mediated
stabilization of the G4 leads to the repression of the transcriptional output, while less coherent
are the effects of the G4 structure disruption by point mutations: sometimes improving,
sometimes repressing transcription'8-18% A clear picture of how G4s participate in transcription

regulation is therefore still missing.

Peak distribution (93T449) ‘ LS _m\} m.x
exen

] HHMHHHMHHDDHHH D

uuuuuuuuuﬁﬁﬁﬁﬁgﬁgggﬁgguu G4 peaks annotation

93T449

Peaks nr/Chr length

0e+00 2e-06 4e-06

2.0e-01

Peaks nr/Gene nr

0.0e+00

uuuuuuuuuuuuuuuuuuuuuuuu
uuuuuuuuuuuuu

Figure 4-5. LPS G4s position and annotation.

A) G4 abundance in human chromosomes normalized for chromosome length (upper) and gene
number (lower). B) G4 peaks annotation. The relative abundance of G4s in each category is
normalized for the genomic percentage of the corresponding functional region.

4.2.2 Transcriptional state of G4-containing genes

In the attempt to better define G4 structure involvement in transcription regulation, we
combined the G4-ChlIP-seq data with gene expression data measured by RNAseq. The G4-
containig genes were selected from the ChIP-seq results and their transcriptional state evaluated
from two points of view: first, if the gene is transcriptionally active or silent, and second, to

which level the gene is expressed.

To address the first point, we established a gene expression threshold to 1 transcript per million
(TPM) and calculated the percentage of expressed genes for each category, corresponding to

the genomic position of the G4 inside of the gene (promoter-TSS, TTS, 5° UTR, 3’ UTR,
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introns, exons, intergenic and non-coding) (Figure 4-6 A). Interestingly, independently from
the G4 position, the probability to be expressed was always higher for G4-containing genes
compared to G4-depleted genes (no G4). In particular, genes with G4s in promoters and in 5’-
UTRs (regions that are often overlapping in the pre-transcribed genome) displayed a strikingly
higher percentage of actively expressed genes (> 90%), corresponding to the almost totality of
the genes in those categories. On the contrary, less than 50 % of the G4-depleted genes were
expressed. Recently, G4s have been proposed as proper epigenetic marks influencing chromatin
packaging and DNA epigenetic modification’’. In the present work, we reported for the first

time G4 structures as positive DNA marks for active transcription.

In addition to the on/off transcriptional state of G4-containing genes, we were also interested in
exploring how the G4 state was related to the level of gene expression. To address this second
point, we divided the expressed genes (TPM > 1) into three categories (low, medium and highly
expressed genes) on the basis of the quantile expression distribution of all genes in the LPS cell
line. In particular, the lower quantile was associated to low expression, the mid quantile to
medium expression and the upper one to high expression (Figure 4-6 B). The percentage of
G4-containing genes in each category was evaluated and further compared to the percentage of
G4s in non-expressed genes. An additional parameter that we introduced in this analysis was
the effect of the G4 position: we firstly considered only genes with G4s within 1 kbp from the
TSS, so mainly inside of the promoter region; then G4s comprised between 1-15 kbp from the
TSS, representing the mean length of a human gene; finally, G4s farther than 15 kbp, so mainly
in intergenic regions (Figure 4-6 B). As shown in Figure 4-6 C, we could unambiguously
observe a positive correlation between the presence of G4s in gene promoters and high
transcriptional level. The observed trend was however no more visible when moving farther
from the promoter region. This interesting result supports the involvement of G4s in the
enhancement of transcription of the corresponding gene only when they are formed in the
promoter. G4s in different genomic position are instead probably involved in different
regulatory functions, such as recombination or splicing!®>'%¢ but do not significantly affect

transcription.
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Figure 4-6. Transcriptional state of G4-containing genes:

A) Proportion of expressed genes divided by the genomic position of G4s and compared to G4
depleted genes. B) Subdivision of expressed genes in the LPS cell line 937449 into low, medium
and highly expressed on the basis of the quantile gene expression distribution. C) Percentage
of G4-containing genes in relation with the expression level of the corresponding gene.
Difference sitances from the TSS of the nearest gene were evaluated as indicated in the three
panels.

4.2.3 Effect of G4 genomic position on the transcriptional

outcome

In the previous paragraph we have shown that G4s promote active transcription of the
corresponding gene and that high transcriptional levels are associated to the presence of G4 in
the promoter. To confirm the dependency of the transcriptional output from the position of the
G4 in the different genomic functional entities, we looked in more details at the transcriptional
intensity of LPS genes subdivided for the G4 location in the corresponding gene (Figure 4-7
A). In line with what observed before, a significantly higher expression level was visible for
genes with G4s in their promoter or 5’ UTR, while less defined was the effect of G4s in other
functional regions. 5° UTR annotated regions correspond to those genomic portions that are
immediately upstream from the initiation codon and once transcribed into mRNA regulate the
initiation of translation'®”. They normally span between the TSS and the AUG initiation codon,
therefore overlapping with what we consider the promoter region. G4s in this position are with

high probability involved in modulation of the translational potential of mRNAs. A deeper
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investigation of this aspect is surely worthy of interest but goes beyond the principal aim of this

work.
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Figure 4-7. Transcriptional effect of G4 position.

A) G4-containing genes expression distribution in function of the genomic position. B) Gene
expression in function of G4 distance from the TSS. The upper part of the graph is the density
plot of the x axis.

Being interested in characterizing the involvement of DNA G4s in the modulation of gene
transcription, we focused on the promoter regions and explored them in more details. By
plotting the gene expression level (expressed in TPM) in function of the distance of the
corresponding TSS-proximal G4, we observed an accumulation of G4s within 250 bp from the
TSS. Moreover, we observed that the closer the G4 to the TSS, the higher the transcriptional
output of the corresponding gene (Figure 4-7 B). Despite transcription enhancement is not the

function most commonly attributed to G4 formation based on in vitro experiments, there is
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already some experimental evidence that supports this claim*!433,

One hypothesized
mechanism through which G4s can facilitate transcription is by preventing the DNA double
helix from reassembling after the opening of the single-stranded transcription bubble. In this
light and based on our observations, the closer the G4 to the TSS, the easier would be for the
RNA polymerase to reach the TSS and synthetize the nascent RNA. On the other hand, G4
formation on the template strand and downstream of the TSS can help in the promoter escape
process, allowing the release of the early transcription complex from the promoter region'ss.
Therefore, despite G4s are commonly considered structural obstacles to the RNA polymerase
complex processivity, there are different steps of transcription in which they could facilitate the

process, explaining the high transcriptional potential of G4-conatining genes revealed by our

results.

4.2.4 Comparison of the G4 state in different cell lines

To consolidate the evidence that G4 structures are involved in the modulation of gene
expression and that are specifically linked to high expression levels, we compared the G4 state
in two different cell lines. Specifically, we compared the LPS cell line 93T449 with the
immortalized pre-oncogenic keratinocytes HaCaT>®. Comparison of the RNAseq data of the two
cell lines yielded a huge number of differentially expressed genes (5895 genes with higher

expression in the liposarcoma cells and 3642 with higher expression in keratinocytes).

We reasoned that if G4s are used as a mean for transcription regulation, their folding state
should be differently modulated in genes with the same sequence and different expression level.
Therefore, we divided all the differentially expressed genes into groups depending on their fold
change (FC) expression with respect to the reference cell line. Considering the 93T449 cell line
first, we plotted for each FC group the percentage of genes that contain at least one G4
uniquely in the promoter of that cell line (Figure 4-8 B). Interestingly we observed enrichment
in the presence of G4s in genes with higher expression in 93T449 cells than in HaCaT cells.
Moreover, there was a positive trend in G4 occurrence with the increasing of the expression
FC. On the contrary, genes that were less expressed in 93T449 with respect to HaCaT, also
displayed low frequency of G4s, being generally depleted for the presence of these structures.
As further proof of the robustness of this observation, when looking at the same genes in
HaCaT cells, the opposite trend was observed: G4s were enriched in genes that were less

expressed in 93T449 cells, while they were less abundant in genes with higher expression in
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93T449. To summarize these data demonstrate that when the G4 is folded, the corresponding

gene is susceptible to a high expression level, when it is unfolded, also the gene is repressed.
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Figure 4-8. G4 comparison in 93T449 vs. HaCaT cell lines.

A) Venn diagram of G4-conteining genes in 937449 and HaCaT cell lines. B) Percentage G4
occurrence in promoters of genes with the indicated fold change expression with respect to the
opposite cell line. In the two panels the same genes are displayed and the percentage of G4 in
937449 (right) or HaCaT (left) is calculated. In orange are indicated the bars corresponding to
genes with higher expression in 93T449, and in blue genes with higher expression in HaCaT.

These data support our previous evidence that G4s are associated to a high expression level and
suggest that their folding can be modulated by cell-specific factors to regulate transcription. G4
formation can therefore be employed by different cells as a mean to establish their
transcriptome and consequently their identity. However, it is not clear yet how the G4 folding is
influenced by the chromatin state and the presence of epigenetic modifications. G4s have been
indeed reported to correlate with open chromatin regions®. Open chromatin is a typical
condition of transcriptionally active regions. Thus, we still need to establish if G4s are formed
as a consequence of open chromatin state and therefore found in association with high

transcription, or if the induction of a G4 determine a modification of the chromatin compaction.
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4.2.5 Altering gene expression through a G4-stabilizing ligand

The combination of ChIP-seq and RNAseq data under physiological conditions revealed a
strong and consistent correlation between formation of DNA G4s in gene promoters and active
and high transcription of the corresponding gene. It is still unclear, however, how the G4
structure intervenes in the transcriptional process to enhance DNA to mRNA conversion. To
add robustness and in the attempt to clarify the latter issue we perturbed the physiological G4
dynamics by stabilizing them through a potent G4-ligand (H-NDI-NMe,PhAm)'® (Figure 1-9).
At the same time, we tested G4s stabilization as anticancer strategy against LPS. The
compound H-NDI-NMe2PhAm was chosen among two other compounds with a different
chemical core: BRACO-19 which is a well-known G4 stabilizing agent'® and
PyPhen,PropNMe,, a recently synthesized compound that we tested as G4 binder (Figure 1-9).
The cytotoxic effect of the three compounds was tested on 93T449 cells by MTT assay (Figure
4-9 A). After 24 h treatment only the H-NDI-NMe2PhAm displayed strong cytotoxicity at the
tested concentration range, with CCsp of 1 uM. BRACO-19 and PyPhen,PropNMe, compounds
were instead discharged for further experiments: the first did not display enough cytotoxicity to
be employed as antitumoral agent, the second precipitated at concentrations between 10-50 uM

and was not cytotoxic at lower concentrations.

RNAseq of 93T449 cell treated for 24 h in the presence of 1 pM H-NDI-NMe;PhAm was
performed and gene expression levels compared to the control in untreated conditions (Figure
4-9 B). About 800 genes with altered gene expression were identified suggesting a massive

alteration of the transcriptional pattern as a consequence of G4s stabilization.

This result is not surprising given the high abundance and diversity of G4s in the genome of the
studied cells. The perturbation of the natural plasticity of G4s rationally leads to a cascade of
events altering several cellular pathways and probably leading to cells death. For the same
reason it is also not surprising that a high number of genes that do not contain G4s in the
control condition were altered upon treatment, probably due to indirect effects. Among the G4
containing genes, the main effect was downregulation of gene expression, consistently observed
among replicates (Figure 4-9 C). The specificity of the compound in cells was also
demonstrated by the significant overrepresentation of G4-containing genes among the
deregulated ones. In particular, 21 % of the downregulated genes contained at least one G4.
This percentage is highly significant when considering that in the genome of 93T449 cells G4s

were found in only 11 % of all genes (Figure 4-9 D).
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Repression of transcription after G4 stabilization is the most commonly observed effect in in
vitro assays. Different explanations of this effect have been formulated: one is that the presence
of a G4 structure in the double helix represents a spatial obstacle for the processivity of the
RNA polymerase complex>*'%*; a second explanation is that G4s are formed as a compensation
mechanism after the accumulation of negative superhelicity behind the transcriptional
machinery: blocking G4s into their conformation leads to a reduction in the DNA intrinsic

flexibility and consequently impairs RNA polymerase processivity*’#3,

Despite downregulation of transcription is the main observed consequence of G4-ligand
mediated stabilization of the G4 structures, some of the G4-containing genes were also
upregulated or left unaltered. This observation suggests a more complex mechanism through
which G4s are implicated in the regulation of gene transcription, for which further targeted

experiments and analysis are necessary.
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Figure 4-9. Figure. Analysis of gene expression after treatment with H-NDI-NMe;Pham G4
ligand.

A) MTT assay for 24 h treatment with the G4 ligands: H-NDI-NMe;Pham, BRACO-19 and
PyPhen2PropNMe2 B) Transcriptionally deregulated genes after 24 h treatment in the
presence of the compound H-NDI-NMe,Pham. Upregulated genes are shown in red and
downregulated genes in blue. C) Row normalized heatmap Representing the expression level of
G4-containing deregulated genes. D) Percentage of up/downregulated G4-contaiing genes with
respect to all the identified deregulated genes. The dotted line represents the genomic
abundance of G4s in the LPS cell line genome. Values above the line are non random
overrepresentations.

In summary, we were able to map G4s genome-wide in a WD-LPS cell line revealing a striking
enrichment of these non-canonical DNA structures in TSS-proximal regions. The presence of
G4s also appeared to be associated to active transcriptional genes and to high transcriptional

level. G4 stabilization through a potent G4-ligand led to massive alteration of the
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transcriptome, mainly downregulating the expression of G4-containing genes and leading to
cancer cells death. These data represent one of the first attempts to characterize the position of
G4s and their role in the modulation of gene transcription on genome-wide scale in an in vivo

biologically relevant system.
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DNA G-quadruplexes in viruses

4.3 HIV-1

With about 37 million people worldwide chronically living with AIDS, the search for a cure
against HIV-1 is still a pressing issue. Our group has previously shown that the unique
promoter of HIV-1 dynamically folds into a cluster of G4s and that G4-ligands are able to
suppress viral transcription towards the stabilization of this structured region, while point
mutations  disrupting G4 are associated with increased transcriptional activity®.
Physiologically, G4 folding and unfolding equilibria are regulated by the interaction with
specific proteins and protein complexes. These premises motivated the search for host cellular
proteins that could be involved in the G4-mediated modulation of the integrated provirus. Pull-
down/MS combined experiments allowed us to identify at least two cellular proteins (NCL and
hnRNP A2/B1) that interact with the LTR G4s regulating its folding and thus affecting viral
transcription extent’’?®, NCL, in particular, is the protein most often reported for its biological
functions upon G4 recognition. It is widely believed that NCL plays a chaperone role by
helping the correct folding of complex nucleic acids structures. Indeed, NCL has been shown to
display a marked preference for both endogenous and exogenous G-rich sequences that can fold
into G4'2. In the case of HIV-1, we observed NCL-dependent inhibition of transcription
through the stabilization of some of the G4s formed in the LTR promoter. Augmentation of the
G4 basal effects was already observed as a consequence of NCL stabilization of some cellular
promoter G4s, like C-MYC and VEGF**®. Investigating the specific G4 features that makes
NCL binding selective for some of these structures will allow a deeper understanding of NCL-
G4 mediated mechanism of regulation of biological processes and the development of novel

therapeutic strategies.

Here therefore we tried to unravel the structural features of G4s that are required to determine
NCL recognition of some G4s over others. Moreover, we focused on new therapeutic strategies.
We studied the ability of a phase II clinical trial G4 forming aptamer AS1411 to block HIV-1

entry in permissive cells, by sequestering the cell surface NCL.

59



Results and Discussion

4.3.1 Understanding the molecular features necessary for NCL-

G4 interaction

NCL binding to G4s in relation to G-tracts number. To investigate the determinants required
for efficient NCL binding with G4s, we tested through EMSA experiments
NCL/oligonucleotide binding with 3?P-labelled nucleic acids (Appendix 7.2). The ability of
each oligonucleotide to fold into a G4 structure was assessed by CD spectroscopy. Moreover,
the used oligonucleotides were chosen with the aim to test the contribution of oligonucleotide

length, G4 loop, conformation and sequence to NCL binding.

To this aim, we initially tested two sets of telomeric sequences: found in humans (GGGTTA
repeats), and in some ciliates (GGGTTT repeats)'®!. The telomeric sequences were chosen
since the RGG domain, also possessed by NCL, was already reported to interact with them and
because, being tandem repeats, they are quite simpler compared to the G4 sequences in

oncogenes and HIV-1 promoters!®?

The first feature that we investigated was sequence length. We tested telomeric sequences with
a different number of G tracts ((GGGTTA), and (GGGTTT),) i.e. n =4, 6 and 8. NCL binding
to the G4 oligonucleotides was visualized as two bands running slower than the free unbound
DNA. Thus the two bands were ascribed to the binding of the full length (upper) and the N-
terminus-minus (lower) NCL protein to the G4s°’. In these conditions, NCL binding was
directly proportional to the length of the telomeric sequences and the difference in loop

sequence between human and ciliate G4s did not modify this trend (Figure 4-10).
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Figure 4-10. NCL binding to G4s with increasing number of G-tracts.

A) CD spectra of telomeric sequences (GGGTTA), and (GGGTTT),, where n = 4, 6 and 8. B)
EMSA analysis of NCL binding to telomeric sequences (GGGTTA), - lane 4, 5, 6 left - and
(GGGTTT), - lane 4, 5, 6 right - . Lanes 1-4 are control reactions withouth NCL. C)
Quantification of NCL/G4 complex bands obtained in the EMSA shown in panel B). Binding of
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lanes 4-6 left and 4-6 right was normalized for (GGGTTA)s and (GGGTTT)s NCL/G4 band
intensity, respectively.

Long loops favor NCL binding to G4s. While the sequences with 4 and 8 G-tracts can fold into
1 and 2 stacked G4s, respectively, sequences with 5 and 6 G-tracts can fold into one G4
structure leaving one or two spare G-tracts. To test if the oligonucleotides length or the
different structural conformation improved NCL binding, we first tested whether there was a
preferred involvement of G-tracts in these conformationally dynamic sequences. DMS analysis
of the (GGGTTT)s oligonucleotide showed that all Gs were equally protected during folding
(Fig. 2A) indicating the equilibrium of multiple G4 structures that involved alternative G-tracts.
Similar results have been previously reported'**. In particular, in the case of the (GGGTTT)s

oligonucleotide, 5 alternative G4 structures, may be envisaged.

Next, mutant oligonucleotides where each G-tract was replaced by Ts were employed
(Appendix 7.2). The (GGGTTT), oligonucleotide was used as a control since it displays the
same sequence and number of G-tracts as the mutant oligonucleotides, but lacks extra T bases
in the loops or at the 5'- or 3’-end. All mutant sequences were shown to maintain the G4 folding
by CD analysis, mainly displaying a hybrid/mixed type topology as the wild type sequence
(Figure 4-11). A slightly lower thermal stability was instead observed by CD thermal unfolding
(Table 4-4). EMSA analysis of NCL binding to the mutant sequences showed mild preferential
binding towards oligonucleotides where internal G-tracts were mutated (Figure 4-11). Binding
to sequences with external Ts was consistently lower, but higher than that to the (GGGTTT),
control. The (GGGTTT)s oligonucleotide displayed an average binding to all other mutant
sequences. These data indicate that NCL preferentially binds G4s with at least one loop longer
than 3 nts (e.g. 9 nts, compare nSM2, n5M3 and n5M4 binding, lanes 4-6 NCL, to n5SM1 and
n5SMS5, lanes 3 and 7 NCL (Figure 4-11) and with free nts at the 5’ or 3’ termini (compare
n5SM1, lane 3 NCL, and n5SMS5, lane 7 NCL, to (GGGTTT)4, lanel NCL,Figure 4-11).
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Figure 4-11. Analysis of NCL binding to alternative G4 structures formed by the (GGGTTT)s
telomeric sequence

A) DMS protection analysis of (GGGTTT)s folded in the presence or absence of K*. M is a
marker lane obtained with the Maxam and Gilbert sequencing protocol. Oligonucleotide
sequence is shown below the gel image. The densitogram above the gel shows quantification of
cleaved bands intensity. B) CD spectra of (GGGTTT)s and mutant derivatives where each G-
tract was systematically replaced by Ts. C) EMSA analysis of NCL binding to (GGGTTT)4,
(GGGTTT)s and mutant oligonucleotides. Oligonucleotide identity is shown above each lane in
the gel image. D) Quantification of NCL/G4 complex bands obtained in the EMSA in panel C).
Bars named n4 and n5 correspond to (GGGTTT)4 and (GGGTTT)s, respectively.

Table 4-4. Stability (T, values) of oligonucleotides of the (GGGTTT)s series and mutants.

Oligonucleotide Tm (265 nm) Tm (285 nm)
(GGGTTT)4 66.6 °C 66.1 °C
(GGGTTT)s 58.0 °C 55.7°C

nSM1 534°C 54.5°C
nSM2 56.7 °C 56.6 °C
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n5M3 52.0°C 53.2°C
n5SM4 / 60.4 °C
n5M5 65.5 °C 64.5 °C

T.,» were measured by CD thermal unfolding and reported at the
positive CD peaks, signatures of the parallel (265 nm) and
antiparallel (285 nm) G4 conformation contribution

More than two long or extremely short loops destabilize NCL interaction with G4s. To further

explore the impact of loop length on NCL binding to G4s, three series of oligonucleotides with

different loop-length combinations were tested: in each series, the two lateral loops were kept

constant (1, 3 or 6 nts in each series) and the central loop was modified (1, 3 or 6 nts)

(Appendix 7.2). All oligonucleotides folded into G4: in this case some sequences displayed a
neat parallel topology (111, 131, 161, 313, 616, Figure 4-12 A), while other a mixed/hybrid
type one (333, 363, 636, 666, Figure 4-12 A), in keeping with the notion that G4s with 1-nt

loops are constrained to the parallel conformation'>!5, In general, G4s with shorter loops were

more stable than those with longer loops (Table 4-5).

Table 4-5. Stability (T, values) of oligonucleotides of the (GGGTTT), series.

Oligonucleotide Tm (265 nm) Tm (285 nm)
111 >90 °C /
131 >90 °C /
161 72.1°C /
313 66.1 °C /
333 66.6 °C 66.1 °C
363 63.0°C 64.0 °C
616 52.7°C /
636 52.9°C 53.0°C
666 45.3 °C 44.4 °C

T, were measured by CD thermal unfolding and reported at the
positive CD peaks, signatures of the parallel (265 nm) and
antiparallel (285 nm) G4 conformation contribution.
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EMSA binding analysis showed a general increase in NCL binding upon loop extension
(Figure 4-12 B and C). This effect was particularly visible in the three G4s where the central
loop was modified, while keeping constant the lateral loops, and in the series where the central
loop was kept constant, upon the increasing length of the lateral loops. Two notable exceptions
were found: when all loops were 1 nt- or 6-nt long, NCL binding was higher or lower,
respectively, than expected by the above-described trend (oligonucleotides 111 and 666 in
Figure 4-12 B and C. The observed behavior was apparently independent of the G4
conformation: oligonucleotides adopted both mixed and parallel-like G4 conformations (Figure
4-12 A), while no straightforward correlation with the intensity of NCL binding could be found
(Figure 4-12 B and C). However, when testing G4 folding in EMSA, we observed one main
band for all oligonucleotides, except oligonucleotides 111 and 131, which displayed two bands

running at different migration rates (Figure 4-12 D).
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Figure 4-12. NCL binding to G4s with systematic elongation of loop length.

64

WA | complexss



Results and Discussion

A) CD spectra of oligonucleotides with two constant lateral (1, 3 or 6 nts) and variable central
loop (1, 3 or 6 nts). B) EMSA analysis of NCL binding to each G4 with different loop-length
combination. Oligonucleotides identity is shown above each lane. C) Quantification of NCL/G4
complex bands obtained in the EMSA in panel (B). D) Native gel electrophoresis of G4-folded
oligonucleotides. Oligonucleotides identity is shown above each lane. Lanes 1-4 are marker
oligonucleotides of known length and unable to fold into secondary structures. The symbol *
indicates oligonucleotides showing two bands with different migration rate.

To test the molecularity of the upper running band, each labelled oligonucleotide was added
with increasing amounts of the same unlabelled nucleic acid. As shown in Figure 4-13 A, the
amount of the upper running band increased with increasing amounts of the unlabelled
oligonucleotide, indicating the dimeric nature of the upper band. Since it has been reported that
the presence of one T base at the end of a G4 forming oligonucleotide induces a preferential
monomeric G4'°*1% we added one T base at each end of the 111, 131 and 161 oligonucleotides
(T111T, T131T, T161T, Appendix 7.2). The modified sequences maintained indeed the
monomeric G4 conformation as shown in figures Figure 4-13 B and C. Interestingly, these T-
added oligonucleotides bound NCL to a lower extent than those without T, probably due to
steric hindrance, however, the binding trend was restored: the increase in the amount of

NCL/DNA complex paralleled the lengthening of the loops (Figure 4-13 D).

The above data indicate that in G4-forming sequences formed by GGG tracts and T loops, NCL
binding is in general favoured by the presence of one or two long loops (i.e. 6 nt), whereas
three long loops are less favoured. The presence of one or two 1-nt long loops in the absence of

at least one 6-nt loops disfavours NCL binding.
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Figure 4-13. Analysis of monomeric and dimeric G4 folding of relevant oligonucleotides.

A) Native gel electrophoresis at increasing oligonucleotide concentration (20, 45, 120, 415,
1600, 6200 nM). Samples identity is indicated above the gel image. Marker oligonucleotides
with known length and unable to fold into secondary structures are loaded. B) CD spectra of
G4s showing dimeric folding and their corresponding monomolecular form when one T base
was added at each of the two ends. C) EMSA analysis of NCL binding. Oligonucleotides
identity is shown above each lane. D) Quantification of NCL/G4 complex bands obtained in the
EMSA in panel C).

NCL binding to G4 oligonucleotides is independent of the G4 conformation. By now, it was
not possible to establish in a straightforward manner, whether NCL/G4 binding was affected by
the G4 conformation. It has been reported that oligonucleotide G4 folding depends on the
presence of the monovalent cation in solution. For instance, the human telomeric sequence
adopts a hybrid conformation in K* solution'™, while it is antiparallel in Na* solution'®.
Moreover, the presence in solution of cosolvents, such as polyethylene glycol (PEG), during G4
folding is commonly used to perturb G4 topology'®®. To investigate the effect of G4

conformation on NCL binding, we folded oligonucleotides previously tested in KCl alone
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(Figure 4-12 B), in KCI and NaCl in the presence of PEG 20% (w/v). In these conditions we
observed in most cases a clear-cut conformational change (Figure 4-14 A): for instance,
oligonucleotide 333 was mixed with a prevalent antiparallel conformation in K*, while it
shifted to a prevalent parallel topology in K* + PEG (compare Figure 4-12 A and Figure 4-14
A). Assessing NCL binding on these oligonucleotides folded in PEG, we observed the
maintenance of the increased NCL binding to longer loop sequences trend (Figure 4-14 B and
C). These data indicate that binding of NCL to telomeric-like G4 oligonucleotides is in general
independent of the conformation and that loop length is the major determinant of NCL binding

efficiency to telomeric G4s.
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Figure 4-14. Analysis of NCL binding towards oligonucleotides with variable G4s
conformation.

A) CD spectra of 313, 333, 363 oligonucleotides folded in the presence of 20% (w/v) PEG200
and K* or Na*. B) EMSA analysis of NCL binding to 313, 333, 363 oligonucleotides folded in
the presence of 20% PEG200 and K* or Na* as indicated above the gel image. C)
Quantification of NCL/G4 complex bands obtained in the EMSA in panel (B). For the K or
Na* experiment series, binding was normalized to the intensity of the 333 NCL/G4 complex
band in the corresponding salt condition.

Sequence dependence: NCL binding to oncogenes promoter G4s. To verify if NCL binding
determinants observed in telomeric (GGGTTT), G4s were maintained in G4s with more
complex sequences, we tested NCL binding towards four oncogene promoters i.e. C-MYC, C-
KITI, BCL-2 and hTERT 1-4"72°_ Each of them was shown to form stable G4s whose
conformations have been characterized by deep structural analysis. Moreover, all these
oncogene promoter G4s display loops with different length, composition and conformation
(Appendix 7.2 Figure 4-15 A). We observed that NCL bound preferentially to bcl-2, followed

by c-myc; hTert 1-4 and c-kitl displayed similar and lower NCL binding (Figure 4-15 B and
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C). Among these G4s, BCL-2 is the only structure exhibiting a long loop (7 nts) and two shorter
loops (3 and 1 nts), whereas C-MYC, C-KIT1 and hTERT 1-4 they all have loops <4 nts
(Appendix 7.2).
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Figure 4-15. NCL binding to human oncogene promoter G4s.

A) CD spectra of G4s formed in the C-KITI, BCL-2, C-MYC and hTERT promoters. B) EMSA
analysis of NCL binding to oncogene promoter G4s. C) Quantification of NCL/G4 complexes
obtained in the EMSA in panel (B).

It has very recently been shown that the hTert full-length sequence is composed of 12 G-tracts
that fold in two adjacent G4s: our tested hTERT [-4 comprises the first four G-tracts; the
second G4, spanning G-tracts 5-12, displays a peculiar structure where a 26 nt-long loop forms
an extended stem-hairpin®”!. We wished to test NCL binding to the two separated h”TERT G4s
hTERT [-4 and hTERT 5-12) and to the full-length sequence (hTERT 1-12). All three hTERT
G4s have similar CD spectra with a major peak at 260 nm and a shoulder at 295 nm, with molar
ellipticity values at 260 nm increasing with the number of G-tracts in the G4-forming
oligonucleotides (Figure 4-16 A). NCL binding to hTERT I-4and hTert 5-12 was similar,
indicating that the stem-hairpin suppresses the enhancing binding effect of the long loop
(Figure 4-16 B and C). Binding of NCL to hTert 1-12 was slightly enhanced (Figure 4-16 B
and C), retracing the behaviour observed in the (GGGTTA), and (GGGTTT), oligonucleotides,
where NCL preferentially bound to oligonucleotides with longer loops when multiple G-tracts
were available for folding (Figure 4-10 and Figure 4-11). It is thus possible that also in the
case of hTert 1-12 NCL induces folding of a less stable but favourite long-looped G4. In
alternative, the 7 nt spacer between the two G4 s (hTert 1-4 and hTert 5-12) is recognized as a

long loop and therefore stimulates NCL binding.
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We next tested bcl-2 and c-myc in the presence of PEG 20% (w/v) to rule out an effect of PEG
in NCL binding. Both oligonucleotides in K* are folded in a parallel G4 conformation, which is
not modified in the presence of PEG (Figure 4-16 D). As observed before for the telomeric-like
G4s, NCL maintained a similar trend and degree of binding to these G4s in the
absence/presence of PEG, confirming that PEG did not significantly alter NCL binding (Figure
4-16 E).

Interestingly, these data fit with NCL binding to HIV-1 LTR promoter G4s, previously reported
and obtained by both EMSA and FRET analysis®’

.]. Among the different G4 species that can independently form in HIV-1 LTR, the best-bound
G4 is LTR-IIL It displays 1, 11, 3 nt-long loops. The second G4 with better affinity for NCL is
LTR-II with 8, 11, 1 nt-long loops. Instead LTR-IV, which presents 1, 4, 1 nt-long loops, was
bound to a negligible extent®**’. These data indicate that the results collected on (GGGTTT),
G4s apply in general to G4s with random sequences and that, again, the loop length is the major

determinant in driving NCL binding to G4s.
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Figure 4-16. NCL binding to G4s in special conditions.

A) CD spectra of G4s formed by hTert 1-4, hTert 5-12 and hTert 1-12 oligonucleotides.
Numbers indicate G4-tracts. B) EMSA analysis of NCL binding to hTert G4s. C) Quantification
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of NCL/G4 complexes obtained in the EMSA in panel B). D) CD spectra of G4s formed by c-
myc and bcl-2 in the presence/absence of PEG 20% (w/v). E) EMSA analysis of NCL binding to
c-myc and bcl-2 G4s in the presence/absence of PEG 20% (w/v). F) Quantification of NCL/G4
complexes obtained in the EMSA in panel E).

Given the importance of NCL in the regulation of G4-mediated cellular mechanisms, another
group before us already attempted to characterize the G4 features that induce NCL binding*. In
contrast to our work, this group used C-myc as test G4 to prove a preferential binding of NCL
to parallel G4s with short loops. This apparent discrepancy may be explained by several
reasons: i) we used the full-length human NCL, while Gonzalez et al. used an E. coli purified
recombinant protein which lacks the N-terminal domain (which in turn was fused to the
bacterial maltose-binding protein) and eventual post-translational modifications. These
differences may impair the specific recognition of G4s and change the steric occupancy of the
protein. In particular because NCL N-terminal domain is known to participate in the reinforcing
of the direct binding to nucleic acids mediated by the RGG domain. ii) It has been demonstrated
that short loops tend to constrain G4 structures into a parallel conformation, regardless of base
composition'>13, therefore the suggested preferential binding to short looped G4s in the parallel

conformation may derive from the analysis of two dependent variables.

In summary, our results were obtained through a systematic analysis of loop sequence and
oligonucleotide conformation. We unambiguously showed that NCL prefers G4s with at least
one long loop (=3 nts), while three short loops (1 nt) or three long loops (6 nts) are disfavoured.
The analysis on the simplified sequences allowed us to modify the conformation of the
oligonucleotides working in different salt (K* or Na*) and crowding conditions (PEG 20%
w/v)192196202 " to show that NCL binding is in general independent of the oligonucleotide

conformation and that loop lengths is the driving force that enhances NCL binding to G4s.

By extending the results from the telomeric sequences to cellular oncogene and HIV-1
promoter G4s, we were able to show that loop length is the major determinant in the
enhancement of NCL binding to G4s even in more variable and complex sequences. This
observation is in line with the reported recognition of G4s by the cellular protein EWS: EWS
shares with NCL the RGG domain which mediates recognition of G4s>®. and binds to G4s
independently of base composition in long loops!'®?. Finally, our results may shed some light on
NCL recognition of HIV-1 LTR G4s: it is known that regions containing multiple G-tracts can
fold into several conformations involving the alternative use of different G-tracts. We here

indicate that NCL binding stimulates folding of these regions to G4s containing long loops (i.e.
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some G-tracts may be included to the loop moiety) therefore modifying the overall 3D structure
and steric hindrance of these nucleic acid repeated sequences. Interestingly, indeed, NCL
preferentially stabilized G4s that were less intrinsically stable, likely because of the possibility
in this condition to fold them in the best protein-fitting conformation. This also explains the
strong affinity of NCL to the LTR G4s, which is a dynamic sequence allowing more equilibria
(at least two of which comprising long loops) and potentially allowing the modulation of its

structure by the interaction with specific proteins.

4.3.2 The G4 aptamer AS1411 as anti HIV-1 agent

The role of NCL in the HIV-1 life cycle is not restricted to the regulation of provirus
transcription, but it is also involved in virion attachment to permissive CD4* cells. This phase is
normally mediated by the main co-receptors CXCR4 and CCRS, but can also occur through
heparan sulfate proteoglycans and cell-surface-expressed NCL?*. Immediately after HIV-1
entry into susceptible cells, cell-surface NCL is down-regulated as a consequence of

cytoplasmic translocation**

. Due to the important involvement of cell-surface NCL in the viral
initial phases of infection, NCL has been proposed as an anti-HIV-1 target. Here we tested the
G4 forming aptamer AS1411 for targeting NCL-mediated HIV-1 cellular uptake''”. AS1411
already completed two phase II clinical trials as an anticancer agent displaying very low
toxicity. We demonstrated through antiviral assay in TZM-bl and MT-4 cells, as well as in
chronically and latently infected cells, that AS1411 has the ability to inhibit viral replication. A
time of addition and viral binding assays confirmed our hypothesis that AS1411 acts at the
level of viral entry. Other anti-HIV-1 G4-forming aptamers have been reported to block viral
attachment by binding to the gp120 envelope glycoprotein. We used SPR optical biosensor to
test AS1411 binding to gp120 and NCL. As a control we also measured binding affinity of
another HIV-1 G4 of the LTR region (LTR-III), as well as a scrambled non G-rich
oligonucleotide (SCRA) and the C-rich sequence (CRO26) (Appendix 7.2). AS1411 showed a
fast association and high affinity (34.2 nM) for NCL, while its binding to gp120 was too low to
assign a meaningful binding constant (Figure 4-17 A and B). LTR-III had a similar behavior,
but its affinity for NCL (76.3 nM) was lower with respect to that of AS1411 and showed a
slower association rate (Figure 4-17 C and D). SCRA and CRO26 in contrast, exhibited
negligible interaction both with NCL and gp120 (Figure 4-17 E-H).
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Figure 4-17. Binding affinity of NCL and gp120 measured by SPR.

Sensorgrams were obtained by injection over immobilized NCL and gp120 respectively of the
oligonucleitdes A-B) AS1411, C-D) CRO26, E-F) SCRA, G-H) LTR-I1II. Oligonucleotides were
tested in the concentration range 15.6 nM — 1 uM. Experimental curves are shown in gray,
while 1:1 global fittings are in black. I) AS1411 mechanism of action in HIV-1 entry'.

These data strongly support that binding to NCL is the main mechanism of action of AS1411.
In particular, we demonstrated through SPR technology that AS1411 effectively occupies the
NCL binding site required for viral attachment, thus inhibiting its entry into cells. Moreover,
the dimeric nature of this aptamer, its high stability and natural propensity to fold into G4 may
account for the improved antiviral activity compared with other G4-forming oligonucleotides.
Having AS1411 already passed two phase II clinical trials, it represents a really promising

antiviral compounds with high safety and tolerance and specific effect.

Together our results concerning G4s in HIV-1, at genomic level and as tools for inhibiting viral

entry and infection, highlight the importance of NCL-G4 complex as antiviral target.

Besides HIV-1, G4s investigation in the genome of the herpesvirus HSV-1 was addressed in the

present work, as described in the next chapter.
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44 HSV-1

The HSV-1 genome is of particular interest for the study of G4s given its incredible richness in
G-rich sequences. Recently we provided evidence for the presence of very stable G4-forming
regions located in the HSV-1 inverted repeats. Multiple conserved and extended clusters of G4
forming sequences were observed, covering about 2 kbp of the 152 kbp-viral genome'"!. As
previously discussed, the direct visualization and study of G4s in vivo is currently one of the
main challenges in the dissection of their function. Beside BG4, a monoclonal antibody (1H6)
was recently developed in mice immunized with a G4-carrying antigen. 1H6 displayed the
ability to recognize with high affinity tetramolecular and monomolecular G4s.
Immunofluorescence microscopy exploiting 1H6 resulted in strong nuclear staining in most
human cells, which was suppressed by the addition of soluble G4 DNA, with prior treatment
with DNase and in cells deficient for a G4-specific helicase (FANCJ). In contrast, cell

treatment with G4 stabilizing agents increased the intensity and extension of staining!'®.

Given the extraordinary extension of G4 forming regions in the HSV-1 genome, we aimed at
visualizing G4s in eukaryotic cells infected with HSV-1 by employing 1H6. To reach this goal,
we had to first determine the ability of the antibody to specifically interact with HSV-1 G4s.
We therefore employed a SPR based method for the measurement of 1H6 affinity to HSV-1

G4s with respect to other cellular G4s.

4.4.1 Development of a new SPR immobilization strategy for 1H6

anti-G4 antibody

SPR is a fast, label-free and highly sensitive technique allowing the real-time measurement of
binding kinetics and affinity between two interacting partners. Given the advantages of this
technology, we exploited it to screen 1H6 interaction with some selected G4 oligonucleotides:
the tetramolecular Oxytrichia telomeric G4 (Oxy2) which is the antigen against which 1H6 was
developed!"”. a representative G4 of HSV-1 (un3), a human G4 (Bcl-2), and three negative
controls unable to form G4, i.e. a double stranded (dsDNA), a single stranded (ssDNA) and a
hairpin DNA (hp) as reported in Appendix 7.2.

As a first attempt we directly immobilized 1H6 (ligand) on the sensor chip surface through

amine coupling chemistry which is the most common strategy providing a very broad

206

efficacy””. We successfully immobilized about 1000 RU of Ab, satisfying the conditions of
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low-density surface and good signal-to-noise-ratio®”’. According to Egquation (I), in this
condition the G4 binding molecules (analytes) were expected to reach a response ranging
between 50-130 RU. However, when the G4 and non-G4 analytes were flowed on the
immobilized 1H6, no binding was observed (Figure 4-18 A). The reason of the observed
negative result is likely the inactivation of the ligand during the immobilization procedure. This
could be due to: i) 1H6 denaturation caused by its dilution in low pH buffer; ii) presence of
basic residues in the G4 binding site of 1H6 that have reacted with the activated dextran matrix
impairing 1H6 ability to bind G4s!!"® (Figure 4-19 E); iii) reduction of 1H6 “breathing” and

steric hindrance that interferes with G4 recognition®”; iv) a combination of all the above.

To avoid the mentioned issues, we shifted to a capturing immobilization strategy, in which 1H6
was non-covalently bound to the chip surface by mean of an anti-mouse IgG, recognizing the
species-specific portion (Fc region or exposed constant chains) of the ligand Ab of interest. We
set up the capturing conditions to reach about 1000 RU of bound 1H6 and performed the
binding analysis in the same conditions used for the standard amine coupling. A positive
binding response of all the G4 oligonucleotides was now detected, while no interaction was
visible for the non-G4 negative controls (Figure 4-18 B). Despite the improvement provided by
the capturing mediated strategy, the obtained response was not sufficient to reliably determine
the kinetic constants of all the G4 analytes [Table 4-6]. Less than 15% of the expected maximal
response was indeed obtained for un3 and bcl-2, while 45% of surface activity was reached for

the best analyte (Oxy2) (Figure 4-19).
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Figure 4-18. Binding analysis of 1H6-G4 and control nucleic acids interaction after.
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A) IH6 direct amine coupling, B) anti-mouse mediated 1H6 capturing, C) anti-mouse mediated
capturing of the 1H6-G4 complex. Oxy2 G4 analyte was tested in the concentration range
62.50 nM — 8.00 uM, while for un3 and bcl-2 the 125 nM — 8.00 uM range was sufficient to
cover the kinetic spectrum. Recorded sensorgrams are shown in red, while fitting curves are in
black. Fitting curves were not reported when they did not fit or the kinetic constants were
outside the sensitivity of the instrument.

Table 4-6. Kinetic parameters for 1H6-G4 interaction.

AMINE COUPLING| G4 Ab CAPTURING G4 Ab/G4 CAPTURING
KD |ka (10*Ms KD
-1 -1 -4 -1 4 -1 -4 -1
ka Ms') kd(s') (nM) 1 kd (10*s) (nM) ka (10°Ms') kd (10“s') KD (nM)
2950 £0.92 6.99 +1.73 f% 1531 Sliso1s A73E154 916281 tetra
Oxy2 nd nd nd | 1060 £ 238526+ 39573+ 4173+ bj
.60 £ 26+ 73+ 13+ 1
56.40 1774.46 Z‘;‘;SS 106.87£37.22 16610 13.15
un3 nd nd nd nd nd nd | 007+001  330+0.10 47; 7655 *
bcl-2 nd nd nd nd nd nd | 058+ 001 3010110 ° 12%%*

nd = non detectable; Uncertainties of the reported values are calculated as the standard
deviation of at least two experimental replicates obtained with independent ligand

immobilizations.

We reasoned that such a reduced binding capacity of the immobilized ligand could be due again

to heterogeneous orientation of 1H6 G4 binding site. Being the capturing anti-mouse antibody a

polyclonal immunoglobulin, there are several portions of the 1H6 Fc region that can be

recognized. Differently oriented 1H6 molecules on a crowded surface can impair or hide the

availability of the G4 binding site (Figure 4-19 E).
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Figure 4-19. Sensor chip surface activity.

1HG6 surface activity was measured as percentage of the theoretically expected Ryqx obtained
for each tested analyte (0 nM — 4.00 uM) after A) direct amine coupling of 1H6, B) anti-mouse
mediated 1H6 capturing and C) anti-mouse mediated capturing of previously formed 1H6-G4
complex. Panel D) shows the comparison of surface activity determined at analyte saturating
concentration (4.00 uM) for the three immobilization strategies as indicated. E) Representation
of 1H6 antibody orientation on the chip surface according to the different immobilization
strategies: Direct amine coupling, Anti-mouse antibody mediated capturing and anti-mouse
antibody mediated capturing following the incubation of 1H6 with a G4 partner.

To further improve 1H6 immobilization we modified the capturing step by adding a second
orientating factor, with the aim to limit the availability of 1H6 portions that can be recognized
by the anti-mouse Ab and at the same time assuring the exposure of the G4 binding site. We
achieved these conditions by incubating 1H6 with a high affinity G4 partner (Oxy2) at
saturating concentration. The 1H6/G4 complex was then injected on the covalently
immobilized anti-mouse site. Being 1H6-anti-mouse Ab interaction much stronger than the
1H6-G4 one, once captured, the complexed G4 was washed through a flow of high ionic
strength buffer (KClI 1 M), leaving 1H6 antigen binding site free for successive binding
analysis. The successful dissociation of the orienting G4 was confirmed by the mild drop in
response (about 100 RU) observed after the wash at the end of the complex capturing,
corresponding to the expected amount of analyte necessary to saturate the Ab (Figure 4-20 B).
Comparing the capturing curves in the presence or absence of the G4 partner we observed
different kinetics of association (Figure 4-20 A and B). In particular, the association of 1H6-

G4 complex was slower than 1H6 alone. This is likely due to the presence of the G4, which
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reduces the availability of some 1H6 binding sites recognized by the anti-mouse Ab. About
1000 RU of 1H6 remained captured on the anti-mouse Ab after the wash, thus a kinetic analysis
could be performed and the results could be compared to the previous strategies. As in the
previous capturing procedure, the doubly oriented method that we developed allowed to record
a binding interaction between 1H6 and all the tested G4 analytes, while no binding was
detected for the non -G4 controls. The improvements gained by the new strategy also allowed
to increase the surface activity (i.e. the amount of 1H6 molecules that are functionally captured
and can be recognized by the flowing analytes). In fact, Oxy2 and un3 reached now about 65%
of the expected response and bcl-2 reached 27% (Figure 4-19 C and D) allowing a reliable
determination of the kinetic constants [Table 4-6]. Based on these results, we found that Oxy2
is the partner with the best affinity (KDiewra 9.16 £ 2.81 nM, KDy; 41.73 + 13.15 nM), followed
by bcl-2 (375.50 £ 1.46 nM) and un3 (479.65 + 2.75 nM). Analyzing in a closer way the
binding curves of Oxy2, a complex behavior can be noticed, characterized by a slow rise of the
association phase and a fast dissociation followed by a slower decrease in the response. This
biphasic dissociation can be explained by the presence of two different G4 species formed in

solution, as demonstrated by EMSA experiment (Figure 4-20 C).
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Figure 4-20. Association curve of 1H6 capturing procedures and Oxy2 G4 forms.

A) 1HG6 alone, or B) 1H6-G4 complex were captured on the sensor chips surface previously
immobilized anti-mouse antibody. C) EMSA of Oxy2 G4 folded at different concentrations in
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the same range used for SPR analysis, showing the bi- and tetramolecular form folding in a
concentration dependent manner. D) CD Spectroscopy: The spectrum was recorded at 20 °C
after folding Oxy2 (4 uM) overnight in the presence of 100 mM KCI. The displayed positive
peak at 265 nm and a negative peak at 240 nm are typical of a G4 parallel topology.

Two different species were visible in the gel and were ascribed to the bi- and tetramolecular
forms of Oxy2 G4. The parallel topology recorded by CD spectroscopy for Oxy2, folded at a
concentration corresponding to the presence of the sole upper band in EMSA native gel,
supported the predicted stoichiometry. It has indeed been previously demonstrated that the
tetramolecular form of Oxy2 adopts a parallel conformation, while the dimer folds as

antiparallel G42%-213,

The effective concentration of the two Oxy2 species was determined by quantification of the
corresponding EMSA bands [Table 4-7] and used to fit the SPR sensorgrams to a
heterogeneous model, taking into account the different species and therefore being suitable for

a precise fitting of the experimental curves.

Table 4-7. Percentage abundance and estimated concentration of the bi- and tetramolecular
G4 species formed by Oxy?2 in the presence of 100 mM K",

% abundance Concentration (nM)
tetra bi tetra bi Total
100 15.12 15.12
11.22 88.78 3.51 27.74 31.25
59.52 40.48 37.20 25.30 62.50
64.89 35.11 81.11 43.89 125
71.54 28.46 178.85 71.15 250
76.55 23.45 382.75 117.25 500
77.85 22.15 778.50 221.50 1000
80.74 19.26 1614.80 385.20 2000
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86.28 13.72 3451.20 548.80 4000
89.16 10.84 7132.80 867.20 8000
92.74 7.26 14838.40 1161.60 16000

The reported values were obtained from the quantification of shift
bands obtained by native EMSA experiment (Figure 4-20 C).

Altogether, we described a new SPR strategy for the functional immobilization of the anti-G4
Ab 1H6. It consists in a doubly oriented capturing procedure providing several advantages with
respect to the standard covalent coupling: i) it allows to work at physiological pH, therefore
preserving the integrity and functionality of the ligand; ii) the pH scouting procedure is not
necessary allowing to spare time and sample; iii) the captured ligand can be completely
regenerated and re-immobilized, so the same flow cell can be used several times; iv) lower
ligand volume is required to obtain the same immobilized level. Moreover, the SPR
immobilization of a ligand mediated by previous incubation with an analyte can be applied to
proteins in general and to molecules that require correct folding. It can also be applied to
position on the chip surface every type of molecules so that the binding site is correctly

exposed and available for analyte binding.

We employed the described method for the accurate and sensitive characterization of the
binding between 1H6 and some selected G4 antigens, demonstrating the suitability of SPR
technology to verify the real specificity and affinity of the Ab to various G4 targets. The latter
is a fundamental issue for the further exploitation of the Ab in in vivo experiments for the
monitoring of G4 structures in a cellular context and should be extended to a wider range of

targets.

4.4.2 Screening of 1H6 affinity for HSV-1 and human G4s

With the aim of employing 1H6 Ab to visualize HSV-1 G4s in cells, we used the above
described capturing method to test 1H6 affinity for three selected HSV-1 G4s over a series of
controls. We have previously shown that at least 4 G-rich repeated sequences in the HSV-1
genome can fold into G4 structures in vitro: un2 (antiparallel), un3 (parallel), gp054a (mixed-

type) and unl, which is however unstable in solution and therefore could not be tested'®. As
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controls we employed: the tetramolecular Oxytrichia telomeric G4 (Oxy2), the monomolecular
Oxytrichia G4 (OxyTel), three different-length human telomeric G4s (hTel2l, hTel22 and
hTel54), two G-rich oligonucleotides corresponding to the scrambled sequences of the human
telomeric and HIV-1 LTR promoter G4s (hTelScra and LTRScra), one random ssDNA
(ssDNA), two poly Ts (T9 and T30), one hairpin oligonucleotide (Ap) and a dSDNA (dsDNA).

The absolute binding affinity at the thermodynamic equilibrium could be obtained only for few
of these sequences. In particular, Oxy2 was confirmed to have the best affinity (Kp 62.0 + 4.2
nM); hTel54 had a 10-fold lower affinity (Kp 654.5 + 70.7 nM), slightly lower than un2 and
un3 (Kp 535.3 £ 20.5 and 479.7 + 14.1 nM, respectively); gp054 was 3 times a lesser good
binder than un2 (Kp 1.67 + 0.46 pM). The other sequences displayed either no or non-specific
interaction with 1H6 (Figure 4-21). Kp values represent the binding affinity at the equilibrium.
However, other kinetic parameters can be obtained by SPR, such as the binding stability.
Stability is a fundamental aspect to be considered when investigating binding partners that
should interact in the cellular environment. Even slight variations in the stability of an
interaction can be detrimental to target binding. Therefore, to compare all the tested sequences,
we measured the stability of 1H6/oligonucleotide right before the end of the dissociation phase,
which can be roughly compared to the final wash step in an ELISA assay. In these conditions,
the best stabilization was again obtained with Oxy2, un2 and un3 sequences (Figure 4-21);
gp054, hTel54, hTel21 and OxyTel (all G4 forming sequences) also showed stabilization though
to a lower extent; hTel22 and all non-G4-forming oligonucleotides displayed no stability

(Figure 4-21).

These data indicate that two of the three tested HSV-1 G4s are bound at least 30 times better
than ssDNA. Interestingly, un2 and un3 are the most abundant repeats in all HSV-1 strains. The
SPR data also indicate the excellent G4 selectivity of 1H6, which recognizes G4s with different

efficiency, depending on the conformation, and does not bind unstructured oligonucleotides'®.
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Figure 4-21. SPR analysis of 1H6 antibody binding affinity and stability to HSV-1 G4-
Jforming oligonucleotides and control sequences.

Binding stability of HSV-1 G4s and control oligonucleotides was measured for each sample in
the late dissociation phase at the concentration 4 uM . Results are shown as RU (response
units) values + SEM (n = 3). After 1H6 natural antigen Oxy2, the HSV-1 G4s display the
strongest binding.

Thanks to the development of a tailored SPR strategy and based on the promising obtained
data, showing that 1H6 Ab binds with the best efficiency to HSV-1 G4s with respect to others
cellular G4s and non-structured DNA sequences possibly present in a mammalian cell, 1H6 was
exploited to visualize HSV-1 G4s in infected cells during different phases of viral infection.
Viral G4s appeared to form in a dependent way from the step of the viral life cycle, with a peak
during viral DNA replication (6 h.p.i.). At this time point G4s were accumulated in the cellular
nucleus, while with the proceeding of virions maturation they migrate to the nuclear

membrane'%2.
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5 CONCLUSIONS

In the present work different aspects of G4 structures’ biology were analyzed. In the first part
we investigated the presence and role of G4s in the human LPS cancer. As model for this type
of cancer we exploited immortalized WD-LPS cells from retroperitoneal origin. WD-LPS is the
most common form of human soft tissue sarcoma and it is thought to be the precursor of the
more aggressive form of dedifferentiated liposarcoma (DD-LPS)!*. Therefore, targeting WD-
LPS will not only represent a cure for this specific type of LPS, but also allow the prevention of
its malignant progression and metastasis. Through a computational prediction algorithm and
then biophysical techniques, we identified and characterized a highly stable antiparallel G4 in
the inducible promoter of MDM2 proto-oncogene. MDM?2 is the principal inhibitor of p53
tumor suppressor gene and it is contained in the 12q13-15 region, which is amplified in both
WD and DD-LPSs. The consequent overexpression of MDM?2 is the main cause of LPS
carcinogenesis’®. Moreover, MDM?2 transcripts originating from the inducible P2 promoter
were reported to have a faster and tumor-associated translational rate’. The presence of a stable
G4 in close proximity to transcription factor binding sites (e.g. ETS), suggests an involvement
of this structure in the regulation of the P2-mediated transcription. To add biological
significance to this hypothesis we identified, through a pull-down assay, several proteins with
helicase function that specifically recognize and bind to the MDM?2 G4. This result suggests the
importance in maintaining the unfolded state of MDM2 G4 in WD-LPS cells. With this
premise, the stabilization of MDM?2 G4 has the potential to impair transcription initiation form
the P2 promoter, restoring the p53 apoptotic stimulus and counteracting cancer progression.
The antiparallel topology and the four stacked G-quartets that we observed in MDM?2 are two
rare conformational features that makes MDM?2 G4 a unique structure. MDM?2 G4 is therefore

an ideal target for anticancer therapy.

In addition to the focused G4 characterization in the MDM?2 gene, we also expanded the
identification of LPS G4s at the genome-wide level. In this regard we addressed one of the
main challenges in the study of G4 structures: the in vivo evidence of their formation and
function. Employing the scFv anti-G4 antibody BG4% in a ChIP-seq experiment, we mapped
about 4800 G4s in the genome of WD-LPS cells. The non-random distribution and
overrepresentation of G4s in gene promoters supports their involvement in the cell-type specific
regulation of transcription. A huge amount of in vifro data exploring G4 function in this process

is available. However, a clear picture is still missing and contrasting data can be found. Here
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we observed a strong, genome-wide correlation between the presence of G4s in gene promoters
and active, high level transcription. This is the first time that G4s are proposed as positive
marks for active transcription. Instead, despite generally considered spatial obstacles for RNA
polymerase processivity, several mechanisms through which G4s can facilitate transcription
have been already hypothesized: i) their formation helps to keep the partially single stranded
transcriptional bubble open, and ii) when downstream from the TSS, G4s can facilitate the

promoter escape process'®, destabilizing the early transcriptional complex.

In support to the G4 role at the transcriptome level, the comparison of the LPS cell line with
prooncogenic keratinocytes. Looking at the differentially expressed genes, we found that
generally the same gene in the two cell lines possess a folded G4 structure when it has a high
expression level, while the G4 is not folded when the gene is transcriptionally repressed. This
result is the first indication of the cell-specific modulation of the G4 state as a mean to regulate
the transcriptional output. How G4 folding is related to the chromatin state is still unclear and

further experiments will thus be necessary.

Moreover, we observed that the stabilization of G4s through the potent G4 ligand H-NDI-
NMe,PhAm led to a massive alteration of the LPS transcriptome, driving to cell death. The
main observed effect on G4 containing genes was their downregulation, in accordance with the
majority of in vitro published data. This effect can be attributed to the ability of G4s to
compensate for the negative superhelicity accumulated behind the transcriptional machinery:
blocking the G4s in their conformation causes a reduction in the DNA intrinsic flexibility and
impairs the polymerase progression. In summary, these data represent one of the firsts attempts
to study G4s in an in vivo system and give a genome-wide overview of how G4s correlates with
gene transcription in WD-LPS. Together with the discovery and characterization of MDM?2 G4,
these data increase the understanding of the low explored biology of LPS cancer and open the

possibility for testing new therapeutic targets.

In the second part of this work we focused on the study of G4s in the genome of two
worldwide-spread viruses: HIV-1 and HSV-1. A cure for the infectious diseases that they cause
is still lacking and the research for new therapeutic approaches is needed. Our group recently
discovered a dynamic G4 cluster in the LTR promoter of HIV-1%. The high affinity interaction
with the cellular protein NCL to this G4 was able to suppress viral transcription®”. We here
analyzed the different G4 structural features (loop number, sequence and length, G4

conformation and stability) that make NCL interaction specific for some G4s. We found that
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G4 loop length is the main determinant for NCL binding and that more flexible G4s are
favored. This result perfectly explains the high affinity between NCL and the LTR G4s. Among
the mutually exclusive G4s that can fold in the HIV-1 LTR, NCL binds with higher affinity to
LTR-III which possess a long loop®’. Moreover, the dynamic equilibrium of the different G4
species in the LTR makes it a flexible structure that can be adapted to the spatial occupancy of
the protein DNA-binding domain. This result is of importance also from a therapeutic point of
view: the understanding of the G4 features necessary for NCL interaction can be exploited for
the targeted design of chemical compounds mimicking NCL action and repressing the HIV-1
transcription through the stabilization of the LTR-G4. This approach represents an innovative
antiviral strategy that directly acts on the proviral genome and, in combination with HAART,

can improve the antiviral efficacy and reduce the development of resistant strains.

NCL is a key protein in the HIV-1 life cycle, not only at the proviral level but also for the entry
step?®. NCL is indeed a coreceptor for viral attachment to the membrane of permissive cells.
We here demonstrated that the G4-forming aptamer AS1411 is able to sequester the membrane
NCL, impairing HIV-1 entry. AS1411 already reached phase II clinical trial as antitumoral
agent''?, its efficacy and high tolerability makes the G4 aptamer a promising alternative to the

current entry inhibitors.

Apart from HIV-1, our group also found a huge number of G4-forming sequences in the G-rich
genome of HSV-1!", We exploited this unique feature of HSV-1 aiming at visualizing the
modulation of the viral G4s in infected cells. Through a newly developed immobilization
strategy, we here determined that the anti-G4 monoclonal antibody 1H6'> displays higher
affinity to the most represented HSV-1 G4s than to the cellular ones. We therefore reasoned
that 1H6 would have been the optimal mean to visualize viral G4s by IF in infected cells. We
observed a viral infection step-dependent formation of G4s, which peak during replication and
move from the nucleoplasm to the nuclear membrane together with the maturation and nuclear

egress of the virion!%?

. These results represent an important step forward in the understanding
of the biological modulation of G4s in viral genomes. Moreover, the developed SPR protocol
represent a valuable alternative immobilization strategy that can be theoretically applied to all
ligands that are inactivated by the standard covalent couplings, allowing to specifically orient
the ligand from two sides, spare material, time and keep delicate molecules in a more

physiologic condition?'.
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7 APPENDIX

7.1 List of recurrent abbreviations

G4

UTR

IRES

TSS

TTS

NCL

DNMTs

HIV-1

HSV-1

AIDS

LTR

G

c-exNDIs

HAART

LPS

WD-LPS

DD-LPD

G-quadruplex

Untranslated Region

Internal Ribosome Entry Site

Transcription Start Site

Transcription Termination Site

Nucleolin

DNA methyltransferases

Human Immunodeficiency Virus 1

Herpes Simplex Virus 1

Acquired Immunodeficiency Syndrome

Long Terminal Repeat

Guanine

core-extended Naphtalene Diimides

Highly Active Anti-Retroviral Therapy

Liposarcoma

Well-differentiated Liposarcoma

Dediffentiated Liposarcoma
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CDh

DMS

Tm

MS

Ab

RT

TPM

IF

FC

Circular Dichroism

Dimethylsulphate

Melting Temperature

Mass Spectroscopy

Antibody

Room Temperature

Transcript Per Million

Immunofluorescence

Fold Change
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7.2 List of used oligonucleotides

Name

Sequence (5°-3’)

CD, DMS footprinting and protein pull-down — MDM?2

Mdm2-G4 GTTCGTGGCTG GGGGCTCGGGGCGCGGGGCGCGGGGCATGGGGC
Mdm2-biot | BtnTg-TGGGGGCTCGGGGCGCGGGGCGCGGGGCATGGGGC

G-ss-biot Btn-TTTTTGGAGTCGTGTCGCGTGTCGAGCGTGTGTAGTGGTTTTT

C-ss-biot Btn-AAAAACCCCAGTCCCGCCCAGGCCACGCCTCCCAAAAA

ChIP-qPCR primers

GAPDH FW: GCTACTAGCGGTTTTACGGGCG - RV: TGCGGCTGACTGTCGAACAGG
EIF4A FW: CCGGAGCGACTAGGAACTAAC — RV: GCCTTTCTTACCGGGAATCCT
MDM2 FW: GGATTTCGGACGGCTCTCG - RV: CGTTCACACTAGTGACCCGA

CDK4 FW: CCACCCTCACCATGTGACC - RV: CTTACACTCTTCGCCCTCCTC
T™MCC2 FW: CCAGACACTTTGGGTGACCT - RV: AACACCTGCTCTGCCAACTT
MAP3K13 | FW: GACATAGGAACGGGCAAAGA — RV: CCCATGCTGTATGTGGTCTG
ESR1 FW: GAAACAGCCCCAAATCTCAA — RV: TTGTAGCCAGCAAGCAAATG
LRRN4 FW: GAGGCTGGGATCTCAGTGTTCGG — RV: TACTCTCTGAACCAAGGGGCACT

EMSA and CD - NCL

(GGGTTA )4

GGGTTAGGGTTAGGGTTAGGG

(GGGTTA)s

GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTA

(GGGTTA)s

TCGAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAC

(GGGTTT)4

GGGTTTGGGTTTGGGTTTGGG

(GGGTTT)s

GGGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTTT

(GGGTTT)s

GGGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTTT

(GGGTTT)s

GGGTTTGGGTTTGGGTTTGGGTTTGGG

nSM1

ITTTTTGGGTTTGGGTTTGGGTTTGGG

n5SM2

GGGTTTTTTTTTGGGTTTGGGTTTGGG

n5M3

GGGTTTGGGTTTTTTTTTGGGTTTGGG

n5M4

GGGTTTGGGTTTGGGTTTTTTTTTGGG
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nSMS5 GGGTTTGGGTTTGGGTTTGGGTTTTTT

M43 TTTTTGGAGTCGTGTCGCGTGTCGAGCGTGTGTAGTGGTTTTT

M30 ITTTTTTTTTTTTTTTTTTTTTTTTTTTTT

M29i AAAACAGACAGCTCACTGCGCTCACAAAA

M29ii TTTTGTGAGCGCGGTGAGGTGTGTGTTTT

M26 CCTCCTCCTCCTTCTCCTCCTCCTCC

M21 ITTTTTTTTTTTTTTTTTTTT

MIi4 CGGCATGCGTGGCT

111 GGGTGGGTGGGTGGG

131 GGGTGGGTTTGGGTGGG

161 GGGTGGGTTTTTTGGGTGGG

313 GGGTTTGGGTGGGTTTGGG

333 GGGTTTGGGTTTGGGTTTGGG

363 GGGTTTGGGTTTTTTGGGTTTGGG

616 GGGTTTTTTGGGTGGGTTTTTTGGG

636 GGGTTTTTTGGGTTTGGGTTTTTTGGG

666 GGGTTTTTTGGGTTTTTTGGGTTTTTTGGG

T111T TGGGTGGGTGGGTGGGT

Ti3IT TGGGTGGGTTTGGGTGGGT

Ti6IT TGGGTGGGTTTTTTGGGTGGGT

c-kitl AGGGAGGGCGCTGGGAGGAGG

bel-2 AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG

c-myc TGGGGAGGGTGGGGAGGGTGGGGAAGG

hTert 1-4 AGGGGAGGGGCTGGGAGGGC

hTert 5-12 | AGGGGGCTGGGCCGGGGACCCGGGAGGGGTCGGGACGGGGCGGGGT
AGGGGAGGGGCTGGGAGGGCCCGGAGGGGGCTGGGCCGGGGACCCGGGAGGGG

hTert 1-12 | TCGGGACGGGGCGGGGT

Surface Plasmon Resonance — AS1411

ASI411 GGTGGTGGTGGTTGTGGTGGTGGTGG

CRO26 CCTCCTCCTCCTTCTCCTCCTCCTCC

LTR-1I1 GGGAGGCGTGGCCTGGGCGGGACTGGGG

SCRA TTTTTGGAGCGTGTGTGCGCGAGAGCGTGCGCGTGGCGAGCGTGGAGTGGTTTTT

Surface Plasmon Resonance - 1H6
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bcl-2 AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG

gp054a GGGGTTGGGGCTGGGGTTGGGG

un2 GGGGGCGAGGGGCGGGAGGGGGCGAGGGG

un3 GGGAGGAGCGGGGGGAGGAGCGGG

Oxy2 TTTTGGGGTTTTGGGG

OxyTel GGGGTTTTGGGGTTTTGGGGTTTTGGGG

hTel21] GGGTTAGGGTTAGGGTTAGGG

hTel22 AGGGTTAGGGTTAGGGTTAGGG

hTel54 TCGAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAC
hTelScra GGATGTGAGTGTGAGTGTGAGG

LTRScra TTTTTGGAGCGTGTGTGCGCGAGAGCGTGCGCGTGGCGAGCGTTGAGTGGTTTTT
ssDNA AAAAACTACTGCACGCTCGCTACGACGACACTGTCGCGCATACAAGCTGCAAAAA
79 TTTTTTTTT

T30 ITTTTTTTTTTTTTTTITITTITTTTTITITT

hp CGCAGCGTGGCTTTGTTTGCCACGCTGCG

dsDNA hTelScra+complementary sequence
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