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Presentation

This thesis is focused on the study of Polypurine Reverse Hoogsteen
(PPRH) hairpins as a gene silencing strategy against undruggable cancer
targets and as a diagnostic and therapeutic tool against SARS-CoV-2.

PPRHs are therapeutic oligonucleotides with hairpin-like structure
developed in our laboratory. They are non-modified single stranded DNA
molecules formed by two antiparallel polypurine repeats linked by a four-
thymidine loop that interact through reverse Hoogsteen bonds. PPRHSs bind in a
sequence-specific manner with their corresponding polypyrimidine target in
dsDNA or RNA, by Watson-Crick bonds, allowing a triplex formation and
displacing the complementary strand in the case of a dsDNA target. This triplex
formation allows gene silencing, previously demonstrated in in vitro and in vivo
studies targeting survivin (de Almagro et al.,, 2009; Rodriguez et al., 2013)
ERBB2/NEU (Lopez-Aguilar et al., 2023) and against a wide array of targets
involved in cancer progression (Noé et al., 2021).

A major part of this thesis consists in expanding our knowledge of PPRHs
as a gene silencing tool. We explored the usage of PPRHs against G-quadruplex
(G4) forming sequences (G4FS) within KRAS and MYC oncogenes. The effects
of the PPRHs directed against the complementary sequence of a G4 region was
previously demonstrated in the Thymidylate synthase (TYMS) gene, achieving
an enhanced gene silencing by allowing G4 formation (Aubets, Félix, et al.,
2020). In this direction, we designed PPRHs targeting KRAS and MYC
especially aiming the complementary strand of G4FS to facilitate the formation
of a G4 structure and to decrease gene expression in cancer cell lines that have
these genes deregulated. The analyses demonstrated that downregulation of
gene expression had consequences in cell growth and proliferation that critically
affected cell viability. We found that this effect could be incremented in
combination with G4-stabilizing molecules in a synergistic manner. Furthermore,
our investigation revealed a noteworthy synergy when combining PPRHs
targeting both KRAS and MYC in a sensitive PC-3 prostate cancer cell line. The
combination of PPRHs decreased both, oncogene transcription and translation
resulting in cell death.

A second significant aspect of this project was dedicated to expand our
understanding of the applications of PPRHSs as a diagnostic and therapeutic tool
in viral infections. Given the profound impact of the COVID-19 pandemic, we
focused on the diagnosis and therapy of SARS-CoV-2. Previously, the potential
of PPRHs as a diagnostic tool for determining the hypermethylation status of
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PAX-5 and detecting Pneumocystis pneumonia in human samples was
investigated and validated (Calvo-Lozano et al., 2020; Huertas et al., 2018). In
the present study, we focused on the design of different PPRHs and DNA
oligonucleotides targeting SARS-CoV-2. Two forms of PPRHs were
synthesized: an unmodified version to perform binding assays and a modified
form as a viral capture probe for various biodevices. These designs and the
confirmed bindings served as a basis for the development of the biosensors to
detect SARS-CoV-2.

Lastly, we investigated the protective and therapeutic properties of
PPRHs both in vitro and in vivo. The most efficient designs in previous studies
were selected, and dissociation constants for the PPRHs with their respective
targets were determined. In vitro, PPRHSs exhibited a higher affinity and efficacy
to inhibit SARS-CoV-2 proliferation as compared to their therapeutic
oligonucleotide competitors, antisense oligonucleotidesw. These protective
properties of PPRHs were further validated in vivo to protect mice from SARS-
CoV-2 spread and disease.



1. INTRODUCTION






Introduction

1.1 Therapeutic oligonucleotides

Gene therapy has emerged as a strong therapeutic tool for cancer and
other diseases that have been considered untreatable for a long period of time,
due to its ability to specifically modulate genes of interest. Cancer is currently
the most frequent disease treated by gene therapy (Lin & Qi, 2023). Gene
therapy is primarily based on nucleic acids, DNA and RNA, that can be applied
for gene augmentation, removal, or replacement of genetic material to
treat/rectify diseases related to gene alterations. Therapeutic oligonucleotides,
which represent a very powerful tool in gene therapy can also influence cellular
behavior by activating, suppressing, or supplementing gene expression in
specific cells and tissues (Dunbar et al., 2018; Orkin & Reilly, 2016; Piotrowski-
Daspit et al., 2020; L. Wu et al., 2022).
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Figure 1. Nanocarrier-Based Approaches for Oligonucleotide Delivery in Cancer
Molecular Therapy. Adapted from (L. Wu et al., 2022).

Therapeutic oligonucleotides have been actively used since the 90s and
during this period of time significant advancements in chemistry, delivery
systems, and understanding of molecular biology have been achieved (Crooke,
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Introduction

2017). As a result of these advancements various types of therapeutic
oligonucleotides have been developed such as antisense oligonucleotides
(ASOs), Triplex forming oligonucleotides (TFOs) small interfering RNA (siRNA),
microRNA (miRNA), messenger RNA (mRNA), plasmids, Polypurine Reverse
Hoogsteen (PPRH) hairpins, Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-based systems, aptamers, ribozymes and decoys
(Piotrowski-Daspit et al., 2020). Some of them have been approved by the Food
and Drug administration (FDA) or the European Medicines Agency (EMA) and
are currently used for disease treatments. One example of therapeutic nucleic
acid approved by FDA and EMA, is the Pfizer-BioNTechCOVID-19 mRNA-
based vaccine that protects against SARS-CoV-2 virus (EMA, 2020; FDA, 2021,
Fortner & Schumacher, 2021).

1.2 PPRHs

PPRHs are single-stranded (ss) nonmodified DNA (ssDNA) molecules
that are formed by two polypurine strands linked by a four-thymidine loop (4T)
running in antiparallel orientation. The strands interact with each other
intramolecularly by Hoogsteen bonds. The strands of these molecules are
designed to specifically bind to their polypyrimidine DNA or RNA target
sequence by Watson-Crick bonds (WC), maintaining the hairpin structure, and
producing a triplex DNA formation. This triplex conformation arises from the
ability of purines to establish Reverse Hoogsteen base pairing interactions with
another purine, and simultaneously, WC base pairing interactions with a
pyrimidine. This triplex structure provokes the strand displacement of the
polypurine strand of the genomic DNA that leads to the inhibition of gene
expression of the targeted gene (Coma et al., 2005; de Almagro et al., 2009;
Noé et al., 2021).

Polypyrimidines are mainly found in intronic sequences and gene
promoters, especially in the upstream region of the transcription start site (TSS)
since they can have transcriptional regulatory properties. They are also present
in exons, varying their frequency depending on the gene and species
(Brahmachari et al., 1997; Gofii et al., 2006). Although it might seem unusual,
stretches of polypyrimidine sequences are frequent in many gene sequences. In
addition, it is not mandatory to find a pure homopyrimidine track in the DNA
target sequence since it can contain up to three purine interruptions and the
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PPRH still can bind and form Hoogsteen bonds. This fact allows to design
PPRHs against practically any gene of the genome (Rodriguez et al., 2015).

PPRHs can be classified based on the location of the targeted DNA strand.
When the PPRHSs are designed to bind to the template strand of the DNA, they
are referred as template-PPRHs. On the other hand, if they are designed to bind
to the coding strand of the DNA, they are named coding-PPRHSs, and they can
also bind to the mRNA which has the same sequence and orientation as the
coding strand of the target gene. Coding-PPRH have been reported to also alter
splicing when directed against an intronic target (Figure 2) (de Almagro et al.,
2009, 2011).

A CODING-PPRH B TEMPLATE-PPRH

DHFR intron 3
GACGTGAGGTAGGGAGGGGA -3° 54 TAAAATAAGTAAAATTT) TAGTCC -3’
HpsprC si{ s oo esosess
(GACGTOAGATAIGANOIDAA |5 - ATTTTATTCATTT TecTece TAGTTCTCTTACTTATCAGG)-5

Survivin Promoter
5'{ GCCGGGACAGCGATGTCTGCTGCACTCCATCCCTCCCCTGTTCATTTGTCCTTCATGCCC -3 o — >
Hpdi3T 5T @ e e e e vee .

¥ CGGEC S AAGTAAACH -5

! !

GACGTGAGGTAGGGAGGGGA 3" DHFR intron 3
oo o — x LTSI A )
GACGTGAGGTAGGGAGGGGA 5'
o _\_/_4‘
GAGGAGGGAGAGGGAGGAGG -3’
HpdI3-T src.o----.---
GAGGAGGGAGAGGGAGGAGG -5°
TRANSCRIPTION INHIBITION TRANSCRIPTION INHIBITION
Cc CODING-PPRH
Hpdi3-C HpdI3-C
5 mmemmmD .......... s Hpdi3-C
L N . e 5T 3. AAAAAGTGGGGAGAGGGGG ia
3. AAAAAGTGGGGAGAGGGGG 5'-| AAAAAGTGGGGAGAGGGGG!
) - ) / N\ ooc.oa-coo)n
5'{ CTTCATTTTT GTAA:- 3 - 2 Y 3.[AAAAAGTGGGGAGAGGGGG
3 GAAGTAAAAAGTGGGGAGAGGGGGTTACATT- 5' 3"_\_/ " 5 {CUUCAUUUUUCACCCCUCUCCCCE) UGUAA |- 3'
DHFR intron 3 DHFR intron 3 DHFR pre-mRNA
TRANSCRIPTION INHIBITION SPLICING ALTERATION

Watson-Crick bonds @ Reverse-Hoogsteen bonds

Figure 2. Mechanisms of action for PPRH molecules for both Coding-PPRHSs (A)
and Template-PPRHSs (B). Coding-PPRHSs can bind to transcribed mRNA, with a
polypurine strand sequence and orientation identical to the DNA coding strand.
Adapted from (Noé et al., 2021).

PPRHs present many advantages compared to some of their therapeutic
oligonucleotide competitors. In terms of stability, PPRHs present a half-life 10
times higher compared to siRNAs, with half-lives ranging from minutes to one
hour (Noé et al., 2021; Villalobos et al., 2014). Since PPRHs are non-modified
oligonucleotides, they are much less expensive to synthetize compared to
SsiRNAs without altering the affinity to their target. These molecules are also very
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efficient in inhibiting gene expression at very low concentrations, much lower
than ASOs or TFOs, and with higher affinity (de Almagro et al., 2009; Rodriguez
et al., 2015). Also, PPRHs do not provoke immune response, since these are
DNA-based molecules with relatively short length, less than 100 nucleotides (nt),
and the immune system typically detects longer DNA molecules as foreign or
potentially harmful (Villalobos et al., 2014).

1.2.1 Triple helix formation

Triplex helix formation refers to a specific DNA or RNA secondary
structure in which three strands of nucleic acids come together to form a stable
helical complex. This complex appears when a single DNA strand binds through
Hoogsteen or reverse Hoogsteen bonds to a purine strand of the major-groove
of a Watson-Crick duplex. Triplex formation manifests through diverse modes,
including intramolecular and intermolecular configurations, featuring purine or
pyrimidine motifs, and adopting either parallel or anti-parallel orientations
(Frank-Kamenetskii & Mirkin, 1995). Parallel triplexes form when a pyrimidine
single strand binds in a parallel alignment to a purine of the target duplex. This
interaction involves Hoogsteen hydrogen bonding, when a thymine (T) of the
single strand binds to adenine (A) bound to its corresponding T of the duplex by
WC bonds. This triplex formation is indicated as T-AT and for cytosine (C) of the
single strand with a guanine (G) bound to its corresponding C it would be C-GC
triplets. In contrast, antiparallel structures emerge when a purine-rich third strand
binds in an antiparallel manner to a purine-rich domain, facilitated by reverse-
Hoogsteen hydrogen bonds encompassing G-GC, A-AT, and T-AT triplets
(Figure 3). Although parallel triplexes exhibit greater stability than antiparallel
ones, they require low pH conditions to protonate cytosines, potentially limiting
their physiological stability. In contrast, antiparallel triplexes are pH-independent
(Goiii et al., 2004; Gowers & Fox, 1999).

Triplex formation has a considerable biotechnological and therapeutic
potential (Duca et al., 2008; Faria & Giovannangeli, 2001) and has been
extensively studied for usage in several applications, such as transcription
modulation and site-directed recombination as well as mutagen delivery (Besch
et al., 2004; G. Wang et al., 1996).
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Figure 3. The chemical depiction of Hoogsteen and Watson-Crick base
pairing involved in triplex formation. Adapted from (Noé et al., 2021).

1.2.2 PPRHs as gene silencing tool

In recent years, PPRHs have demonstrated their versatility for many
applications. Among these, one widely explored area is the use of PPRHs as
gene silencing tool. Their demonstrated efficacy against a wide range of targets
highlights their success in this role. These include genes that play a key role in
tumor progression or therapy such as dihydrofolate reductase (DHFR) (De
Almagro et al., 2011) telomerase (de Almagro et al., 2009), mammalian target
of rapamycin kinase (mTOR), topoisomerase (TOP1), c-MYC and MDM2
(Villalobos et al., 2015). The PPRHs designed against these targets have been
tested in pancreatic, prostate, breast, and colon cancer cell lines and have been
shown to decrease target mRNA and protein levels, leading to cell death.

PPRHSs have also been used against WEE1 and CHK1 genes, involved
in the replication stress response. Inhibition of both targets led to reduction of
their respective mRNA and protein levels and to an increase of cell death that
correlated with the degree of apoptosis. Additional experiments showed a
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synergistic effect of WEE1 and CHK1 targeting PPRHs when cells were
incubated with 5-FU or methotrexate (MTX) (Aubets, Nog, et al., 2020).

The effectiveness of PPRHSs for gene silencing was also evaluated on
antiapoptotic genes including survivin or BIRC5 (Rodriguez et al., 2013), and B-
cell CLL/lymphoma 2 (BCL-2) (Villalobos et al., 2015). Both survivin and BCL-2-
targeting PPRHs showed an increased apoptosis and cell death in PC-3 prostate
cancer and MIA-PaCa-2 and pancreatic cancer lines, respectively. The PPRH
which demonstrated the highest effectiveness in targeting survivin (named
HpsPr-C), which was effective using low concentrations of PPRH, was chosen
for in vivo experimentation in mice carrying a subcutaneous xenograft tumor
derived from PC-3 prostate cancer cells. This specific PPRH exhibited the ability
to reduce tumor growth, lowering the levels of survivin protein, and inhibiting the
formation of blood vessels. Consequently, these results served as evidence for
the potential application of PPRHs as gene silencing tools in an in vivo context
(Rodriguez et al., 2013).

PPRH gene silencing properties were also demonstrated in a recent
study against the ERBB2/NEU oncogene (Lépez-Aguilar et al.,, 2023). The
ERBB2/NEU oncogene encodes for HER-2 protein participating in cell
differentiation, proliferation, and survival. PPRHs targeting HER-2 caused a
significant cell survival to decrease in SKBR3 and MDA-MB-453 human breast
cancer cells. Furthermore, when these PPRHs were tested in an in vivo chick
embryo chorioallantoic membrane (CAM) xenograft model, a significant
decrease in tumor growth size and weight, as well as lower HER-2 protein
relative to control tumors was observed (Lépez-Aguilar et al., 2023). This study
expanded the PPRHs use in in vivo models.

1.2.3 Other PPRHs applications

In addition to their capacity for gene silencing, the capability of PPRHSs to
bind to precise sequences and create triplex structures has been used for
diverse biomedical applications. These applications include gene repair, gene
editing, and their usage as biosensors. In the context of gene repair, repair-
PPRHs have been employed to accurately correct point mutations within the
DNA. This involves using PPRHs with a structure that includes a 5’ extension
carrying the corrected nucleotide. Repair-PPRHs showed their capacity to
correct specific mutations at the endogenous locus of two different sets of
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Chinese Hamster Ovary (CHO) cell lines: one with mutations in the DHFR (Solé
et al., 2016) locus and a second in the adenine phosphoribosyltransferase
(APRT) locus (Félix et al., 2020). Regarding gene editing, our research team
also successfully demonstrated the capacity of editing-PPRHs to induce exon
skipping at the DNA level. This led to the restoration of the correct DHFR reading
frame within a cellular model carrying an additional DHFR exon 2. In a similar
way to repair-PPRHSs, editing-PPRHs bear an extension in 5" end, but in this
case the 5’ end is homologous to the sequences adjacent to the exon to be
skipped forcing the skipping process to occur (Noé & Ciudad, 2021). Lastly, the
triplex formation by PPRHs has been used for the development of biosensors
for cancer detection, to analyze the hypermethylation status of PAX-5, and for
microbiological detection for the diagnosis of Pneumocystis pneumonia in
human samples. This system uses a PPRH probe, where its core sequence
binds to the target to be studied or analyzed, and it has a 5’ extension fixed in a
gold sensor surface of a biosensor (Calvo-Lozano et al., 2020; Huertas et al.,
2018).

During the COVID-19 pandemic our research group became interested
in developing a methodology to efficiently detect SARS-CoV-2 using the ability
of the PPRHSs to generate triplex structures. In this project we aimed to design
specific PPRHSs targeting the SARS-CoV-2 RNA to detect the presence of the
virus in human samples. The part that was performed by our research group is
presented in the Results section of this thesis as a published research article
from the collaborative effort among members of the CSIC and our team in the
UB.

1.3 Delivery of nucleic acids

Nucleic acids are a powerful tool to treat various diseases, but the
pathway of these molecules to reach their intended targets present several
difficulties since these must surpass many obstacles. The introduction of foreign
nucleic acids in circulation could activate blood nucleases. It could also trigger
the immune system and lead to degradation of these molecules and thus loss of
the therapeutic effect (Judge et al., 2005).

Another aspect to consider is that nucleic acids struggle to trespass

biological membranes because of their high molecular weight, hydrophilicity, and
massive negative charge, that limits their passive diffusion (Duvall et al., 2014;

13
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Lin & Qi, 2023). Even if nucleic acids are successfully taken up by cells, they
may become trapped in endosomes diminishing both their therapeutic
effectiveness and availability (Nelson et al., 2013; Sahay et al., 2013) (Figure 4).
If the therapeutic oligonucleotide must be delivered to the central nervous
system (CNS), it encounters an extra challenge due its difficulty to penetrate the
blood-brain barrier (Lin & Qi, 2023).

One approach to improve nucleic acid delivery involves making
modifications to their structure, such as chemical, backbone, stereochemistry,
or terminal modifications. These changes increase the stability of
oligonucleotides or delivery systems, making easier for them to be taken up by
cells, or helping them to overcome barriers (Roberts et al.,, 2020; Torres-
Vanegas et al., 2021).

There are several approaches to deliver nucleic acids usually divided into
two big categories, viral and nonviral delivery systems. Viral vectors such as
adenoviruses (types 2 and 5), adeno-associated viruses (AAV), herpes simplex
virus, pox virus, human foamy virus and lentiviruses have shown great success
for gene therapy. The viral delivery systems have been shown to be very
effective in in vitro and in vivo trials (Y. Huang et al., 2011). Viral vector genomes
have undergone modifications through the selective removal of specific genomic
segments. These alterations make the delivery safer, although they can provoke
immune response triggering inflammation, toxin production, mortality, or their
limitation in transgenic capacity, and they are very cost-effective (Gardlik et al.,
2005; Nayerossadat et al., 2012).
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Nonviral delivery systems include both physical and chemical
approaches. While these systems generally exhibit lower efficiency compared to
viral counterparts, they offer advantages such as cost-effectiveness, wider
accessibility, and reduced immune responses. Moreover, nonviral systems do
not have limitations on transgenic DNA size, a limitation prevalent in viral
delivery systems. These attributes have contributed to positioning nonviral
delivery systems as more efficient for gene delivery than existing nonviral
alternatives (Hirai et al., 1997; Robertson et al., 1996; Suda & Liu, 2007).

Physical delivery systems are based on the transfer of RNA or DNA
through transient pores in the membrane of the cells. These pores are created
by mechanical, electrical, ultrasonic, hydrodynamic, or laser-based energy so
that DNA entrance into the targeted cells is facilitated. This mechanism can be
applied to a specific tissue with the drawback that provokes local tissue damage.
These processes require time to be optimized and change depending on the
tissue. Another aspect to consider is that specialized instruments may be
required for the process (Y. Liu et al., 2015; Nayerossadat et al., 2012).

1.3.1 Chemical nonviral delivery systems

Chemical nonviral delivery systems are generally nanomeric complexes
that compact negatively charged nucleic acid by cationic liposomes or polymers.
These compounds typically exhibit sufficient stability and possess the capability
to transport nucleic acids into cells via endocytosis (Scherer et al., 2002). They
offer enhanced safety profiles compared to viral vectors, are much easier to
manufacture and are susceptible to modifications (L. Zhu & Mahato, 2010).
Compared to other nonviral delivery systems and especially viral vectors, these
are less toxic and lower immunogenic effect since these are made of biological
lipids. A primary limitation, however, lies in the relatively lower efficacy
(Nayerossadat et al., 2012). Among the frequently employed chemical nonviral
delivery systems, it can be found:

e Cationic liposomes (lipoplexes): these are the most important nonviral
polycationic systems. They consist of a positively charged head group, a
hydrophobic segment, and a connecting region or linker, which dictates
the chemical stability and degradability of the lipid. The positively charged
head engages with the negatively charged DNA, resulting in the formation
of lipoplexes (Figure 5). Liposomes have the capacity to transport both
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hydrophilic and hydrophobic molecules, demonstrating minimal toxicity
and lacking the ability to trigger immune system activation. Liposome
rapid degradation and the inability to achieve sustained drug delivery are
their main drawbacks (Nayerossadat et al., 2012). Since the first cationic
liposome, 1,2-bis(oleoyloxy)-3-(trim ethylammonio)propane (DOTAP)
was synthesized, numerous types of cationic liposomes have been
documented. The most used liposomes include N-[1-dioleyloxy)propyl]-
N,N,N-trimethylammonium (DOTMA), dioleoylphophatidylethanolamine
(DOPE), 2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-
1-propanammonium trifluoroacetate (DOSPA or LipofectAMINE®) or 3-B-
[N-(N,N’-dimethylaminoethane) carbamoyl] cholesterol (DC-Chol)
(Immordino et al., 2006). Most of our in vitro research has involved the
formation of complexes between PPRHs and DOTAP. (Aubets, Félix, et
al., 2020; de Almagro et al., 2009; De Almagro et al., 2011; Villalobos et
al., 2015). Additionally, our research group has collaborated in the
obtention of brand-new liposome-based molecules, 1,3-bis[(4-oleyl-1-
pyridinio)methyl]benzene dibromide (DOPY) (Aubets et al., 2021) and
1,3,5-tris[(4-oelyl-1-pyridinio)methyl]benzene tribromide (TROPY)
(Delgado et al., 2023) and successfully validated PPRH-DOPY and
PPRH-TROPY complexes in transfection of in vitro cell models.

Cationic polymers (polyplexes): these polymers are formed by
positively charged groups along their molecular chains and are referred
to as polyplexes. For polyplexes there is a relationship between the
length of the polymer, gene delivery efficiency and toxicity. As the length
of the polymer increases, so does its efficiency and its toxicity. The first
polyplex was polylysine (PLL), lately improved as Polyethyleneimine
(PEI) (Nayerossadat et al., 2012). In earlier investigations, our research
team successfully administered PPRHs complexed with in vivo JET-
Polyethylenimine (JET-PEI) through intravenous and intratumoral
injections in mice models (Rodriguez et al., 2013). In this work, in
collaboration with the Animal Health Research Centre (CISA-INIA-
CSIC), it was administered intranasally SARS-CoV-2 targeting PPRHs
complexed with in vivo JET-PEI in mice.
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Figure 5. Schematic representation of different lipid nanopatrticles.
Image adapted from (Tenchov et al., 2021).

Inorganic nanoparticles: non-carbon-based materials are also used as
a delivery system. These compounds can be customized to possess
precise dimensions, forms, and surface attributes, facilitating the
encapsulation of diverse therapeutic agents enabling them to a
controlled release. Certain nanoparticles might lack biocompatibility,
potentially triggering immune responses. Nanoparticles may be cost-
elevated due to their constituent materials or intricate synthesis
procedures. Furthermore, some nanoparticles exhibit non-
biodegradability, raising concerns regarding their long-term presence
within the body. These materials include gold nanoparticles, magnetic
nanoparticles, quantum dots, silica nanoparticles, copper or silver among
other nanoparticles (Figure 6) (Luther et al., 2020; Navya et al., 2019).
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(Luther et al.. 2020).
Exosomes: these are small, membrane-bound vesicles that are
secreted by various types of cells into the extracellular space. Exosomes
are a subtype of extracellular vesicles, which also include microvesicles
and apoptotic bodies. These molecules can be released from one cell to
another to transfer molecules such as nucleic acids, proteins, or lipids
by membrane vesicle trafficking. Since these molecules have biological
origin, usually isolated from biofluids, these are non-invasive and non-
toxic. Exosomes have limited cargo capacity, restricting the number of
nucleic acids that can be delivered. These have heterogeneity, varying
in size and they can be difficult to isolate, due to the presence of other
extracellular vesicles or contaminants present in the biofluids (Butreddy
et al., 2021; Elsharkasy et al., 2020).

Bioconjugates: these complexes are molecular assemblies resulting
from a covalent connection of two or more different biomolecules. These
molecules can include proteins, peptides, nucleic acids, lipids,
carbohydrates, or other biologically relevant molecules. As a delivery
system, bioconjugates are designed to enhance targeting, stability, and
efficiency of therapeutic agents. These can be directed to a specific cell,
tissue, or receptors by attaching antibodies or peptides. This approach
reduces off-target effects and optimizes delivery (Elzahhar et al., 2019).
Some examples include antibody-drug-conjugates (ADCs), GalNAc,
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aptamers, lipid conjugates, and peptide-conjugates (Tong & Benjamin
Chun-Kit Tong, 2017).

ADCs are monoclonal antibodies linked to a nucleic acid, that act as a
personalized medicine since these use a specific antibody. This kind of
bioconjugate is already a clinical success since it has been approved for
the treatment of cancers such as Hodgkin lymphoma, HER2-positive
metastatic breast cancer and bladder cancer (Papachristos et al., 2016).

GalNAc conjugates consist of three molecules of N-acetylgalactosamine
that bind to the asialoglycoprotein receptor 1 mainly present in
hepatocytes (Figure 7). This delivery system is specific towards liver
tissue, with low off-target effects, and works at low doses. It is easy to
couple GalNAc ligands to oligonucleotides as the ligand conjugation
step can be incorporated in the process of solid-phase synthesis of
oligonucleotides (Benizri et al., 2019; Springer & Dowdy, 2018).
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Figure 7. Molecular structure of GalNAc conjugates. Oligonucleotide
coupled to GalNAc (left) and molecular structure (right). Adapted from
(Benizri et al., 2019).

1.4 DNA secondary structures

Apart from the canonical B-form described by Watson and Crick, DNA
has the capacity to adopt various secondary structures that play crucial roles in
essential cellular processes like replication, transcription, recombination, and
repair (Watson & Crick, 1953). Within eukaryotic cells, DNA assumes a
supercoiled configuration, which relaxes during biological events like
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transcription or replication. Consequently, DNA exhibits a capacity to adopt
secondary structures beyond the B-form. This diverse structural variability arises
from factors such as nucleotide sequence, hydration, solution conditions, ions,
proteins, and the presence of super helical stress (Kaushik et al., 2016). The
extensively studied DNA structures include the A, B, and Z forms, whereas
additional conformations such as hairpin, cruciform, parallel-stranded DNA, DNA
bubble or bulge duplex, triplex, quadruplex, and i-motif have attracted research
attention. These alternative structures have relevance in DNA damage, repair,
and genetic stability. They play distinct roles in the assembly of nucleosomes
and other higher-order supramolecular formations involving DNA (G. Wang &
Vasquez, 2014).

1.4.1 G-quadruplex

Sequences rich in guanines can fold into four-stranded, noncanonical
secondary structures called G-quadruplexes (G4s). These are formed in a planar
arrangement, stacking on top of each other, through Hoogsteen hydrogen bonds
leading to a G4 formation (Figure 8) (Bochman et al., 2012; Varshney et al.,
2020). G4s can exhibit different arrangements, which includes both parallel and
antiparallel orientations. The parallel orientation refers to guanine strands
running in the same direction, while the antiparallel orientation involves strands
in opposite directions. Furthermore, these can be either intramolecular or
intermolecular in nature. Intramolecular G4s form within a single-strand DNA or
RNA (ssRNA), while intermolecular G4s emerge between distinct strands.
These arrangements depend on guanine-rich sequences, the presence of
monovalent cations (Na*, K*) and the specific structural context of the DNA or
RNA (Karsisiotis et al., 2013).

The distribution of G4s is not arbitrary, instead they exhibit enrichment in
particular genomic regions. To date, with over 370.000 predicted sequences, G4
are found in regions such as telomeres, TSS, as well as sites associated with
mitotic and meiotic double-strand breaks (Linke et al., 2021; Spiegel et al.,
2020). These guanine-rich DNA sequences show their relevance in several
biological processes and are present across a wide range of species. For
instance, in yeast, telomeric G4s serve a protective role at the end of the
telomeres, preventing them from degradation. However, their presence and
functions in other organisms remain unexplored (Bryan, 2020). These structural
configurations are abundant in the promoters, scattered across the human
genome, exerting regulatory control over gene expression through modulation
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of transcription factor binding and interaction with other regulatory entities. This
can result in the modulation of gene transcription, either by inhibiting or
enhancing the process (Huppert & Balasubramanian, 2007). G4s can also
participate in DNA replication acting as barriers and blocking DNA synthesis
(Sarkies et al., 2010). G4 conformations can engage and form interactions with
proteins implicated in DNA repair processes. This structural configuration holds
significant therapeutic value, and many research groups are actively pursuing
drug discovery to find specific stabilizers for Gd4s. However, achieving
pronounced selectivity for a particular G4 structure has proven challenging
(Kosiol et al., 2021; Linke et al., 2021; Zyner et al., 2019).

b Intramolecular G4 Intermolecular G4

U 1

Figure 8. A. Representation of a G-quadruplex structure alongside
their monovalent cation (M+) associate. On the right site, the square
symbolizes the interaction among four guanine molecules. B.
lllustration of intramolecular (left) and intermolecular (right)
configurations, the latter can involve either two strands (upper) or four
strands (lower). Adapted from (Bochman et al., 2012).

G4 structure formation and/or stabilization properties are currently
studied as a potential anticancer tool that could enhance genome instability and
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modulate transcription and telomere homeostasis. Additionally, most oncogene
promoters contain a higher number of G4 motifs compared to the promoters of
regulatory or tumor suppressor genes. Some studies revealed that changes
within the G4 sequences correlated with a reduction of gene expression (Brooks
& Hurley, 2010; Cogoi & Xodo, 2006; Dexheimer et al., 2006; Kosiol et al., 2021).
An innovative strategy employed distinct G4 ligands designed to target tumor
cells and induce high production of reactive oxygen species (ROS) upon photo-
irradiation, leading to a cytotoxic impact on tumor cells (Salvati et al., 2007).

Our research group has previously worked on predicted G4 sequences
using PPRHSs. In this case, they identified and targeted the complementary
strands of Thymydilate synthase (TYMS) G4 forming sequences (G4FS)
situated in the 5’UTR of TYMS gene (Aubets, Félix, et al., 2020). This work
offered new perspectives on developing approaches to enhance the anticancer
effectiveness using PPRHs and combining them with conventional TYMS
inhibitors. It demonstrated that targeting the G4FS with a template-PPRH
inhibited transcriptional activity by capturing the template strand of the DNA and
forming a G4 structure in the coding strand of the duplex DNA.

In the present work, we have selected and described putative sequences
predicted to form G4 structures, to enhance silencing of oncogenes KRAS and
MYC which are considered undruggable cancer targets.

1.5 Undruggable cancer targets

Over the last six decades, the field of cancer therapeutics has witnessed
the development of various drugs and therapies. Some of the early drugs yielded
notable responses interfering in growth and spread of cancer cells but were often
accompanied by significant side-effects. The 1990s marked a new era for cancer
treatment, with the development of targeted therapies such as monoclonal
antibodies, precision medicine (tumor profiling), immunotherapies (using
chimeric antigen receptors (CAR) T cells), angiogenesis inhibitors, hormonal or
radiation therapies (Schirrmacher, 2019).

Even with the considerable progress in its treatment, cancer remains a
significant global health concern. One major obstacle, is the difficulty to
effectively use traditional small-molecule drugs to target certain cancer types,
considered “undruggable” or difficult to drug. However, many cancer targets that
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in the past were called undruggable, have been successfully targeted. BCL-2,
an anti-apoptotic protein, is a good example of a previously considered
undruggable target which now can be targeted by Venetoclax, approved by FDA
in 2019 (Dang et al., 2017; FDA, 2019).

Many targets in cancer are considered undruggable due to their large
protein-protein interactions, the absence of well-defined or suitable binding sites
or their intracellular or nuclear localization (McCormick, 2015; Whitfield et al.,
2017). There are two primary categories identified as undruggable cancer
targets. One category involves transcription factors such as MYC, MYB, and
nuclear factor-kB (NF-kB), which are crucial for cell proliferation and
developmental processes (Baud & Karin, 2009; Dang, 2012). The second
category, includes RAS oncogene products (KRAS, NRAS and HRAS) which
are the most studied proteins, since their mutations are present in approximately
30% of human cancers with KRAS having the highest mutation rate among all
cancers (Cox et al., 2014).

1.5.1 The KRAS gene

Kirsten rat sarcoma viral oncogene homolog (KRAS), is a human gene
that encodes for a membrane-bound regulatory protein that belongs to RAS
family GTPases. This protein acts as a switch, cycling between active GTP-
bound state and inactive GDP-bound state. When activated, KRAS downstream
pathways control cell survival, proliferation, and differentiation (Adjei, 2001,
Colicelli, 2004). Mutations involving a single alteration in the KRAS gene disrupt
its natural GTP hydrolysis process, leading to a persistent activation of the
protein. This constitutive activity is associated with elevated tumorigenicity and
is linked to an unfavorable prognosis (Friday & Adjei, 2005). Also, it is related to
the development of aggressive diseases including pancreatic ductal
adenocarcinoma (PDAC), non-small-cell lung cancer (NSCLC), and colorectal
cancer (CRC) (L. Huang et al., 2021).

Numerous drug discovery initiatives are currently in progress,
concentrating on specific mutant KRAS isoforms. Sotorasib, which targets the
KRASC2¢ mutant protein, received the FDA approval for lung cancer treatment
in May 2021 (Nakajima et al., 2022). Although this brightens the future for
cancers with KRAS alterations, G12C is not the only common mutation, and it
does not benefit patients with overexpressed or other KRAS variants. KRAS®!2P
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and KRAS®*V are the most frequently mutated alleles found in patients with
pancreatic and colorectal cancer (figure 9) (Dang et al., 2017; Neumann et al.,
2009; Salem et al., 2022). For this reason, the strategy of creating treatments
for individual KRAS mutations requires the development of a range of drugs.
Importantly, reducing transcription has proven to be fatal for tumor cells with
abnormal KRAS signaling, exposing their dependency on KRAS, regardless of
their mutational state, and offers a broad potential for therapeutic intervention.
The technique of stabilizing complex genomic structures is a recognized method
for influencing transcription (Ali et al., 2012; Hu et al., 2012; Singh et al., 2009).
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Figure 9. KRAS variants prevalence varies among tumor subtypes including
colorectal cancer (CRC), appendiceal, pancreatic, non-small-cell lung
cancer (NSCLC), small bowel adenocarcinoma (SBA), and tumors of
unknown origin (TUO). Adapted from (Salem et al., 2022).

Within the promoter region of KRAS, there are segments rich in G/C
content, that can form G4s. Some known G4 structures in KRAS, like 32R,
recruit transcription factors like MAZ, PARP-1 and hnRNP Al forming a complex
that pre-initiates transcription (Marquevielle et al., 2020). Other structures, such
as G4migdescribed by Morgan et al., 2016, are related to transcriptional silencing.
Targeting the complementary strand of G4s can enable G4 formation and
diminish or suppress KRAS transcription (Marquevielle et al., 2020). Following
this therapeutic interest, we selected some of the known G4FS and new putative
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ones to apply the PPRHSs technology as a possible treatment to suppress KRAS
expression.

1.5.2 The MYC gene

Commonly known as MYC, c-MYC belongs to an extensive family of
basic helix-loop-helix leucine zipper (bHLHLZ) DNA binding proteins including
L-MYC and N-MYC (Beaulieu et al.,, 2020; Duffy et al.,, 2021). To be
transcriptionally functional, MYC heterodimerizes with its obligate partner MYC-
associated factor X (MAX) (Madden et al., 2021; Nie et al., 2020). MYC serves
as a transcription factor in numerous signal transduction pathways that stimulate
cell growth and other cellular functions including metabolism, differentiation, and
apoptosis. Notably, MYC controls the expression of up to 15% of human genes
(Armelin et al., 1984; Dang, 2012; L. Shen et al., 2015). Aberrant MYC
expression serves as a catalyst for both the initiation and maintenance of tumors,
and it is associated with all the emblematic hallmarks of cancer (Figure 10)
(Llombart & Mansour, 2021).

MYC expression is very low in quiescent cells and increases with cell
division and development signals (Meyer & Penn, 2008). The regulation of MYC
expression involves a meticulous interplay of transcription regulatory motifs
found in the promoter region including H-triplex, G-quadruplex, i-motif-DNA, and
a far upstream element, transcription factors and chromatin components
(Levens, 2008). Furthermore, MYC protein is fragile, since it presents a general
instability, a short half-life, and it is quickly degraded by the ubiquitin-linked
proteosome, as a mechanism to protect against MYC excessive activity (Herrick
& Ross, 1994). Other causes, such as chromosomal translocations, viral
insertions, amplification, deletions, insertions, and/or cis-element mutations can
disrupt MYC regulation. In normal cells, MYC proto-oncogene is strictly
regulated, and if some of the mentioned regulatory mechanisms fail, the
presence of abnormal MYC mRNA and/or protein can culminate in the
emergence of malignancies (Levens, 2008).

26



Introduction

Sustaining Evading growth
proliferative signals suppression

Deregulating
cellular energetics

Avoiding immune
destruction

o Enabling replicative
g MYC mostaity
Genome instability ‘%/ I Tumour promoting
and mutation ~ inflammation
@
Inducing angiogenesis Invasion and metastasis

Figure 10. MYC governs all fundamental aspects of cancer traits. Adapted
from (Llombart & Mansour, 2021).

MYC is known to be one of the oncogenes undergoing a process of
amplification across a wide array of human cancers (Beroukhim et al., 2010).
Approximately 70% of human cancer types, including breast, bone, brain, B-cell
lymphoma, colon, cervix, lung, pancreatic, and prostate tumors, exhibit various
MYC alterations that align with unfavorable prognoses and elevated disease
aggressiveness (Mossafa et al., 2006; Tabernero et al., 2013). Experimental
models illustrating MY C-associated tumorigenesis suggest that well-developed
tumors become dependent or addicted to MYC (Dang, 2012).

MYC protein instability and lack of druggable binding pockets have been
the main reasons to consider indirect targeting as a strategy for this oncogene.
Some strategies considered targeting MAX to disrupt transcription (Adhikary &
Eilers, 2005). Other strategies have considered targeting MYC target genes, like
targeting the MYC-regulated miRNA, miR-26, in liver cancer that showed
remarkable response in this type of cancer (Frenzel et al., 2010). As KRAS and
many other oncogenes, MYC has well-known G4 structures, especially in its
upstream promoter region, within the nuclease hypersensitive element (NHE Ill,)
region, where a G4 forms with silencing properties. These G4 regulatory
sequences have been considered as a possible therapeutic target. In 2011,
Brown et al., identified a potent G4 stabilizer which provoked alterations in
MRNA and protein expression of MYC with induced cytotoxicity. However,
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achieving significant selectivity for a specific G4 structure has proven to be
challenging.

Previously, in our laboratory we designed a MYC targeting PPRH against
its intron 1, that successfully reduced cell viability and MYC mRNA expression
in different cancer cell lines (Villalobos et al., 2015). In the present work, we
considered the utilization of PPRHs to precisely target distinct segments of
known and putative G4FS of the MYC gene.

1.5.3 KRAS and MYC interactions

In 1983, Land et al. demonstrated that mutant HRAS could induce growth
transformation of rodent fibroblasts, but this process relied on the simultaneous
overexpression of MYC. This provided the initial evidence that MYC can
enhance RAS-driven oncogenic transformation. Following investigations in
mouse models, it was revealed that MYC played a crucial role in KRAS-driven
oncogenesis (Soucek et al.,, 2013). The expression of the MYC gene is
influenced by downstream signaling of KRAS (Figure 11). As a result, the
presence of oncogenic KRAS mutations leads to continuous expression of MYC
(Hashimoto et al., 2021; Waters et al., 2021). MYC amplifies the pro-proliferative
signals initiated by KRAS, promoting rapid cell cycle progression and resistance
to apoptosis. This cooperation often results in more aggressive and treatment-
resistant cancer phenotypes. Recent studies found that MYC is important for
many KRAS-mutant cancer cells lines such as pancreatic MIA PaCa-2 and
AsPC-1, demonstrating that KRAS suppression causes polyubiquitination and
proteasomal degradation of MYC protein (Vaseva et al., 2018).

The interconnection between KRAS and MYC presents significant
challenges in the development of targeted therapies. Disrupting one without
affecting the other can lead to compensatory mechanisms, limiting treatment
efficacy. Therefore, strategies that simultaneously target both KRAS and MYC
have gained attention as potential solutions. Such therapies may hold the key to
achieve durable treatment responses and overcome resistance (Donati & Amati,
2022). Now, we wanted to study how specifically designed PPRHs against both
MYC and KRAS, would affect expression and cancer cell viability in KRAS and
MYC-dependent cells.
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Figure 11. KRAS signaling pathway impacts the expression
of the MYC gene. Adapted from (Waters et al., 2021).

1.6 SARS-CoV-2

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is
classified within the coronavirus family alongside viruses causing common colds
such as severe pathogens like SARS-CoV, and MERS-CoV. SARS-CoV-2
transmits more rapidly and causes much higher fatality rate (Jackson et al.,
2021). It is responsible for the COVID-19 pandemic that began in 2019 in
Wuhan, China. Three years later, on the 5" of May of 2023, the World Health
Organization (WHO) declared that COVID-19 was no longer a public health
emergency of international concern. SARS-CoV-2 had infected more than 769.3
million people and caused more than 6.95 million deaths around the world by
August 2023 (WHO, 2023) although it is estimated that this number might have
been much higher due to many non-detected asymptomatic cases. As a
preventive measure to stop the virus spreading, almost 3 billion individuals faced
lockdown, that had several direct and indirect effects on the environment,
economy, and social well-being of people (Hammad et al., 2023).
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SARS-CoV-2 genome is a non-segmented large positive (+) single-
stranded RNA with a length of 30kb (C. rong Wu et al., 2022). This genetic
material carries instructions for producing both structural and non-structural
proteins (Figure 12). It contains different open reading frames (ORF) including
ORF 1la and ORF 1b that are translated into two polyproteins (ppla and pplab).
SARS-CoV-2 encodes for spike protein that interact with human ACE2
receptors, allowing the virus to bind and merge its envelope with the host
membrane. Then it uses the host mechanisms to transcribe RNA and to
synthetize structural proteins (spike, membrane, envelope and nucleocapsid)
and accessory proteins. The generated viral RNA and proteins are then
organized into new virus particles within the host cells cytoplasm. These
particles are moved to the cell surface enclosed in vesicles and subsequently
discharged, frequently resulting in the host cells death (Jackson et al., 2021;
Jamison et al., 2022; Michel et al., 2020).
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Figure 12. Structure elements of the SARS-CoV-2 genome (above) and its
components (below). Adapted from (Jamison et al., 2022).
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1.6.1 Diagnostic

The COVID-19 pandemic led to the rapid development and
implementation of various diagnostic methods. The urgency of preventing or
containing the virus spread and diagnosing cases quickly prompted researchers,
scientists, and medical professionals around the world to innovate and create
new diagnostic techniques (Rong et al., 2023). Of these methods, polymerase
chain reaction (PCR)-based assays are considered the reference standard for
virus detection due to their exceptional sensitivity and specificity (M. Shen et al.,
2020). Nevertheless, it does come with some limitations including the necessity
of high pure samples, expensive laboratory equipment such as thermocyclers,
trained specialists, and extended processing time (Corman et al., 2020). Other
strategies considered include (Figure 13):

e Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-
based tests: CRISPR-based tests offer the potential for rapid and highly
accurate detection of SARS-CoV-2. They have advantages such as speed
(30 to 40 minutes), sensitivity (concentrations below 10 nM), and the
potential for point-of-care testing. However, the CRISPR technology has
limitations related to the specificity of target sequences, and its potential for
interference and cross-reactivity when detecting multiple targets in a single
reaction. Furthermore, their development and implementation require careful
optimization, validation, and regulatory approval (Li et al., 2019; Nouri et al.,
2021).

e Gene sequencing:itis a complex technology that gives a detailed sequence
of the virus that can help to understand the patterns of transmission, its
origins or behavior and its responses to treatments or vaccines. Although it
is a good tool for the discovery of new diseases, or virus variants, it requires
specialized equipment and trained personnel. It is also time-consuming,
making it less useful for real-time diagnosis (Lam et al., 2020; Ren et al.,
2020).

e Loop-Mediated Isothermal Amplification (LAMP): these tests are like
PCR tests but operate at a constant temperature, making them easier to use
in some settings. They bring results within 30 minutes, and they are suitable
for filed or resource-limited settings. Although it is promising, this method
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presents development and implementation challenges, as well as equipment
and reagent requirements (James & Alwneh, 2020).

Antigen testing: this method detects specific proteins on the surface of the
virus. They single use, lateral flow, that can be visually read using a small
portable device. The detection is much faster (15 to 20 minutes) and less
expensive, suitable for mass testing and screening. Their main drawback is
the lower sensitivity; it may produce false negatives during early infection
and false positives due to cross-reactivity with other antigens (Lv et al., 2020;
Peeling et al., 2021).

Serological testing: these assays identify antibodies against SARS-CoV-2
present in blood and tissue samples. They encompass techniques such as
enzyme-linked immunosorbent assay (ELISA) and immunochromatography.
They indicate if a person has been previously infected and presents an
immune response. It helps to understand the prevalence of the virus in the
population. However, they are not typically used for diagnosing acute
infections, it takes time to develop antibodies after infection and there is a
variability in antibody response between individuals (W. Liu et al., 2020;
Rong et al., 2023; Zhang et al., 2020).

Computed tomography or chest imaging: this approach is employed to
detect lung irregularities linked to COVID-19 infection. It involves capturing
multiple X-ray images of the patient's chest from various angles. While these
techniques can offer insights when other diagnostic tests have inconclusive
results, they are not sufficient on their own to definitively diagnose COVID-
19. The main drawbacks are the requirement for expertise and interpretation
as well as expensive equipment that have limited availability (Bernheim et
al., 2020; E. Y. P. Lee et al., 2020; Rong et al., 2023).

Microarray based methods: they use immobilized oligonucleotides cDNA
probes produced through reverse transcriptase of the viral RNA (Q. Chen et
al., 2010). Fluorescence or chemiluminescence methods are used to identify
the bound sequences, indicating the presence of the virus. It can be used to
detect multiple virus variants since this method is very specific. Microarrays
are suitable for screening many samples in a relatively short time and at very
low concentrations. However, their complexity, equipment requirements, and
potential for technical challenges should be considered when designing and
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implementing these methods for SARS-CoV-2 detection (Eftekhari et al.,
2021; Rong et al., 2023).

e Biosensor-based methods: the array of biosensor methods is wide, such
as Plasmon Resonance (SPR), Field-Effect Transistor (FET), electro-
chemical, nucleic acid, or antibody biosensors (Rong et al., 2023). SPR
method measures changes in the refractive index of a surface as viral
particles bind, enabling the detection with extreme sensibility (G. Qiu et al.,
2020). FET biosensors detect changes in electrical conductivity upon viral
binding, producing a signal (Seo et al., 2020). Nucleic acid-based biosensors
use specific DNA or RNA probes, that bind to viral genetic material and
antibody-based sensors use specific antibodies that hybridize to viral
antigens. These methods, when bound to the viral material, trigger signals
indicating the virus presence. Biosensor-based methods offer rapid and
sensitive detection of SARS-CoV-2, with the potential for multiplexing and
point-of-care use. However, challenges related to specificity, validation, and
technical expertise should be carefully addressed during development and
implementation (Pandey et al., 2022).

In this study, we investigated a novel analytical method centered around
the concept of sandwich oligonucleotide hybridization, using designed PPRH
hairpins that form high-affinity triplexes with viral polypyrimidine target
sequences to efficiently capture the viral genome. The goal was to explore this
approach in customized biosensing tools, such as thermal lateral flow devices,
electrochemical devices, and fluorescent microarrays.
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Figure 13. Outline of the diagnostic process for COVID-19. Adapted from
(Jayamohan et al., 2021).

1.6.2 SARS-CoV-2 therapeutic agents

Aside from advancing in the diagnostic methods, during the pandemics, the
scientific community worked hard to develop a wide array of therapies against
SARS-CoV-2 while waiting for a vaccine capable of to effectively prevent
COVID-19 severity and reduce transmission (Scavone et al., 2020). These
methods include a diverse range of medications with distinct modes of action:

e Antiviral drugs: aimed to inhibit viral replication and spread within the body.
These include molecules involved in life cycle and/or pathogenesis of SARS-
CoV-2. There are several antiviral approaches, including polymerase or
protease inhibitors, immune modulators, viral entry inhibitors or
neuraminidase Inhibitors (Tao et al., 2021). RNA polymerase inhibitors, like
the FDA approved drug, Redemsivir (FDA, 2020), target RNA-dependent
RNA polymerase which virus needs for transcription and replication. Another
strategy considered are protease inhibitors, since viruses often require
protease of host cells to process viral proteins, inhibiting hosts proteases can
prevent the virus from producing necessary proteins for replication (Huff et
al., 2022). Entry inhibitors have also been explored as potential therapeutic
strategy, these stop the virus from gaining access to host cells, preventing
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initial stages of infection. This could have a broad-spectrum potential that
could make them useful against a wide range of virus. Administrated in the
early course of infection, they could help to reduce severity of the disease,
or even prevent it (Chitsike & Duerksen-Hughes, 2021).

Therapeutic oligonucleotides: they consist of short sequences of
nucleotides of DNA or RNA, designed in a natural or modified version for
therapeutic purposes. These molecules can bind to viral genes and repress
replication. Some strategies studied against SARS-CoV-2 include aptamers
(Amini et al., 2022), ASOs (Qiao et al., 2023; C. Zhu et al., 2022), miRNAs
(Ergun et al., 2023), siRNAs (Idris et al., 2021; Y. R. Lee et al., 2023;
Supramaniam et al., 2023; Traube et al., 2022) and CRISPR-based methods
(Cui et al., 2022; Nguyen et al., 2020).

Convalescent Plasma (CP) Therapy: it consists of plasma from individuals
who have recovered from SARS-CoV-2 infection, since it contains antibodies
that may provide temporary protection (Ye et al., 2020). These antibodies
have the potential to reduce the viral entry. It is generally used to prevent
infection and shorten duration and severity of illness. However, CP has
limited availability, patients may show adverse reactions and the antibody
levels variate in donated plasma (Izda et al., 2021). Based on randomized
trials, its current usage is not recommended (Simonovich et al., 2021).

Monoclonal Antibody or Antibody cocktail Therapy: these are laboratory
made specific antibodies against SARS-CoV-2 spike protein. They can
neutralize the virus and mitigate symptom severity, particularly among high-
risk individuals. However, challenges related to production and
administration, along with potential limitations in effectiveness against
emerging variants, are important factors to consider (Baum et al., 2020).

Corticosteroids: These anti-inflammatory drugs aid in modulating the
immune response during severe cases. They can alleviate cytokine storms
and lung inflammation in critically ill patients. However, they come with
several adverse effects, such as metabolic disturbances, heightened
infection susceptibility, and bone irregularities, among other concerns
(Fardet & Féve, 2014).
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Vaccines: Since the start of the pandemic, the primary approach was to
develop a vaccine, both effective and that could be produced on a large
scale. Traditional vaccines are developed during 10 to 15 years, instead
COVID-19 vaccines were developed between 12 to 16 months through
emergency use authorization (Kashte et al., 2021). Vaccines have proven to
be very effective in preventing severe illness and reducing transmission.
However, their global availability is limited, and some individuals need
booster shots, of two or more doses. SARS-CoV-2 mutated in multiple
variants during the pandemic, for this reason more than one or two doses
were necessary. In fact, antibody responses showed to be more effective
after a third dose of the Covaxin vaccine against Delta, Beta and Omicron
variants (Deshpande et al., 2022). Although most of COVID-19 vaccines are
well tolerated, some individuals present rare complications such as
myocarditis with the mRNA COVID-19 vaccines and association with
increased thrombocytopenia and cerebral thrombotic events with Janssen
and AstraZeneca Vaccines (Oster et al.,, 2022; Sharifian-Dorche et al.,
2021). There are many types of vaccines including non-replicating viral
vectors (like adenoviral based vectors), mRNA vaccines, self-amplifying
mMRNA vaccines, DNA vaccines, inactivated viruses, and protein subunits
vaccines (lzda et al., 2021). The available vaccines are shown in Table 1.
The most widely used vaccines include mRNA Pfizer/BioNTech’'s “BNT
162b2” and Moderna’s “mRNA-1273” vaccines, the non-replicating viral
vector Janssen/Johnson and Johnson “Ad26.COV2.S”, and AztraZeneca’s
“ChAdOx1 nCoV-19/AZD1222” vaccines (Sadoff et al., 2021; Thompson et
al., 2021; Voysey et al., 2021; Yadav et al., 2023).
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Mechanism of
action

Dose

Side effects

Moderna
(MRNA-1273)

mRNA vaccine
delivered in lipid
nanoparticles to
express the spike
protein

Two divided doses of
100 mcg each 28
days apart,
intramuscularly
Booster of 50 mcg 5
months after primary
series

Myalgia, fatigue,

injection site pain, fevers

and chills; myocarditis,
pericarditis and
myopericarditis have
been reported

Pfizer mRNA vaccine in lipid | Two divided doses of
(BNT 162b2 nanoparticle 30 mcg, 21 days
“Cominarty”) apart; booster of 30
mcg 5 months after
primary series
Janssen/Johnson | Replication of 0.5 mL single-dose Headache, fatigue and

and Johnson
(Ad26.COV2.S)

incompetent
adenovirus vector
vaccine

vaccine
Booster: available
booster, which is also

injection site pain,
tachycardia, dizziness

and syncope, thrombosis

0.5 mL given 2 with thrombocytopenia,

months after the and Guillain-Barre

primary syndrome
AztraZeneca Replication of Two divided doses, Fatigue, headache,
(ChAdOx1 nCoV- incompetent virus intramuscularly, 4-12 | fever, thrombosis with
19/AZD1222) vector vaccine weeks apart; thrombocytopenia

unfortunately, there is

no booster dose

available at this

moment
Covaxin Inactivated virus Two doses 29 days Injection site pain,
(BBV 152) apart fatigue, headache and

muscle aches

Novovax Recombinant protein Two doses (0.5 mL), Headache, fever, fatigue,

(NVX-cov2373)

nanopatrticle vaccine

intramuscularly, at an
interval of 3—4 weeks

muscle aches, nausea,
pain, irritation, redness
and injection site
swelling

Sinovac Inactivated vaccine Two doses 28 days Nausea and a rare

apart neurological disorder

Sinopharm Inactivated vaccine Two doses 28 days Injection site pain,

(WIVO04 and apart fatigue and headache

HB02)

Sputnik V Replication First dose with the Fatigue (70%),
incompetent adenovirus 26 vector headache (64%), muscle
adenovirus vector dose, second dose pain (61%), joint pain
vaccine (uses two with adenovirus 5 (46%), chills, nausea
separate vectors) vector 21 days to 3 and vomiting
developed by months after the first
Gamaleya institute in dose
Russia

Cansino Replication of Single intramuscular Redness, fatigue, fever,

biologics Ad5- incompetent dose nausea, headaches and

based COVID-19
vaccine

adenovirus vector

muscle pains

Table 1. Available vaccinations for COVID-19. Adapted from (Chinta et al., 2023).
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Objectives

This work is divided into two main parts, one exploring the effects PPRHs against
undruggable cancer targets, and a second centered in the usage of the PPRHs
both as a tool for the diagnosis of COVID-19 and as a therapeutic agent against
the viral infection caused by SARS-CoV-2. Therefore, we set up these two main
goals:

1. To study the effects of PPRHs as a gene silencing tool against the
undruggable cancer targets KRAS and MYC.

- To identify G-quadruplex forming sequences in the KRAS gene, to target
their complementary regions with PPRHs and to inhibit the expression of

this oncogene.

- To determine the modulatory effects of the complementary G4 forming
sequences in cancer cells overexpressing MYC.

- To evaluate the combinatorial effect of the most effective PPRHSs targeting
KRAS and MYC.

2. To determine the PPRH properties to detect SARS-CoV-2 and to use
them as a therapeutic tool.

- To study and validate the ability of PPRHs as a diagnostic tool for SARS-
CoV-2.

- To explore the therapeutic properties of PPRHs to decrease SARS-CoV-2
proliferation in VERO-EG cells.

- To test the protective effect of PPRHs targeting SARS-CoV-2 RNA in
transgenic mice bearing the humanized ACE2 receptor.
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Materials and Methods

Materials and methods are already described within the articles
presented in the “Results” section of this thesis. However, additional materials
or methodologies that are not included in the manuscripts are described within
this section.

3.1 General design of PPRHs

To find polypurine sequences capable of binding to the polypyrimidine-
specific region in a target gene, we employed the Triplex-Forming
Oligonucleotide Target Sequence Search software (TFO searching tool). This
software was developed at the MD Anderson Cancer Center, University of
Texas, Houston, TX, USA (Gaddis et al., 2006).

The design of the specific molecules was guided by specific criteria to ensure
the best PPRH properties:

— Alength per arm of the PPRH ranging between 20-25 nt.

— A minimum G content of 40-45 %.

— A maximum of 3 pyrimidine interruptions within the purine stretch.
— A four-thymidine connector between the two arms of the PPRH.

All these design considerations are crucial to ensure stability and effectiveness
of the PPRHSs in their intended applications.

Then, the selected PPRHs were analyzed by the software contained in
the QGRS mapper to check for putative G-quadruplex forming sequences
(G4FS). This tool uses an algorithm to recognize and depict possible G-
guadruplex elements within a specific sequence providing a G-score. The
greater the value of this score, the more likely the formation of a G-quadruplex
structure is. We chose the polypurine sequences with the highest G-score and
analyzed them by BLAST to ensure that they do not exhibit similarities or
matches with unintended targets.

The following PPRHs were designed:
- Against MYC, six different PPRHs: (HpMYC-G4-PR-C, HpMYC-G4-11-T,
HpMYC-Pr-Distal-T, HoMYC-Pr-Prox-T, HpMYC-I1-T, HpMYC-11_short-T
and HpMYC-I2-C).
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- Against KRAS, five PPRHs: (HpKRAS-PrEF-C [PPRH1], HpKRAS-PrBC-
C [PPRH 2], HpKRAS-I1-T, HpKRAS-E5-C).

- Against SARS-CoV-2, three different PPRHs: (CC1-PPRH, CC2-PPRH
and CC3-PPRH).

A polypurine scrambled hairpin (HpSc9) was used as a negative control.
The designed PPRHs were synthesized as non-modified oligodeoxynucleotides
by Merck-Sigma (Haverhill, UK). Hairpins were resuspended at a concentration
of 100 uM with Tris-EDTA buffer (1 mM EDTA and 10 mM Tris-HCI, pH 8.0)
(Sigma-Aldrich, Madrid, Spain) and stored at -20°C. The corresponding
sequences for each PPRH used in this work and the negative control are shown
in the corresponding articles.

3.2 DNA-PPRH binding analyses

The binding capability of MYC, KRAS and SARS-CoV-2 targeting PPRHs
against their targets was analyzed by electrophoretic mobility shift assays
(EMSA).

Binding reactions were performed by incubation of the PPRHSs using two
approaches (i) with a polypyrimidine ssDNA probe or (ii) with a dsDNA probe.
Both ssDNA and dsDNA had the polypyrimidine strand labeled with fluorescein
(6-FAM) and were synthesized by Merck-Sigma (Haverhill, UK). The dsDNA was
obtained by mixing equimolecular amounts of each single-stranded
oligodeoxynucleotide in a 150 mM NaCl solution, hybridized at 95 °C for 5 min,
and cooled down to RT.

Binding reactions were performed using binding buffer (5% glycerol, 100
mM NacCl, 10 mM MgCl,, 40 mM HEPES, pH 7.2; all from Sigma-Aldrich, Madrid,
Spain). For ssDNA binding reactions, as an unspecific competitor, tRNA was
added, whereas for dsDNA Poly(dI:dC) (1:1 ratio for both cases) was used. The
corresponding amounts of ssDNA and dsDNA (ranging between 100 and 200
ng) with their corresponding PPRHs (ranging from 12.5 to 2000 ng) are shown
in the scientific articles.

Binding mixtures with ssSDNA were incubated at 37°C whereas dsDNA
binding reactions were incubated at 65 °C. in both cases, binding reactions were
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incubated for 10 min without the probe and then for a 20 min period with the
probe. As a negative control Hp-Sc9 was used.

Binding products were electrophoretically resolved in 7 or 8 %
polyacrylamide non-denaturing gels containing 5 % glycerol, 10 mM MgCl,, 50
mM HEPES, pH 7.2 using a running buffer containing 10 mM MgCl, and 50 mM
HEPES (pH 7.2) and run at a fixed 190 V and 4 °C. ImagelLab software v5.2 was
used to visualize the results (GE Healthcare, Barcelona, Spain). Specific SSDNA,
dsDNA, PPRHSs, and gel percentages are shown in the articles.

3.3 RNA-PPRH binding analyses

The capacity of the RNA-PPRH to bind to its target sequence in SARS-
CoV-2 regions was analyzed using EMSA assays as described in section 3.2.
DNA-PPRH binding analyses were performed with the conditions for sSDNA
binding reactions (at 37 °C) using DEPC H0.

3.4 Strand displacement assays

The capacity of PPRHs to bind to their dsDNA targets, displacing the
complementary strand, and allowing G4 formation for KRAS and MYC, was
explored by Strand Displacement Assays.

We used 1.5 pg of each oligonucleotide ssDNA (single-strand
polypyrimidine [ssPPY] labeled with FAM or single-strand polypurine [ssPPU])
or dsDNA labeled with FAM with increasing amounts of PPRH. dsDNA probes
were prepared as described in section 3.2.

The mixes of the oligonucleotides with the PPRHs were prepared in a
100 mM KCl and 100 mM Tris-HCI, pH 7.4 buffer, incubated at 90°C for 5 min in
a water bath and slowly cooled down to RT. The resulting structures were
resolved in non-denaturing 12 % polyacrylamide and 10 mM KCI gels in 1x TBE
buffer at a fixed 150 V.

Once electrophoresed, bands were detected under a UV light lamp.
Then, gels were stained with 5 uM Thioflavin T (ThT) (Sigma Aldrich, Madrid,
Spain) for 15 min with shaking and washed in water for 2 min. Images were
taken under a UV light lamp or using the Gel DocTM EZ with the Image Lab

47



Materials and Methods

Software, Version 6.0. Target sequences for each KRAS and MYC PPRHs,
SSDNA or dsDNA, are described in the corresponding articles.

3.5 Melting Temperature Assay

To determine melting temperatures (Tus) of MYC and KRAS, we used a
ssPPY probe and the PPRH at a ratio of 1:1 in a final concentration of 1 uM in
buffer solution with 100 mM NacCl, 10 mM MgCl;, and 40 mM HEPES, pH 7.2.

Before performing the experiments, the mix was heated to 65 °C for 15
min and slowly cooled down to RT. Melting studies were performed using a V-
730BIO UV-Vis spectrophotometer (Jasco, Madrid, Spain), connected to a
controller that increased the temperature from 10 to 90 °C and then decreased
it from 90 to 10 °C at a 1 °C/min rate. Absorbance was recorded at 260 nm in a
1 cm pathlength quartz cuvette and monitored every 0.5 °C.

3.6 Western blot analyses for KRAS, MYC, Cyclin D1 and GAPDH

detection

PC-3 cells (60,000) were plated in 6-well dishes and transfected 24 h
after with different concentrations of PPRHs, described in the corresponding
articles.

Total extracts were obtained 72 or 120 h after transfection in RIPA buffer
(1 % lgepal CA-630, 0.5 % sodium deoxycholate, 0.1 % SDS, 150 mM NacCl, 10
mM NaF, 1 mM PMSF, 1 mM EDTA, 50 mM of Tris-HCI, pH 8.0 and containing
Protease Inhibitor (P8340-5ML); all purchased from Sigma Aldrich, Madrid,
Spain, with the exception of Tris-HCI, which was from PanReac AppliChem,
Barcelona, Spain).

Cell extract was centrifuged at 13,000 x g for 10 min at 4 °C.
Supernatants were collected and their protein level were quantified using the
Bio-Rad protein assay based on the Bradford method using Bovine serum
albumin (BSA) as standard (Sigma-Aldrich, Madrid, Spain).

Protein extracts were electrophoresed in 4-12 % SDS-polyacrylamide
gels and transferred to polyvinylidene difluoride (PVDF) membranes (immobilon
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P, Milipore, Madrid, Spain) using a semi-dry electroblotter. Membranes were
blocked using 5 % Blotto.

Membranes were probed with either MYC (1:1500 dilution; ab205818,
Abcam, Cambridge, UK) or KRAS (1:1,500 dilution; LS-C211371; LifeSpan
BioSciences,Washington, USA) antibodies conjugated with horseradish
peroxidase (HRP), with a primary antibody against cyclin D1 (1:100 dilution; M-
20, sc-718, Santa Cruz Biotechnology, Heidelberg, Germany), or a primary
antibody against GAPDH (1:200 dilution; sc-47724, Santa Cruz Biotechnology,
Heidelberg, Germany) overnight at 4 °C with slow agitation. Cyclin D1 protein
levels were detected using a secondary HRP-conjugated anti-rabbit antibody
(21:1,200 dilution, P0399, Agilent Technologies, Singapore). GAPDH protein was
detected using a secondary HRP-conjugated anti-mouse antibody (1:1,500
dilution, sc-516102, Santa Cruz Biotechnology, Heidelberg, Germany) and used
to normalize the results.

Signals of KRAS, MYC, Cyclin D1 and GAPDH proteins were detected
using enhanced chemiluminescence (ECL), as recommended by the
manufacturer (Amersham, Arlington Heights, IL). ImageQuant LAS 4000 mini-
imager (GE Healthcare, Barcelona, Spain) was used to visualize the protein
bands and quantification was performed using the ImageQuant 10.1 software or
Image J2 2.3.0 (FIJI).

3.7 Internalization of PPRHs (Flow cytometry)

PC-3, MCF-7 and SW480 Cells (100,000) were plated in well-dishes in
F12 + 10% FBS serum. The day after, cells were transfected with a 100 pl mix
of N-[1-(1,2-Di-(9Z-octadecenoyl)-3- trimethylammoniumpropane methyl sulfate
(DOTAP; Biontex, Germany) or 1,3-bis[(4-oleyl-1-pyridinio)methyllbenzene
dibromide (DOPY, synthesized in house, UB) with a scrambled 6-FAM-labeled
PPRH (HpSC9-FAM) in F12 serum-free medium.

One day after transfection, cells were trypsinized, collected in PBS and
centrifuged at 1,200 x g at 4 °C for 5 min. Cell pellet was resuspended in 400 pL
of PBS.

Propidium lodide (IP) was added to a final concentration of 5 pg/mL
(Sigma Aldrich, Madrid, Spain). Flow cytometry analyses were performed in a
Gallios flow cytometer (Beckman Coulter, Inc., Barcelona, Spain) at the CCiT.
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4.1. ARTICLE |

Targeting KRAS Regulation with PolyPurine Reverse Hoogsteen

Oligonucleotides

Alexandra Maria Psaras”, Simonas Valiuska”, Véronique Noé, Carlos J.
Ciudad and Tracy A. Brooks

# Both authors contributed equally to this work

International Journal of Molecular Sciences. 2022, 23(4), 2097. (Impact factor:

6.208)

Background: The KRAS gene (Kirsten rat sarcoma viral
oncogene homolog) is a proto-oncogene encoding a small GTPase
protein that participates in the signaling of several growth factors. It plays
a pivotal role in intracellular signal transduction, relaying signals from cell
surface receptors to the nucleus (Colicelli, 2004; Cox & Der, 2010).
However, when KRAS is mutated and becomes constitutively active, it
can drive uncontrolled cell proliferation and tumorigenesis. KRAS
mutational activation is widely distributed across diverse cancer types,
exhibiting a broad range of occurrences (Prior et al., 2012; Pylayeva-
Gupta et al.,, 2011). However, it is particularly prominent in lung,
colorectal and pancreatic cancers, where it is detected in over 95% of
cases (Adjei, 2001). For many years, KRAS has been considered a
undruggable target due to its lack of targetable pockets for possible
drugs, its highly dynamic conformation when activated, and because the
GDP/GTP cycle exchange is highly regulated. Although some drugs are
being developed against KRAS, they are usually designed for rare KRAS
mutations, and thus the development of anti-KRAS drug is required
(Nakajima et al., 2022). KRAS contains known G-quadruplex sequences
that form G4 structures which have arole in KRAS expression regulation.
For this reason, KRAS G4-rich sequences have been considered
potential targets for KRAS gene silencing (Cogoi & Xodo, 2006; D’Aria
et al., 2020; Shalaby et al., 2013).
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Objectives: To discover previously unknown G-quadruplex
forming sequences (G4FS) in the KRAS gene and to develop specific
PPRHs that can target and interact with these G4FS, along with a known
G-quadruplex region. Our main aim was to investigate the effects and
the therapeutic implications of these designed PPRHs on KRAS gene
regulation.

Results: A total of five different PPRHs were designed, two
against the KRAS promoter G4miq (HpKRas-Pr-EF-C, HpKRas-Pr-BC-C,
referred as PPRH 1 and PPRH 2, respectively) and three others against
putative G4FS in the distal promoter (HpKRas-Pr-C), intron 1 (HpKRas-
I1-T) and exon 5 (HpKRas-E5-C).

We investigated the formation of higher-order DNA structures in
three specific regions of the KRAS gene that had not been previously
explored. These regions are found in the distal promoter (Pr-C), an
intronic region (11) and an exonic region (E5). The latter region was
confirmed to be a G4FS with a parallel topology.

We verified that the interaction of the PPRHs with their
corresponding targets displaces the complementary strand allowing the
formation of secondary structures.

We also analyzed the cytotoxic effect of the PPRHs in ovarian
and pancreatic cancer KRAS dependent cell lines. PPRHs displayed
different levels of effectiveness in pancreatic and ovarian cancer cells.
However, we consistently observed that when targeting KRAS promoter
with PPRHs (HpKRas-Pr-C, PPRH 1 and PPRH 2), there was a
significant inhibition of cellular growth and viability in both cancer cell

types.

KRAS transcription levels were affected in cells transfected with
PPRHs 1 and 2. PPRH 2 was the most effective in decreasing KRAS
transcription activity. We also analyzed the transcription modulation
mediated by PPRH 1 and PPRH 2 with a KRAS promoter selective G4-
stabilizing compound, NSC 317605, observing synergistic activities that
improved the transcriptional downregulation and the reduction of cell
viability.



Results

Conclusions: In this study, we have identified and integrated two
therapeutic approaches: PPRHs and NSC 317605. These two strategies
effectively stabilize the G-quadruplex (G4) structure present in the middle
(G4mid) region of the KRAS promoter. As a result, transcription of the
KRAS gene is reduced, leading to a synergistic modulation of KRAS-
dependent AsPc-1 pancreatic cancer cells viability.
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Abstract: KRAS is a GTPase involved in the proliferation signaling of several growth factors. The
KRAS gene is GC-rich, containing regions with known and putative G-quadruplex (G4) forming
regions. Within the middle of the G-rich proximal promoter, stabilization of the physiologically
active Gdy,;4 structure downregulates transcription of KRAS; the function and formation of other
G4s within the gene are unknown. Herein we identify three putative G4-forming sequences (G4FS)
within the KRAS gene, explore their G4 formation, and develop oligonucleotides targeting these three
regions and the G4,,,;4 forming sequence. We tested Polypurine Reverse Hoogsteen hairpins (PPRHs)
for their effects on KRAS regulation via enhancing G4 formation or displacing G-rich DNA strands,
downregulating KRAS transcription and mediating an anti-proliferative effect. Five PPRH were
designed, two against the KRAS promoter G4p,iq and three others against putative G4FS in the distal
promoter, intron 1 and exon 5. PPRH binding was confirmed by gel electrophoresis. The effect on
KRAS transcription was examined by luciferase, FRET Melt?, qRT-PCR. Cytotoxicity was evaluated in
pancreatic and ovarian cancer cells. PPRHs decreased activity of a luciferase construct driven by the
KRAS promoter. PPRH selectively suppressed proliferation in KRAS dependent cancer cells. PPRH
demonstrated synergistic activity with a KRAS promoter selective G4-stabilizing compound, NSC
317605, in KRAS-dependent pancreatic cells. PPRHs selectively stabilize G4 formation within the
KRAS mid promoter region and represent an innovative approach to both G4-stabilization and to
KRAS modulation with potential for development into novel therapeutics.

Keywords: KRAS; PPRH; G-quadruplex; pancreatic cancer; ovarian cancer

1. Introduction

KRAS is a 21-kD GTPase that plays a role in cell survival, proliferation, and differ-
entiation [1,2]. It is constitutively expressed, but active only when GTP-bound. Normal
functioning KRAS has a relatively short, and inducible, GTP-bound life. Mutations in RAS
proteins are found in approximately one-third of all human tumors, with KRAS being the
most frequently mutated isoform [3,4]. Single point mutations of the KRAS gene abolish
inherent GTP hydrolysis; these mutations render the protein constitutively active. The
highest incidence of mutational activation occurs in lung, colorectal, and >95% of pancreatic
cancers [1,4,5]. KRAS mutations are associated with increased tumorigenicity and poor
prognosis [3]. Mutation of the KRAS gene has been identified as a transforming oncogenic
event, where it creates an unstable environment allowing for more mutational selection
and increasingly aggressive disease [5]. In the absence of a mutation, increased KRAS
activity in human tumors is the result of gene amplification, overexpression, or increased
upstream activation [3]. The genomic amplification of KRAS, in particular, is associated
with metastatic disease and poor prognosis in hormone-related cancers such as ovarian
cancer [6-21].
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KRAS is a well validated anti-cancer therapeutic target. Many active drug discov-
ery programs are ongoing, with a focus on individual mutant KRAS isoforms. Sotorasib
targets the G12C mutant protein and was FDA-approved for lung cancer in late May of
2021 [22,23]. While this drug’s development, clinical activity, and approval is remarkable,
G12C is not a common mutation in pancreatic and colorectal cancers with KRAS muta-
tions and sotorasib does not benefit patients with amplified or overexpressed KRAS. The
approach of developing agents for each KRAS mutation necessitates an array of drugs
to be developed and does not address cancers with dysregulation of non-mutant KRAS.
Notably, transcriptional down-regulation has been demonstrated to be lethal to tumor cells
with aberrant KRAS signaling, irrespective of mutational status, and to potentially have a
wide therapeutic window [1,24-27]. Stabilization of higher order genomic structures is an
established approach to modulating transcription.

Within the proximal promoter region of KRAS lies a GC-rich region of DNA capable of
forming non-canonical G-quadruplex (G4) structures. G4s are secondary structures made
of four guanine bases associated by Hoogsteen hydrogen bonds and a stack of a minimum
two of these structures forming helical composition. G4 structures have an important role
in controlling different biological processes such as DNA replication [28] telomere home-
ostasis [29] and mRNA transcription and regulation, processing and translation [30,31].
Since they are present in biological key functions, these formations can be considered as
potential therapeutic targets. G4 formation in both DNA and RNA has been demonstrated
in live cells [28] in an inducible manner [32]. Moreover, G4-positive nuclei are significantly
increased in cancer cells, as compared to surrounding non-neoplastic tissue, from patient-
derived solid tumor tissue biopsies [33]. G4s are attractive therapeutic targets as they are
more globular than B-DNA, enabling more selective gene interactions. The core promoter
region of KRAS is highly G/C-rich (~75%) and putatively capable of forming higher order
non-B-DNA structures [34-36]. The proximal promoter region contains several G4-forming
sequences, including G4near (32r) and G4p;4. Previous work from our collaborative group
described the predominant G4 isoform formed by G4yiq, and ascribed G4-mediated silenc-
ing within this region to G4piq formation [37]. Several other putative G4-forming regions
exist within the promoter and the gene itself whose formation and function have yet to
be described.

In this work we targeted the G-rich, putative G4-forming regions with PolyPurine
Reverse Hoogsteen hairpins (PPRHs), which are two polypurine strands linked by a
four-thymidine loop (4T) running in antiparallel directions and bound by intramolecular
Hoogsteen bonds, forming a hairpin structure. These molecules can hybridize in a specific
sequence-dependent manner to single- or double-stranded DNA (dsDNA) by Watson-Crick
bonds forming a triplex structure and displacing the fourth strand of the dsDNA which
can lead to a knockdown of the targeted gene [38]. We classify the PPRHs depending on
the strand of the DNA they target. If the polypyrimidine stretch is found in the template
strand they are called Template-PPRHs [39] and if the stretch is found in the coding
strand, they are called Coding-PPRHs [40]. The latter can also target mRNA, where it can
modulate post-transcriptional events, since it has the same orientation as the coding strand.
PPRHs have already been shown to inhibit gene expression of cancer related genes [41]
in immunotherapy [42-44] or in replication stress [45]. In addition, they can be used for
gene repair to correct point mutations [46,47] and very recently have also been used as the
sensor component of biodetectors [48,49].

Previously, we observed that targeting the complementary strand of G4 forming
sequences (G4FS) in the 5'-UTR of the thymidylate synthase (TYMS) gene was very effective
in reducing the viability, mRNA, and protein levels of this target [50]. Here we designed
and used PPRHs against polypyrimidine tracts in the promoter and gene coding region of
KRAS, making them complementary to G4FS to promote possible G4 folding and related
gene silencing or post-transcriptional modifications. We targeted the promoter region of
this gene, including proximal and distal segments and an intronic part within the 5'-UTR.
Additionally, we designed a PPRH targeting exon 5 in the 3'-UTR of the gene.
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2. Results
2.1. Identification of Putative PPRHs Target Sequences in KRAS Promoter and Gene Region

G4's formed within the proximal KRAS promoter have been previously
described [37,51], including the physiologically active KRAS G4yiq sequence. We included
this region and searched for other G4FS within the KRAS gene sequence using both the TFO
searching tool and the QGRS mapper (Figure 1A,B), and then selected sequences that could
form triplexes with the highest G-Score. Notably, the QGRS identified portions of the G4miq
sequence with G-scores of 20-21; inputting only the G4,,,4 sequence containing seven
G-tracts, the mapper identified a wide array of putative G4s with G-scores ranging up to
39. The predicted G4 with the highest G-score encompasses the second (termed B) through
fifth (termed E) G-tracts, in agreement with the structure identified previously [37], and is
targeted by two of the PPRHs designed below. We further designed the PPRHs targeting the
polypyrimidine stretches complementary to the known G4p,iq or the G4FS (Figure 1C). The
KRAS sequence with the designed hairpin target regions is shown in Figure 1D. Figure 1E
represents PPRHs mechanism of action with the example of HpKRasPrEF-C (PPRH 1).

2.2. G4 Formation within Newly Identified G4FS—PR, I1 and E5

While the G4 formation within the proximal promoter region has been previously
explored and described, it is unknown for the newly identified sequences within the distal
promoter (KRasPr-C, PR), intron 1 (KRasI1-T, I1) and exon 5 (KRasE5-C, E5). Using elec-
tronic circular dichroism, we examined the induction of G4 sequences upon the addition of
100 mM KCl (Figure 2A). The distal promoter sequence did not demonstrate any secondary
structure in either the absence or presence of KCl, whereas the intron 1 sequence formed
a structure without variation in the absence or presence of KCl that is consistent with a
hairpin loop. Only the sequence within exon 5 demonstrated the induction of a parallel G4
upon the addition of KCL. All sequences were melted from 20-100 °C; mdeg were recorded
every 1 °C at 262 nm and full spectra were recorded every 10 °C (Figure S1). With no
apparent formation of a secondary structure within the PR region, no melting profile was
able to be described. Both the I1 and the E5 sequences, however, were probed without and
with 100 mM KCl to examine their thermal stability (Tys). The Ty of I1 increased from 46 to
51 °C upon the addition of KCI, whereas the Tys of E5 markedly increased from 45 to 75 °C
under the same conditions (Figure 2A, right). The inter- versus intra-molecular tendencies
of the E5 G4 was explored through the examination of dose dependent G4 formation and
thermal stability in the presence of 100 mM KCl (Figure 2B). G4 formation and thermal
stability increased in a dose dependent manner, with maximal mdeg at 264 nM increasing
from 1 to 14 theta and Tys increasing from 58 to 70 °C, consistent with an interstrand G4.

2.3. PPRHs Binding to KRAS Target Sequences and Polupurine Strand Displacement

To evaluate the binding of the designed PPRHs to their corresponding target regions,
we performed different electrophoretic mobility shift assays (EMSA; Figure 3) in a native
gel testing the PPRHs with dsDNA of KRAS target sequences (Table 1). In the case of PPRH
1 and HpKRasBC-C (PPRH 2) we designed a sole dsDNA target probe spanning the entire
KRAS G4,,,;4 sequence, encompassing the binding sites for both PPRHs. However, for PR,
I1 and E5, we designed a dsDNA target probe corresponding to their sequences. For each
of the PPRHs tested, we observed one main shifted band that corresponds to the binding
of the hairpin with the probe. In contrast, the negative control, Hp-Sc9 (SCR), did not show
any shifted band for any of the probes.

In order to assess whether the binding of the targeting PPRHs mediated the displace-
ment of the G-rich strand, we performed a strand displacement assay using incubations
of the dSDNA-KRAS-I1 probe with increasing concentrations of HpKRAS-I1 and staining
with thioflavin T (ThT) [52,53] after resolving the structures by native gel electrophoresis
(Figure 3B). The Hp-KRAS-I1 was able to displace the polypurine strand in a concentration-
dependent manner.
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TFO Target Sequence Length %G Strand Region
AGGTGGAAGGGGCAGAAGAGAAAA 32 438 forward putative-promoter
GTGAAAGA
GTGGGGGTGTGGGGGGAGAGA 21 714 forward exon_5
GGGAGAGAGGTACGGAGCGGA 21 57.1 reverse intron_1
GGCGGGGGAGGAGCGGGGG 18 833 forward  putative-promoter
GGGGAGAAGGAGGGGGCCGGG 21 714 forward  putative-promoter

B Target Length G4 forming sequence G-Score
(QGRS mapper)

Promoter (HpKRasPr-C) 11 GGTGGAAGGGG 19
Promoter (PPRH 1) 1 GGCGGGGGAGG 21
Promoter (PPRH 2) 12 GGAGGGGGCCGG 20

Intron 1 (HpKRas!1-T) 19 GGAGAGAGGTACGGAGCGG 19

Exon 5 (HpKRasES-C) 13 GGGGGTGTGGGGG 19

PPRH name Length uence (5'- 3')
HpKRasPr-C 52 GGT! A AAGGT!
HpKRasPrgF-C (PPRH 1) a2 GGC GG
HpKRasPr-BC-C (PPRH 2) 46 C C
HpKRasl1-T 46 AGGTACGGAGC! GAGGCA
HpKRasES-C 46 TG
Hp-S¢9 41 AAGAAGAAGAAGAGAAGAALIAAGAAGAGAAGAAGAAGAA

D cacarrrICTCCCCTTC

CAAGGCGCCGCCCAGMCCGCWCAGCCGGCCCGGCNGCCACCCTAGACCGCCCCAGCCACCC
'CGGCGCTC

CCCTCCTCCCGC!
CTTCCTCCGCCGGCCC

CCTGTCTTTCACTTTTCTCTTCTGCCCCTTCCACCTGGCGCTAGGAGGGGGAGACTGGAAT
mm&ﬂMCMTucmwmmmmcmmmmmcccmmmmu

*

GCT

mcmcmmmcmmmmmccmmmmc
GAMG&NGATMMCGCNCGGCCGCCC&CCCMNGGNMWGA

HpKRasPrEF-C

FEIPPIb bbb bat iy

+

5'-
trrnnnebnnnnnnetnnld
3

dsDNA G4FS

1 Watson-Crick bonds

.

5’

+ Reverse-Hoogsteen bonds

G4FS

Figure 1. (A) Putative target regions of K-Ras using the TFO searching tool and searching the
sequence in the Promoter Database. (B) QGRS mapper results of the selected sequences. Guanines
marked in blue and underlined are involved in G4 formation. (C) Design of the PPRHs targeting
K-Ras specific G4FS (HpKRasPr-C, HpKRasPrEF-C, HpKRasPrBC-C, HpKRasl1-T, HpKRasE5-C)
and a scramble hairpin, Hp-Sc9 as a negative control. Pyrimidine interruptions are marked in red.
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(D) Location of the target regions of the selected PPRHs: four of them belong to the coding category
(HpKRasPr-C highlighted in yellow, HpKRasPr-EF-C in light green, HpKRasPr-BC-C in cyan, and
HpKRas-E5-C in brown) and HpKRas-I1-T in grey which is a template-PPRH. The putative G4FS, or
its complementary sequence, are marked in red. Three PPRHs have targets in the promoter sequence
(white zone). Another PPRH binds to intron 1 (green) which is within the 5-UTR (purple). The
beginning of transcription (CTA) and translation (ATG) are indicated in magenta, right before the
first coding region (pink). The last PPRH is designed towards a sequence within the 3’-UTR in Exon 5.
Asterisks indicate gaps in the sequence of K-Ras. (E) Putative mechanism of PPRH 1 (HpKRasPrEF-C)
strand displacement of the dsSDNA G4FS target sequence, facilitating G4-formation and subsequent
gene regulation.
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Figure 2. G4 formation within newly identified G4FS. (A) Indicated DNA strands were annealed in
the absence (dotted lines) or presence (solid lines) of 100 mM KCl and their spectra were recorded
from 225-350 nm (left). Thermal stability of the I1 and E5 structures were determined in the absence
(dotted lines) and presence (solid lines) of 100 mM KClI (right). Only the E5 sequence demonstrated
induction of a G4 structure (with parallel topology) with increased thermal stability in the presence
of KC. (B) E5’s G4 formation (left) and thermal stability (right) were further examined over a range
of concentrations (2-20 M) in the presence of 100 mM KCl as an indicator of inter- versus intra-strand
G4 formation. Both G4 formation and thermal stability increased as a function of concentration,
indicating inter-strand G4 formation.

A single polypurine strand, and Hp-KRAS-I1, are able to form non-canonical struc-
tures, such as a G4 [52] or hairpin [53], since these bands stained with ThT presenting a cyan
band. Combination of dsDNA-KRAS-I1 with Hp-KRAS-I1, led to a formation of several
bands, the upper corresponds to the intron 1 dsDNA-PPRH triplex, the second upper
band corresponds to HpKRAS-I1 excess, the third band coincides with dsSDNA-KRAS-I1
as we observe a decrease of this band with the increase of HpKRAS-I1. The lower band
corresponds with the displaced ssPPU band of the triplex formed as we observe a higher
cyan fluorescence of this band with a higher amount of PPRH per dsDNA. Incubation of
dsDNA-KRAS-I1 with the scrambled PPRH (Hp-Sc9), lane 8, did not show any displaced
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band. The independency of KCl for structured formations in the intron 1 probe is shown in
(Figure S2), in agreement with the ECD results; similar displacement results for the distal
promoter probe were also noted (Figure S3). Notably, all PPRH sequences were exam-
ined by ECD for their secondary structure formation (Figure S4). In the absence of KCl,
sequences were either single-stranded or noted to form hairpin structures (data not shown).
Except for the scrambled sequence (HpSc9), they each formed structures that facilitate ThT
binding as noted in Figure 3. Specifically, PPRH1, PPRH2, and Hp-KRAS-E5-C formed
inducible G4 structures, Hp-KRAS-PR-’s maxima at 266 nm sits somewhere in between a
G4 and a hairpin and Hp-KRAS-I1-T forms an apparent hairpin structure.

A 1 2 3 4 5§ 6 7 8 9 10 11 12 13

.i.'-:-‘u:u-u-‘

dsDNA probe: 1-2-KRAS KRAS-PR KRAS-I1 KRAS-ES

Hp-KRAS-EF-C - + = = = = = = = = - =
Hp-KRAS-BC-C = = + = = = = = = = = = =
Hp-KRAS-PR-C = = = = = = = = = = = = =
Hp-KRAS-1-C - - - = - + - - + - - - -
Hp-KRAS-E5-C - - = = = = = - - - - + -
HpSc9 - - - + - - + - - + - - +
B
Triplex ——»
PPRH—»
dsDNA——»
S$SPPY —»
sSPPU——>
ssPPY + - = = = = - -
ssPPU - + - e
dsDNA - - + - + + o+ +
HpKRAS-I11 - - = 15 15 3 6
Hp-Sc9 - - = = = = = 15

Figure 3. (A) Bindings of K-RAS PPRHs and Hp-Sc9 (1ug) to the complementary polypyrimidine
G4FS target sequence dsDNA (200 ng) marked with FAM. Lane 1, dsSDNA-1-2-KRAS probe alone; lane
2, dsDNA-1-2-KRAS probe plus HpKRasPrEF-C; lane 3, dsDNA-1-2-KRAS probe plus HpKRasPrBC-
C; lane 4 dsDNA-1-2-KRAS probe plus Hp-Sc9; lane 5, dsDNA-KRAS-PR-UP probe alone; lane
6, dsDNA-KRAS-PR-UP probe plus HpKRAS-PR-C; lane 7, dSDNA-KRAS-PR-UP probe plus Hp-
Sc9; lane 8, dsSDNA-KRAS-I1 probe alone; lane 9, dSSDNA-KRAS-I1 probe plus Hp-KRAS-I1-T; lane
10, dsDNA-KRAS-I1 probe plus Hp-Sc9; lane 11, dSSDNA-KRAS-E5 probe alone; lane 12, dsDNA-
KRAS-ES5 probe plus Hp-KRAS-E5-C; lane 13, dsDNA-KRAS-E5 probe plus Hp-Sc9. The image
is representative of at least three different EMSAs performed at different times. (B) Displacement
analysis of the Polypurine (PPU) strand in Intron 1 probe. Bindings were performed using 1.5 pg of
dsDNA labelled with FAM (green) in the polypyrimidine (PPY) strand only, then incubated with the
indicated amounts of KRAS-I1 PPRH or 1.5 ug of the negative control HpSc9. The resulting structures
were resolved by native polyacrylamide (12%) gel electrophoresis. PPRHs, ssPPU and displaced PPU
were visualized after Thioflavin-T staining (cyan bands).
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Table 1. Name and nucleotide sequences used in the Electronic Circular Dichroism assays.
Name Sequence (5'-3')
I CGGGAGAGAGGTACGGAGCGGAC
E5 GTGGGGGTGTGGGGGGA
PR CAGGTGGAAGGGGCA

2.4. Effect of KRAS-Targeting PPRHs on Cell Viability and Growth

We examined the dose-dependent effects of KRAS-targeting PPRHs (144 h) on the via-
bility of KRAS mutant expression pancreatic cancer cell lines AsPc-1 (G12D, highly addicted
to KRAS) and MiaPaCa-2 (G12C, moderately addicted to KRAS) and KRAS overexpressing
ovarian cancer SKOV-3 cell lines (Figure 4A). All effects on viability were compared to un-
treated control, and vehicle (N-[1-(1,2-Di-(9Z-octadecenoyl)-3-trimethylammoniumpropane
methyl sulfate, DOTAP) and scrambled (Sc9, SCR) sequences were included as negative
controls. All KRAS-targeting PPRHs significantly decreased the viability of AsPc-1 cells
in a dose-dependent manner, but surprisingly none had lone efficacy in the moderately
addicted MiaPaCa-2 cells. Targeting the promoter region with PPRH 1 or HpKRAS-PR-C
(PR), or intron 1 with HpKRAS-I1-T (I1), significantly decreased cell viability in SKOV-3
cells as well. We further explored the effects of each PPRH at 100 nM over time in the
three cell lines using live cell microscopy over time and evaluating percent confluency in
the wells. In accordance with the viability effects, all the PPRHs modulated the growth of
AsPc-1 cells and targeting the promoter with PPRH 1 or PR had the most marked effects
on SKOV-3 growth. The effect of DOTAP on the growth of SKOV-3 cells within 16-96
h occurred consistently (n = 3 with 25 images taken per well every 8 h) and normalized
after 96 h; cells incubated with scramble DNA in DOTAP did not exert any stimulation of
growth. Interestingly, targeting the promoter also decreased the growth of MiaPaCa-2 cells,
despite there being no significant change in the viability of the remaining cells. One key
difference in the viability and the cell growth studies is the well size (96 well versus 6 well),
so we also monitored viability in the larger plates used for cell growth. In the 6 well plate,
PPRH 1 mediated a decrease in MiaPaCa-2 viability by 35%, and PR decreases viability by
13%; while the magnitude and significance does not match the findings with cell growth
alone, the general trends are in agreement. Overall, targeting transcription of KRAS with
PPRHs targeting either the distal or proximal promoter region modulated the growth of
cells with mutant or overexpressed KRAS.

To assess the possible additive or synergistic effects of combining PPRHs targeting
different parts of the KRAS gene, we examined the effects of PPRH 2 (50 nM) plus each
other PPRH (50 nM). DOTAP and SCR DNA (50 and 100 nM) were used as comparative
controls. SCR DNA (50 nM) was also combined with either PPRH1 or PPRH2 (50 nM) and
the effects on cell viability were comparable to PPRH1 or PPRH2 at 50 nM alone (data not
shown). All other combinations of SCR + PPRH at 50 nM each were not examined, but were
rather compared to 100 nM of SCR DNA alone. PPRH2 was chosen for all combinations as
targeting the KRAS G4p,;q region was efficacious at decreasing cell viability and growth
in the cell lines tested; it demonstrated promoter-related decreases in activity (see below),
and its activity was moderate in all cell lines, allowing for enhancement or inhibition to be
noted. One-way ANOVAs with Tukey post-hoc analyses were utilized to evaluate effects
that were more than their constitutive parts, and all were compared to the negative controls
of SCR DNA or DOTAP alone (Figure 5). While significant effects were noted with 100 nM
of combined effects in SKOV-3 cells as compared to either negative control, the effects were
apparently additive. No combinatorial effects were noted in the MiaPaCa-2 cells. Notably,
in the cell line which has been reported to be the most sensitive to KRAS modulation,
AsPc-1, apparent synergistic effects were noted with most PPRH combinations. PPRH 2
at 50 nM alone decreased viability of AsPc-1 cells by 14%, and the other agents decreased
viability by 13-28%, whereas all combinations containing PPRH 2 decreased cell viability
by 73-88%.
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Figure 4. Effect of KRAS-targeting PPRHs on pancreatic cell lines expressing mutant KRAS, AsPc-1
and MiaPaCa-2, and ovarian cancer KRAS overexpressing SKOV-3 cells. (A) All cells were incubated
with a dose-range (up to 100 nM) of the indicated sequences for 144 h. (B) The effects of 100 nM
of each sequence on cancer cell line growth was measured overtime. Color coded * p < 0.05 versus
DOTAP and SCR controls as determined by two-way ANOVA with Tukey post-hoc testing, all
experiments were performed minimally in triplicate with internal triplicate data for the cellular
viability studies and 25 images per time point for the live cell microscopy cellular growth studies.
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Figure 5. Combinations of PPRHs targeting the KRAS gene in AsPc-1 and MiaPaCa-2 pancreatic
cancer cells and ovarian cancer SKOV-3 cells. Each PPRH was examined alone or in combination
at 50 nM in the indicated cell lines for 144 h, and changes in cell viability were noted. Vehicle
(DOTAP) and scramble DNA (SCR) controls were examined at both 50 and 100 nM. * p < 0.05 in
the combinations, as compared to either component alone, as determined by one-way ANOVA
with Tukey post-hoc testing. All experiments were performed minimally in triplicate with internal
triplicate data.

2.5. Combined Effect of Targeting KRAS Promoter G4s with PPRH and Small Molecules

Finally, we sought to understand the effect of the combined targeting of the KRAS
promoter G4 with PPRHs and small molecules. As only PPRH 1 and PPRH 2 target
the confirmed G4 within the KRAS gene, this final study focused only on this region
and these PPRHs. The regulation of KRAS promoter activity by PPRH 1 and PPRH 2
(100 nM, each) was first examined utilizing the KRAS promoter-driven luciferase cassette
previously described [37] as compared to a promoterless empty vector (EV). Both PPRH
moieties decreased KRAS promoter activity in a time-dependent manner, with PPRH 2
demonstrating significant decreases within 48 h of transfection.

NSC 317605 (hereafter referred to as 317605) is an indoloquinoline compound iden-
tified through screening the NCI DTP Diversity Set IlI’s 1600 compounds by the FRET
Melt? assay [54] for stabilizers of the KRAS G4,;4 structure. The thermal stability of the
KRAS G4yq structure was increased by 8 °C, whereas there was no effect on the KRAS
Gépear structure (ATy < 0.5 °C) (Figure 6B, left). This is notable as both G4s have been
described in the literature; however, the biologically silencing function of G4-modulation
on KRAS has been identified within the mid region and notably the mid region is the
target of the designed PPRH 1 and PPRH 2 oligonucleotides. 317605's activity on the other
KRAS sequences described in the current work, in the presence of KCI (100 mM), was also
examined and there was no induction of a G4 structure within the PR or I1 sequences. E5's
G4 was retained, but there was no increase in G4 formation as evidenced by increased theta,
and there was no increase in thermal stability (ATy = 0.5 °C) (data not shown).

In cells, 317605 (1 uM) significantly decreased KRAS promoter activity within 48 h
of transfection and treatment (Figure 6B, middle). In vitro potency of this compound
is moderate, with a 72 h ICsp in the AsPc-1 cell line of 21 uM, but KRAS expression is
significantly decreased (by 50%) at the [ICs]. As PPRH 1 and PPRH 2 both target the same
G4-forming region stabilized by 317605, combinations of SCR, PPRH 1 or PPRH 2 and the
small molecule were examined in the AsPc-1 cell line (Figure 6C). Both PPRH 1 and PPRH
2, but not SCR, dose-dependently enhanced the cytotoxic effects of 317605 at concentrations
up to 50 nM. Notably, as described above, these are concentrations of the PPRH moieties
that are not markedly cytotoxic in the AsPc-1 cells, highlighting the synergistic activities of
the small molecule/PPRH approach to KRAS modulation.
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Figure 6. Combinatorial effects of targeting the KRAS promoter G4p,;g structure with small molecules
and PPRHs. (A) PPRHs significantly decreased KRAS promoter activity within 48 h, and extended
through 96 h in HEK-293 cells stably transfected with the KRAS FL promoter, but not the promoterless
EV. (B) 317605 was identified as a KRAS G4,,,;4 selective stabilizer, versus G4near, from the NCI DTP
Diversity Set III. FRET Melt? (left) demonstrated a marked increase in thermal stability of G4pig with
correlations in decreased KRAS promoter activity (middle) and KRAS gene expression in AsPc-1 cells
at the 72 h [ICsp]. (C) AsPc-1 cells were exposed to dose-ranges of both 317605 and the designated
PPRHs for 144 h. PPRH1 and PPRH2, but not scramble oligonucleotides, sensitize the pancreatic
cancer cells to 317605, showing a synergistic effect. * p < 0.05 as compared to relevant scramble or
untreated controls. All experiments were completed minimally in duplicate, with internal replicates
as indicated in the materials and methods.

3. Discussion

In the present study, we sought to develop a novel means of modulating KRAS
expression and/or function by targeting gene regulation with PolyPurine Reverse Hoog-
steen hairpins (PPRH) targeting putative G4-forming DNA sequences within the KRAS
gene. PPRHs are novel therapeutic tools that can be used for gene silencing [55], gene
repair [46,47] to validate new targets and for diagnostic purposes [48,49]. PPRHs target
polypyrimidine tracts, and in this work, we selected stretches of polypyrimidines that had
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putative G4 forming sequence (G4FS) in the complementary strand. PPRHs have multiple
applications and exhibit several advantages. Since these hairpins are non-modified oligonu-
cleotides, they are very economical to synthesize. Due to the hairpin conformation made
of deoxynucleotides, PPRHs present high stability and, because their length is less than
100 nucleotides, the absence of immunogenicity [56]. Additionally, these moieties inhibit
gene activity at low concentrations, and they are sequence specific. Recently, we described
the use of a PPRH targeting the complementary strand of a G4FS in the 5'UTR region
of the Thymidylate synthase which produced a great reduction in viability, mRNA, and
protein levels in PC3 and HeLa cells [50]. Following the same philosophy, in the present
work we designed 5 PPRHs—4 coding and 1 template-directed against various G4FS in the
KRAS gene.

We identified and examined higher order DNA formation in three previously unex-
plored regions of KRAS—-one distal promoter, one intronic and one exonic. Of those, we
identified one region capable of forming interstrand G4 structures which have the potential
to form in the pre-transcriptionally modified mRNA. PPRHs were further designed to tar-
get these three novel G-rich DNA regions independent of their G4-forming capabilities, in
addition to the previously identified and described G4-forming region within the proximal
promoter, G4pig [54]. The PPRH oligonucleotides interacted with their target DNA in a
sequence-specific manner. Since the binding of PPRHs to their targets provokes strand dis-
placement, the aim of our approach was to either facilitate G4 formation or to displace the
G-rich strand to disrupt transcription factor binding. Independent of G4 formation, G-rich
DNA strand displacement could inhibit transcription to downregulate gene expression or
alter post-transcriptional modification to interfere with functional KRAS protein expression,
either of which would decrease proliferation of KRAS dependent ovarian and pancreatic
cancer cells. We found that PPRHs have varying efficacy in pancreatic and ovarian cancer
cells, but consistently that targeting the promoter with PPRHs inhibits cellular growth
and viability. The PPRHs demonstrated synergistic activity in AsPc-1 cells, and additivity
in SKOV3 cells. We further identified and described a G4,,;4-selective small molecule,
NSC 317605, and demonstrated the synergistic activities with enhanced selectivity for the
KRAS promoter G4,;4, improved transcriptional downregulation and correlating effects
on KRAS-dependent AsPc-1 pancreatic cancer cells. This combinatorial approach has the
potential to enhance the selectivity and activity of G4-stabilizing small molecules and is a
novel means to G4-stabilization and gene control.

G4s are globular constructs that form from a single strand of guanine-rich DNA
that folds on itself to form a higher order, non-canonical, four-stranded structure. DNA
intramolecular G4 formation occurs in telomeres, promoter regions, at origins of replication,
regions of DNA breaks and at locations of DNA repair [28,57-60]. G4 formation within
promoter regions requires opening of the double-stranded (ds) DNA, which occurs under
the negative torsional stress induced by transcription. Genes with higher transcription rates
have a greater potential for promoter G4 formation [61]. This underscores the role of most
promoter G4s as negative regulators of gene expression, as their formation mediates a local
negative feedback loop that regulates transcription rates. G4 formation in both DNA and
RNA has been demonstrated in live cells [28] in an inducible manner [32]. Moreover, G4-
positive nuclei are significantly increased in cancer cells, as compared to the surrounding
non-neoplastic tissue, from patient-derived solid tumor tissue biopsies [33]. G4 formation
is also inducible by small molecules, and endogenous levels of G4s can predict tumor
sensitivity to G4-targeted ligands [62].

Within the core of KRAS promoter (+50 to —510 bp from the transcription start site) it
has been reported that there are transcription factor (TF) binding sites for Sp1, E2F-1, STAT4,
MAZ, WT1 or P53. Notably, the target sequences of the PPRHs contain binding sites of TFs
such as Sp1 and E2F-1 and therefore the hairpins could impair the interaction between the
TFs and the promoter independent of G4 formation, thus decreasing transcription [54]. The
results obtained in the luciferase experiments corroborate that there was indeed a decrease

71



Results

Int. J. Mol. Sci. 2022, 23,2097

120f18

72

in transcription provoked by the promoter targeting PPRHs, alone and in combination with
the small molecule, indoloquinoline NSC 317605.

Pancreatic cancer overall, and aggressive ovarian cancers in particular, harbor aberrant
KRAS signaling correlating with more metastatic and progressive disease and poorer re-
sponse to chemotherapies [6,17,63-65]. Pancreatic cancer is the ninth most common cancer
in terms of incidence, and the fourth most common cause of cancer-related deaths in the
United States. While ovarian cancer incidence is less common, it is the third most common
genital system malignancy and the fifth most common cause of cancer related deaths in
women. Decreased KRAS expression is a validated therapeutic approach for these and
other cancers harboring addictions to aberrant KRAS signaling [1,9,26,28]. Stabilization
of higher order genomic structures—such as the G4-is an established approach to modu-
lating transcription. The work described herein identifies and combines two therapeutic
strategies-PPRHs and the small molecule NSC 317605—-capable of stabilizing the KRAS
promoter G4pq structure, decreasing transcription and synergistically modulating KRAS
addicted AsPc-1 pancreatic cancer cells.

PPRHs, a new type of therapeutic oligonucleotide, are DNA molecules composed of
two symmetrical stretches of polypurines separated and connected by four thymidines,
forming a hairpin structure wherein Hoogsteen base-pairing facilitates G:G and A:A bonds.
These structures further utilize Watson-Crick base-pairing to form triplex structures with
cytosine-rich regions of DNA, freeing the guanine-rich complementary strand to facilitate
G4 formation, displace TF binding, and modulate post-transcriptional events [41,66-70].
PPRH ODNs binding to the mid-G4-forming region of the KRAS promoter enhance G4 struc-
tures in vitro, mediating KRAS downregulation and subsequent cytotoxicity. Moreover,
PPRH ODNs demonstrate synergistic activity with small molecules in KRAS-dependent
pancreatic cell lines. The binding of PPRHs to their targets is sequence-specific and de-
creases transcriptional activity, viability and confluency. Therapeutic development for
selective stabilization of individual promoter G4s is an active area of research, and our ap-
proach of combining PPRH moieties with small molecules to stabilize particular promoter
G4s is novel and has strong potential for enhanced selectivity and anti-cancer activity.

4. Materials and Methods
4.1. Design of Polypurine Reverse Hoogsteen Hairpins

Putative KRAS targets of PPRH hairpins were searched using the Triplex-Forming
Oligonucleotide Target Sequence Search software (TFO) (Triplex-Forming Oligonucleotide
Target Sequence Search. Available online: http://utw10685.utweb.utexas.edu/tfo/ (ac-
cessed on 10 February 2021)), MD Anderson Cancer Center, University of Texas, Houston,
TX, USA). From a list of putative KRAS targets in the TFO searching tool, we selected
the polypurine stretches that follow the best criteria according to our previous results:
a minimum of 40% G, a length between 20 and 25 nucleotides per strand of PPRH and
allowing no more than three pyrimidine interruptions.

Within the selected KRAS PPRHs hairpins target sequences we searched for putative
G4FS using the QGRS mapper (http:/ /bioinformatics.ramapo.edu/QGRS/index.php (ac-
cessed on 10 February 2021)), a computational tool that uses algorithms to map putative
G-quadruplex elements in mammalian genes. Next, we selected the sequences with the
highest G-score that represents the best candidates to form G4FS. To confirm the specificity
of the designed PPRHs and avoid unintended targets, the final candidate sequences were
analyzed using BLAST.

The final design of the PPRH hairpins consists of two polypurine strands linked by a
four-thymidine loop in a mirror repeat fashion, thus running in antiparallel orientations.
As negative control we designed a scramble hairpin (Hp-Sc9). All the designed sequences
were synthetized as non-modified oligodeoxynucleotides by Sigma-Aldrich (Haverhill,
UK) resuspended in sterile Tris-EDTA buffer (10 mM Tris and 1 mM EDTA, pH 8.0) (Sigma-
Aldrich, Madrid, Spain) and stored at —20 °C.
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4.2. Electronic Circular Dichroism (ECD)

DNA sequences (Table 1) were purchased from Integrated DNA technologies (IDT,
Coralville, IA, USA) as desalted oligonucleotides. Upon arrival, they were solvated in
double-distilled water overnight, they were heated to 95 °C for 5 min and their A260
was determined at temp using a Nanodrop3000 (Thermo Scientific, Waltham, MA, USA)
and their concentrations were determined using the nearest neighbor technique. On
the experimental day, oligonucleotides were diluted to ~5 (range 2-20) mM in 10 mM
Tris Acetate buffer (pH 7.4), in the absence or presence of 100 mM KCI; experimental
concentrations were confirmed as described above by heating to 95 °C for 5 min and
measuring the A260 at temperature, DNA was rapidly cooled on ice for 10 min. Spectra
and thermal stability of the putative G4 forming regions were evaluated on a Jasco J-1500
spectrophotometer (Jasco, Easton, MD, USA). Spectra were recorded from 225-350 nm in
triplicate for each experiment using a 1 cm quartz cuvette and a 1 mm bandwidth; the
triplicate reads were averaged. Full spectra were recorded over increasing temperature from
20-100 °C, with recordings of the Cotton effect at 262 nm at each temperature. Millidegrees
(mdeg, theta) were reported as experimentally determined, or normalized for the thermal
melt determinations; Tyis were calculated using the data at 262 nm over temperature using
non-linear regression analysis with GraphPad Prism software (San Diego, CA, USA).

4.3. Electrophoretic Mobility Shift Assay (EMSA)

To perform EMSA analyses, we used fluorescently labeled dsDNA probes, correspond-
ing to the target regions of each PPRH (Table 2), obtained by hybridizing (95 °C for 5 min
and cool down at RT) equimolecular amounts of single-stranded oligodeoxynucleotide
(Table 2) in a 150 mM NaCl solution. The probes were labeled in the 5'-end with 6-FAM
(fluorescein) in the polypyrimidine ssDNA and were synthesized by Sigma-Aldrich (Haver-
hill, UK). Binding reactions were performed using binding buffer (5% glycerol, 36 mM KCl,
25 mM Tris-HCl, 4 mM MgCl,, 0.5 mM DTT, 0.5 mM EDTA, pH 8.0; all reagents were from
Sigma-Aldrich). The different PPRHs (1 ug) were mixed with 200 ng of Poly(dI:dC) as a
nonspecific competitor and incubated at 65 °C for 10 min. Afterwards, 200 ng of dsDNA
probe were added to the mix at 65 °C for an additional period of time of 20 min. The
products of the binding were electrophoretically resolved in 7% polyacrylamide and 5%
glycerol native gels in 0.5x TBE buffer, at a fixed of 190 V and 4 °C. ImageLab software
v5.2 was used to visualize the results (GE Healthcare, Barcelona, Spain).

Table 2. Name and sequence of the DNA probes used in the EMSA.

Name Sequence (5'-3)
Probe-1-2-PY-KRAS 5'-[6FAM]-CCCCCGCTCCTCCCCCGCCGGCCCGGCCCGGCCCCCTCCTTCTCCCC-3
Probe 1-PPU-KRAS 5'-GGGGAGAAGGAGGGGGCCGGGCCGG-3
Probe 2-PPU-KRAS 5'-GCCGGCGGGGGAGGAGCGGGGG-3
Probe-PPY-KRAS-PR-UP 5'-[6FAM]-CTTTTCTCTTCTGCCCCTTCCACC-3'
Probe-PPU-KRAS-PR-UP 5-GGTGGAAGGGGCAGAAGAGAAAAG-3'
Probe-PPY-KRAS-I1 5/-[6FAM]-TCCGCTCCGTACCTCTCTCCC-3'
Probe-PPU-KRAS-I1 5'-GGGAGAGAGGTACGGAGCGGA-3'
Probe-PPY-KRAS-E5 5'-[6FAM]-TCTCTCCCCCCACACCCCCAC-3'
Probe-PPU-KRAS-E5 5-GTGGGGGTGTGGGGGGAGAGA-3

4.4. Strand Displacement Assay upon PPRH Incubation

To detect G4 Structures, 1.5 g of each oligonucleotide alone (Table 2) or in combination
with the indicated amounts of PPRH were mixed in 60pL of buffer containing 100 mM Tris-
HClI (pH 7.4) and 100 mM KCl and then incubated at 90 °C for 5 min in water and slowly
cooled down to room temperature (90 min). dSDNA probes were prepared by hybridizing
the two strands where the polypyrimidine one was labeled with FAM following the same
protocol as in 4.3 of M & M. The resulting structures were resolved in native polyacrylamide
gels (12%) containing 10 mM KCl in 1 x TBE buffer and electrophoresed for 1-2 h at 150 V.
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After electrophoresis, gels were stained with 5 uM of Thyoflavin T solution for 15 min
under agitation and washed in water for 2 min. Images were captured under a UV light
lamp or using the Gel DocTM EZ with the Image Lab Software, Version 6.0.

4.5. Cell Cultures

All cell lines were purchased from American Tissue Culture Collection (Manassas, VA,
USA) and stored in liquid nitrogen until use. Low passage cells (<20) were maintained
for the duration of these experiments. Pancreatic cancer AsPc-1 and MiaPaCa-2 cell lines
were grown in RPMI 1640 and Dulbecco’s Modified Eagle’s Medium (DMEM) media,
respectively, ovarian cancer SKOV-3 cells were maintained in McCoy’s 5A media, and
HEK?293 cells were maintained in Eagle’s Minimum Essential Media (EMEM); media were
supplemented with 10% fetal bovine serum (Sigma Aldrich, St Louis, MO, USA) and
penicillin/streptomycin (Sigma Aldrich). All cells were maintained in exponential growth
at 37 °C in a humidified 5% CO; incubator.

4.6. Cellular Viability and Cell Growth Studies

One day before transfection, cells were seeded in 96 or 12 well plates at 0.5-2.5 x 10%
and 8-20 x 10% cells per well in 90 or 900 mL of corresponding media, respectively. PPRHs
were incubated with N-[1-(1,2-Di-(9Z-octadecenoyl)-3-trimethylammoniumpropane methyl
sulfate (DOTAP; Sigma Aldrich) in a 1:100 ratio at 10x solutions in OptiMEM media for
20 min at room temperature to form micelles. Micelles or compounds were diluted over
a 5-6 log range in OptiMEM media and 10 or 100 mL were added to the 96- or 6-well
cell plates, respectively. Cells were incubated with the PPRHs for up to 144 h, or with
NSC317605 for 72 or 144 h, at 37 °C in a humidified 5% CO, incubator. The combined
effect of PPRHs and NSC317605 was examined by exposing the cells to a 5-6 log range
of NSC317605 in the absence or presence of 0-50 nM of PPRH’s. Only 5 mL of the PPRH
of compound were added to the plated cells, thus the stocks were 20x rather than the
10x described above. To determine effects on cellular viability, Cell Titer AQeuous (MTS)
reagent (Promega; Madison, WI, USA) was activated with 5% phenazine methosulfate
(Sigma Aldrich), and 20 or 200 mL of the activated reagent was added to the 96- or 12-well
plates and incubated for 2-4 h. Absorbance was measured at 490 nm on a SpectraMax i3x
(Molecular Devices; San Jose, CA, USA). Background absorbance (media and all reagents)
was subtracted from all experimental values and normalized to untreated controls. Non-
linear regression was performed with GraphPad Prism software for the dose-response
studies, and a two-way ANOVA with a post-hoc Tukey analysis was utilized to evaluate
statistical significance for all experimental groups. Additionally, live-cell images were
captured of all 12-well plates every 8 h after transfection utilizing the CellCyte X Live
imaging system (Cytena; Boston, MA, USA). Twenty-five images per well were captured
every 8 h; analysis software was trained to accurately determine the shape and volume of
each cell line, and the “masks” created by training were applied to determine percent
confluency within each images’ surface area. Gompertzian growth was analyzed by
GraphPad Prism and two-way ANOVAs with Tukey post hoc analyses was performed.
Cell viability and cell confluency/growth studies were all performed in triplicate.

4.7. FRET Melt?

5'FAM and 3'TAMRA labeled G4pig (5'-GGCGGGGAGAAGGAGGGGGCCGGGCC
GGGCCGGCGGGCGGAGGAGCGGGGGCCGGGCCG-3') or Génear (5'-TGAGGGCGGTGT
GGGAAGAGGGAAGAGGGGGAGG-3') DNA (consecutive guanines underlined, gua-
nines involved in resolved predominant G4 isoforms italicized [38]) was diluted to 0.5 mM
in 10 mM sodium cacodylate (pH 7.4) with 90 mM LiCl, 10 mM KCl and 10% glycerol [54].
The G4 was annealed by heating the DNA to 95 °C for 5 min and rapidly cooled on ice
for 10 min, twice. Annealing was done in either the absence or presence of 2 mM of
NSC317605. Fluorescence was then recorded from 20-95 °C, at every degree with a hold
for 10 s on a Bio-Rad CFX96 real-time PCR machine (BioRad Laboratories; Hercules, CA,
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USA). Fluorescence for each sample at each temperature was normalized to the values
determined at 20 °C, and non-linear regression was performed using GraphPad Prism to
determine the Ty;. Experiments were performed in triplicate with internal duplicates.

4.8. Luciferase Assays

HEK-293 cells were stably transfected with either the pGL4.17 promoterless luciferase
plasmid (Promega) or the KRAS promoter containing KRAS-324 luciferase plasmid (FL; [37]),
selected by neomycin resistance. HEK-293-EV or -FL cells were seeded in 24 well plates at
8 x 10* cells/well and allowed to attach overnight. Cells were treated with 100 nM PPRH,
1 mM NSC317605, or vehicle control (DOTAP or DMSO), for 48 h. Cells were lysed in pas-
sive lysis buffer, frozen to —20 °C, thawed, and refrozen before measuring firefly luciferase
activity with the Dual Luciferase Assay kit (Promega) using a Lumat LB9507 luminometer.
The Pierce BCA assay (Thermo Fisher) was used to determine the protein concentration
from each sample, and luciferase was normalized to protein content, and normalized again
to untreated control. Luciferase assays were performed minimally in triplicate; one-way
ANOVAs with Tukey post-doc analyses were used to determine significance.

4.9. RT-qPCR

To determine KRAS mRNA levels in AsPc-1 cells at the [ICs], cells were plated at
34 x 10° cells/well in a 6 well plate and allowed to attach overnight. Cells were treated
with 21 mM NSC 317605 for 72 h, lysed and RNA was harvested with the Roche GeneJet
RNA isolation kit (Thermo Fisher). 500 ng of RNA was reversed transcribed into cDNA,
and 1/5 of the resultant cDNA was mixed with 1x TaqMan PerfeCTa qPCR SuperMix
(QuantaBio; Beverly, MA, USA), 1 uL of FAM-labeled KRAS probe (ABI, Thermo Fisher
Hs00364282_m1 and 1 uL of primer-limited VIC-labeled GAPDH probe (ABI, Thermo
Fisher Hs02758991_g1). PCR cycling conditions were 3 min denaturation at 95 °C, followed
by 40 cycles of 10 s at 95 °C and 30 s at 60 °C. Relative expression of KRAS was determined
using the DDCt method from regression modeled Cr values; experiments were performed
in triplicate with minimally duplicate qPCR samples. One-way ANOVA with post-hoc
Tukey analysis was used to determine statistical significance.

4.10. Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA) using the tests described in the corresponding text. All data, with a
minimum of three independent experiments, are shown as the mean & SEM.
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Figure S1. ECD Spectra for three novel G4FS as a function of temperature. PR-C formed
no discernible secondary DNA structure at any temperature in either the absence (left)

or presence (right) of 100 mM KClI (top). I1-T formed hairpin structures with
comparable thermal stability in the absence or presence of KCl (middle), and E5-C
demonstrated an induction of the G4 sequence, as evidenced by a right shift in spectral
maxima towards 262 nm, with the addition of KCl, and also an increase in thermal
stability.
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Figure S2. Displacement analysis of the Polypurine (PPU) strand in Intron 1 probe with
increasing concentrations of KCl. Bindings were performed using 1.5 ug of dsDNA
labelled with FAM (green) in the polypyrimidine (PPY) strand only, then incubated as
described in M&M with 3ug of Hp-KRAS-I1. The mobility of the ssPPU, dsDNA and
PPRH was checked by loading 1.5ug in the corresponding tracks. The resulting
structures were resolved by native polyacrylamide (12%) gel electrophoresis. PPRHs,
ssPPU and displaced PPU were visualized after Thioflavin-T staining (cyan bands).
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Figure S3. Displacement analysis of the Polypurine (PPU) strand in the distal promoter
probe. Bindings were performed using 1.5 ug of dsDNA labelled with FAM (green) in
the polypyrimidine (PPY) strand only, then incubated as described in M&M with the
indicated amounts of Hp-KRAS-Pr-Up PPRH or 1.5 ug of the negative control HpSc9.
The resulting structures were resolved by native polyacrylamide (12%) gel
electrophoresis. PPRHs, ssPPU and displaced PPU were visualized after Thioflavin-T
staining (cyan bands).
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4.1.1 Additional results to Article |

In addition to the binding assays, we conducted melting temperature (Tw)
measurements to assess the affinity of each PPRH for its respective target
(Table 2). We compared the differences in Tm between each PPRH with its
target, as well as between each target with a negative control, HpSc9. HpKRAS-
Pr-C, one of the most effective PPRHSs, exhibited the lowest Tm, indicating a
lower affinity, whereas HpKRAS-PR-EF presented the strongest affinity with its
target.

KRAS region Twm (°C) ATy (°C) Complex (PPY+)
71.65 HPKRAS-I1
11 43.73
27.92 HpSc9
78.2 HpKRAS-E5
14
E5 28,08 50 HpSc9
87.75 HPKRAS-Pr-EF-C (PPRH 1)
PR-EF 59.83
27.92 HpSc9
83.78 HPKRAS-Pr-BC-C (PPRH 2)
PR-BC 56.02
28.26 HpSc9
71.40 HpPKRAS-Pr-C
PR-C 36.76
34.64 HpSc9

Table 2. Melting temperatures (Twms) of the different KRAS polypyrimidine
single-stranded targets (PPY) with their corresponding PPRHs and HpSc9.

We also extended the scope of our work to investigate the effects of the
PPRHs on various cancer cell lines exhibiting KRAS deregulation (Figure 14).
The most effective PPRHs in these cancer cell lines were HpKRAS-E5-C,
HpKRAS-PR-C and HpKRAS-I1-T, reducing cell viability by more than 60%. The
negative control did not show a significant decrease in cell viability.
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Figure 14. Effect of KRAS-targeting PPRHSs transfected with DOPY on the
viability of various cancer cell lines, prostate PC-3 (A), colorectal SW-480 (B),
neuroblastoma SH-Sy5y (C), and breast MCF-7 (D). A 100 nM of PPRHs was
transfected with either 2.1 or 4.2 uM of Dioleoyl Pyridinium (DOPY). The effects
of the PPRHs were assessed 120 hours after transfection through cell viability
assays. Results were normalized to the transfection vehicle (DOPY) control.
Experiments were conducted in triplicate with internal duplicates. Statistical
significance was determined using one-way ANOVA with a post hoc Dunnett
test, comparing the results against the HpSc9 control; * p<0.05, ** p < 0.01, ***
p <0.001, **** p < 0.0001.
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Background: cMYC (referred as MYC) is a proto-oncogene from
a large family of regulator gene that encode for transcription factors, that
acts as a critical regulator of cell proliferation, differentiation, and
apoptosis. It actively regulates the expression of a third of human genes,
so its tightly regulated. When MYC control systems fail, it becomes
deregulated and can lead to a malignant formation (Conacci-Sorrell et
al.,, 2014; Dang, 2012; L. Shen et al., 2015). Oncogenic MYC is
abnormally expressed in approximately 70% of human cancers and it is
commonly overexpressed or amplified in Burkitt's Iymphoma,
neuroblastoma, colon, cervix, lung, pancreatic, and prostate cancers
(Ala, 2022; Madden et al., 2021; X. Qiu et al., 2022). MYC is classically
labeled as undruggable since the protein lacks traditional pockets or
binding sites accessible to drug interactions, making it difficult to design
specific inhibitors. The promoter region of the MYC gene contains GC-
rich sequences that can form G-quadruplex structures, which have been
shown to play a regulatory role in mediating transcription downregulation.
The presence of G-quadruplexes in MYC promoter region has generated
interest in exploring their potential as therapeutic targets for cancer
treatment. (Brooks & Hurley, 2010; Eddy et al., 2011; Huppert &
Balasubramanian, 2007).

Objectives: To study the effects of PPRHs targeting known G-
guadruplex forming sequences (G4FS) and other GC-rich sequences
present within intronic and promoter regions of the MYC gene. We aimed
to investigate the effects of different PPRHSs in various cell lines with
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deregulated MYC, including pancreatic, prostate, neuroblastoma,
colorectal, ovarian, and breast cancers. The primary focus was to
understand the regulatory impact of these PPRHs on MYC expression
and to explore their potential for cancer treatment.

Results: A total of six different PPRHs were designed, three
targeting MYC promoter regions (HpMYC-G4-PR-C, HpMYC-PR-Distal-
T and HpMYC-PR-Prox-T) and intronic regions (HpMYC-I11-T, HpMYC-
I1_short-T and HpMYC-12-C). Only HpMYC-G4-PR-C and HpMYC-I2-C
demonstrated parallel G4 formation whereas HpMYC-Dist-T, HpMYC-
Prox-T, and HpMYC-I1-T all formed hairpin structures.

We verified that the interaction of MYC PPRHs with their
corresponding targets displaced the complementary strand, allowing the
formation of G4 secondary structures as visualized by Thioflavin T
staining.

HpMYC-G4-PR significantly decreased promoter activity whereas
HpMYC-PR-Prox-T increased it. We also analyzed the cytotoxic effects
of the PPRHs transfected with DOPY in a collection of MYC-
overexpressing and -addicted cell lines, including estrogen receptor-
positive breast MCF-7, neuroblastoma SH-Sy5y, colorectal SW480, and
prostate PC-3 cancer cells. All PPRHs tested decreased cell viability,
HpMYC-G4-PR and HpMYC-I1T being the most effective.

We conducted further analyses in pancreatic AsPC-1 and
prostate PC-3 cancer cell lines, which exhibited a higher sensitivity to the
tested PPRHSs. Transfection of PPRHs with DOTAP resulted in a notable
inhibition of exponential growth after 72 hours. The effects of PPRHs
were ranked based on their impact at a 25 nM concentration, and they
correlated with the changes observed in cell viability, HpMYC-G4-PR-C
and HpMYC-11-T, showed the most significant efficacy. We additionally
explored the effects on MYC mRNA and protein expression produced by
HpMYC-G4-PR-C and HpMYC-I1-T in PC-3 cells. Both PPRHs
significantly decreased mRNA levels at 72 hours, and protein levels were
significantly lowered by both PPRHs where HpMYC-I11-T was the most
effective. Cyclin D1 levels were also decreased in these conditions.



Results

Conclusions: We explored the formation of G4 structures within
MY C gene sequences and the effects of PPRHs on these structures. We
found that G4 structures were formed within certain MYC sequences,
and discovered a new G4 forming structure with parallel formation in
MYC intron 2. PPRHSs targeting these sequences were able to induce
changes in cell viability. The most effective PPRHs were HpMYC-G4-
PR-C and HpMYC-I1-T. These findings provide insights into the potential
therapeutic applications of PPRHs directed toward G4 MYC structures
for cancer treatment.
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Abstract: The oncogene MYC has key roles in transcription, proliferation, deregulating cellular ener-
getics, and more. Modulating the expression or function of the MYC protein is a viable therapeutic
goal in an array of cancer types, and potential inhibitors of MYC with high specificity and selectivity
are of great interest. In cancer cells addicted to their aberrant MYC function, suppression can lead to
apoptosis, with minimal effects on non-addicted, non-oncogenic cells, providing a wide therapeutic
window for specific and efficacious anti-tumor treatment. Within the promoter of MYC lies a GC-rich,
G-quadruplex (G4)-forming region, wherein G4 formation is capable of mediating transcriptional
downregulation of MYC. Such GC-rich regions of DNA are prime targets for regulation with Poly-
purine Reverse Hoogsteen hairpins (PPRHs). The current study designed and examined PPRHs
targeting the G4-forming and four other GC-rich regions of DNA within the promoter or intronic
regions. Six total PPRHs were designed, examined in cell-free conditions for target engagement
and in cells for transcriptional modulation, and correlating cytotoxic activity in pancreatic, prostate,
neuroblastoma, colorectal, ovarian, and breast cancer cells. Two lead PPRHs, one targeting the
promoter G4 and one targeting Intron 1, were identified with high potential for further development
as an innovative approach to both G4 stabilization and MYC modulation.

Keywords: MYC; PPRH; G-quadruplex; pancreatic cancer; prostate cancer; neuroblastoma; breast
cancer; colon cancer

1. Introduction

cMYC (hereafter referred to as MYC) is a basic helix-loop-helix zipper (tHLHZ)
family transcription factor, from the larger MYC proto-oncogene family, that controls the
expression of more than 30% of human genes. It has an important role in several cellular
processes, such as cell growth, metabolism, cell differentiation, and cell death [1,2]. The
MYC gene is located on chromosome 8924 and it is composed of three exons, including a
non-coding exon 1. MYC has four promoter regions that are independently controlled—FP0,
P1, P2, and P3. PO is located 600 bp upstream of the P1 promoter, P1 and P2 are close to
Exon 1, and P3 is near to the 3’ of intron 1. MYC expression is further regulated by the
far upstream element (FUSE) 1.4 kilobases away, contributing to rates of transcription, as
opposed to initiation of transcription. The gene encodes for a 439 amino acid protein of 64
to 67 kDa [3-5].

MYC expression is highly regulated by transcription factors, including TFIIH, Sp1
MAZ1, and DNA structures, such as H-triplex, G-quadruplex, i-motif-DNA, and the afore-
mentioned FUSE element [6]. Moreover, the MYC protein has a short half-life (20-30 min),
general instability, and is degraded by ubiquitin-linked proteasome mechanisms as safe-
guards to overactive MYC function. Should these mechanisms and control systems fail,
aberrant MYC mRNA and/or protein can lead to a malignant formation [7]. Oncogenic
MYC is dysregulated or aberrantly expressed in approximately 70% of human cancers,
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including breast, bone, brain, B-cell lymphoma, colon, cervix, lung, pancreatic, and prostate
tumors [8-12], with correlating poor prognosis and aggressive disease [13,14]. MYC dereg-
ulation can be provoked by many factors, including upregulation due to upstream factors,
chromosomal translocation, viral insertions, amplification, deletions, insertions, and /or
mutations of cis elements [6].

Of note for the current study, G-quadruplexes (G4s) are non-canonical DNA secondary
structures formed from GC-rich regions of DNA. Generally, G4s are conforming to a con-
sensus sequence (Gy.3X1.9)3G2.3, wherein four contiguous sets of two or three continuous
guanines are connected by loops of up to nine nucleotides, although a number of alternative
isoforms can form from non-confirming DNA sequences. To form a G4, four guanines
base pair through Hoogsteen hydrogen bonds to form a tetrad, and two or more tetrads
stack with the assistance of monovalent cations, such as K* [15]. G4 formation has been
shown to regulate several central dogmatic functions, including transcription, splicing,
replication forks, telomere homeostasis, and DNA repair [16-21]. Within promoters, a
consensus sequence will fold back on itself to form a higher-order structure and generally
acts as a silencing element for transcription due to the sequestration of transcription factor
binding sites. Just upstream of the P1 promoter of the MYC promoter lies a nuclease
hypersensitivity element (NHE III;) with well-established silencing G4 formation [22,23].
This structure is of high therapeutic value, and many groups are pursuing drug discovery
efforts to identify selective stabilizers of this parallel G4 [24-26], although gaining strong
selectivity for one particular G4 has proven to be a difficult feat.

In the current study, and to mediate specificity for one gene and one G4, we used
Polypurine Reverse Hoogsteen hairpins (PPRHs) to target specific regions of the MYC
gene, with an initial focus on G4-forming sequences (G4FSs). PPRHs are hairpins formed
by two antiparallel polypurine mirror repeats bound through intramolecular Hoogsteen
bonds and linked by a four-thymidine loop. These moieties bind to their RNA [27], single-
stranded DNA (ssDNA), or double-stranded DNA (dsDNA) target with an affinity in
the order of 6 x 1077 M [28], forming a triplex that, in the case of dsDNA, provokes the
displacement of the polypurine strand [29]. PPRHs targeting the complementary sequence
of G4-forming regions can facilitate more G4 formation and, thus, transcriptional repression.
PPRHs targeting non-G4-forming regions mediate effects either by decreased binding of
transcription factors or by interference with RNA polymerase function during transcription.
We classify the PPRHs into template (-T) or coding (-C) moieties, based on their targeting,
a sequence on the template or the coding strand, respectively [30]. Coding PPRH, apart
from targeting and binding DNA, can target mRNA and modify post-transcriptional
processes [31]. These hairpin molecules have a broad spectrum of applications and have
been previously shown to be used as immunotherapy tools [32,33], biodetectors [34,35],
in gene repair [36,37], or to inhibit replication stress [38]. PPRHs have also been shown
to be good candidates for gene silencing [27], targeting cancer targets [39], and, more
recently, G4FS [40,41].

2. Results
2.1. PPRH Target Selection and Sequence Design

We detected several potential PPRH targets within the MYC gene using a combination
of the Triplex-Forming Oligonucleotide (TFO) search tool and the Quadruplex-forming
G-rich sequence (QGRS) mapper. Primarily, we selected target sequences with high G
scores, indicating more potential to form G4s (Figure 1, Table 1). Then, we proceeded to
design the corresponding PPRHs targeting the complementary sequence of the putative G4
forming sequence (Figure 1, sequences detailed in materials and methods). The region with
the highest G score (42) is the previously described promoter G4 [23,42], followed closely
by an undescribed region (G-score = 36) in intron 2. Five of the six designed PPRHs target
putative G4 forming sequences (G4FS), with the additional PPRH targeting a 54% GC-rich
region within the proximal promoter.
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GCCTCTATCATTCCTCCCTATCTACACTAACATCCCACGCTCTGAACGCGCGCCCATTAATACCCTTCTTTCCTC
CACTCTCCCTGGGACTCTTGATCAAAGCGCGGCCCTTTCCCCAGCCTTAGCGAGGCGCCCTGCAGCCTGGTA
CGCGCGTGGCGTGGCGGTGGGCGCGCAGTGCGTTCTCGGTGTGGAGGGCAGCTGTTCCGCCTGCGATGATT
TATACTCACAGGACAAGGATGCGGTTTGTCAAACAGTACTGCTACGGAGGAGCAGCAGAGAAAGGGAGAGG
GTTTGAGAGGGAGCAAAAGAAAATGGTAGGCGCGCGTAGTTAATTCATGCGGCTCTCTTACTCTGTTTACATC
CTAGAGCTAGAGTGCTCGGCTGCCCGGCTGAGTCTCCTCCCCACCTICCCCACCCTCCCCACCCTCCCCATAA
GCGCCCCTCCCGGGTTCCCAAAGCAGAGGGCGTGGGGGAAAAGAAAAAAGATCCTCTCTCGCTAATCTCCG
CCCACCGGCCCTTTATAATGCGAGGGTCTGGACGGCTGAGGACCCCCGAGCTGTGCT GCI’CGCGGCCGCCAC
CGCCGGGCCCCGGCCGTCCCTGGCTCCCCTCCTGCCTCGAGAAGGGCAGGGCTTCTCAGAGGCTT
AAAAGAACGOAGGOAGGOGATCGCGCTGAGTATAAAAGCCGGTTTTCGGGGCTTTATCTAACT CGCTGTAGT
AATTCCAGCGAGAGGCAGAGGGAGCGAGCGGGCGGCCGGCTAGGGTGGAAGAGCCGGGCGAGCAGAGCT
GCGCTGCGGGCGTCCTGGGAAGGGAGATCCGGAGCGAATAGGGGGCTTCGCCTCTGGCCCAGCCCTCCCGE
TGATCCCCCAGCCAGCGGTCCGCAACCCTTGCCGCATCCACGAAACTTTGCCCATAGCAGCGGGCGGGCACT
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Figure 1. MYC sequence and PPRH localization. (A) The MYC sequence, including non-coding
(green highlight) promoter and intron regions and coding (pink highlight) exons, is the target of
the six designed PPRH moieties—three within the promoter region (HpMYC-PR-Distal-T, purple
text; HpMYC-G4-PR-C, dark blue text; and HpMYC-PR-Prox-T, light blue text), two targeting intron
1 (HpMYC-T1-T, red text and HpMYC-I1_short-T, green box around subset of red text) and one in
intron 2 (HpMYC-12-C, lilac text). Asterisks indicate gaps in the sequence of MYC. A general schema
of the MYC sequence and targeting PPRHs is shown in (B).

Table 1. PPRHs and their G-rich targets. Name and sequence of the target G-rich forming sequences
and their G4 forming potential, complementary to the polypyrimidine target of the PPRH against
MYC. Guanines potentially involved in G4 formation are highlighted in bold and the entirety of the
G-rich portion of the target sequence is flanked by square brackets in both length and sequence.

MYC Region Length G-rich PPRH Target Sequence (5'-3') G-Score
G4-Pr-C 46 [31] GCGCTTAT[GGGGAGGGTGGGGAGGGTGGGGAAGGTGGGGJAGGAGAC 42
T 26 [21] GAT[GGGAGAGGAGAAGGCAGAGGGIAA 21
PR-distal-T 24 TCCTCGTCGTCTCTTTCCCTCTC 0
MYC-PR-prox-T 27 [22] GC[GGGAAAAAGAACGGAGGGAGGGIATC 14
MYC-I2-C 30 [27] TGA[GGGGTGGGAGACAAACGGGGAGGGGGG] 36

2.2. Examination of G4 Formation within the Target Sequences

The ability of the target sequences to form inducible G4 structures was examined by
electronic circular dichroism in the absence and presence of 100 mM KCl (Figure 2). Parallel
G4s demonstrate maximal Cotton effects in the 262-264 nm range, and antiparallel loops
are highlighted with Cotton effects in the 290 nM range. The PR-Prox-T region did not
form a G4 structure in either the absence or presence of KCI. This region’s Cotton effects
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are consistent with dsDNA, with maxima in the 260-280 nm range, likely forming from
the five A’s on one strand complementing the 3’ series of Gs on a second strand. Interest-
ingly, the structure was destabilized with the addition of KCl, which is a yet-unexplored
phenomenon whose exploration, while interesting, lays beyond the scope of the current
investigation. While the Cotton effects did increase to a small degree with the addition
of 100 mM KCl for the Distal-T and the I1-T sequences, the maxima are neither distinct
nor in the parallel or anti-parallel G4-forming ranges. G4-C has been shown extensively
to form a strong G4 structure, even in the absence of KCl, which we confirmed. For the
first time, a stable and minorly inducible parallel G4 structure was shown to form within
intron 2 (I2-C). G4 and hairpin formation was also examined with the PPRH sequences
targeting each of these MYC gene sequences (Supplemental Figure S1). HpMYC-G4-C and
HpMYC-I12-C were also both found to form parallel G4 sequences, while HpMYC-Dist-T,
HpMYC-Prox-T, and HpMYC-I1-T all form hairpin structures. This pattern of G4-targeting
PPRHs also forming G4s was noted recently with KRAS-gene-targeting PPRHs [41].
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Figure 2. G4 formation within GC-rich MYC sequences. G4 formation was monitored by electronic
circular dichroism (ECD) for the five putative G4-forming DNA sequences—Distal-T (A), G4-C (B),
Prox-T (C), I1-T (D) and I2-C (E). The sequences were annealed in the absence (dashed lines) or
presence (solid lines) of 100 mM KClI; spectra were recorded from 225 to 350 nm. Only G4-C and
12-C (both bold) demonstrated parallel G4 formation as noted by maximal Cotton effects in the
262-264 nm range (highlighted in each frame by the dashed box).

2.3. PPRHs Binding to MYC Target Sequences

To check the bindings of the designed PPRHs with their target regions, we performed
Electrophoretic Mobility Shift Assays (EMSAs) in native gels (Figure 3). Each target se-
quence was incubated with either the corresponding PPRH or with a scrambled PPRH
control (HpSc9). Binding of the target:PPRH sequences was noted for each pair by the
supershift in bands 2, 5, 8, 11, and 14, albeit to varying degrees. No binding was noted
between any target sequence and the HpSc9 control (bands 3, 6,9, 12, and 15).

Thermal stability (Tys) was also examined via UV-Vis spectrophotometry for the target
polypyrimidine (PPY):PPRH pairs and compared to the target:HpSc9 control pairs (Table 2).
Stability of the PPYs in the presence of HpSc9 was found to be between 27 and 30 °C, while
that of the PPYs plus their target PPRHs, forming a triplex, ranged from 71 to 89 °C. ATys
ranged from 41 to 61 °C, with the highest stabilities being identified for the G4-forming
PPY sequences and their target PPRHs. Interestingly, the Ty of the double-stranded (ds)
DNA targets of MYC-12 and MYC-PR-Prox was 70.18 and 74.79 °C. These values are 3.16
and 5.74 °C less than their corresponding PPRH-PPY triplexes, respectively. This shows
that the PPY + PPRH had a stronger interaction than the correlating dsDNA formed from
PPY + polypurine (PPU) sequences.
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Figure 3. PPRH binding to target sequences in the MYC gene. Binding of HpMYC- PR-Dist-T,
G4-PR-C, PR-Prox-T, I1-T, 12-C, and HpSc9 (1 ug) to the complementary FAM-labeled polypyrimidine
target sequence dsDNA (200 ng). The length of the dsDNA probes was the same as each arm of the
PPRH, that is, ranging between 23 and 34 nucleotides. A supershift is noted for all binding pairs
(e.g., dsDNA probes with the matched PPRH), but not scramble controls. The image is representative
of at least 3 different EMSAs.

Table 2. Melting temperatures (Tys) of the different polypyrimidine single-stranded targets (PPY)
with their corresponding PPRH and HpSc9.

MYC Region TMm (°O) ATy (°C) Complex (PPY+)
73.34 HpMYC-PR-Prox
PR-Prox = ——————= 44.88 —_———————
28.46 HpSc9
88.90 HpMYC-G4-PR
G4-PR —_— 60.92 —_——————
27.98 HpSc9
71.89 HpMYC-PR-distal
PR-Distal —_— 41.96 —_—
29.93 HpSc9
78.36 HpMYC-I1-T
11 —_— 50.00 —_———
28.36 HpSc9
73.80 HpMYC-I1_short
I1_short e 46.47 —
27.33 HpSc9
8053 HpMYC-I2
2 e 52.63 e =
27.90 HpSc9

2.4. Polypurine Strand Displacement

Strand displacement assays were used to examine the ability of the PPRHs to displace
the PPU-rich strands from their dsSDNA complexes (Figure 4, Supplemental Figure S2). As
an example, HpMYC-PR-Prox-T dose-dependent displacement of the PPU strand from
MYC-PR-Prox dsDNA is shown in Figure 4. The PPY strand is FAM labeled, whereas
the PPY and PPRH strands were visualized with staining by Thioflavin T, a dye that has
affinity and stains non-canonical DNA structures [40]. Samples were run on native gels
with a fixed concentration of dsDNA and increasing concentrations of HpMYC-PR-Prox-T;
banding patterns were visualized with UV light. In lanes 5, 6, and 7, an upper-shifted band
corresponding to the triplex could be observed along with slight, but observable, decreases
in the dsDNA (Figure 4A). We observed the appearance of both a PPRH and a displaced
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ssPPU cyan band in a concentration-dependent manner after the gel was stained with
Thioflavin T. Notably, the displacement of the ssPPU strand from the triplex was observed
with MYC-PR-Prox-T, but not with HpSc9 (Figure 4B). The strand displacement assay was
also performed with HpMYC-I1-T and HpMYC-12-C and their corresponding DNA regions,
showing the same strand displacement behavior as PR-Prox-T (Supplemental Figure S2).

A 1 2 3 4 5 6 7 8

Triplex—p

dsDNA
sPPY—B

Triplex—»
PPRH—p

dsDNA
ssPPY

ssPPU—p

ssPPY + - - - - - - -
ssPPU - + - - - - -
dsDNA - - + - + + +
HpMYC-PR-Prox-T - - - 1515 3 6 -
HpSc® - - - - - - - 15

Figure 4. Displacement analysis of the Polypurine (ssPPU) strand in the proximal promoter probe.
(A) Bindings were performed using 1.5 ug of dsDNA labeled with FAM (green) in the single-stranded
(ss) PPY strand only, then incubated with the indicated amounts of HpMYC-Pr-Prox-T or 1.5 ug of
HpSc9. The resulting structures were resolved by native polyacrylamide (12%) gel electrophoresis
and visualized with UV light (green bands). (B) Visualization of PPRHs, ssPPU, and displaced PPU
bands after Thioflavin-T staining (cyan bands). The image is representative of at least 3 different
strand displacement assays.

2.5. Effect of MYC-Targeting PPRHs on Promoter Activity, Cell Growth and Viability, and
Correlating Changes in Transcription and Translation

The Del4 luciferase plasmid, containing the MYC gene +/— 400 bp around the tran-
scriptional start site (TSS), was co-transfected with a pRL plasmid into HEK-293 cells. A
pGL.14 empty vector (EV) was co-transfected with the pRL plasmid into HEK-293 cells
as a negative control. The effects of each PPRH (1 uM) on luciferase expression after co-
transfection with each plasmid pair were monitored 48 h later (Figure 5). Notably, the Del4
promoter contains the targets for all of the promoter-focused PPRHs (left of the dashed
line), but not those in the intronic regions (right of the dashed line). Of the PPRH targeting
sequences in the Del4 plasmid, neither HpMYC-PR-Dist-T nor HpMYC-PR-Prox-T demon-
strated significant MYC promoter regulation, whereas HpMYC-G4-PR-C significantly
decreased promoter activity driven by the Del4 plasmid. Interestingly, HpMYC-G4-PR-C
and HpMYC-PR-Prox-T significantly decreases promoter activity driven by the EV vector
in a non-specific manner. Significantly different effects were observed for the HpMYC-
G4-PR-C and HpMYC-PR-Prox-T PPRHs between the EV and Del4 vectors with related
decreased and increased promoter activity, respectively. More markedly, HpMYC-G4-
PR-C mediated a 50% greater decrease in promoter activity in the Del4, as compared to
the EV plasmid while HpMYC-PR-Prox-T increased the expression of EV. Interestingly,
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HpMYC-12-C mediated a significant decrease in EV, but not Del4 promoter activity, though
HpMYC-I1-T and -I1_short did not change expression from either the EV or Del4 plasmids.
Of the PPRHs targeting the promoter, HpMYC-G4-PR-C demonstrated the greatest promise
in its significant effects, both from its control and from the EV effects.
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Figure 5. PPRH-mediated regulation of MYC promoter activity. Activity from the MYC promoter
was measured indirectly via a luciferase assay using the Del4 luciferase plasmid, containing +/—
400 bp around the transcriptional start site. HEK-293 cells were co-transfected with either the Del4 or
a promoterless empty vector (EV) control and the pRL plasmid as a transfection efficiency control.
The indicated PPRHs (1 uM; PR-distal-T, purple; G4-PR-C, blue; PR-prox-T, light blue; I1_short,
green; I1-T, red; and 12-C, lilac) were co-transfected with the luciferase plasmid pairs; 48 h later, cells
were lysed and luciferase activity was measured as a correlate to MYC promoter activity. For each
plasmid:PPRH pair, effects were normalized to DOTAP vehicle control, and two-way ANOVA with
Dunnett’s post hoc analysis was performed to determine statistical significance. PPRH targeting
elements present in the Del4 plasmid are grouped to the left of the dashed line, and those targeting
elements missing in the Del4 plasmid are grouped to the right of the promoter. HpMYC-G4-PR-C
demonstrated a significant decrease in the promoter activity of Del4, compared to both its matched
DOTAP control and its parallel EV:PPRH pair. Experiments were performed minimally in triplicate;
#p < 0.05 as compared to plasmid matched DOTAP control; * p < 0.05 as compared to PPRH matched
EV control.

The effects of PPRHs were examined in an array of MYC-overexpressing and -addicted
cell lines, including estrogen receptor-positive breast MCF-7, neuroblastoma SH-Sy5y,
colorectal SW480, and prostate PC-3 cancer cells. Cells were transfected with 100 nM of
the indicated PPRHs with 2.1 or 4.2 uM of Dioleoyl Pyridinium (DOPY) [43], particularly
used for the difficult-to-transfect SH-Sy5y cells (Figure 6); all effects were normalized
to DOPY controls. Remarkably, all of the PPRHs mediated a significant decrease in the
SW480, Sh-Sy5y, and MCF?7 cell lines. PC-3 cells are globally more sensitive to DNA
transfection, as evidenced by the significant decrease in viability with the non-targeting
HpSc9 PPRH; however, HpMYC-G4-PR-C, HpMYC-I1-T and _short-T, and HpMYC-PR-
prox-T significantly decreased PC-3 viability when compared to HpSc9 control.
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Figure 6. Effect of MYC targeting PPRHs on prostate cancer PC-3 (A), colorectal cancer SW-480 (B),
neuroblastoma SH-Sy5y (C), and breast cancer MCF-7 (D), cell viability. Thus, 100 nM of PPRHs was
transfected with Dioleoyl Pyridinium (DOPY). The effects of the PPRHs were determined 120 h after
the transfection by cellular viability assays. PPRH effects were normalized to transfection vehicle
(DOPY) control, and experiments were performed in triplicate with internal duplicates. Statistical
significance was analyzed by one-way ANOVA with a post hoc Dunnett test comparing groups
against the HpSc9 control; ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Dose-dependent effects of the PPRHs were further examined in PC-3 and the MYC-
regulation-sensitive AsPc-1 pancreatic cancer cell line (Figure 7A). Both cell lines were
remarkably sensitive to the PPRHs and even to transfected DNA at high-enough concen-
trations, as evidenced by the decreased cell viability with 100 nM HpSc9. The reduction
in cell viability at 25 nM of PPRHs ranged from 40 to 60% for AsPc-1 cells and from 40 to
90% for PC-3 cells. The ICs) for most PPU-targeting PPRHs in AsPc-1 cells ranged from
22 to 30 nM, with the exception of HpMYC-PR-distal-T and HpSc9 with ICsps of 51 and
54 nM, respectively. PC-3 cells were even more susceptible to DNA transfection, with lesser
differentials between the scrambled HpSc9 and the targeting PPRHs. HpMYC-PR-distal-T
and HpMYC-I1_short dose-dependent effects were indistinguishable from HpSc9 with ICsy
values ranging from 33 to 60 nM, while the cells were most sensitive to HpMYC-PR-G4-C,
HpMYC-I1-T, and HpMYC-PR-Prox-T with ICsps of 5, 8, and 4 nM, respectively.

Monitoring cell growth over time, in addition to the terminal viability assay described
above, can be informative to determine the time to onset of PPRH effects [41]. Thus, we
visualized the effects of each PPRH at 25, 50, and 100 nM in AsPc-1 pancreatic cancer cells
using live cell microscopy over time and evaluating the percent confluency in the wells
(Figure 7B); pictures were taken every 8 h post-transfection for 120 h. The cell confluence
was determined by using software trained to AsPc-1 cell-specific morphology. As noted
in the viability assay, AsPc-1 cells were sensitive to 100 nM HpSc9 and, thus, the lower
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doses yielded more informative data. Overall, two conclusions could be inferred from the
time- and dose-dependent examination of PPRH effects. The first was that the general
onset of differential growth parameters caused by PPRHs was 72 h, as observed by their
inhibition of exponential growth. The second observation is that the effect of PPRHs could
be further ranked by looking at the effects of 25 nM, and these findings concur with the
changes observed in cell viability. In particular, HpMYC-PR-distal-T was the least-effective
moiety—in agreement with all data presented thus far, HpMYC-prox-T, -I1-T, and I1_short
all clustered as moderately more effective, and the two G4-targeting and G4-forming
sequences—HpMYC-G4-PR-C and HpMYC-I2-C—were the most efficacious in these cells.

A
1.5 1 AsPc-1 PC-3
2
K]
g 109 ° ° DOTAP control
- & A HpMYC-PR-distal-T
°
O os N HPMYC-G4-PR-C
'§ i HPMYC-11-T
= HPMYC-11_short-T
S 0.0
E 25 50 75 100 25 50 75 100
z s [PPRH] [PPRH]
B e0425nm .50 nM 100 nM
>
2
40
H
c
S 20- 311 |
ES
o
T T T T 1 T T T T 1 + T T T T 1
24 48 72 9 120 24 48 72 96 1200 24 48 72 9 120
Time (hr) Time (hr) Time (hr)
C
- 8 200-AsPc-1 PC-3
St
- 0 T
£28 150
s8e
€ gg = : - ¥
§ 5 g 100 T
$$3 . "
o E g 50 [ HpSco
E6 ﬂ [] HPMYC-G4-PR-C
€ o d s [ HPMYC-11-T
72h 120 h 72h 120 h
D _ 100+
£
HpMYC-  HpMYC- SE 80+ "
HpScO  _G4-PR-C 1n-T IS =
CTRL 25nM 100nM 25nM 100nM 25nM 100 nM E o 60
MYC o c— e —— - € ;. §
Cyciin D1 EEE— S ——— ge8s M| |5 .
GAPDH s S e aus. w0 Ag E 20 ﬂ X
=2 &

T T
25nM 100 nM

Figure 7. Effect of MYC targeting PPRHs in cell viability, growth confluence, mRNA, and protein
levels in prostate (PC-3) and pancreatic (AsPc-1) cancer cell lines. (A) Dose-dependent effects of
PPRHs on the viability of PC-3 prostate cancer and AsPc-1 pancreatic cancer cell lines were measured
after 120 h. (B) The same PPRHs were monitored over time in AsPc-1 pancreatic cancer cells at 25, 50,
and 100 nM for their effects on cell growth, as measured by confluency. Notably, changes in confluency
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became evident 72 h post-incubation, driving the selection for times to monitor changes in tran-
scription (C) and translation (D). (C) Changes in MYC mRNA, as normalized to GAPDH and again
to DOTAP-treated vehicle controls (not shown), were examined in both cell lines at 72 and 120 h
post-treatment. Experiments were repeated at least 3 times, with duplicate technical replicates in
qPCR experiments. * p < 0.05 as compared to vehicle-treated controls as determined by one-way
ANOVA with post hoc Dunnett analyses. (D) PPRH (HpSc9, HpMYC-G4-PR-C, and HpMYC-I1-T)
changes in translation were examined in PC-3 cells, as the more sensitive cell line, in a dose-dependent
manner 72 h post-treatment. Representative images of MYC and Cyclin D1 proteins, and GAPDH
loading control are shown (left) and semi-quantitation reveals a dose-dependent decrease in MYC
expression. Experiments were repeated in duplicate; * p < 0.05 as compared to HpSc9 control (black)
within a dose, or across dose (color coded) as determined by two-way ANOVA with post hoc Dunnett
analyses for dose-dependent effects.

Across all of the data observed thus far, and honing in on the sensitive AsPc-1 and
PC-3 cells, transcriptional effects of HpMYC-G4-PR-C and HpMYC-I1-T (25 nM) were
examined over time (Figure 7C). These two particular PPRHs were selected for their clear
physical interactions demonstrated in cell-free systems and their consistent efficacy in both
cell lines. Times selected for observation of transcriptional regulation were 72 and 120 h,
representing the onset of differential growth and the terminus of the experiment. Thus,
72 h post-transfection, HpMYC-G4-PR-C decreased mRNA expression in both cell lines by
38-50% and HpMYC-I1-T decreased mRNA expression in PC-3 cells by 27%. Unexpectedly,
and intriguingly, MYC transcription returned to baseline for both cell lines and both PPRHs
by 120 h. While we hypothesize that this is related to a lack of mRNA regulation in the
small cell population remaining after 120 h of PPRH treatment, further studies outside the
scope of the current work would be required to explore this effect.

The effects of HpMYC-I1-T and HpMYC-G4-PR-C on MYC protein expression were
examined in a dose-dependent manner in the more-sensitive-to-transcriptional-regulation
PC-3 cells. We performed Western blots 72 h after transfection with 25 and 100 nM of the
HpMYC-G4-PR-C, HpMYC-I1-T, and HpSc9 PPRHs (Figure 7D). The qualitative decrease
in MYC expression was semi-quantitated using ImageQuant software and normalizing to
GAPDH. MYC expression was dose-dependently decreased by the HpSc9 PPRH in PC-3
cells, which correlates with the dose-dependent effects on cell viability as well. HpMYC-
G4-PR-C decreased MYC protein expression 43 and 80% more than the scramble PPRH
at 25 and 100 nM, respectively. The effects of HpMYC-I1-T were more pronounced, and
MYC protein expression was reduced 64 and 86% more than HpSc9 at 25 and 100 nM,
respectively. The effects of both PPRHs were significant at both concentrations when
compared to untreated and scramble controls. Cyclin D1 is a transcriptional target of MYC,
and its protein expression was measured to confirm downstream effects of MYC modulation.
Cyclin D1 decreased by 33 and 45% by 25 and 100 nM HpMYC-I1-T, respectively, while no
marked effects were observed with HpMYC-G4-PR-C.

3. Discussion

The current work focused on the design and examination of a series of Polypurine
Reverse Hoogsteen (PPRH) oligonucleotides targeting the MYC gene and its regulatory
regions. Six PPRHs were designed against MYC, covering the promoter and intronic
regions, both coding (C) and template (T) strands, G-quadruplex (G4) forming sequences
(G4FSs), and other regulatory regions. Two of the PPRHs ultimately targeted coding
strands complementary to G4 formations—MYC-G4-PR-C and MYC-12-C—while the other
four targeted template strands of non-G4-forming regions. All of the PPRHs formed
triplexes with their target sequences, displacing the relevant polypurine strands. In cells,
the PPRHs demonstrated regulation of MYC promoter activity and broad anti-cancer
activity at 100 nM in breast, brain, colorectal, and prostate cancer cells. Dose-dependent
effects were monitored in PC-3 prostate cancer cells, as well as in previously identified
PPRH-sensitive AsPc-1 pancreatic cancer cells, where strong dose- and time-dependent
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effects on cell viability and growth and MYC transcription and translation were observed.
The two lead PPRHs targeting the MYC gene were identified as HpMYC-G4-PR-C and
HpMYC-I1-T, both showing promise as novel therapeutics targeting MYC regulation.

MYC has been considered an undruggable target for many years for several reasons,
including its lack of enzymatic active site, location in the nuclear compartment, and tight
protein-protein interactions with partners, such as MAX. To date, there are no specific
drugs targeting it directly [26,44]. MYC, however, is a high-value therapeutic target due to
its high prevalence in cancers overexpressing the deregulated protein and the search for
possible therapies against this proto-oncogene has persisted. Since it is difficult to directly
target MYC, other strategies targeting key factors in transcription, translation, stability, and
activation have been considered to modulate MYC’s expression [45].

The current project utilized specific polypurine reverse Hoogsteen oligonucleotides
(PPRHs) designed against the complementary sequences of different G4FSs or other reg-
ulatory elements present in the MYC gene to mediate gene silencing. We previously
demonstrated the efficacy of the PPRH approach on the KRAS [41] and TYMS [40] genes,
and the modulation of their expression resulted in a reduction in cancer cell viability.
PPRHs have a number of advantages compared to other therapeutic oligonucleotides,
including: (i) enhanced stability as DNA, versus RNA, entities enhanced by the hairpin
structure they adopt, conferring resistance to degradation; (ii) lack of immunogenicity [46]
as DNA molecules shorter than 100 bases usually range from 50 to 55 nucleotides and,
therefore, do not activate toll-like receptors (TLRs), as compared again to RNA molecules;
(iii) low cost of synthesis; and (iv) efficacy without the required backbone modifications.
Notably, the length of the arms for each of the six designed PPRHs ranged from 23 to
31 bp, providing high specificity to their target regions within the MYC gene. Specificity
was validated by binding experiments and melting assays were used to verify the PPRHs’
strong interaction and, thus, their high affinity, with their corresponding targets.

The PPRHs designed and tested in the presented study were initially focused on
complementing G4FS—one of which had been previously characterized thoroughly [23,42]
and three newly identified regions; one target sequence within the proximal promoter
was not predicted to form a G4 structure. Of the three newly identified G4FSs, only the
MYC-12-C formed a G4 structure—a parallel formation—as defined by electronic circular
dichroism. The newly identified G4 is on the coding strand and will, thus, also be present
in mRNA with a great likelihood of having nascent functions in splicing and pre-mRNA
processing [47]. Further studies are indicated to explore the biological function of this new
region, although they are beyond the scope and intent of the current work.

The PPRHs designed demonstrated broad and potent efficacy in MYC-addicted or
overexpressing colorectal (SW480), neuroblastoma (SH-Sy5y), breast (MCF-7), prostate
(PC-3), and pancreatic cancer cells (AsPc-1). Cytotoxic doses were correlated in the more-
sensitive prostate and pancreatic cancer cell lines to changes in promoter activity, transcrip-
tion, and translation. In particular, PPRHs interfering with promoter activation (HpMYC-
G4-PR-C) and transcription (HpMYC-I1-T) dose- and time-dependently regulated these
cancer cells and decreased MYC and downstream Cyclin D1 expression at concentrations
as low as 25 nM. Direct promoter activity of the promoter-targeting PPRHs, and namely of
HpMYC-G4-PR-C, was demonstrated by luciferase experiments with the Del4 luciferase
plasmid [48], although this plasmid was unable to decipher the activity of the intron-
icly targeted PPRHs. Targeting the DNA region complementing the promoter G4, and
facilitating more G4 formation, likely decreases transcription due to G4 formation seques-
tering the binding site of transcription factors, such as Sp1 and CNBP, as shown with
G4-stabilizing compounds [49]. Additionally, the region forming G4-PR-C also contains
binding sites for KLF4 [50], KLF5 [51], or MZF1 [52], as determined by the JASPAR tran-
scription database [53]. Therefore, HpMYC-G4-PR-C could be facilitating G4 formation
and interfering with the binding of TF, such as Sp1, CNBP, KLF4, KLF5, and/or MZF1, thus,
decreasing transcription. Targeting the template sequence with HpMYC-I1-T will mediate
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a hairpin with the template of RNA polymerase and directly interfere with transcription
and mRNA elongation, as noted in the study.

Cumulatively, our study successfully identified targets within the MYC gene that
are susceptible to regulation by PPRH technology and lead therapeutic oligonucleotides
were identified and characterized. Although our initial focus was on G4FS, we ultimately
identified a lead PPRH facilitating G4 formation in the promoter and another interfer-
ing with transcription in a G4-independent manner. Both of these potential therapeutic
oligonucleotides demonstrate potent regulation of MYC expression in a highly specific
manner, with broad applicability to MYC-dependent tumors. Further works examining the
enhancement of MYC promoter G4-stabilizing compounds and other chemotherapeutic
regimens are indicated as we explore the full potential of PPRH-mediated regulation of
MYC in the advancement of the technology presented.

4. Materials and Methods
4.1. Design of Polypurine Reverse Hoogsteen Hairpins

PPRHs against MYC were designed using the TFO searching tool software (Triplex-
Forming Oligonucleotide Target Sequence Search, available online: http://utw10685.utweb.
utexas.edu/tfo/ (accessed on 10 October 2022)). We searched for triplex-forming sequences
in the MYC gene with more than 20 nucleotides in length, a maximum of 3 pyrimidine in-
terruptions, and a minimum of 40% of GC content as described [54]. Polypurine sequences
in the promoter and intron of the MYC gene were analyzed for similarities using the BLAST
resource found within the NCBI. Those that were 100% specific with the MYC gene and
showed dissimilarity or mismatches to other genes were selected.

The selected polypurine sequences were introduced to QGRS mapper to check for
putative G4FS (http:/ /bioinformatics.ramapo.edu/QGRS/index.php (accessed on 12 Octo-
ber 2022)). This tool uses an algorithm for the recognition and mapping of G-quadruplex
elements within a specific sequence and gives a G-score for the putative G4 formations;
the higher the score, the more plausible the G-quadruplex formations. The polypurine
sequences with the highest G-score were selected and then analyzed with BLAST to avoid
any unintended target.

The design of the PPRHs consists of two mirror repeats of the polypurine strands
running in antiparallel orientation and linked by a four-thymidine loop. As a negative
PPRH control, we used HpSc9 [38]. The designed PPRHs were synthetized as non-modified
oligodeoxynucleotides by Sigma-Aldrich (Haverhill, UK) resuspended in sterile Tris-EDTA
buffer (10 mM Tris and 1 mM EDTA, pH 8.0) (Sigma-Aldrich, Madrid, Spain) and stored at
—20°C.

4.2. Electronic Circular Dichroism (ECD)

DNA sequences were purchased from Integrated DNA technologies (IDT, Coralville,
IA, USA) as desalted oligonucleotides. Upon arrival, they were solvated in double-distilled
water overnight, were heated to 95 °C for 5 min, then their A260 was determined at temp
using a Nanodrop3000 (Thermo Scientific, Waltham, MA, USA) and their concentrations
were calculated using the nearest neighbor technique. On the experimental day, the
oligonucleotides were diluted to 5 uM final concentration in 50 mM Tris Acetate buffer
(pH 7.4), in the absence or presence of 100 mM KCl. Spectra and thermal stability of
the putative G4 forming regions were evaluated on a Jasco J-1500 spectrophotometer
(Jasco, Easton, MD, USA). Full spectra were recorded from 225 to 350 nm wavelength
in triplicate for each experiment using a 1 cm quartz cuvette and a 1 mm bandwidth;
the triplicate reads were then averaged. Millidegrees (mdeg, theta) were reported as
experimentally determined.

4.3. Melting Temperature Assay

Melting temperatures (Tyss) were determined in a buffer containing 100 mM NaCl,
10 mM MgCly, and 40 mM HEPES, pH 7.2. The mixture was prepared in a ratio of 1:1
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between the polypyrimidine single-stranded target (ssPPY) and the hairpin, in a final
concentration of 1 uM. Before performing the melting experiments, the mixture was heated
to 65 °C for 15 min and slowly cooled down to room temperature.

Melting studies were carried out using a V-730BIO UV-Vis spectrophotometer (Jasco,
Madrid, Spain), connected to a temperature controller that increased from 10 to 90 °C and
then decreased from 90 to 10 °C at a 1 °C/min rate. Absorbance was measured at 260 nm
in a 1 cm pathlength quartz cuvette and monitored every 0.5 °C.

4.4. Electrophoretic Mobility Shift Assay (EMSA)

EMSA analyses were performed with dsDNA probes corresponding to each of the
PPRH target sequences. The probes were obtained by mixing equimolecular amounts of
each single-stranded oligodeoxynucleotide with 150 mM NaCl solution hybridized at 95 °C
for 5 min and cooled down to RT. The polypyrimidine ssDNA was labeled with fluorescein,
6-FAM, in the 5’-end and was synthesized by Sigma-Aldrich (Haverhill, UK). Binding
reactions were performed in a binding buffer (5% glycerol, 10 mM MgCl,, 100 mM NaCl,
40 mM HEPES, pH 7.2; all reagents were purchased from Sigma-Aldrich). PPRHs (1 ug)
were mixed with Poly(dI:dC) (200 ng) as a nonspecific competitor and incubated at 65 °C for
10 min. Then, 200 ng of the dsDNA probe was added to the mix for an additional period of
20 min. The resulting products were resolved in a 7% polyacrylamide, 5% glycerol, 10 mM
MgCl,, 50 mM HEPES, pH 7.2 native gel, at a fixed 190 V and 4 °C, using a running buffer
of 10 mM MgCl, 50 mM HEPES, pH 7.2. To visualize the results of the electrophoresis,
ImageLab software v5.2 was used (GE Healthcare, Barcelona, Spain).

4.5. Strand Displacement Assay upon PPRH Incubation

To detect G4 formation and polypurine strand displacement, we used 1.5 ug of each
oligonucleotide, alone or in combination with increasing amounts of PPRHs (Table 3).
dsDNA probes were prepared following the same protocol described in 4.3 of M & M.
dsDNA and PPRH were mixed with 100 mM KCl and 100 mM Tris-HCl, pH 7 4, incubated
at 90 °C in a water bath for 5 min, and slowly cooled down to RT. The resulting products
were electrophoretically resolved in a non-denaturing 12% polyacrylamide and 10 mM KCI
gel running in 1x TBE bulffer at fixed 150 V. Once electrophoresed, the bands were detected
under UV light lamps. Afterwards, the gels were stained with 5 uM Thioflavin T solution
for 15 min under agitation and washed in water for 2 min. The images were captured with
a camera or using Gel DocTM EZ with ImageLab, Version 6.0.

4.6. Cell Cultures

MCF-7, SW-480, SH-Sy5Y, and PC-3 cancer lines were obtained from the cell bank
resources of the University of Barcelona (UB). AsPc-1 cells were purchased from American
Tissue Culture Collection (ATCC) (Manassas, VA, USA). In all cases, the cells were stored
in liquid nitrogen until use. MCF-7, SW-480, SH-Sy5Y, and PC-3 were grown in Ham’s
F12 medium supplemented with 10% fetal bovine serum (GIBCO, Invitrogen, Barcelona,
Spain). AsPc-1 cells were grown in RPMI-1640 medium (ATCC) (Manassas, VA, USA)
supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and
1x penicillin/streptomycin. All cells were maintained at low passages and in exponential
growth at 37 °C in a humidified 5% CO; incubator.

4.7. Cellular Viability and Cell Growth Studies

One day before transfection, MCF-7, SW-480, SH-Sy5Y, and PC-3 cells (10,000 cells
per well) were plated in 6-well dishes in 800 uL relevant media. AsPc-1 was plated in
96-well dishes at 2.5 x 103 cells per well in 90 uL per well of relevant media. The transfec-
tion consisted of mixing N-[1-(1,2-Di-(9Z-octadecenoyl)-3- trimethylammoniumpropane
methyl sulfate (DOTAP; Biontex, Germany), or 1,3-bis[(4-oleyl-1-pyridinio)methyl]benzene
dibromide (DOPY, synthesized in house, UB (17)) with the PPRH in serum-free medium,
in volumes of 200 or 10 uL for 6-well dishes or 96-well plates, respectively. Cells were
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transfected using either 2.1 or 4.2 uM of DOPY, as indicated, or 100x of DOTAP (the molar
ratio of PPRH/DOTAP was 1:100 (100 nM /10 uM)). Then, 20 min after incubation at room
temperature, the mixture was added to the cells to obtain a final volume of 1 mL or 100 puL
in 6-well dishes or 96-well plates, respectively. Cells were incubated with the PPRHs for up
to 120 h at 37 °C in a humidified 5% CO, incubator.

To determine the effects on cellular viability, CellTiter AQeuous (MTS) reagent (Promega;
Madison, WI, USA) was activated with 5% phenazine methosulfate (Sigma Aldrich), 200 uL
or 20 uL of the activated reagent was added to the 6-well dishes or 96-well plates, respec-
tively, and incubated for 24 h at 37 °C and 5% CO;. Absorbance was measured at 490 nm
on a SpectraMax i3x (Molecular Devices; San Jose, CA, USA). Background absorbance
(media and all reagents) was subtracted from all experimental values and normalized to
untreated controls. Non-linear regression was performed with GraphPad Prism software
for the dose-response studies to determine ICsj values.

Live-cell images of AsPc-1 cells were captured every 8 h after transfection utilizing
the CellCyte X Live imaging system (Cytena; Boston, MA, USA). The analysis software
was trained to accurately determine the shape and volume of AsPc-1 cells, and the “mask”
created was applied to determine percent confluency within each images’ surface area.
Gompertzian growth was analyzed by GraphPad Prism and two-way ANOVAs with Tukey
post hoc analyses. Cell viability and cell confluency/growth studies were all performed
in triplicate.

Table 3. Design of MYC-targeting PPRHs with their target sequences in italics.

PPRH Name (Location) Length Sequence (5’-3')
HGGGGTGGAAGGGGTGGGAGGGGTGGGAGGGG-3'
HpMYC-G4-PR-C &7 #GGGGTGGAAGGGGTGGGAGGGGTGGGAGGGG-5"
(Promoter) 5’-CCCCACCTTCCCCACCCTCCCCACCCTCCCC-3"

3"-GGGGTGGAAGGGGTGGGAGGGGTGGGAGGGG-5'

3-AGGAGCAGCAGAGAAAGGGAGAGtt
HpMYC-PR-Distal-T 5'-AGGAGCAGCAGAGAAAGGGAGAGtt
(Promoter) 3'- TCCTCGTCGTCTCTTTCCCTCTC-5"
5'- AGGAGCAGCAGAGAAAGGGAGAG-3'

3'- GGGAAAAAGAACGGAGGGAGGGALt
HpMYC-PR-Prox-T 5'- GGGAAAAAGAACGGAGGGAGGGALtt
(Promoter) 3'- CCCTTTTTCTTGCCTCCCTCCCT -5'
5-GGGAAAAAGAACGGAGGGAGGGA -3'

3'-AAGATGGGAGAGGAGAAGGCAGAGGGAAAACGGGtt
HpMYC-I1-T 5-AAGATGGGAGAGGAGAAGGCAGAGGGAAAACGGGtt
(Intron 1) 3-TTCTACCCTCTCCTCTTCCGTCTCCCTTTTGCCC-5'
5-AAGATGGGAGAGGAGAAGGCAGAGGGAAAACGGG-3'

3'-GGGAGAGGAGAAGGCAGAGGGAAAALt
HpMYC-I1_short-T 5-GGGAGAGGAGAAGGCAGAGGGAAAALt
(Intron 1) 3'-CCCTCTCCTCTTCCGTCTCCCTTTT-5'
5-GGGAGAGGAGAAGGCAGAGGGAAAA-3'

ttGGGAGGGGCAAACAGAGGGTGGGG-3"
HpMYC-12-C > ttGGGAGGGGCAAACAGAGGGTGGGG-5
(Intron 2) 5-CCCTCCCCGTTTGTCTCCCACCCC -3
3-GGGGTGGGAGACAAACGGGGAGGG -5

4.8. Luciferase Assays

Human embryonic kidney cells (HEK-293), purchased from ATCC (Manassas, VA,
USA), were cultured in 37 °C and 5% CO, in Eagle’s Minimum Essential Medium (EMEM)
(ATCC; Manassas, VA, USA), enriched with 10% fetal bovine serum (FBS) (Sigma Aldrich;
St. Louis, MO, USA) and 1x penicillin/streptomycin solution. The HEK-293 cells were
transiently transfected with either the pGL4.17 promoterless luciferase plasmid (Promega;
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Madison, WI, USA) or the MYC promoter region Del4 and the renilla luciferase pRL
promoter (Promega). The c-myc promoter (Del 4) was a gift from Bert Vogelstein (Ad-
dgene plasmid # 16604; http://n2t.net/addgene:16604, accessed on 10 October 2022;
RRID:Addgene_16604). [48] HEK-293 cells were seeded in 24-well plates at 8 x 10? cells
per well and allowed to attach overnight. Cells were transfected with 250 ng of Del4 or
EV plasmid and 100 ng of pRL either alone or with 1 ug of PPRHs or vehicle control
(DOTAP) for 48 h. Cells were lysed in Passive Lysis Buffer and then frozen to —20 °C,
followed by two freeze and thaw cycles in order to improve cell lysis. Firefly and renilla
luciferase expression was then measured with the Dual Luciferase Assay kit (Promega;
Madison, W1, USA) using a Lumat LB9507 luminometer. Firefly luciferase was normalized
to renilla expression and normalized again to untreated control. Luciferase experiments
were performed minimally in triplicate; one-way ANOVAs with Tukey post hoc analyses
were used to determine significance.

4.9. RT-qPCR

To determine MYC mRNA levels, PC-3 and AsPc-1 cells (30,000 cells per well) were
seeded in 6-well dishes and incubated overnight. The following day, cells were transfected
with 25 nM of PPRHs. Total RNA was extracted from cells using TRIzol® (Life Technologies;
Barcelona, Spain) or GeneJet RNA isolation kit (ThermoFisher; Waltham, MA, USA) follow-
ing the manufacturer’s specifications. RNA concentrations were determined by measuring
their absorbance at 260 nm using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher;
Barcelona, Spain). Thus, 0.5-1 ug of cDNA was reverse transcribed using either the qScript
kit (Quanta Biosciences; Beverly, MA, USA) or with 125 ng of random hexamers (Roche;
Spain), 500 uM of each dNTP (Bioline; Barcelona, Spain), 20 units of RNAse inhibitor, and
200 units of Moloney murine leukemia virus reverse transcriptase (last three from Lucigen;
WI, USA) in the retrotranscriptase buffer. qPCR was run with 100-150 ng of cDNA using
Tagman assays for MYC (Hs00153408_m1) and either Adenine Phosphoribosyltransferase
(aprt) (Hs00975725_m1) or GAPDH (VIC-labeled for multiplexing, Hs02758991_g1) (Ap-
plied Biosystems; Barcelona, Spain or Waltham, MA, USA). Relative expression of MYC was
determined with the 2"44Ct method. Biological experiments were performed in triplicate,
and each qPCR reaction was run with technical duplicates.

4.10. Western Blot Analyses

PC-3 cells (60,000 cells per well) were seeded in 6-well dishes and transfected with
25 and 100 nM of PPRHs. Total protein was extracted 72 h after transfection using RIPA
buffer (1% Igepal, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM
PMSF, 10 mM NaF and 50 mM Tris-HCI, pH 8, and containing a Protease inhibitor cocktail
(P8340-5ML); all reagents were purchased from Sigma Aldrich, Madrid, Spain, with the
exception of Tris-HCI, which was from PanReac AppliChem, Barcelona, Spain). Cell debris
was removed by centrifugation for 10 min at 13,300 g and 4 °C. Protein concentrations
were determined by using a Bio-Rad protein assay based on the Bradford method using
bovine serum albumin (BSA) as a standard (Sigma-Aldrich, Madrid, Spain).

Protein extracts were electrophoresed in 4%/12% SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride membranes (immobilon P, Milipore, Madrid, Spain)
for 2 and 5 h and 400 mA using a semi-dry electroblotter. Blocking of membranes was
performed using 5% Blotto. Membranes were probed with either an antibody against
MYC conjugated with horseradish peroxidase (HRP) (1:1500 dilution; ab205818, Abcam,
Cambridge, UK), a primary antibody against cyclin D1 (1:100 dilution; M-20, sc-718, Santa
Cruz Biotechnology, Heidelberg, Germany), or a primary antibody against GAPDH (1:200
dilution; sc-47724, Santa Cruz Biotechnology, Heidelberg, Germany) overnight at 4 °C
with slow agitation. For the detection of cyclin D1 protein levels, a secondary horseradish
peroxidase-conjugated anti-rabbit antibody was used (1:1200 dilution, P0399, Agilent Tech-
nologies, Singapore). GAPDH protein levels were used to normalize the results and a
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secondary horseradish peroxidase-conjugated anti-mouse antibody was then used (1:1500
dilution, sc-516102, Santa Cruz Biotechnology, Heidelberg, Germany).

Signals of MYC, Cyclin D1, and GAPDH proteins were detected using enhanced
chemiluminescence (ECL), as recommended by the manufacturer (Amersham, Arlington
Heights, IL). To visualize the protein bands, we used ImageQuant LAS 4000 mini imager
(GE Healthcare, Barcelona, Spain). Quantification was performed using the ImageQuant
10.1 software.

4.11. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, CA,
USA). All data are shown as the mean + SEM of at least three independent experiments.
The levels of statistical significance were denoted as follows: p < 0.05 (*), p < 0.01 (**),
p <0.001 (***), or p < 0.0001 (****).
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Figure S1. G4 and hairpin formation within the PPRH sequences. ECD was
used to establish the non-canonical DNA formations, if any, formed from the
PPRHs in the absence (-, dashed lines) or presence (+, solid lines) of 100 mM
KCl. Parallel G4 formation is identified by a maximal Cotton effect in the 262-
264 nm range, as identified with the hp-G4-PR-C and Hp-I2-C sequences,
while hairpin formation was identified in all other PPRH sequences by a
maximal (and broad) Cotton effect at 270 nM.
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Figure S2. Displacement analyses of the Polypurine (ssPPU) strand in intron 1
(A) and Intron 2 (B) probes. (A) Displacement analysis of the Polypurine
(PPU) strand in Intron 1 probe. (B) Displacement analysis of the Polypurine
(PPU) strand in Intron 2 probe. Bindings were performed using 1.5 pg of
dsDNA labeled with FAM (green) in the polypyrimidine (PPY) strand only,
then incubated as described in M&M with increased amounts of their PPRH,
HpMYC-I1-T, or HpMYC-12-C.
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4.4. ARTICLE lll (Manuscript in preparation)

Combinatorial effect of KRAS and MYC targeting Polypurine
Reverse Hoogsteen hairpins in PC-3 cancer cell lines

Background: MYC and KRAS cancer targets have a tight
relationship since MYC protein is a downstream effector of KRAS and in
the presence of mutated KRAS, it will be constitutively expressed and
stabilized (Kerkhoff et al.,, 1998; T. Lee et al., 2008), making cells
susceptible to DNA damage and apoptosis (Shortt & Johnstone,
2012). It is also suggested that MYC plays a crucial role in KRAS-driven
malignancies (Eilers & Eisenman, 2008). Both oncogenes fall into the
category of undruggable cancer targets and the interconnection between
KRAS and MYC present significant challenges in the development of
targeted therapies (McCormick, 2015; Whitfield et al., 2017). Disrupting
one target without affecting the other can lead to compensatory
mechanisms, limiting treatment efficacy and may carry risk of incomplete
eradication of cancer. Targeting both KRAS and MYC has gained
attention as potential solutions for cancer treatment. Such therapies may
hold the key to achieving durable treatment responses and overcome
resistance (Donati & Amati, 2022). In this study, we targeted KRAS
and MYC at the same time in PC-3 prostate cancer cells using previously
designed PPRHSs against both oncogenes.

Objectives: We aimed to study the combinatorial effects of PPRHs
against KRAS and MYC. First, we wanted to select the most efficient
PPRHs against both oncogenes. Then we proceeded to analyze several
combinations, at the lowest concentrations possible, to test their effects
on cell viability and expression of both oncogenes in KRAS and MYC
mutated PC-3 prostate cancer cells.

Results: We performed a dose response analysis of previously designed
PPRHs against KRAS and MYC in PC-3 prostate cancer cells. We
selected the most efficient PPRHs targeting each gene, HoMYC-PR-G4-
C (G4-C), HpMYC-I1-T (I12-T) which are MYC-targeting PPRHs and
HpKRAS-PR-C (PR-C) and PPRH 2 which target KRAS regions. We
evaluated the four possible combinations of each MYC PPRH (25 nM)
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with KRAS PPRHs (25 nM), at a final concentration of 50 nM, and
compared them to the treatment with each individual PPRH at 50 nM.

Most PPRH combinations showed a synergic effect on PC-3 cell
viability, with a greater cytotoxicity than individual treatments of the
PPRHSs at 50 nM. Combinations with MYC PPRH G4-C showed to be the
most efficient in inducing PC-3 cells death.

We performed time-course experiments with the same individual
and combination conditions to monitor KRAS and MYC mRNA
expression changes over time. We observed an early increase in mRNA
levels and a maximum decrease five days post-treatment.

Lastly, we explored the effect of the PPRHSs in the protein levels
of both oncogenes at 120 hours after transfection, corresponding to the
lowest point of transcription. We observed a similar tendency as in cell
viability, where the combinations, especially with G4-C, had the highest
impact in reducing both oncogenes protein levels. MYC protein levels
showed a more sensitive outcome upon PPRH transfection.

Conclusions: This study shows an insight of the effect of PPRH
combinations for in vitro simultaneous targeting of two oncogenes, KRAS
and MYC, using as a model the PC-3 prostate cancer cell line. The
synergy produced by these PPRHs demonstrates their potential to
downregulate both oncogenes by using PPRH combinations at low
concentrations.
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Abstract: KRAS and MYC are proto-oncogenes strictly regulated in healthy cells since they have key
roles in several processes such as cell growth, proliferation, differentiation, or apoptosis. These
genes are tightly interconnected, and their dysregulation can lead to cancer progression. We had
previously individually targeted these oncogenes using Polypurine Revers Hoogsteen (PPRH) hair-
pins, many of them targeting the complementary strand of G-quadruplex forming sequences. We
validated them in vitro in different cancer cell lines with deregulated KRAS and/or MYC. In this
work we focused on understanding the cooperative dynamics between these oncogenes, by inves-
tigating the combined impact of PPRHs targeting KRAS and MYC in the PC-3 prostate cancer cell
line. The used combinations had a modulatory impact in both oncogene expression, downregulating
their mRNA and protein levels five days post-treatment. Out of the four tested PPRHs, MYC-tar-
geting PPRHs, and especially HpMYC-G4-PR-C, showed a higher effect especially at the protein
level. When both KRAS- and MYC-targeting PPRHs were applied in combination, a synergistic re-
duction in cell viability was observed. The simultaneous targeting of KRAS and MYC, demonstrates
efficacy in gene modulation, thus in decreasing cell proliferation and viability.

Keywords: KRAS; MYC; PPRH; G-quadruplex; Prostate cancer

1. Introduction

The human gene Kirsten rat sarcoma viral oncogene homolog (KRAS) encodes a
membrane-bound regulatory protein belonging to the RAS family of GTPases. When
KRAS is activated, it governs downstream cellular pathways responsible for regulating
cell survival, proliferation, and differentiation [1,2]. Mutations in KRAS disrupt its normal
function, resulting in the continuous activation of the protein, which is linked to an
increased tumorigenicity, and it is associated with unfavorable prognosis [3]. In the
context of aggressive diseases, KRAS is overexpressed in about 30% of all human cancers
including 95% of pancreatic cancers and 45% of colorectal cancers, pancreatic ductal
adenocarcinomas (PDAC) and non-small-cell lung cancers (NSCLC) [4]. In 2013, the
National Center Institute (NCI) established “The RAS initiative” to mobilize the
community involved in the research of cancers driven by RAS gene family (KRAS, HRAS
and NRAS) [5]. Several drug discovery efforts are presently underway, with a focus on
targeting distinct mutant KRAS isoforms. Sotorasib, targeting the KRASG12¢ mutant
protein, obtained the FDA approval for the treatment of lung cancer in May 2021 [6].
While this development holds promise for cancers bearing KRAS alterations, it is
important to note that the G12C mutation is not the only common mutation, and it does
not provide advantages for patients with amplified or other KRAS variants. The most
prevalent mutated alleles in patients with pancreatic and colorectal cancers are KRASG1>P
and KRASGV [7-9]. Therefore, the approach of developing treatments adapted to specific
KRAS mutations requires the creation of a diverse array of drugs. Inhibiting transcription
in cancers with aberrant KRAS expression, has proven to be detrimental to tumor cells,
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revealing their dependency on KRAS, independently of its mutational status and provides
a wide scope for therapeutic intervention [10-12].

¢-MYC, here referred as MYC, is a member of a large family of DNA-binding proteins
with a basic helix-loop-helix-loop-helix (PHLHLZ) leucine zipper motif, which also in-
cludes L-MYC and N-MYC [13-14]. MYC operates as a transcription factor, participating
in multiple signal transduction pathways that trigger cell growth and various cellular pro-
cesses such as metabolism, differentiation, and apoptosis. Non-cancer cells have MYC
tightly regulated and quiescent cells have minimal or hardly detectable levels of MYC,
that increase in response to signals related to growth and development [15]. Significantly,
MYC regulates the expression of more than 30% of human genes [16-18]. Its protein is
intrinsically fragile, characterized by general instability and a short half-life, making it
susceptible to rapid degradation through the ubiquitin-linked proteasome system. This
degradation mechanism serves as a safeguard against excessive MYC activity [19]. How-
ever, when any of these regulatory mechanisms malfunction, it can result in the presence
of abnormal MYC mRNA and/or protein, which can lead to the development of malig-
nancies. Alterations in MYC regulation can also be due to factors such as chromosomal
cis-elements [20]. Deregulated MYC expression acts as a driver of both tumor initiation
and maintenance and it is linked to all the defining hallmarks of cancer [21]. MYC is rec-
ognized as one of the most frequently amplified oncogenes [22]. About 70% of human
cancers, including breast, bone, brain, B-cell lymphoma, colon, cervix, lung, pancreas, and
prostate tumors have various MYC alterations that correlate with poor prognosis and in-
creased disease aggressiveness [23-24]. Experimental models demonstrating MYC-associ-
ated tumorigenesis suggest that established tumors develop MYC dependence or addic-
tion [17].

Both KRAS and MYC have been categorized as undruggable cancer targets. This may
be attributed to their extensive protein-protein interactions, lack of clearly defined or ap-
propriate binding sites, or their intracellular or nuclear localization [25,26]. MYC expres-
sion is downstream of KRAS signaling. Consequently, the presence of oncogenic KRAS
mutations results in sustained MYC expression [27,28]. KRAS-initiated pro-proliferative
signals are potentiated by MYC, facilitating rapid cell cycle progression and resistance to
apoptosis. This collaboration often leads to the development of more aggressive and ther-
apy-resistant cancers. In some cancer cells with mutated KRAS it was found that its sup-
pression causes polyubiquitination and proteasomal degradation of MYC protein [29].

Guanine-rich sequences can adopt unique secondary structures known as G-quadru-
plexes (G4s). These structures consist of four strands and are characterized by a non-ca-
nonical arrangement in which the guanine bases are stacked in a planar pattern, held to-
gether by Hoogsteen hydrogen bonds, resulting in the formation of a G4 structure [30,31].
They are highly present in the promoter of human genes, modulating their expression
through transcription factor binding and interaction with other entities [32,33]. Currently,
there are more than 370,000 predicted G4 sequences, typically found in regions such as
transcriptional start sites (TSS), telomeres, and sites associated with mitotic and meiotic
double-strand breaks [32,34]. G4 structures can also act as barriers to block DNA replica-
tion [35] and they can interact with proteins implicated in DNA repair processes [34].
Many oncogene promoters, including KRAS and MYC, have a greater number of G4 mo-
tifs than promoters of regulatory or tumor suppressor genes. Several studies indicated
that alterations in G4 sequences are associated with decreased gene expression [36-38].

In this study, we used previously designed Polypurine Reverse Hoogsteen (PPRHs)

hairpins against KRAS and MYC, either individually or as combined treatments to de-
crease the expression of both oncogenes and provoke cell death in a KRAS and MYC
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dependent prostate cancer cell line (PC-3). PPRHs are unmodified single-stranded DNA
molecules made of two polypurine strands connected by a loop of four thymidinesl in an-
tiparallel orientation. These strands interact intramolecularly with each other via
Hoogsteen bonds. PPRHs are designed to bind specifically to a polypyrimidine DNA or
RNA sequence by Watson-Crick base pairing, while conserving their hairpin structure.
Consequently, PPRH binding results in the formation of a DNA triplex structure that in-
duces the displacement of the polypurine chain in the genomic DNA, leading to the sup-
pression of expression of the target gene [39-41]. PPRHs do not need to be designed as a
pure homopurine since they can include up to three pyrimidine interruptions. This flexi-
bility allows the design of PPRHs targeting practically any gene in the genome [42].
PPRHs are classified as coding (-C) or template (-T), depending on the strand that they
are targeting. Coding PPRHs can interact with DNA and mRNA of the target gene. This
interaction can influence splicing or translation processes [40,43]. We have previously
used PPRHs to target genes related to cancer such as mTOR, BCL-2, MDM2, TOP1, MYC
[44], and HER-2 [45]. We have also designed efficient PPRHs targeting complementary
sequences of G4FS in TYMS [46], KRAS [47] and MYC [48] demonstrating PPRH efficacy
in reducing cell viability and gene expression.

2. Results

2.1. PPRH Selection and Individual and Combinatorial effect of PPRHs in PC-3 cell viability.

We performed a dose-response study using previously designed PPRHs against
KRAS and MYC in the sensitive prostate cancer PC-3, cells (Figure 1) [47,48]. Cells were
transfected with a mixture of 10 uM DOTAP and a range of concentrations between 12.5
and 100 nM of PPRHs targeting KRAS and MYC determining the effects 120 h after
transfection. The MYC PPRHs assayed were HpMYC-PR-G4-C (G4-C), HpMYC-I1-T (I1-
T), HpMYC-12-C, HpMYC-PR-Prox-T, and HpMYC-PR-Dist-T. We tested the promoter
KRAS targeting PPRHs HpKRAS-PR-C (PR-C), HpKRAS-PR-EF-C (PPRH 1) and
HpKRAS-PR-BC-C (PPRH 2). As a negative control we used a scrambled PPRH, Hp-Sc9
(SC9). From the dose-response results (data not shown), we selected two of the most
efficient PPRHs for each gene, G4-C and I1-T for MYC-targeting PPRHs and PR-C and
PPRH 2 for KRAS-targeting PPRHs. We chose a combination dose of 25 nM and 50 nM
since at these concentrations, the individual treatments were not too lethal for PC-3 cells.
We performed individual PPRH transfections at 50 nM and combinations of each of the
most efficient MYC-targeting PPRH with KRAS-targeting PPRHs at 25 nM each, with a
final concentration of 50 nM (Figure 2). The PPRH effects in PC-3 cell viability were com-
pared to those obtained after incubating with DOTAP only. SC9 did not produce any sig-
nificant effect in cell viability neither at 25 nor 50 nM. While all the individual PPRH treat-
ments reduced cell viability in a dose-dependent manner, the combinations showed
greater effect in reducing cell viability (Figure 2). The calculated Combination Index (CI)
showed synergisms for all combinations at 25 nM, excepting for the combinations for I1-T
and PR-C that demonstrated to have a slight synergism (Table 1). Among the four PPRHs,
G4-C had the most significant impact on cell viability when used in both individual and
combined treatments. Individual treatments with G4-C at 25 and 50 nM reduced cell via-
bility by 61 and 85 %, respectively, and combinations with PR-C and PPRH 2, reduced it
by 95 and 91 % respectively (Figure 2).
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Figure 1. Schematic representation of KRAS and MYC gene structures and the loca-
tion of targeting PPRHs. The selected PPRHs, PR-C, PPRH 2, G4-C and I1-T, for individual
and combinatorial treatments are marked in bold.

PC-3

% Cell viabiity
(normalized to DOTAP)

Figure 2. Effect on PC-3 prostate cancer cells viability of MYC (I1-T and G4-C) and
KRAS-targeting (PR-C and PPRH 2) PPRHs. Experiments were performed three times
with internal duplicates. Statistical significance was determined using a one-way ANOVA
with Dunnett’s multiple comparison test comparing groups against DOTAP (* p <0.05, **
p<0.01, ** p <0.001).
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Dose MYC PPRHs (nM) Dose KRAS PPRHs (nM)

Cl Media Description
n-T G4-C PR-C PPRH 2
25 - 25 - 0.88 Slight synergism
25 - - 25 0.65 Synergism
- 25 25 - 0.57 Synergism
- 25 - 25 0.41 Synergism

Table 1. Analysis of synergy for the combinations of PPRHs in PC-3 cells.

2.2. Individual and combinatorial effects of PPRHs on KRAS and MYC mRNA levels in PC-3
cells.

To evaluate the effect of PPRHs in KRAS and MYC mRNA levels, we kept fixed
a final concentration of 50 nM, transfecting the PPRHs either alone or in combina-
tions of 25 nM each, and we performed time-course experiments between 24 and 120
h (Figure 3A and Figure 4A). We compared the effects relative to SC9 at 50 nM and
observed similar mRNA modulation for both oncogenes. Both MYC and KRAS
mRNA expression started increasing, reaching a peak between 24 and 48 h after
transfection (Figures 3B and 4B). Afterwards, their expression started decreasing be-
tween 48 and 72 h after transfection, reaching the lowest point at 120 h (Figures 3C
and 4C). While KRAS mRNA expression presented a more subtle increase at early
hours, reaching a maximum of 150% when transfected with G4-C and PR-C, no sta-
tistically significant results were observed. However, at 120 h after transfection,
KRAS transcription expression decreased at least 25% in all cases and a remarkable
50% when G4-C and PR-C were combined. At 120 h, all the PPRH treatments re-
duced significatively KRAS mRNA expression except for PPRH 2 (Figure 3C). The
modulation of transcription at early times for MYC mRNA was more pronounced,
increasing 150% in most of the cases and more than 200% with the combination of
I1-T and PPRH 2 at 24 h (Figure 4B). All the PPRH treatments increased significa-
tively MYC mRNA expression at early hours, except for G4-C and the combination
of G4-C with PPRH 2. Five days after transfection, all PPRHs reduced MYC mRNA
levels by more than 50%, in all cases except for PPRH 2 and the combination of I1-T
with PPRH 2, which reduced MYC mRNA by 30 and 40%, respectively (Figure 4C).
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Figure 3. Effect of KRAS and MYC-targeting PPRHs, individually and in combina-
tion, on KRAS mRNA levels in PC-3 prostate cancer cells. (A) Time-course of the PPRHs
effect was monitored between 24 and 120 h. mRNA levels are expressed relative to SC9 at
50 nM. (B) KRAS mRNA expression 24 h after transfection. (C) KRAS mRNA expression
after 120 h of PPRH incubation. Experiments were carried out three times with internal
duplicates. Statistical significance was determined using a one-way ANOVA with Dun-
nett’s multiple comparison test comparing groups against SC9 (* p < 0.05, ** p< 0.01).
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Figure 4. Effect of KRAS and MYC-targeting PPRHs, individually and in combina-
tion, on MYC transcription in PC-3 prostate cancer cells. (A) Time-course effect of PPRH
between 24 and 120 h relative to SC9 at 50 nM. (B) MYC mRNA expression 24 h after
transfection. (C) MYC mRNA expression 120 h after PPRH transfection. Experiments were
performed three times with internal duplicates. Statistical significance was determined
using a one-way ANOVA with Dunnett’s multiple comparison test comparing groups
against SC9 (* p <0.05, ** p<0.01, ** p < 0.001).

2.3. Individual and Combinatorial Effects of PPRHs on KRAS and MYC protein levels in PC-3
cells

After analyzing the modulatory effects of PPRHs on mRNA levels in time-course
experiments, we wanted to study their effects in KRAS and MYC translation at 120 h,
where mRNA expression upon PPRH transfection reached its lowest point. We conducted
Western blot determinations under the same conditions as the RT-qPCR experiments. This
included the use of PPRHs individually at 50 nM, and combinations of 25 nM of MYC-
targeting PPRHs with 25 nM of a KRAS-targeting PPRH (Figure 5) and compared the
results to SC9. The reduction in KRAS and MYC expression was qualitatively assessed
(Figure 5A) and quantified using the ImageQuant software, normalized to GAPDH (Figure
5B). MYC and KRAS expression was reduced upon individual or combinatorial
transfection of the PPRHs. For KRAS, individual treatments with MYC-targeting PPRHs
had a higher effect in its protein level than KRAS-PPRH. Out of the four possible
combinations, those with G4-C were the most potent in KRAS downregulation, with a
reduction of 65% when combined with PR-C and a reduction of 60% when G4-C was
combined with PPRH 2. The reduction in MYC protein expression was stronger than in
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KRAS, and generally similar changes in protein levels as those previously determined in
mRNA 120 h after transfection were observed. All the individual PPRHs reduced MYC
protein levels by more than 40%, where KRAS-targeting PPRHs, PR-C and PPRH 2,
reduced them by 60 and 55%, respectively. Although the reduction of MYC protein levels
by MYC-targeting PPRHs was not statistically significative, I1-C and G4-C reduced MYC
levels by 42 and 62%, respectively. Generally, MYC protein decreases correlated with the
observed reduction in PC-3 cell viability, where all four combinations reduced MYC
protein expression by 80 % or more. I1-T combinations with PR-C and PPRH 2 reduced
protein levels by 90 and 85%, respectively (Figure 5B).

A
50 nM 25+25nM
MYC KRAS PR PR PPRH2 PPRH2
E— + + - +
SC9 n G4-PR PR PPRH2 1l G4-PR n G4-PR

MYC - S — - - = —
KAy - —————— . - —
GAPDH [N — —— — — —— —

PC-3
B KRAS-MYC protein levels
= MYC
= KRAS

Protein expression
(relative to SC9 50nM)

Figure 5. KRAS and MYC protein levels after individual or combinatorial treatment
with PPRHs targeting KRAS and MYC in PC-3 prostate cancer cells. Effects were moni-
tored 120 hours after transfection. (A) Representative blot of KRAS and MYC protein lev-
els normalized to GAPDH. (B) Quantitation of MYC (red) and KRAS (blue) protein levels.
Experiments were performed in triplicated. Statistical significance for each PPRH was de-
termined comparing to SC9 control at 50 nM and using one-way ANOVA with post hoc
Dunnett analyses (* p <0.05, ** p<0.01, ** p <0.001).

3. Discussion

KRAS and MYC proto-oncogenes have intricate interactions, where changes in their
expression have the potential to initiate tumorigenesis [49]. Current studies propose that
MYC plays a crucial role in KRAS-driven cancers [50], although the connection between
MYC and drug resistance in these types of cancers remains an unanswered question [51].
It is known that MYC is downstream of KRAS, and in the presence of oncogenic KRAS, it
will be constitutively expressed [27-28] and stabilized [52], making cells susceptible to
DNA damage and apoptosis [53]. Other hypotheses suggest that MYC protein stabiliza-
tion intensifies the process of tumorigenesis [54]. The tight relationship between KRAS
and MYC presents major challenges in the development of targeted therapies, since
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disrupting one target without affecting the other may trigger compensatory mechanisms
that limit the efficacy of treatments. Consequently, strategies that simultaneously target
KRAS and MYC have attracted interest as potential solutions. These treatments may hold
promise in achieving durable therapeutic responses and overcoming resistance [55].

We had previously validated KRAS and MYC-targeting PPRHs which provoked
gene silencing and the consequent death of cancer cell lines with deregulated KRAS
and/or MYC [47,48]. In this present work, we studied the response to individual and com-
binatorial MYC and KRAS targeting PPRHs, in KRAS and MYC-deregulated, dependent,
and sensitive prostate PC-3 cancer cells. To do so, we selected four of the most effective
PPRHES, two targeting MYC (-I1-T and G4-C) and two against KRAS (PR-C and PPRH 2).
The combinations of PPRHs showed synergism proving the potential of combinations of
PPRHs against different oncogenes at very low concentrations. The mRNA levels of both
oncogenes were increased at early hours post-transfection following by a reduction with
a highest effect five days after PPRH incubation. We hypothesize that an early increase in
mRNA levels for both oncogenes is caused by a compensatory effect in increasing tran-
scription after the blockage in expression upon PPRHs binding to their target regions. The
reduction observed in KRAS and MYC mRNA expression demonstrate the intrinsic rela-
tion between both oncogenes, where targeting one oncogene affects the other one.

One interesting outcome was that PPRHs targeting MYC PPRHs reduced KRAS
mRNA and protein levels. According to some reports, MYC is required for mutant-KRAS
driven tumor initiation and progression and that MYC inhibition has demonstrated to
impair the growth of pancreatic cancer [29,48,56]. Since MYC is a KRAS downstream ef-
fector, we expected more relevant effects in MYC mRNA and protein levels when target-
ing KRAS with individual PPRHs and combinations. This does not seem to be the case for
mRNA levels, but it does for protein. From the two oncogenes studied, MYC expression
showed to be more sensitive to PPRHs, resulting in a more pronounced downregulation
compared to KRAS.

Generally, we observed a more notorious downregulation of KRAS and MYC when
PC-3 cells were transfected with PPRHs targeting MYC than with those targeting KRAS.
MYC-PPRHs may have a stronger affinity to their targets and thus cause a more pro-
nounced gene silencing in MYC, and since both oncogenes tightly interact, it also affects
KRAS expression. Out of the two MYC-PPRHs, G4-C was the most effective in gene si-
lencing when combined with KRAS-PPRHs. This PPRH forms a triplex with its target se-
quence, displacing the complementary strand and allowing the formation of a G-quadru-
plex structure [48] which enhances MYC gene silencing [57]. Previously, our research
group validated PPRHs targeting the complementary sequences of G4 forming sequences
(G4FS) to enhance G4 formation in TYMS [46], KRAS [47] and MYC [48]. Additional to the
fact that HpMYC-G4-PR-C facilitates G4 structure formation, it potentially disrupts the
binding of Sp1 and CNBP transcription factor. This might be the reason for HpMYC-G4-
PR-C to cause a stronger effect in the protein and cell viability reduction. We hypothesize
that the main effect observed in cell viability is the result of the specific translation down-
regulation produced by PPRHs, especially by the MYC-targeting. Further investigations
in different KRAS-MYC-dependent cancer cells and dose-response studies are needed to
support PPRH combination effectiveness. Another interesting approach would be to per-
form combinations of PPRHs with G4 stabilizing molecules, to enhance KRAS and MYC
silencing by facilitating G4 formations.
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4. Materials and Methods

4.1. Polypurine Reverse Hoogsteen hairpins

Previously designed PPRHs against KRAS [47] and MYC [48] were used throughout
this work. Table 1 provides the sequences and names of the oligonucleotides utilized in
this study. PPRHs were synthetized as non-modified oligodeoxynucleotides by Sigma-
Aldrich (Haverhill, UK) resuspended in sterile Tris-EDTA buffer (10 mM Tris and 1 mM
EDTA, pH 8.0) (Sigma-Aldrich, Madrid, Spain) and stored at -20 °C.

Gene PPRH Name (Location) Length Sequence (5’-3')
52 5-GGTGGAAGGGGCAGAAGAGAAAAG
4T
HE’PI fo'“m‘so:; f)'c 3-GGTGGAAGGGGCAGAAGAGAAAA!
5"-CCACCTTCCCCGTCTTCTCTTTTC -3/
3-GGTGGAAGGGGCAGAAGAGAAAAG -5’
RHAS 2 5- GGCGGGGGAGGAGCGGGGG "
Hpm“‘s([i I;Eit::r)(PPRH U 3- GGCGGGGGAGGAGCGGGGG
5" CCGCCCCCTCCTCGCCCCC -3
3"- GGCGGGGGAGGAGCGGGGG- 5
6 3- GGGGAGAAGGAGGGGGCCGGG )
4T
Hpm'“s;[l;rzfst'ecr)(wm 2 5- GGGGAGAAGGAGGGGGCCGGG
3"- CCCCTCTTCCTCCCCCGGCCC -5
5- GGGGAGAAGGAGGGGGCCGGG -3’
CGCGGTGGAAGGGGTGGGACGGGTGGGAGGCG3’
47
HpMYC-G4-PR-C
P (Promoter) 67 GGGGTGGAAGGGGTGGGAGGGGTGGGAGGGG-5'
5'-CCCCACCTTCCCCACCCTCCCCACCCTCCCC-3"
3'-GGGGTGGAAGGGGTGGGAGGGGTGGGAGGGG-5
3-AGGAGCAGCAGAGAAAGGGAGAG )
4T
HpMYC-PR-Distal-T
P (me ter‘; 50 5-AGGAGCAGCAGAGAAAGGGAGAG
omo 3'- TCCTCGTCGTCTCTTTCCCTCTC-5'
5'- AGGAGCAGCAGAGAAAGGGAGAG-3'
Mmyc 3'- GGGAAAAAGAACGGAGGGAGGGA )
4T
Hp}‘gi;zg:;"’T 50 5'- GGGAAAAAGAACGGAGGGAGGGA
3- CCCTTTTTCTTGCCTCCCTCCCT -5
5-GGGAAAAAGAACGGAGGGAGGGA -3'
3'-AAGATGGGAGAGGAGAAGGCAGAGGGAAAACGGD
4T
Hﬁf;;'lllf 72 5-AAGATGGGAGAGGAGAAGGCAGAGGGAAAACGG
3-TTCTACCCTCTCCTCTTCCGTCTCCCTTTTGCCC-5!
5-AAGATGGGAGAGGAGAAGGCAGAGGGAAAACGGG-3'
CGGGAGGGGCAAACAGAGGGTGGGC—S’
4T
HpMYCERL 52 GGGAGGGGCAAACAGAGGGTGGGG-5'
(Intron 2)

5-CCCTCCCCGTTTGTCTCCCACCCC -3'
3'-GGGGTGGGAGACAAACGGGGAGGG -5
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4.2. Cell Culture

PC-3 cancer cells were obtained from the Cell Bank resources at the University of
Barcelona (UB). Cells were grown in Ham’s F12 medium supplemented with 10% fetal
bovine serum (FBS) (GIBCO, Invitrogen, Barcelona, Spain) and maintained in exponential
growth at 37 °C in humidified 5% CO2 incubator. For cell culture and expansion, a 0.05%
trypsin solution (Merck Life Science S.L.U. in Madrid, Spain) was used to dissociate the
cells.

4.2. Cell transfection

Cells were plated in 6-well dishes in 800 uL of Ham’s F12 medium supplemented
with 10% FBS. For transfection, a mixture was prepared with a fixed amount of 1,2-Di-
oleoyl-3-trimethylammonium propane (DOTAP; Biontex, Germany) (10 ) with varia-
ble quantities of PPRHs (from 12.5 to 100 nM, or combinations of 25 nM of each PPRH) in
serum-free medium with a final volume of 200 uL. Following a 20-minute incubation at
room temperature, the mixture was added to the cells to reach a total volume of 1 mL.

4.3. Cellular Viability with MTT assay

PC-3 cells (10,000 cells per well) were plated and transfected as described in 4.2. For
MTT assays, cells were incubated with PPRHs for up to 120 hours at 37°C in a humidified
5% CO2 incubator. Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and sodium succinate, to a final concentration of 0.63 mM and 100 pM,
respectively, (both from Sigma-Aldrich, Madrid, Spain) were added to the culture
medium and then incubated at 37°C for 3 hours. Afterwards, culture medium was
discarded, and 1 mL of lysis solution containing 0.57% acetic acid and 10% sodium
dodecyl sulfate (SDS) in dimethy] sulfoxide (DMSO) (Sigma-Aldrich, Madrid, Spain) was
added. Absorbance at 560 nm was measured using a VarioskanTM Lux multimode
microplate reader (Thermo Scientific, Madrid, Spain). Cell viability results were expressed
as the percentage relative to cells transfected with the negative control SC9.

The evaluation of the level of synergism between PPRHs using CompuSyn software
(version 1.0) [58]. The Combination Index (CI) was computed for each combination, and
the resultant effect was categorized based on the following values: CI < 0.3 Strong
Synergism, CI 0.3-0.7 Synergism, CI 0.7-0.85 Moderate Synergism, CI 0.85-0.90 Slight
Synergism, CI 0.90-1.10 Nearly Additive, and CI>1.10 Antagonism.

4.4. RNA extraction

PC-3 cells (30,000 cells per well) were initially plated in 6-well dishes and transfected
the following day with the PPRHs. After 24, 48, 72, 96 and 120 h of transfection, total RNA
was extracted with TRIzol® (Life Technologies; Barcelona, Spain) following the
manufacturer’s provided instructions. To assess RNA concentrations, absorbance at 260

nm was measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher;
Barcelona, Spain).

4.5. Reverse transcription

One pg of RNA was reversed transcribed into cDNA. This was accomplished
employing 125 ng of random hexamers (Roche; Spain), 500 uM of each dNTP (Bioline;
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Barcelona, Spain), 20 units of RN Ase inhibitor, and 200 units of Moloney murine leukemia
virus reverse transcriptase (the last three components were from Lucigen; WI, USA) in the
retrotranscriptase buffer. The reaction was incubated at 42 °C for 1 h.

4.6. Real-time gPCR

Quantitative PCR (qPCR) was conducted with Taqman probes for KRAS
(Hs00364282_m1), MYC (Hs00153408_m1), and peptidylprolyl isomerase A (PPIA)
(Hs04194521_s1) (ThermoFisher Scientific, Madrid, Spain) as the endogenous control.
PCR reactions were conducted in a 20 puL volume, which included 1X TagMan Universal
PCR Mastermix (Applied Biosystems, Madrid, Spain), 0.5X TagMan probe, and 3 uL of
the cDNA mixture. PCR amplification was performed in a QuantStudio 3 Real-Time PCR
System (Applied Biosystems, Barcelona, Spain). Relative expression of KRAS and MYC
was calculated using the 2-24Ct method. Experiments were carried out in triplicate, and
each qPCR reaction was performed with technical duplicates.

4.6. Western Blot Analyses

PC-3 cells (60,000 cells per well) were plated in 6-well dishes and transfected with
individual PPRHs at 50 nM or in combination of 25nM each. Total protein extracts were
prepared 120 hours post-transfection using RIPA buffer (comprising 1% Igepal, 0.5%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 10 mM NaF,
and 50 mM Tris-HCI, pH 8 supplemented with a Protease inhibitor cocktail (P8340-5ML).
All chemicals were purchased from Sigma Aldrich, Madrid, Spain, except for Tris-HCI,
which was obtained from PanReac AppliChem, Barcelona, Spain). Cell debris was
removed by centrifugation for 10 minutes at 13,300 x g and 4°C. Protein concentrations
were determined using the Bio-Rad protein assay based on the Bradford method,
employing bovine serum albumin as a standard (Sigma-Aldrich, Madrid, Spain).

Protein extracts were subjected to electrophoresis on 4%/12% SDS-polyacrylamide
gels and then transferred to polyvinylidene difluoride membranes (Immobilon P,
Milipore, Madrid, Spain) using a semi-dry electroblotter. Membranes were blocked with
5% Blotto, followed by incubation with primary antibodies. For MYC detection, an
antibody conjugated to horseradish peroxidase (HRP) was used (dilution 1:1500;
ab205818, Abcam, Cambridge, UK). For KRAS detection, a polyclonal rabbit anti human
KRAS antibody, conjugated to HRP was used (dilution 1:1200; LS-C211371, Abyntek
Biopharma S.L, Biscay, Spain). GAPDH levels were assessed using a primary antibody
(dilution 1:500; sc-47724, Santa Cruz Biotechnology, Heidelberg, Germany). Primary
antibody incubations were carried out overnight at 4°C with gentle agitation. For
GAPDH, a secondary horseradish peroxidase-conjugated anti-mouse antibody was used
(dilution 1:1500, sc-516102, Santa Cruz Biotechnology, Heidelberg, Germany).

KRAS, MYC and GAPDH protein levels were detected using enhanced
chemiluminescence (ECL) in accordance with the manufacturer’s instructions
(Amersham, Arlington Heights, IL). Protein bands were visualized using the ImageQuant
LAS 4000 mini-imager (GE Healthcare, Barcelona, Spain), and quantification was
performed using the ImageQuant 10.1 software.

4.7. Statistical Analyses

Statistical analyses were conducted utilizing GraphPad Prism 6 (GraphPad Software,
CA, USA). Data represent the mean value along with the standard error of the mean (SEM)
from a minimum of three independent experiments. Statistical significance levels were
indicated as follows: p <0.05 (*), p < 0.01 (**), p < 0.001 (***), or p < 0.0001 (****).
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Background: SARS-CoV-2, a member of the coronaviruses family,
exhibits a high transmission rate and results in an elevated fatality rate
(Jackson et al., 2021) .The COVID-19 pandemics accelerated the rapid
development and widespread adoption of various diagnostic techniques.
The urgency to contain the viral spread and to rapidly detect cases drove
researchers, scientists, and healthcare professionals worldwide to
innovate and generate new diagnostic methods (Rong et al., 2023).
Among these approaches, polymerase chain reaction (PCR)-based
assays are considered as the gold standard for virus detection because
of their exceptional sensitivity and specificity. However, it does have
certain limitations, including the requirement for highly purified samples,
an expensive laboratory equipment, the need for trained specialists, and
extended processing times (Corman et al., 2020).

Objectives: We aimed to use the ability of PPRHSs to form triplexes as a
diagnostic tool for SARS-CoV-2. First, we wanted to design specific
PPRHs against the viral RNA and to perform binding assays using the
PPRHs as capture probes. Then we wanted to use these capture probes,
immobilized in a biosensor, and combined with modified oligonucleotides
reporter probes, to deliver optical and electrochemical transducer signals
to the device which will be used for SARS-CoV-2 detection.

Results: We successfully designed three specific PPRHs targeting
SARS-CoV-2: CC1-PPRH targeting replicase, CC2-PPRH directed to
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the N gene, and CC3-PPRH targeting spike. The PPRHs followed our
laboratory's established criteria for PPRH designing and were
synthesized in two versions: one in their unmodified state and the second
one extended with an aminohexyl group at the 5'-end, referred to as
capture probes. This modification facilitated the anchoring of the PPRHs
onto the biosensor surface. Next, a DNA oligonucleotide or reporter
probe capable of forming a duplex with the viral RNA was designed and
functionalized with biotin, fluorescent labels (Cy3, TAMRA), or
peroxidase protein attached to its 3’-end to be used for the different
biosensors.

We verified the specificity of the PPRHs to their corresponding
SARS-CoV-2 ssRNA and ssDNA targets, achieving successful binding
even at very low concentrations. The dissociation constant (Kd) between
the targets and PPRHSs, which form triplex structures, was lower than for
the probes forming duplexes. This indicates that triplex formation has the
advantage of greater affinity and specificity compared to the
complementary strand forming a duplex. The design and binding of the
PPRHs allowed the development of the biosensors.

We also developed PPRHs targeting additional viruses to
broaden the scope of diagnosis and detection. Specifically, we designed
two PPRHs for the Influenza virus A (H1N1), one targeting the
Polymerase PB1 and one against Nuclear Export protein (NEP), and two
PPRHs for the Human respiratory syncytial virus (HRSV). All PPRHs
exhibited strong binding to their respective targets at low concentrations.

Conclusions: The designed PPRHSs targeting SARS-CoV-2, Influenza A
and Human Respiratory syncytial virus can enhance diagnostic accuracy
and enable precise treatments for patients with respiratory infections.
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Abstract: SARS-CoV-2, a positive-strand RNA virus has caused devastating effects. The standard
method for COVID diagnosis is based on polymerase chain reaction (PCR). The method needs expen-
sive reagents and equipment and well-trained personnel and takes a few hours to be completed. The
search for faster solutions has led to the development of immunological assays based on antibodies
that recognize the viral proteins that are faster and do not require any special equipment. Here,
we explore an innovative analytical approach based on the sandwich oligonucleotide hybridization
which can be adapted to several biosensing devices including thermal lateral flow and electrochem-
ical devices, as well as fluorescent microarrays. Polypurine reverse-Hoogsteen hairpins (PPRHs)
oligonucleotides that form high-affinity triplexes with the polypyrimidine target sequences are used
for the efficient capture of the viral genome. Then, a second labeled oligonucleotide is used to detect
the formation of a trimolecular complex in a similar way to antigen tests. The reached limit of
detection is around 0.01 nM (a few femtomoles) without the use of any amplification steps. The
triplex enhanced nucleic acid detection assay (TENADA) can be readily adapted for the detection of
any pathogen requiring only the knowledge of the pathogen genome sequence.

Keywords: Polypurine reverse-Hoogsteen hairpin; SARS-CoV-2 RNA detection; COVID diagnosis;
thermal lateral flow; electrochemical magnetoassay; fluorescent microarray

1. Introduction

The COVID-19 pandemic has triggered the largest viral testing effort to monitor the
spread of the infection and dictate the appropriate measures to prevent viral transmis-
sion [1]. This large testing effort has driven an extraordinary search for novel methods for
the rapid detection of SARS-CoV-2 and other viral infections [2]. The reverse transcription
quantitative polymerase chain reaction (RT-qPCR) method [3] provides a quantitative anal-
ysis of the viral genome, and it has been the gold standard method for the identification
of infected individuals for the control of the pandemic. Although RT-qPCR can detect
very small amounts of viral RNA it has been described that in the real clinical set-up it
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has around 50-70% sensitivity [4]. In addition, this technique requires specialized person-
nel and instruments with the difficulty to be performed in low-income countries with a
dispersed population. Many alternative methods avoiding the higher-temperature ampli-
fication steps have been described [2] including loop-mediated isothermal amplification
(LAMP, [5]), nicking endonuclease amplification reaction, and recombinase polymerase
amplification (RPA, [6]). The use of CRISPR for signal amplification (SHERLOCK, [7]), has
also been described [8,9]. In addition, next-generation sequencing (NGS) has provided an
excellent platform for the identification of the SARS-CoV-2 genome [10,11] as well as novel
SARS-CoV-2 variants [12].

The development of highly specific monoclonal antibodies against viral proteins has
produced several antibody tests in simple lateral flow formats that are able to detect the
presence of the virus in nasopharyngeal samples in a short time [13]. The antibody tests are
very popular despite having shown less sensitivity than assays based on nucleic acids [14].

Recently we have described that DNA hairpins that recognize nucleic acid targets
by triplex formation can detect Pneumocystis in bronchoalveolar lavage, nasopharyngeal
aspirates, and sputum samples using surface plasmon resonance (SPR) [15] or by using
nanoporous anodic alumina scaffolds filled with a fluorescent dye reporter [16]. These
successful strategies make us think that triplex-forming DNA hairpins could be used
for the direct detection of viral RNA, concretely the detection of single-stranded SARS-
CoV-2 RNA. To this end, we analyzed the SARS-CoV-2 genome, and we found a fair
number of polypyrimidine stretches suitable for designing triplex-forming hairpins using
the Polypurine reverse-Hoogsteen (PPRH) strategy [17].

PPRHs are single-stranded non-modified DNA hairpins formed by two antiparallel
Polypurine mirror repeat domains linked by a thymidine loop and bound by intramolecular
reverse-Hoogsteen bonds. They can bind in a sequence-specific manner to polypyrimidine
sequences in either ssDNA, dsDNA, or RNA by Watson-Crick bonds, thus forming an
antiparallel triplex and producing strand displacement on the DNA complex [18,19]. PPRHs
have been described as gene silencing tools of several genes mainly involved in cancer
with the capacity to produce strand displacement [17]. Additionally, they have been
incorporated as probes in biosensors for the detection of miRNA-145 [20,21], to determine
the DNA methylation status of the PAX-5 gene [22], and for the diagnosis of Pneumocystis
pneumonia [15,16].

In the case of SARS-CoV-2, we decided to use the sandwich hybridization format [23] in
several biosensing devices. This strategy uses two oligonucleotides: a triplex-forming PPRH
hairpin [24] acting as a capture probe and a labeled duplex-forming DNA oligonucleotide
acting as a detection probe (Figure 1). The triplex-forming PPRH hairpins were designed to
bind to SARS-CoV-2 polypyrimidine sequences, and the detection probes were designed
to be complementary to a region near the polypyrimidine target site. In this way, the
presence of the SARS-CoV-2 RNA is detected by the formation of the ternary complex in
a biosensor surface. We named this method after triplex enhanced nucleic acid detection
assay (TENADA).

In this communication, we describe the simple and rapid detection of viral genome
by TENADA in two different biosensing devices, once the TENADA is validated by a
fluorescent DNA microarray chip. The first biosensing strategy is based on a thermal
lateral flow system and the second one is on a compact electrochemical biosensor platform.
The results demonstrate that TENADA is highly efficient for the detection of viral RNA
obtaining high sensitivity and specificity with no need for amplification making possible
direct detection in a lateral flow format in less than one hour.
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Figure 1. Design of the PPRH CCl1 capture and reporter probes for the detection of the viral RNA.

2. Results and Discussion
2.1. Design and Synthesis of PPRH and Reporter Probes

Our goal, based on previous experiences in diagnosing biological materials, was to
develop a technique for detecting directly (without the need for PCR) and very quickly
(less than 1 h), the RNA of the SARS-CoV-2 virus. The method described here takes
advantage of the property of a special kind of DNA hairpin, developed in our laboratory,
and named PPRHs, to capture the viral RNA forming a triplex. We searched for triplex
forming sequences in the SARS-CoV-2 genome (MN938384) with more than 15 nucleotides
in length, a maximum of 3 pyrimidine interruptions and a minimum of 40% of G-C content
as described [24]. The output of the search was given in the form of polypurine sequences
that can be found in the forward or reverse orientation (Table S1).

We selected the three longest sequences in the reverse orientation and converted the
polypurine sequence (20-21 nucleotides) to the complementary polypyrimidine generating
the potential targets. These targets were named as CC1 (CTCTCTACTACCCTTCTGCTC,
21 bases) located at the replicase gene position 17,111; CC2 (CCTCTTCTCGTTCCTCATCAC,
21 bases), located at the N gene position 28,806 and CC3 (TCATCTTATGTCCTTCCCTC,
20 bases) located at the spike gene position 24,690. The selected target sequences contain
three purine interruptions each (underlined).

Next, we prepared the corresponding PPRHS, as described in Materials and Meth-
ods (Supplementary Material), one for each potential target (CC1PPRH, CC2PPRH, and
CC3PPRH, Tables S2 and S3) in two forms: unmodified for the binding assays and extended
with a pentathymidine sequence followed by the addition of an aminohexyl group at the
5'-end that will be used for the immobilization of PPRH at the surface of the biosensors.

Once the PPRHs were designed, a second oligonucleotide or reporter probe was
defined with the condition that the oligonucleotide is complementary to a nearby site
avoiding steric factors (Tables S2 and S3 and Figure 1).

The reporter probes were functionalized at the 3'-end with either biotin, fluorescent
labels (Cy3, TAMRA), or with peroxidase protein through a reactive thiol group to provide
non-radioactive labeling systems to deliver optical or electrochemical transducer signals
for three different biosensors. In addition, we prepared the complementary sequence
of the target polypyrimidine sites (CC1duplex, CC2duplex, CC3duplex, Table S2) to be
used for comparison purposes. Finally, several synthetic DNA and RNA oligonucleotides
containing the viral polypyrimidine target sequences (Table S3) were prepared for binding
assays or as artificial targets for the calculation of the limit of detection of the biosensors.

2.2. Gel Shift Binding Assays

As can be seen in Figure 2, increasing amounts of the PPRHs designed against the viral
sequences for the replicase or spike were able to bind to 500 ng of their corresponding targets
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in the SARS2 genome, either as ssDNA or ssRNA species. In both cases, a shifted band
corresponding to the binding of the PPRH to its target, with lower mobility than the probe
alone, can be observed. As a negative control, a PPRH with a scrambled sequence (HpSC6)
was used that did not originate any shifted band in the presence of the specific probes.

500 ng SARS2-target-replicase (DNA) 500 ng SARS2-target-replicase (RNA)
b H
REPLICASE g ‘ REPLICASE
500 1500 3000| 3000 ng 500 1500 3000/ 3000 ng

HpSARS2-repli Hp- HpSARS2-repli Hp-

(PPRH-CC1) Scé (PPRH-CC1) Scé
BINDINGS BINDINGS

DNA RNA
500 ng SARS2-target-Spike (DNA) 500 ng SARS2-target-Spike (RNA)

i\l SPIKE
- uu'

100 300 500 1000 1500

SPIKE Sl s ‘ uu
-

S A

5 17 33 50 166 500|500 | ng
HpSARS2-Spike (PPRH-CC3) Hp-scé

1000| ng

Hp-Sc6

HpSARS2-Spike (PPRH-CC3)

Figure 2. Binding of PPRHs CC1 and CC3 to DNA and RNA probes corresponding to SARS-CoV-2.
Increasing amounts of PPRH-CC1 or PPRH-CC3 were incubated with 500 ng of 6-FAM-labeled
ssDNA or ssRNA probes corresponding to replicase (top panel) or spike (bottom panel) sequences.
Hp-Sc6 was included as a non-targeting control PPRH.

Gel shift assays on polyacrylamide gels allowed the measurement of the dissociation
constant of the triplex-forming probes and the duplex-forming probes with their target
sequence labeled with fluorescein. The dissociation constants (K4) have been determined
for the formation of the triplex and the duplex, which are detailed in Figure S1 and Table S4.
A control oligonucleotide (CC1-control) was added. This oligonucleotide can only form
a duplex because the reverse Hoogsteen strand is scrambled. PPRH-CC1 and PPRH-
CC3 present the highest affinity for their targets with dissociation constants of around
3.8 x 1077 M. PPRH-CC2 presented the lower affinity PPRH (K4 6.04 x 1077 M). As PPRH-
CC1 and PPRH-CC2 have the same length (21 nt) and GC content (47.6%, Table S1) we
believe that the reason for the lower affinity may be due to the relative position of the three
interruptions (in CC2 the three interruptions are near the ends of the hairpins and this may
debilitate the formation of the hairpin). However, all PPRHs have a higher affinity than
the corresponding duplex-forming oligonucleotides (duplex-CC1, duplex-CC2, duplex-
CC3, PPRH-CC1-control, K4 between 4.79 and 10.5 x 10~7 M). These data demonstrated a
greater affinity of the triplex-forming probes for their target. (Figure S1 and Table S4).

2.3. CC Pair Validation with a Fluorescent DNA Microarray Chip

Since microarray analysis is a well-established and reliable methodology to study
hybridization events between specific probes and the complementary targets, it has been
used to validate the design and performance of the different probe pairs (CC capture
and detection probes) in both formats: PPRH and duplex. With this aim, an array has
been developed printing on a solid surface the different capture probes that hybridize
selectively with the corresponding synthetic target sequences. This hybridization process is
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reported to add specific labeled detection probes. More precisely, the capture probes (first
oligonucleotide) have been chemically bound to a glass slide through the addition of a
capture tag, which in this case is an amino group that reacts with the isothiocyanate groups
of the previously biofunctionalized surface. These printed oligonucleotides bind to the
corresponding target nucleotide sequences by complementarity base pairing events which
are proved by adding specific detection probes (second oligonucleotide) labeled with a
fluorophore (TAMRA or Cy3) (Figure 3). Finally, data acquisition is achieved by exciting
the fluorophore with a laser beam of 532 nm. This readout signal is then scanned with a
microarray scanner to visualize and quantify spot fluorescence.

Labeled
Probe

DNA Chip

Figure 3. Scheme of the microarray system developed to validate the CC pairs designed for detecting
SARS-CoV-2 viral RNA. It comprises a glass surface onto which DNA capture probes (PPRH or
duplex) are chemically bounded. These capture probes printed on the glass slide hybridize selectively
with the corresponding synthetic target and this binding is reported through the addition of a second
probe, which allows the detection since it is coupled to a fluorophore. Thus, the principle of the
system is based on the complementarity base pairing between the probes and the corresponding
target nucleotide sequence.

To find out the optimal microarray working conditions, single oligonucleotide pair
standard curves were performed printing six different concentrations (from 500 nM to 0
with a dilution factor of 2) of the capture probe (in PPRH and duplex format). Subsequently,
eight serial dilutions of the corresponding target (ranging from 500 nM to 0 with a dilution
factor of 5 and prepared in hybridization buffer) were added and let for hybridization
during 5 min at RT. Finally, the detection probe was incorporated and incubated for 10 min
at RT assaying two different concentrations of each one of them (500 and 250 nM also
prepared in hybridization buffer). With the data obtained from these experiments, the
analytical parameters of each CC pair microarray assay were determined. Afterward,
matrix effect studies to assess the performance of the developed chip when diluting each
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target with different universal transport media (UTM, i.e., the buffer used to collect the
swabs) were also carried out. This study was needed since this sort of sample is usually
collected in tubes that contain a UTM which, depending on the brand, can slightly vary its
composition and either include the inactivation agent (usually guanidine isothiocyanate) or
not. In our case, the matrix effect was studied by testing three different universal transport
media (UTM) named buffers 1, 2, and 3. In all cases, good analytical features were obtained
and even a slight improvement was observed when compared with the results obtained
with the hybridization buffer prepared in the lab (see these data in Table S5).

Moreover, cross-reactivity studies were carried out to identify possible nonspecific
hybridization events between oligonucleotides from different sets or among an oligonu-
cleotide and a non-specific target. These experiments showed that neither targets nor CC
oligonucleotides caused cross-hybridization artifacts, demonstrating that all hybridization
processes that take place are specific (see Figure 4). These results also confirm the feasibility
of developing a multiplex assay with the CC pairs studied. Finally, aiming at reproducing
the conditions that will occur when testing real clinical samples, the synthetic CC1 DNA
target used to develop the assay was replaced by the equivalent one but in an RNA for-
mat. The standard curve built in this case did not show significant differences with the
ones obtained with DNA synthetic target confirming that the hybridization DNA: RNA is
also optimal.

CCPPRH._CCDuplex

oligonucleotides
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Figure 4. Microarray system designed to test simultaneously (multiplex) all three CC oligonucleotide
pairs assayed in both formats (PPRH and duplex clamp). (A): Scheme of the chip organization and the
concentrations used to build standard curves for each CC pair are shown together with a fluorescence
image of a microarray well. (B): Calibration curve obtained for the CC1 pair and the corresponding
analytical parameters of this sigmoidal curve obtained in a multiplex microarray assay (RFU: relative
fluorescence units) are also plotted. All standard curves obtained were designed to record at least
3 spot replicates for each concentration value.

2.4. First Biosensor Device Thermal Lateral Flow System

The first technology developed to detect SARS-CoV-2 RNA is based on a commonly
used lateral flow assay (Figure 5). Lateral flow technologies are based on the detection
of different kinds of biomolecules by using a nitrocellulose membrane platform where
a test line and a control line have been previously deposited. The test line is composed
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of a protein solution (3 mg/mL) which recognize specifically the biotinylated capture
probes after the interaction with the desired target. The control line is formed by a solution
of a modified protein (2 mg/mL) with a particular oligonucleotide that recognizes the
detection probe (first oligonucleotide) introduced in the gold nanoprisms (NPr). The
detection probes or first oligonucleotides have been, previously to the biofunctionalization,
modified by the introduction of a terminal amino group allowing the attachment onto the
carboxylic derived gold nanoprisms. The concentration of detection oligonucleotide used
in the biofunctionalization has been optimized at 1.36 pmol/uL. These probes hybridize
selectively with the corresponding target and this binding was completed through the
addition of a second capture probe. This second capture probe allowed the detection since
it was labeled with biotin which reacts with the streptavidin introduced at the test line.
The corresponding target was tested at eight different concentrations (ranging from 5 nM
to 0). The LoD has been calculated after the membrane development by using a 1064 nm
NIR laser; see Figure 6a. Visual detection has been performed in the back part of the
strip by using a thermosensitive paper which changes from white to black when the local
temperature increases as a consequence of plasmonic nanoparticles (gold nanoprisms, NPr)
laser irradiation, see Figure 6b. No results are shown for PPRH-CC3 because nanoparticle
aggregation was observed once the particles were introduced in the LF strip. The highest
sensitivity was achieved with PPRH-CC1 and PPRH-CC2 with a limit of detection between
0.01 and 0.005 nM. The control duplex-CC1 and CC2 gave a limit of detection between 0.1
and 0.05 nM (one order of magnitude less sensitive). The matrix effect was studied testing
one universal transport media (UTM) from Biocomma Limited (Guangdong, China) which
has been selected due to the better compatibility with the TLF system. Similar results were
obtained, even important improvements were observed when the results were compared
with the corresponding in buffer media, as better LOD was obtained in all cases.

00:15%
A5 oo @ Sampleflow
) X 7
] < @ 9 Control Line |© ™=
\ 1 \ Test Line
o\ .
e —
Gold nanoprisms. {
+ capture probe 00:15 s

eo @
Sample well g #7°c (4)
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Figure 5. Scheme of the thermal lateral flow system and the analytical procedure. 1—Sample addition
to a solution containing gold nanoprisms and the capture oligonucleotide labeled with biotin; 2—
preincubation; 3—preincubated sample is added to the TLF strip, leaving the samples flow 15 min;
4—sample drying at 37 °C for 15 min; 5—test developing by NIR laser irradiation.
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Spot’ Grey Intensity level

(A) (B)

Figure 6. Results obtained with the thermal lateral flow system. (A): Profile of ipeak® (IUL S.A.
commercial lateral flow reader) quantification of spiked samples with different concentrations of
targets (from 0 to 5 nM) in UTM using capture sequences duplex-CC1, CC2, and CC3 duplex and
PPRH-CC1 and CC2. Results with PPRH-CC3 sequence are not shown in this graph because NPRs
aggregation was observed during the testing assay. Grey level intensity measurements were obtained
from the LF reader to determine the value of LOD of the thermal lateral flow system. Standard
deviation of three replicates carried out consecutively is drawn as error bars. (B): Image obtained
from the back part of the LF strips (thermosensitive material) after the laser irradiation using a
1064 nm laser. The strips were loaded with spiked samples in UTM from Biocomma with different
concentrations of DNA, from 0-5 nM, to determine the visual LOD of the system.

2.5. Second Biosensor Device Compact Electrochemical Biosensor Platform

Next, a compact fluidic electrochemical biosensor platform was developed (Figure 7)
chronoamperometric responses to four different target sequence concentrations plus the
blank signal in the hybridization buffer were recorded. As an example, Figure 8A de-
picts the signals obtained using the MNPs modified with PPRH-CC1. As expected, the
cathodic currents increase with the target concentration, 0.01 nM (1 fmol) was the lowest
concentration providing a signal that differed from the blank.

Figure 8B shows a bar graph bar comparing the analytical signals recorded with the
six different capture sequences tested. In general terms, the PPRH—sequences present
higher absolute current values and better sensitivities than the duplex ones. Then, the
PPRH sequences were used to evaluate the electrochemical sensor performance in the UTM
from Biocomma, as an approach to simulate the real conditions of analysis. Figure 8C
shows bar graphs comparing the increase in the biosensor response with respect to the
blank signal recorded in the UTM (in percentage) for PPRH-CC1, CC2, and CC3. Although
a general decrease in the absolute current values was observed due to some possible matrix
effects, the minimum concentration measured was also 0.01 nM in most cases. However,
some important differences were observed among the different PPRH, CC2 showed a
poor response. By contrast, the PPRH-CC1 appeared to keep a quite good response in the
UTM with good proportionality with the target concentration and a wider linear range
of response. Therefore, MNPs modified with PPRH-CC1 were used for the detection of
SARS-CoV-2 RNA in clinically relevant samples.
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Figure 7. Scheme of the electrochemical biosensor platform and the analytical procedure: 1—sample
addition to a solution containing functionalized MNPs and the detection oligonucleotide labeled
with HRP enzyme; 2—hybridization assay on the MNP surface; 3—pretreated sample added to the
electrochemical device; 4—steps taken place in the electrochemical device, including MNP flow,
trapping and concentration, and electrochemical detection.
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Figure 8. (A): Current response profiles to different concentrations of the target DNA CC1 sequence
in hybridization buffer using the MNPs modified with PPRH—CC1. (B): Analytical signal values
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recorded with the three different capture probes, CC1, CC2, and CC3, in a duplex and PPRH format for
different concentrations of the corresponding oligonucleotide target DNA sequences in hybridization
buffer. (C): Increase in response relative to the blank response (in %) recorded in the UTM from
Biocomma with the PPRH—CC1, CC2, and CC3, respectively, for three of the tested oligonucleotide
concentrations. Standard deviation of three replicates carried out consecutively is drawn as error bars.

2.6. Detection of SARS-CoV-2 RNA in Clinically Relevant Samples

To demonstrate the applicability of the two developed biosensor systems, a set of six
clinical samples provided by the Biobank of the Aragon Health System (three positives and
three negatives by PCR) were analyzed simultaneously. The samples were collected in the
UTM from Biocomma. In the case of the TLF system evident dark spots were obtained in
the back part of the LF strips, after being irradiated using NIR laser, for the three positive
samples and no signals were obtained for the negatives ones (Figure 9A right side). A
quantification profile was also performed using ipeak® (IUL S.A.) commercial lateral flow
reader (Figure 9A left side) showing that the signal obtained for the positive 3 was higher
than the signal obtained for positive 2 and this one higher than the obtained for positive
1. The graph also exposed that the signal obtained for the positive 1 was similar to the
signal of the control of 0.001 nM and the values obtained for negative samples 1, 2, and
3 were very similar to the blank. In the electrochemical system, a clear increase in the
analytical signal was observed for the three positive samples with respect to the negative
ones (Figure 9B). In fact, the values for negatives 1 and 2 samples were very similar to the
blank. The lower signal recorded for negative 3 compared with that of the blank is likely to
be due to the sample matrix, collected by swabbing the patient’s nasopharyngeal cavity.
The biological material that is dissolved in the UTM could be very complex, and a matrix
effect on the sensor response may take place, resulting in a signal that is lower than that
of the blank signal recorded in a fresh UTM. Regarding the positives, the signal for the
positive 3 samples was higher than the control of 0.41 nM. The Cts for the three positive
samples analyzed were 35 (sample #1), 19 (sample #2), and 30 (sample #3). Obviously,
sample #2 with a Ct value of 19 was clearly positive, as it also was using our system.
However, interestingly enough, the other two samples with much higher Ct values, and
very especially sample #1 with Ct = 35, in the borderline between positive and negative in
the PCR, gave a positive signal using the TENADA method. It should also be noted that
the trend regarding the absolute signal values recorded for the three positive samples is the
same for the two developed systems.

The two strategies described here especially using PPRHs as capture probes could
be used as point-of-care screening for detecting SARS-CoV-2 and other viruses without
the need of a pre-amplification step, as an alternative to other methods such as CRISPR-
Cas13a [7-9], RPA [6], LAMP [5] and LAMP-Seq [25] developed recently. The limit of
detection of TENADA was around 0.01 nM (a few femtomoles). Detection of the pres-
ence of the RNA of the SARS-CoV-2 virus in nasopharyngeal samples agreed with the
results obtained by PCR. Alternative methods [5-9,25] may be more sensitive but the time
required for the analysis in TENADA is less than 1 h, shorter than most of these alternative
methods [5-9,25]. The detection limit, the analysis time, and the requirement of simple
instrumentation are strong arguments for further development. During the two years of
the pandemic, many mutations have been described. We have checked if any of the known
mutations are in the selected target sequences and, until now, these mutations did not affect
the target sequences, indicating that the selected polypyrimidine targets are well preserved.



Results

Int. J. Mol. Sci. 2022, 23, 15258 11 0f 20
900
A ¢
Positive 1
¢
2 900 Positive 2
35 Ziowez’|
S [
§ Positive 3
S c
i_ Negatve 1
(w
0+ o eandal
> # ~ ~ hd ~ ~ ~
S s F F FFFF s
s & & & & & § e
—0.040
B
—0.035
—0.030
k1
< —0.025
o
2
o
& —0.020
g
€
£ —0.015
3
—0.010
—0.005
0.0
-2 @ o d 2 ” By ~ ”
" 4
§ & & & & FF5F
S S K & e,,«, e‘?‘ e"'

Figure 9. Testing of six real samples provided by the Biobank of the Aragon Health System (3 neg-
atives and 3 positives by PCR: sample #1, Ct 35; sample #2, Ct 19 and sample #3, Ct 30) in UTM
from Biocomma with the PPRH-CC1 as capture sequence using the two developed biosensor devices.
(A): Profile of ipeak® (IUL S.A. commercial lateral flow reader) quantification (grey intensity level
measurements, right side) of the results obtained with the TLF together with the signal obtained for
the blank and control of 0.001 nM of target DNA CC1 sequence and the image obtained from the back
part of the LF strips (thermosensitive material, left side) after the laser irradiation using a 1064 nm
laser used. This image was used to measure the grey level intensity to develop the results of the
thermal lateral flow assay. (B) Analytical signal values obtained by the electrochemical biosensor
platform, together with the signal obtained for the blank and control of 0.41 nM of target DNA CC1
sequence. Standard deviation of three replicates carried out consecutively is drawn as error bars.

3. Materials and Methods
3.1. Design of PPRH

The polypyrimidine sequences of SARS-CoV-2 genome were searched using the triplex-
forming oligonucleotide Target Sequence Search software (Version V.1) from University of
Texas, Austin, TX, USA (http://utw10685.utweb.utexas.edu/tfo/, accessed on 1 November
2022). The default parameters were set as (1) a minimum of 15 nucleotides in length; (2) a
minimum of 40%GC content; and (3) a maximum allowable of 3 pyrimidine interruptions.
In these conditions, we selected the longest three polypyrimidine sequences (20-21 nu-
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cleotides) that were checked by BLAST +2.13.0 software to be not present in another virus
or human genome (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch,
accessed on 1 November 2022). The PPRH capture oligonucleotides were formed by the
selected polypurine sequence followed by a 4-thymidine loop and a mirrored sequence
to form a hairpin by intramolecular reverse-Hoogsteen bonds (see Tables S1 and S2).
We designed three different hairpin oligonucleotides CC1, CC2, and CC3. For compara-
tive purposes, purine duplex capture oligonucleotides were also prepared. The second
oligonucleotide to perform the sandwich hybridization strategy was complementary to a
20-nucleotide sequence located near, usually 3 nucleotides 5', to the polypyrimidine target
sequence (Figure 1).

3.2. Synthesis of Oligonucleotides

Oligonucleotide sequences were obtained either from commercial sources (Merck/Sigma,
Haverhill, UK) or synthesized on an automatic Applied Biosystems 3400 DNA synthesizer
on a 0.2 umol (LV200) scale using commercially available chemicals. Oligonucleotides
were prepared using standard phosphoramidite solid-phase protocols. The introduction of
amino groups at the 5'-position was performed by using N-trifluoroacetyl-6-aminohexyl 2-
cyanoethylphosphoramidites. The introduction of the reporter groups such as biotin (biotin-
TEG) or fluoresceine (FAM) or Cy3 was performed using the appropriate phosphoramidite
(if added 5’-end) or functionalized controlled-pore glass (CPG) (if added at the 3'-end).
After the assembly of the sequences, oligonucleotide-supports were treated with 32%
aqueous ammonia at 55 °C for 16 h. Ammonia solutions were concentrated to dryness
and desalted by Sephadex G-25. Alternatively, the products were purified by cartridge
oligonucleotide purification (COP) columns.

3.3. Gel-Binding Assays

Binding experiments were carried out by incubating the 6-FAM-labeled ss DNA or
RNA probes corresponding to the SARS-CoV-2 targets with the corresponding PPRHs in a
buffer containing 10 mM MgCl,, 100 mM NaCl, and 50 mM HEPES (pH 7.2), supplemented
with 5% glycerol. Binding reactions (20 uL) were incubated 30 min at 37 °C. A scrambled
PPRH (HpSC6: AAGGAAGGAAGGAAGGAAGGAAGGTTTTTGGAAGGAAGGAAG-
GAAGGAAGGAA) was used as negative control. Electrophoresis was performed on
nondenaturing 8% polyacrylamide gels containing 10 mM MgCl,, 5% glycerol, and 50 mM
HEPES (pH 7.2). Gels were run at a fixed voltage of 190 V (4 °C) using a running buffer
containing 10 mM MgCl, and 50 mM HEPES (pH 7.2). Finally, gels were visualized using
the Gel Doc™ EZ with the Image Lab Software, Version 6.0 (Bio-Rad, Barcelona, Spain). All
reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).

3.4. Fluorescent DNA Microarray Chip

This protocol describes the chemical derivatization of the microarray slides, the spotting
of the oligonucleotides, the hybridization reaction, and the fluorescence signal detection.

Slide derivatization: plain glass slides were first cleaned by immersing them in Piranha
solution (H2SO4:H>0, 70:30 v/v) for 30 min. Subsequently, they were rinsed with Ultrapure
water, activated with 10% NaOH for 2 h, and then rinsed again with ultrapure water and
with ethanol 60% solution. After this cleaning step, they were dried with N,. Next, the
chemical functionalization of the slides was achieved using a silane reagent. The protocol
followed takes place in two steps: first, the aminopropyltrimethoxysilane (APTMS) reacts
with the hydroxyl groups of the glass surface for 3 h at RT; and after, the amino groups of
the silane react with the isocyanate groups of 1,4-phenylene diisothiocyanate during 2 h at
RT in 10% pyridine. After this treatment, slides were serially washed with a 60% ethanol
solution, methanol, and acetone, dried with N, and stored in the desiccator until use.

DNA microarray chip manufacture: the first oligonucleotide solutions were prepared
in printing buffer (150 nM sodium phosphate, 0.01% SDS) and subsequently filtered with
0.45 uM PVDF syringe filters (Millipore). Afterward, they were spotted in defined positions
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of the derivatized glass slides. This printing step was carried out using a sFLEXARRAYER
S3 (Scienion), under controlled temperature (20 °C) and humidity (65%). To perform the
printing of each spot 5 drops were dispensed with a PDC70 piezo dispensing capillary
(350 pL/drop). At the end of the whole printing process, slides were kept for 30 min inside
the microarrayer chamber. The biofunctionalized slides were then stored at 4 °C until use.
Up to 24 microarray chips could be printed in a single slide. Microarray chips for multiplex
analysis consisted of a matrix of 6 x 6 spots (3 different sets of oligonucleotides (first and
second oligonucleotides) including the PPRH and duplex clamp format and 3 replicates
of each). This scheme could be easily modified to allow the analysis of a higher number
of samples.

Hybridization assay: the slides were placed on an Arrayit holder provided with a
silicon gasket defining 8 x 3 wells on each slide. Before starting the assay, the slides
were washed (200 uL/well) three times with PBST (0.01 M phosphate buffer in a 0.8%
saline solution at pH 7.5 plus 0.005% Tween 20). Target standard solutions were prepared
in Hybridization buffer (10 mM Tris, 1 mM EDTA, 1 M NaCl, adjusted at pH 7.2) or in
the corresponding universal transport media used to collect the samples to be analyzed
(7 concentration points plus zero: 0.032 nM-500 nM). Then, samples or standard solutions
were added (50 uL/well) and incubated at RT for 5 min. The next hybridization step
included the addition of the second Cy3 labeled oligonucleotide (50 uL/well). After 15 min
at RT, the slides were washed again (200 uL/well) three times with PBST and once with
ultrapure water and finally dried with N».

Fluorescence signal detection: microarray fluorescence measurements were recorded
on an InnoScan 710 (Innopsys) with an optical filter of 532 nm. The spots were measured by
subtracting the mean of the corresponding fluorophore background intensity to the mean
of the fluorophore foreground intensity using Mapix (Innopsys) software. The standard
curves were analyzed with a four-parameter logistic equation using the software GraphPad
Prism. Thus, the equation follows the formula: [(A — B)/1 — (x/C)D] + B where A is
the maximal fluorescence, B the minimum, C the concentration producing 50% of the
difference between A and B (ICsy value), and D the slope at the inflection point of the
sigmoid curve. The limit of detection (LoD) was defined as the concentration producing
10% of the maximal fluorescence (ICyo value).

3.5. Thermal Lateral Flow System Using PPRH as Biosensors Linked to Gold Nanoprisms

All reagents used in this biosensor’s development were of high purity, analytical grade
or equivalent and were purchased from Sigma-Aldrich (Madrid, Spain).

3.5.1. Gold Nanoprisms (NPrs) Synthesis

Gold NPrs with a plasmon band between 1000 and 1200 nm have been prepared
following a methodology previously reported by Pelaz et al. 2012 [26] prior to use, all
glassware was washed with aqua regia and rinsed thoroughly with Milli-Q water.

To perform the synthesis, 140 mL of 0.5 mM Na;5,03 (11 mg, 70 pmol) aqueous
solution (Milli-Q water) containing 10 uL of 0.1 M KI (0.16 mg, 1 umol) was added slowly
to 200 mL of aqueous HAuClyeH,0, mM (136 mg, 400 umol) in a slow but continuous way
during 30 s. After 4 min, another 140 mL of Na;S,03 0.5 mM (11 mg, 70 pmol) containing
10 uL of K1 0.1 M (0.16 mg, 1 umol) was added. After another undisturbed 4 min, 60 mL of
Nay5,03 0.5 mM (4.7 mg, 30 umol) were slowly added to the solution and the resulting
mixture was left reacting for an hour at room temperature avoiding the light covering the
mixture with aluminum foil.

UV-VIS (Cary-50, Variant) spectra revealed a strong absorbance peak at 1000 nm corre-
sponding to gold nanoprisms as well as a minor absorption band at 536 nm corresponding
with the by-product gold pseudospherical (polyhedral) nanoparticles. The concentration
of NPrs was calculated using their LSPR peak absorbance at 1050 nm and applying a
conversion factor (¢) 29 mL mg~! cm~. Note that ¢ was obtained from combined UV-VIS
spectroscopy/ ICP analyses.
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Gold NPrs were stabilized using heterobifunctional HS-PEG-COOH (Mercapto-w-
carboxy PEG MW. 5000 Dalton) by conjugation to the gold surface by the thiols (SH-)
functional groups. For this purpose, a solution of HS-PEG5000-COOH (aq.) with a ratio
PEG:Au NPrs of 2:1 (in mg) was added to the nanoprisms solution. HS-PEG5000-COOH
was diluted in 1-mL Milli-Q and a determined volume of 10 mg/mL stock solution of
NaBH, was then added to reach a 1:1 molar ratio of PEG: NaBHy. After that, the pH was
raised to 12 with the addition of aqueous 2 M NaOH under mild mixing and the solution
was sonicated for 30 min at 60 °C to complete the reaction with HS-PEG5000-COOH.

The resultant mix of gold nanoprisms and spheres was centrifuged at 5500 rcf for
15 min at room temperature to remove unreacted reagents and unwanted by-products.
While the supernatant was discarded, the precipitate was resuspended in the same volume
of water and two further washing steps were performed with Milli-Q water using the same
conditions.

The aqueous dispersion of PEG derivatized gold nanoprisms and gold nanospheres
(2 mL, 1.5 mg/mL) were loaded (mixed with loading buffer, i.e., TBE 0.5x, 5% glycerol) in
wells within an agarose gel (2.5%) immersed in an electrophoresis cuvette filled with TBE
0.5x. Electrophoresis separation was run at 120 V for 40 min. The higher electrophoretic
mobility and lower hydrodynamic diameter of nanospheres compared to nanoprisms,
allows the nanospheres to enter in the gel and the nanoprisms stayed in the wells. The
green nanoprisms solution was recovered from the wells carefully with a micropipette. The
resultant dispersion of gold nanoprisms in TBE 0.5x was centrifuged and washed with
Milli-Q water (3 times in total) at 5500 rcf for 15 min at room temperature to remove the
TBE buffer.

3.5.2. Nanoprisms Biofunctionalization

PEG derivatized gold nanoprisms were functionalized using amine-modified oligonu-
cleotides able to recognize specific regions of COVID-19 viral RNA (PPRHs-CC1, CC2 or
CC3 or duplex-CC1, CC2, or CC3). Briefly, 0.25 mg of PEG-derivatized gold nanoprisms
were incubated with EDC (N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride) 3 mM and Sulfo-NHS (N-Hydroxysulfosuccinimide sodium salt) 7 mM in 0.5 mL
of filtered 10 mM MES (2-morpholinoethanesulfonic acid monohydrate) buffer pH 6 for
30 min at 37 °C; after that, the activated gold nanoprisms were centrifuged 9 min at
6500 rpm. After removal of the supernatant, the nanoprisms were incubated for 1.5 h at
37 °C with 0.68 nmol of amino-modified oligonucleotides (PPRHs-CC1, CC2, or CC3 or
duplex-CC1, CC2, or CC3), 0.5 mL in filtered 50 mM MES buffer pH 6). Then, 0.5 mL
of alpha-methoxy-omega-amino polyethylene glycol (MeO-PEG-NHj>, 750 Da) in filtered
50 mM MES buffer pH 6 were added to the nanoprisms solution for 2 h at 37 °C added to
derivatize the remaining activated carboxylic groups. Finally, biofunctionalized nanoprisms
were washed out of ligand excess by centrifugation; nanoprisms were centrifuged three
times for 9 min at 5500 rpm, and then pellets were resuspended in filtered 10 mM Hepes (4-
(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid) buffer pH 7.2 0.1% Tween 20, 0.1% BSA.

3.5.3. Capture Molecules (Test and Control Lines) Preparation

Test line’s capture molecule was prepared by dissolving streptavidin (streptavidin
from Streptomyces avidinii) at 1 mg/mL in Milli-Q water.

Control line’s capture molecule was prepared by incubation of carboxylic acid-
modified oligonucleotides able to recognize the nanoprisms biofunctionalized with first
oligonucleotide (PPRHs-CC1, CC2, or CC3-amino or duplex-CC1, CC2 or CC3-amino)
with EDC (N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride) 1.5 mM and
Sulfo-NHS (N-hydroxysulfosuccinimide sodium salt) 3 mM in 0.05 mL of filtered 10 mM
MES (2-Morpholinoethanesulfonic acid monohydrate) buffer pH 6 for 30 min at 37 °C. After
that, a solution of BSA (bovine serum albumin) 2 mg/mL (0.05 mL) in filtered 10 mM MES
buffer pH 6 was added for 2 h at 37 °C. Then, the bioconjugate was centrifuged for 14 min
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at 14,000 rpm using a 3 K Amicon Ultra tube to concentrate it. The final concentration is
determined by UV spectrophotometer at 280 nm.

3.5.4. Preparation of Lateral Flow Test Strips

The TLF (thermal lateral flow) system was composed of 3 parts, held together in
polyvinyl chloride (PVC) backing card sheet with a geometry of 80 mm x 300 mm: a glass
fiber conjugate Pad (8964, Ahlstrom-Munksj6), which can be considered also as a sample
pad), a nitrocellulose membrane (FF80HP, GE Healthcare Life Sciences, Little Chalfont,
UK), and a cellulose wicking pad (222, Ahlstrom-Munksjé) which facilitates the liquid flow
(Figure 5).

To prepare the capture and control regions, a solution of both capture and control
molecules, at 1 and 3 mg/mL, respectively, in MilliQ water and PBS 10 mM (Pan Biotech,
GmbH) were applied to the nitrocellulose membrane using a KinBio XYZ Platform Dis-
penser HM3030/HM3035 (Kinbio Tech.Co., Ltd. Shanghai, China). The nitrocellulose
membrane was incubated after the test and control lines dispensing at 37 °C for 1 h in an
incubator. After the test and control molecules solutions dried, the LFA strip parts were
mounted onto the adhesive PVC backing card, and all the system was covered by a plastic
film, which ensured correct contact between parts and avoided evaporation process during
the assay. The final assembly was cut into 0.4 mm wide strips, and they were stored in a
dry place.

3.5.5. Thermal Lateral Flow Assay (TLFA) Methodology

An amount of 25 pL of a spiked sample solutions containing increasing concentrations
of the target DNA sequence complementary to the capture probes (0, 0.001, 0.005, 0.01,
0.05,0.1, 1, and 5 nM) in Universal Transport Media (Biocomma Ltd., Shenzhen, China)
were tested by mixing with 10 ug of nanoprisms functionalized with amino modified first
(PPRH-CC1, CC2, or CC3-amino or duplex-CC1, CC2 or CC3) oligonucleotides, 0.0638 nmol
(26.6 uL) of a biotinylated second oligonucleotide and 23.4 uL of running buffer. This mix
was preincubated during 15 min at room temperature. Then, 0.1 mL of mix was loaded into
the strip” cassette. The chromatography was performed for 15 min and after that the strip
was dried at 37 °C for 15 min. The development of the stripes was performed by using a
NIR laser (1064 nm, 1200 mW, 1 min). Positive samples will provide a dark brown spot after
laser irradiation on the nitrocellulose strip when positive samples with high concentration
of synthetic DNA were analyzed) and/or in the thermosensitive paper on the back side of
the nitrocellulose which were included to increase the sensitivity of the sensor. A scheme
of the process can be seen in Figure 5.

3.6. Electrochemical Biosensor

All reagents used in this approach were of high purity, analytical grade, or equivalent
and were purchased from Sigma-Aldrich (Spain), unless stated otherwise. An amount of
200 nm diameter carboxylated magnetic nanoparticles (MNPs, fluidMAG-ARA, Chemicell
GmbH, Germany), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
0.1 M 2-(N-morpholino)ethanesulfonate (MES) buffer pH 5.0, phosphate-buffered saline
(PBS) solution pH 7.4, 50 mM tris(hydroxymethyl)aminomethane (TRIS) buffer pH 7.2,
0.1 M citrate/acetate buffer pH 5.5, ferrocene-methanol and H,O, were utilized. The
oligonucleotides used were: the capture sequences (PPRH-CC1, CC2, and CC3; duplex-
CC1, CC2, and CC3), the target sequences CC1, CC2, and CC3, and the thiol-reported
sequences (RP-CC1, CC2, and CC3), respectively. These three thiol-reported sequences were
labeled with the horseradish peroxidase (HRP) enzyme using an HRP-oligo conjugation kit
(thiol oligo) from CellMosaic, Inc. (https://www.cellmosaic.com/content/Manual/DCM5
3402_HRP_Oligo_Kit_VB.pdf; accesed on 23 April 2021, Woburn, MA, USA).

The compact fluidic electrochemical biosensor platform comprises the following main
components. A scheme can be seen in Figure 7.
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1.  Areusable electrochemical cell of two gold thin-film electrodes fabricated by a stan-
dard photolithographic/lift-off process on 4-inch silicon wafers at the IMB-CNM
Clean Room facilities [27]. Additionally, 8 x 8.3 mm? silicon chips, each one including
a1l x 1 mm? working electrode and a 1.5 x 1 mm? counter/reference electrode were
manufactured.

2. A disposable fluidic channel made of Whatman® cellulose chromatography paper,
Grade 1, cut using a custom-made die cutter (Tecnocut, Barcelona, Spain) sandwiched
between two polyvinyl layers patterned using a blade plotter (CAMM-1 Servo Cutter,
Roland DG, Barcelona, Spain) to expose the fluidic channels in the sample addition
and detection areas.

3. A poly(methyl methacrylate) cartridge to integrate and align the cell and the fluidic
channel, machined using a CO,-laser printer (Epilog Mini 24, Epilog Laser, Golden,
CO, USA). The bottom part of the cartridge included an Nd magnet to trap MNPs
inside the platform, as explained below.

The performance of the biosensor comprises the use of MNPs functionalized with the
required capture sequences. The functionalization process was carried out as follows. An
amount of 5 mg of MNPs were washed 2x with 1 mL MES buffer by using a magnetic
separator and incubated with 5 mg of EDC in 250 uL of MES buffer for 10 min at RT and
750 rpm. After the activation, the MNPs were washed 2x with 1 mL MES buffer and
resuspended in 125 pL of MES buffer. 0.17 nmol of capture sequence (PPRH-CC1, CC2 or
CC3, and duplex-CC1, CC2, or CC3) were added and incubated for 2 h at 750 rpm. Then,
the MNPs were again washed 3x with 1 mL of PBS and incubated in PBS containing 0.1%
BSA for 2 h at 750 rpm. Finally, the solution was changed and the modified MNPs were
resuspended in 1 mL PBS containing 0.05% sodium azide as preservative. Some 200 uL
aliquots were prepared and stored in the fridge at 4 °C, until use.

The functionalized MNPs were used for sample pretreatment, which comprised the
capture of the target sequence outside the biosensor device. An 83.3 ug/mL solution of
MNPs modified with the capture sequence was prepared in TRIS buffer containing 1 mM
EDTA and 1 M NaCl (hybridization buffer). To 300 pL of this suspension, 100 puL of a
standard sample solution was added together with 100 uL of 83.3 nM HRP-conjugated
reported sequence solution. Standard solutions containing increasing concentrations of
the target DNA sequence (0, 0.01, 0.065, 0.41, and 2.56 nM) were tested. A first study
was performed using the hybridization buffer to prepare the solutions. Thereafter, the
evaluation was repeated but prepared the solutions of the target sequence in the Universal
Transport Media from Biocomma Ltd., to simulate the real matrix of nasopharyngeal swab
collected samples. In both studies, the mixture was incubated for 15 min at RT and 750 rpm.
After this one-step incubation process, the MNPs were trapped with a magnet. The reaction
solution was discarded and the MNPs were resuspended and concentrated in 100 uL PBS
solution containing 0.05% Tween 20 (see Figure 7).

Once the sample was pretreated, some 7 uL of the MNP concentrated suspension was
cast on the sample addition area of the fluidic channel in the electrochemical biosensor
device and allowed to flow by capillary action. Solution took around 3 min to reach the
area over the cartridge-inserted magnet where the MNPs were trapped. Then, a washing
step was carried out by adding 7 uL citrate/acetate buffer solution and it was left to flow
until all the solution disappeared from the sample addition area, taking around 6 min.
Then, 7 pL of citrate/acetate buffer pH 5.5 containing 1.7 mM H,0, and 2 mM ferrocene-
methanol was added to the fluidic channel, and it was left to flow for 5 min. At this time,
a chronoamperometric measurement at —0.15 V vs. Au CRE was carried out recording
the current every 200 ms for 3 s. For more experimental details on the performance of the
two-electrode electrochemical cell see reference [27].

The HRP label catalyzed the reduction of H,O, using the ferrocene-methanol as
electron donor, in situ generating its redox counterpart, that is ferrocenium methanol
cation. This cation was reduced back to ferrocene-methanol at the electrode surface and
the produced current signal was directly proportional to the concentration of the target
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sequence in the solution (see Figure 8). The current responses at 1.6 s were used as the
analytical signal.

3.7. Determination of SARS-CoV-2 RNA in Clinically Relevant Samples

Samples and data from patients included in this study were provided by the Biobank
of the Aragon Health System (PT20/00112), integrated with the Spanish National Biobanks
Network and they were processed following standard operating procedures with the
appropriate approval of the Ethics and Scientific Committees.

Three positive and three negative samples confirmed by PCR were tested by using
the thermal lateral flow and the electrochemical biosensor systems. The six samples come
from nasopharyngeal swabs that were collected from patients during the first year of the
pandemic situation (August 2020). The UTM from Biocomma was used for the collection,
which contains an inactivating agent for the positive samples. The samples were kept at
—80 °C to preserve the viral RNA until the moment of measurement.

For the TLF system, 25 uL of sample either positive, negative, blank, or control, were
tested by mixing the sample with 10 ug of nanoprisms functionalized with amino-modified
first oligonucleotide PPRHs-CC1, 0.0638 nmol (26.6 pL) of the specific biotinylated second
oligonucleotide and 23.4 pL of running buffer. 0.1 mL of this mixture was loaded directly
into the strip cassette. The chromatography was performed for 15 min and after that,
the strips were straightly irradiated by using a NIR laser (1064 nm, 1200 mW, 1 min).
Positive samples provided a dark brown spot after laser irradiation in the back part of the
strip, where the thermosensitive paper was included, and no signals were obtained for the
negative ones.

For the electrochemical system, the samples were analyzed without any previous
treatment, taking 100 uL and performing the measurement procedure described in the
previous Section 3.6.

4. Conclusions

We have described the design and preparation of three triplex-forming oligonu-
cleotides PPRH-CC1, PPRH-CC2, and PPRH-CC3 with high affinity for polypyrimidine
sequences for the efficient capture and detection of SARS-CoV-2 genome. These oligonu-
cleotides together with the appropriate reporter probes have been adapted to three biosens-
ing devices including glass microarrays, thermal lateral flow devices, and electrochemical
devices. In the thermal lateral flow device, the PPRH or duplex oligonucleotides are used
for the functionalization of gold nanoprisms. Using glass microarrays, capture oligonu-
cleotides were used for the functionalization of the glass surface. The trimolecular complex
was detected after the hybridization of a mixture of analyte and the fluorescently (TAMRA
or Cy3) labeled reporter probe. Limits of detection also depended on the UTM used and,
in this analytical platform, the differences between duplex and PPRH capture probes are
not so evident as in the previous biosensors, but it is possible to achieve values close to the
ones observed with the previous devices.

In the thermal lateral flow system, the trimolecular complex is captured by streptavidin
and developed by irradiation of an IR laser-generated heat that is collected in a thermal
paper. Detection limits are between 0.005 and 0.01 nM. The best results were found with
the PPRH-CC1 system. The PPRH and duplex-CC3 were not possible to be studied due to
the aggregation of the nanoparticles. The PPRH-CC1 gave a limit of sensitivity one order
of magnitude higher than duplex-CC1 (0.01 nM versus 0.1 nM).

The data from the electrochemical sensor gave similar results to the thermal lateral
flow test. The trimolecular complex is detected using a peroxidase label that is directly
attached to the reporter probe. Limits of detection slightly varied depending on the univer-
sal transport media (UTM) used but they were clearly better for PPRH oligonucleotides
CC1 and CC3. The PPRH-CC2 system generated a lower signal, as well as duplex oligonu-
cleotides, did.
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The limit of detection of TENADA using synthetic oligonucleotides was around
0.01 nM (a few femtomoles) without the use of amplification steps. Detection of the
presence of the RNA of the SARS-CoV-2 virus in nasopharyngeal samples agreed with
the results obtained by PCR. The time required for the analysis is less than 1 h. The
detection limit, the analysis time, and the requirement of simple instrumentation are strong
arguments for further development. In addition, the triplex-assisted assay can be readily
adapted for the detection of any pathogen with either DNA or RNA genomes as PPRHs
are able to produce strand displacement when targeting duplex DNA [15-18] and it only
requires the knowledge of the pathogen genome sequence.

The high affinity of PPRHs towards viral RNA can also be used to inhibit viral
replication. For this reason, we are also studying the antiviral properties of CC1 and
CC3 by infecting with SARS-CoV-2 virions VeroE6 cells previously transfected with the
PPRHs. Results will be published when completed. Taking all these results together we
demonstrate that non-canonical DNA structures and especially triplex nucleic acids can
open new and interesting routes for improving biomedical applications of oligonucleotides
such as the diagnosis of viral diseases.

5. Patents
A patent application has been filed (EP21382818.9, priority date 13.09.2021).
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Supplementary

Table $1. Results of TFO target sequences search in the SARS-CoV-2 genome.

Sequences (5™-3") Length %GC Orientation Position
AGATGAGGATGAAGAAGAAGGTGA | 24 4.7 Forward 3031
GAGCAGAAGGGTAGTAGAGAG 21 47.6 Reverse 17128
GTGATGAGGAACGAGAAGAGG 21 47.6 Reverse 28823
GAGGGAAGGACATAAGATGA 20 40.0 Reverse 2470

Table $2. Sequences of the PPRH and reporter probes (RP) used in this study.

Oligonucleotide Sequence (5’-3’)
PPRH-CC1 GAGCAGAAGGGTAGTAGAGAGTTTTGAGAGATGATGGGAAGACGAG
PPRH-CC2 GTGATGAGGAACGAGAAGAGGTTTTGGAGAAGAGCAAGGAGTAGTG
PPRH-CC3 GAGGGAAGGACATAAGATGATTTTAGTAGAATACAGGAAGGGAG
CC1-RP GGCCAATAGCAAAATGACTC
CC2-RP TGCGTAGAAGCCTTTTGGC
CC3-RP CCCTTTCCACAAAAATCAAC

Table 83. Sequences of the oligonucleotides prepared in this work.

CC1 SYSTEM:
CC1PPRH-amino

5'-NH,-TTTTTGAGCAGAAGGGTAGTAGAGAGTTTTGAGAGATGATGGGAAGACGAG-3'

CC1PPRH

5-GAGCAGAAGGGTAGTAGAGAGTTTTGAGAGATGATGGGAAGACGAG -3’
CC1PPRH-Control (reverse Hoogsteen strand scrambled)
5-GAGCAGAAGGGTAGTAGAGAGTTTTGGAGAGCAGGAATAGAGGAGT-3'

CC1duplex-amino

5'-NH,-TTTTTGAGCAGAAGGGTAGTAGAGAG-3'

CC1biotineRP:

5'-GGCCAATAGCAAAATGACTC-BIOTINE-3'

CC1-TamraRP:

5'-GGCCAATAGCAAAATGACTC-Tamra-3'

CC1-Cy3RP:

5'-GGCCAATAGCAAAATGACTC-Cy3-3’

CC1-ThiolRP:

5-GGCCAATAGCAAAATGACTC-Thiol-3’

CCitarget:

5-GAGTCATTTTGCTATTGGCCTAGCTCTCTACTACCCTTCTGCTC-3'

CC1DNAtarget-FAM

5'-FAM-GCTATTGGCCTAGCTCTCTACTACCCTTCTGCTCGCATAGTGTATAC-3"

CC1RNAtarget-FAM

5'-FAM-CUAGCUCUCUACUACCCUUCUGCUCGCAUA-3’
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CC1DNAtargetLarge-FAM
5' FAM-GGTAAGAGTCATTTTGCTATTGGCGTAGCTCTCTACTAGCCTTCTGGTCGCATA 3

GC2 SYSTEM

CC2PPRH-amino:
5-NH,-TTTTTGTGATGAGGAACGAGAAGAGGTTTTGGAGAAGAGCAAGGAGTAGTG-3'
CC2PPRH:

5’-GTGATGAGGAACGAGAAGAGGTTTTGGAGAAGAGCAAGGAGTAGTG-3’
CC2duplex-amino:

5'-NH,-TTTTTGTGATGAGGAACGAGAAGAGG-3’

CC2-biotineRP:

5'- TGCGTAGAAGCCTTTTGGG-biotine-3

CG2-Cy3RP:

5'- TGCGTAGAAGCCTTTTGGC-Cy3-3’

CG2-ThiolRP:

5'- TGCGTAGAAGCCTTTTGGG-thiol-3'

CC2-biotineRPNew:

5°-CCTTCTGCGGTAGAAGCCTTT -biotine-3’

CC2DNATarget:
5"-GCCAAAAGGCTTCTACGCAGAAGGGAGCAGAGGCGGCAGTCAAGCCTCTTCTCGTTCCTCATCAC-3'
CC2NewTarget:
5’-AAAGGCTTCTACGCAGAAGGGAGCAGAGGCGGCAGTCAAGCCTCTTCTCGTTCCTCATCAC-3’
CC2DNAtarget-FAM

FAM-5'- TCAAGCCTCTTCTCGTTCCTCATCACGTAGT-3’

CC3 SYSTEM

CC3PPRH-amino:
5"-NH,-TTTTTGAGGGAAGGACATAAGATGATTTTAGTAGAATACAGGAAGGGAG-3’
CC3PPRH:
5-GAGGGAAGGACATAAGATGATTTTAGTAGAATACAGGAAGGGAG-3'
CC3duplex-amino:

5'-NHo-TTTTTGAGGGAAGGACATAAGATGA-3’

CC3-biotineRPnew1:

5°-CCCTTTCCACAAAAATCAAG-BIOTINE-3’

CC3-biotineRP:

5°- CCGTTTCCACAAAAATCAAC-biotine-3’

CC3-Cy3RP:

5’- CCCTTTCCACAAAAATCAAC-Cy3-3'

CC3-thiolRP:

5’- CCCTTTCCACAAAAATCAAC-thiol-3’

CC3DNAtarget:
5'-GTTGATTTTTGTGGAAAGGGCTATCATCTTATGTCCTTCCCTC-3'
CC3DNAtarget-FAM
FAM-5'-GTGGAAAGGGCTATCATCTTATGTCCTTCCCTCAGTCAGCACGTCAT-3’
CC3RNAtarget-FAM
FAM-5'-GGCUAUCAUCUUAUGUCCUUCCCUCAGUCA-3’
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Figure $1. Binding of CC2-DNA-target with NH,-PPRH-CC2and NH,-CC2duplex

‘.-'9- e
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Ky PPRH =6.04-10" M Ky duplex=7.47-107 M

Table $4. Dissociation constants of PPRH-CC1, CC2, CC3 and PPRH-CC1-control and duplex-CC1,
CC2 and CC3.

Oligonucleotide Ki(107), M
PPRH-CC1? 3.88
Duplex-CC1* 4.79
PPRH-CC2% 6.04
Duplex-CC2% 7.47
PPRH-CC3’ 3.86
Duplex-CC3 10.5
PPRH-CC1Control” 6.24

arget oligonucleotide used: CC1DNAtargetLarge-FAM;
&Target oligonucleotide used: CC2DNAtarget-FAM;
"Target oligonucleotide used: CC3DNAtarget-FAM;

Table $5. Limit of detection values (LoD, expressed in nanomolar, nM) corresponding to the CC
pairs calibration curves obtained in a multiplex assay. The table shows the data obtained when
diluting the corresponding targets in different Universal Transport media (UTMs 1-3)
compared with the values achieved when using hybridization buffer. In this case, the first
oligonucleotides (PPRH and duplex format) were printed on the glass slide at a concentration
of 125 nM. Subsequently, serial target dilutions were added (ranging from 500 nM to 0 with a
dilution factor of 5). Finally, the labelled second oligonucleotides were added at an optimized
concentration of 250 nM.

CC1 CC2 CC3
PPRH | Duplex | PPRH | Duplex | PPRH | Duplex
Hybridization buffer 1.01 0.64 3.16 4.67 1.56 3.49

Buffer/UTM

UTM 1 0.47 0.61 2.53 2.60 2.58 3.76
UTM 2 0.01 0.06 2.03 1.23 0.72 0.33
UTM 3 0.03 0.02 0.89 0.711 1.50 1.17
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4.3.1 Additional results to Article IV

In addition to SARS-CoV-2, we targeted the HIN1 and HRSV
viruses. Two PPRHs were designed for each viral sequence and binding
assays were carried out (Figures 15 and 16) to determine the specific
binding of each PPRH with its corresponding target. PPRHs bound
specifically to their targets since we observed shifted bands in the
experiments for both viruses. No binding was detected when the
negative control HpSc9 was combined with HIN1 and HRSV viral

probes.

INFLUENZA BINDING

PB1-FAM 500 500 500

Segment 2
(ng)

Hp-PB1 1000

(ng)

NEP-FAM 500 500 500

Segment 8
(ng)

Hp-NEP 1000

(ng)
HpSC 1000 1000
(ng) NN

Figure 15. PPRHSs binding to their target sequences in the Influenza A virus
(HAIN1). The binding of HpPB1, and Hp-NEP and HpSc9 (1000 ng) to the
complementary FAM-labeled polypyrimidine target sequence dsDNA (500
ng) is shown. Image is representative of a minimum of three independent

EMSA experiments.
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HRSV BINDING

| - oy
W . G =

i \\\\'\\\\\\\\\\f
et N LA IR

Target-HRSV-| 500 500 500

e .
- T
.~ -

Figure 16. PPRH Binding to their target sequences in the Human respiratory
syncytial virus (HRSV). The binding of Hp-HRSV-V, Hp-HRSV-I (from 250 to
1000 ng) and HpSc9 (1000 ng) to the complementary FAM-labeled
polypyrimidine target sequence dsDNA (500 ng) is depicted. This image is
representative of a minimum of three independent EMSA experiments.
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4.5. ARTICLE V (Manuscript in preparation)

Polypurine Reverse Hoogsten hairpins as a therapeutic tool for
SARS-CoV-2

Background: During COVID-19 pandemic, the main objective of the
scientific community was to develop an effective and wide-scale
producible vaccine to prevent the spreading of SARS-CoV-2, the
symptoms of the disease and its impact in public health (Gupta et al.,
2021). Alternative therapeutic approaches to treat and mitigate the
symptoms of COVID-19 have also been explored (Scavone et al., 2020).
Many of those were antiviral drugs targeting SARS-CoV-2 to (Qiao et al.,
2023) inhibit its replication, which can be achieved by aiming different
viral regions (Babalola et al., 2023). Other strategies were based on the
development of therapeutic oligonucleotides such as antisense
oligonucleotides (ASOs) (Qiao et al., 2023) small interfering RNAs
(siRNA) (Y. R. Lee et al., 2023), (CRISPR)-based systems (Nguyen et
al., 2020), or microRNAs (miRNA) (Erguin et al., 2023). These therapeutic
oligonucleotides could be used to target SARS-CoV-2 sequences to
potentially repress virus replication. In this direction, we wanted to
explore the protective and therapeutic capabilities of PPRHs against this
virus.

Objectives: To evaluate the efficacy of PPRHs as a therapeutic
approach for suppressing SARS-CoV-2 replication both in vitro and in
Vivo.

Results: We used two previously designed PPRHs, named CC1 and
CC3, directed against replicase and spike regions of SARS-Cov-2,
respectively. Each PPRH interacted in a sequence-specific manner with
their corresponding ssRNA and ssDNA targets at very low
concentrations.

In vitro, PPRHs showed a high transfection rate in VERO-E6
monkey kidney cells that express ACE2 receptor (Beyerstedt et al.,
2021), with an optimal concentration of 300 nM complexed with 30 uM
DOTAP. At this nM concentration, CC1 and CC3 PPRHs were able to
inhibit SARS-CoV-2 proliferation as compared to a scramble PPRH. CC1
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and CC3 ASOs and parallel orientation (PO) PPRHs showed no
inhibitory effect.

Furthermore, we analyzed the effects of these PPRHSs in vivo in
K18-hACE2 transgenic mice which express the human ACE2 receptor
(Dong et al., 2022; McCray et al., 2007). Mice treated with CC1-PPRH
survived the viral infection, with no significant weight loss and clinical
signs. Scramble and 80% of CC3-treated mice presented drastic weight
loss as well as increasing clinical signs and had to be euthanized seven
days after infection with SARS-CoV-2.

Conclusions: In this work we validated both in vitro and in vivo the
protective and therapeutic ability of PPRHs against SARS-CoV-2. While
both CC1 and CC3 PPRHs demonstrated to be efficacious at inhibiting
SARS-CoV-2 proliferation in vitro, only CC1 showed potent effects in
vivo. CC1-PPRH holds promise as a valuable candidate for further
investigations against viral infection.
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Abstract: Although COVID-19 pandemic was declared no longer a global emergency by World
Health Organization in May 2023, SARS-CoV-2 is still infecting people across the world. Many ther-
apeutic oligonucleotides such as ASOs, siRNAs or CRISPR-based systems emerged as promising
antiviral strategies for the treatment of SARS-CoV-2. In this work we explored the inhibitory poten-
tial on SARS-CoV-2 replication of Polypurine Reverse Hoogsteen Hairpins (PPRHs), CC1-PPRH
and CC3-PPRH, previously validated for COVID-19 diagnosis. Both PPRHs were tested in vitro,
exhibiting promising efficacy in impeding viral replication. Further evaluation in an in vivo model
revealed that intranasal administration of CC1-PPRH provided significant protection in mice in-
fected with SARS-CoV-2. The properties of PPRHs positions them as promising candidates for the
development of novel therapeutics against SARS-CoV-2 and other viral infections for the develop-
ment of novel therapeutics against SARS-CoV-2 and other viral infections.

Keywords: PPRH; SARS-CoV-2; Therapy; Virology

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) belongs to the
family of coronaviruses, which are enveloped, positive and single stranded viruses. This
family includes viruses responsible for common colds as well as severe pathogens such as
SARS-CoV and MERS-CoV [1,2]. SARS-CoV-2 is responsible for the COVID-19 outbreak
originated in Wuhan, China in late 2019, and declared as a global pandemic in March 2020
for its rapid spread and high fatality rate [3]. In May 2023, the World Health Organization
(WHO) declared that COVID-19 was no longer classified as a public health emergency of
international concern. SARS-CoV-2 infected over 769.3 million individuals and had
caused more than 6.95 million deaths worldwide by August 2023 [4]. However, these
numbers might be underestimated due to many non-detected asymptomatic cases.

The genetic material of SARS-CoV-2, whose RNA is about 30kb, carries instructions
for the synthesis of both structural and non-structural proteins. The non-structural pro-
teins include two open reading frames (ORF), including ORF 1a and ORF 1b, that are
translated into two polyproteins, ppla and pplab [5]. Structural proteins consist of spike
(5), membrane (M), envelope (E), and nucleocapsid (N) along with accessory proteins.
Spike interacts with the human ACE2 receptor, allowing viral attachment and fusion with
the membrane. Then, the viral genome is transcribed and translated by the host machin-
ery, and the newly synthesized viral RNA and proteins are assembled in the host cells
cytoplasm. Finally, viral particles are enclosed in vesicles, transported to the cell surface,
and released. This process frequently results in programmed cell death of the infected
cells [1,6].

During the pandemics, the scientific community worked intensively to develop a
wide array of therapies against SARS-CoV-2. The primary approach was to develop an
effective and large-scale producible vaccine. While the development of traditional vac-
cines typically spans a period of 10 to 15 years, COVID-19 vaccines were generated and
authorized for their emergency use within a remarkably short timeframe, ranging from
12 to 16 months [7]. While vaccines were under development, other options were consid-
ered to treat and reduce COVID-19 symptoms [8,9]. One approach was the usage of
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antiviral drugs such as polymerase or protease inhibitors, immune modulators, viral entry
inhibitors, neuraminidase inhibitors, which target various stages of the viral life cycle by
interfering with specific viral proteins or enzymes [10, 11]. Another approach was based
on monoclonal antibodies specific against the SARS-CoV-2 spike protein [12]. Other ther-
apies include convalescent plasma therapy that uses, as a temporary protection, recovered
plasma from previously infected patients, which provides antibodies against the virus [13]
or corticoids as anti-inflammatory drugs to modulate the immune system in critically ill
patients [14].

Alternative strategies to potentially repress viral replication involved the develop-
ment of therapeutic oligonucleotides to target SARS-CoV-2 sequences. Some of the strat-
egies include antisense oligonucleotides (ASOs) [15,16], microRNAs (miRNA) [17], small
interfering RNAs (siRNA) [18-21] or CRISPR-based systems [22,23]. In this work, we used
Polypurine Reverse Hoogsteen (PPRH) hairpins targeting specific SARS-CoV-2 regions
for therapeutic and protective purposes against the viral infection and its spread. PPRHs
are non-modified single-stranded DNA molecules made of two polypurine strands,
linked by a four-thymidine loop, that run in antiparallel orientation and interact with each
other by Hoogsteen bonds. These molecules are designed to specifically bind by Watson-
Crick bonds to a DNA or RNA sequence rich in polypyrimidines and form a triplex struc-
ture, displacing the complementary strand in the case of dsDNA [24-27]. The target se-
quence does not have to be a pure polypyrimidine stretch and can present up to three
purine interruptions. Thus, PPRHs can be designed to target practically any gene in the
genome [28]. Our research group has previously designed PPRHs directed towards SARS-
CoV-2 for diagnostical purposes, namely CC1-PPRH, CC2-PPRH and CC3-PPRH, target-
ing replicase, N gene, and spike of the SARS-CoV-2 genome, respectively [29]. In this study,
we focused on CC1 and CC3 PPRHs to evaluate their potential therapeutic effect against
the virus.

2. Results

2.1. PPRH Target Selection and Sequence Design

CC1-PPRH (CCl) and CC3-PPRH (CC3) target replicase (CTCTC-
TACTACCCTTCTGCTC), and spike (TCATCTTATGTCCTTCCCTC) regions in the
SARS-CoV-2 genome, located at 17111 and 24690 positions, respectively [29] (Figure 1).
These designs were obtained by combining the Triplex-Forming Oligonucleotide (TFO)
search tool and the following PPRH design criteria: no more than three pyrimidine inter-
ruptions [30], a minimum of 40% GC content and a minimum length of 20 nucleotides. As
a negative control, we designed a scrambled PPRH with similar length, GC content, and
number of interruptions as CC1 and CC3 PPRHs (Table 1).
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(cc3)
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(cc)
| Watson-Crick bonds (H)  Reverse-Hoogsteen bonds

Figure 1. Schematic representation of the SARS-CoV-2 genome and the correspond-

1hg CC1 and CC3 targeting PPRHs. In blue, the target of CC1-PPRH in the replicase com-
plex, ORF1b; in red the target of CC3-PPRH in the spike gene. (Figure created with bioren-

der.com).
PPRH Name Gene  Target % GC Target (5'-3)
(Location) ~ location  length Content PPRH
5'- CTCTCTACTACCCTTCTGCTC -3
CC1-PPRH 17111 21 47.62 GAGAGATGATGGGAAGACGAG-Y
(Replicase) 4T C
GAGAGATGATGGGAAGACGAG-¥
~PEATCTTATGTCCTTCCCTC -3
CC3-PPRH 24690 20 AGTAGAATACAGGAAGGGAG-5
(Spike) (
AGTAGAATACAGGAAGGGAG-3'
-AGAGAGGTTAGGAGGACAAGG
SCR
elise 5 21 47.62 4T
& AGAGAGGTTAGGAGGACAAGG
Control)
Table 1. Name, location, length, GC content and sequence of the two PPRHs target-

ing specific SARS-CoV-2 genome regions (CC1 and CC3) and the scrambled PPRH (SCR)
used as a negative control. Interruptions are marked in red in the PPRHs and underlined

in the target sequence.
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2.2. PPRHs Binding to SARS-CoV-2 target sequences.

To study the interactions between the designed PPRHs and their target regions in
SARS-CoV-2, we conducted electrophoretic mobility shift assays (EMSAs) on native gels
(Figure 2). A fixed amount of each target, either as single stranded (ss) DNA or RNA se-
quences, was incubated with increasing amounts of the specific PPRH. In all cases, we
observed a shifted band corresponding to the triplex structure, which increased in inten-
sity with increasing amount of PPRH (Figure 2A). Binding curves were obtained from the
quantification of the bands corresponding to the triplex and the corresponding concentra-
tion of PPRH (Figure 2B) and the calculated values for dissociation constants (Kd) are in-
dicated below each binding image (Figure 2A). All RNA-PPRH and DNA-PPRH interac-
tions were very strong and highly specific since all Kd values were in the order of nano-
molar. PPRHs targeting ssSRNA showed a lower Kd, interacting with higher affinity as
compared to ssDNA. CC1-ssRNA had a lower Kd value than CC3-ssRNA but CC3-ssDNA
Kd was lower than CCI1-ssDNA.

| ¢ B
- -
DNA
® CCl-ssDNA
b ot 1607y & CC1-ssRNA
A
Kp= 5,16 x107M 1254 sorenl
» = > -+ CC3-ssRNA
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- e
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Figure 2. CC1 and CC3 PPRH binding to their corresponding SARS-CoV-2 genome
target sequences (A) Representative images of the binding assays of CC1 and CC3 PPRHs
targeting replicase and spike regions of SARS-CoV-2 with their corresponding constants
of dissociation (Kd). (B) Binding curves of RNA-PPRH and DNA-PPRH triplex for-
mations. Graphics and Kds values were obtained using GraphPad one-site specific bind-
ing analyses.

2.3. CC1-PPRH internalization in VERO-E6 cells

We wanted to evaluate the uptake of PPRHs complexed with DOTAP in cells that
express the ACE2 receptor. As a model, we used the VERO-ES cell line, since these mon-
key kidney cells do express the receptor [31]. Cells were incubated for 24 hours with FAM-
labeled CC1-PPRH and its internalization was evaluated by flow cytometry. As shown in
Figure 3A, 70% of the cells were transfected at the minimum amount of PPRH tested (100
nM) with a fluorescence x-mean value of 10. Optimal internalization occurred in cells
transfected with 300 nM of PPRH. At this concentration, 95% of cells showed PPRH inter-
nalization with a x-mean value of 87.3 (Figure 3B).



Results

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 14

B
Uptake CC1 into Vero-E6 cells
1:100 ratio with DOTAP L o
100~ ; ‘ .
-o- % Transfected wig
80 = X-MEAN E
§ =
60 é ERS
40 -
2] :
=

(8] FL1INT LOGIFLI INT LOG

CC1 PPRH concentration

T T T
100 nM 200 nM 300 nM

Figure 3. Cellular uptake of CC1-PPRH in VERO-E6 cells. (A) Uptake of increasing
concentrations of FAM labeled CC1-PPRH in VERO-E6 cells determined by flow cytome-
try. In blue, the percentage of transfected cells; in orange the fluorescence x-mean. (B)
Fluorescent intensity of CC1 (300 nM) transfected with DOTAP (30 uM) in VERO-E6. I1
represents non-fluorescent living cells, I2 non-fluorescent dead cells, I3 fluorescent dead
cells and 14 fluorescent living cells.

2.4. SARS-CoV-2 mRNA proliferation inhibition by CC1 and CC3 PPRHs

Next, we wanted to study the protective effect of the PPRHs upon viral infection.
VERO-E6 cells were transfected with different oligonucleotides 24 hours before viral in-
fection, and SARS-CoV-2 RNA levels were determined 48 hours after infection. In this
approach, CC1 and CC3 targeting PPRHs, antisense oligonucleotides (ASO), parallel ori-
entation PPRHs (PO) which are PPRHs with the same orientation as the target, and a
scrambled PPRH (SCR-CNT) as a negative control, were used at a concentration of 300
nM, complexed with 30 uM of DOTAP (Figure 4). CC1 and CC3 PPRHs reduced SARS-
CoV-2 expression by 93 and 92%, respectively. Since PO-PPRH were expected to not affect
SARS-CoV-2 replication because they are not able to bind to their target, their correspond-
ing SARS-CoV-2 RNA values were similar to SCR-CNT (Figure 4). Previous studies re-
ported the successful inhibition of SARS-CoV-2 infection in vitro using ASOs [15,16]. How-
ever, these results were not reflected when we used ASOs targeting the same regions as
PPRHs since these showed similar non-inhibitory results as PO-PPRHs. All together, these
results revealed that PPRHs were much more efficient than ASOs to target SARS-CoV-2.
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Figure 4. Levels of viral RNA in VERO-E6 cells infected with SARS-CoV-2. Cells
were transfected with either PPRHs, ASOs, POs or a negative control SCR at a concentra-
tion of 300 nM and 30 uM of DOTAP, 24 hours before SARS-CoV-2 infection. Levels of
SARS-CoV-2 RNA were determined 48 h upon infection by Real Time PCR. Results are
the mean of three separate experiments with internal duplicates. Statistical significance
was analyzed by one-way ANOVA with a post hoc Dunnett test comparing groups with
the CNT-SCR; **** p < 0.0001.

2.5. Internalization of CC1 and CC3 PPRHs in K18-hACE2 mouse lung cells.

Once we demonstrated the efficacy of PPRHs directed against SARS-Cov-2 in vitro,
we wanted to explore their effects in vive in K18-hACE2 transgenic mice which express
the human ACE2 receptor under the control of the human keratin 18 promoter in the ep-
ithelia, including airway epithelia, where infections begin [32-33]. Firstly, we explored the
internalization of SARS-CoV-2 targeting PPRHs in mouse lung cells. The following oligo-
nucleotides VP7, a non-fluorescent oligonucleotide, and FAM-labeled PPRHs CC1 and
CC3 were applied intranasally mixed with in vivo-JET-PEL Six hours after administration,
lungs were snap-frozen, and sections were prepared. As shown in Figure 5A, mice lung
cells were successfully transfected with both CC1 and CC3 PPRHs. The mean of CC1 and
CC3 FAM-positive lung cells was 4.5 and 7 %, respectively (Figure 5B). On the other hand,
control cells, treated with VP7, displayed minimal or no fluorescence (Figure 5A and 5B).
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Figure 5. PPRH internalization in mouse lung cells. (A) VP7, a control non-fluores-
cent oligonucleotide and fluorescein, FAM-labeled, CC1 and CC3 PPRHs were adminis-
tered intranasally to K18-hACE2 mice lung cells. Cell fluorescence was evaluated six
hours after oligonucleotide administration. Images were obtained by confocal micros-
copy, In green, FAM-positive cells; in blue, cells nuclei counterstained with DAPI (B)
Quantification of FAM-positive positive lung cells upon CC1 or CC3 intranasal admin-
istration. Experiments were performed in triplicate.

2.6. SARS-CoV-2 proliferation inhibition by CC1 and CC3 PPRHs in K18-hACE2 mice

To evaluate the therapeutic effects of PPRHs against SARS-CoV-2 infection in vivo, CC1,
CC3, and SCR PPRHs were delivered intranasally using in vivo-JET-PEI The administra-
tion was performed twice at 20 pg and 10 pg, respectively, 24 and 4 hours prior to SARS-
CoV-2 infection. Then, mice were infected with the viral MAD®6 strain, and additional
doses of 10 pug of PPRH were administered on days 2, 4, 6, and 8 after infection (Figure
6A). Mice were weighed daily and monitored for 14 days. Since the beginning of the in-
fection, mice treated with the scrambled control PPRH showed severe body weight loss
(15%), and the highest severity rating, with a clinical score of 75 (Figures 6B, 6C and 6D).
In cases where the animals lost 20% or more body weight or presented signs of severe
suffering with clinical scores higher than 50 [34], euthanasia was performed seven days
after infection. In comparison, all mice treated with CC1 PPRH survived the infection (Fig-
ure 6B), showing no significant body weight lost (less than 5%) (Figure 6C), and only mild
or no clinical signs over the 14 days period of monitorization (Figure 6D). In the case of
CC3, 20 % of mice survived the infection (Figure 6B). The other 80% presented an increas-
ing weight loss and evident clinical signs over the period of monitorization, reaching a
weight loss of 25% and a clinical score of 79, thus being sacrificed seven days post-infec-
tion (dpi) (Figures 6B, 6C and 6D). After 14 dpi, mice that survived the infection regained
their lost weight (Figure 6B).
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Figure 6. Effect of CC1, CC3 and SCR PPRH intranasal administration in K18-hACE2
mice infected with SARS-CoV-2 (A) Design of the treatment of K18-hACE2 mice with
CC1 and CC3, complexed with in vivo-JET-PEL The red arrow indicates the intranasal in-
oculation of SARS-CoV-2 (1x10% PFU/mouse). (B) Rate of survival of K18-hACE2 mice in-
fected with SARS-CoV-2 and treated with PPRHs (SCR, CC1 or CC3). In black dots, the
SCR; in purple, the CC1-PPRH; in orange, the CC3-PPRH. (C) Mice body weight as as-
sessed daily. Data correspond to weight loss normalized to day 0. (D) Clinical signs in
infected mice. Mice were monitored daily and scored. Statistical significance was analyzed
by two-way ANOVA with FISHER's LSD post-test. * p < 0.05; **p <0.01; ***p < 0.001.

3. Discussion

In the current project, we utilized PPRHs as a therapeutic and protective tool against
SARS-CoV-2 in vitro and in vivo models expressing ACE2 receptors, to prevent its prolif-
eration upon infection, disease symptoms and spread. We used two PPRHs, CC1 and CC3
PPRH targeting replicase and spike SARS-CoV-2 regions, previously designed for diag-
nosis of SARS-CoV-2 in human samples [18]. PPRH hairpins have already demonstrated
their therapeutic properties as gene silencing tool both in vitro and in vivo [35-38]. Previ-
ously, therapeutic oligonucleotides such as siRNAs [18-21], ASOs [15,16] and CRISPR-
based systems [22,23] have shown their ability to suppress SARS-CoV-2 replication.
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However, some therapeutic strategies explored against SARS-CoV-2 involve invasive sys-
temic delivery by intravenous administration [19]. Other strategies considered, especially
for respiratory diseases, are inhaled treatments which can ensure a high drug concentra-
tion in lung and blood at low doses [40]. In 2022, Zhu, C. et. al [16] demonstrated that
daily intranasal administration of ASOs targeting SARS-CoV-2 in K18-hACE2 mice pre-
sented high antiviral efficacy with no immunogenicity. Similar studies by Supramaniam,
A. et. al, in 2023, showed SARS-CoV-2 replication inhibition by administrating siRNAs
intranasally [21].

The designed PPRHs bound specifically to their intended targets showing higher af-
finity to ssRNA targets than ssDNA. The stability of RNA-PPRH interactions can be con-
ditioned by multiple factors, such as the site-specific binding, buffer conditions, and ther-
modynamics of the binding process [41]. RNA-PPRH interactions may exhibit a lower Kd
due to a strong and specific base pairing, presenting higher affinity. This high specificity
led to inhibition of SARS-CoV-2 proliferation both in vitro and in vivo.

Strategies using chemically modified and stabilized siRNAs against SARS-CoV-2 in
VERO-E6 cells showed inhibition of up to 70% of different SARS-CoV-2 at a concentration
of 30 nM [21]. A similar strategy was implemented by transfecting locked nucleic acid
(LNA) ASOs that targeted SARS-CoV-2 Nucleocapsid and Spike regions in Huh-7 cells,
which showed a reduction of more than 99% of SARS-CoV-2 expression at 100 nM [16]. In
our work, PPRHs demonstrated to have a great effect at 300 nM, preventing viral replica-
tion in vitro. However, the ASO versions of CC1 and CC3 PPRHs did not prevent viral
replication thus demonstrating a higher efficacy for PPRHs. These results agree with pre-
vious studies that demonstrated that PPRHs have inhibitory effects at concentrations ten
times lower than those needed for ASOs, and at similar concentrations as siRNAs [25]. It
is worth mentioning that, in our study, cells were transfected with 300 nM based on the
maximum transfection rate observed by flow cytometry. While further studies are needed,
lower concentrations might also show an effective inhibition of viral replication.

Here we explored the effects of PPRHs in vivo by the non-invasive intranasal admin-
istration. Out of the two PPRHs tested, CC1-PPRH strongly protected mice from virus
spread and disease development when administered at very low amounts, 20 and 10 pg,
assuring the survival of mice with low clinical signs and weight loss. Other studies ad-
ministrating intranasally LNA ASOs, demonstrated that these can be efficacious as either
prophylactic or post-infection treatments. Zhu, C. et. al, [16] found that mice treated with
daily intranasal administration of 400 pg of naked LNA ASOs presented no weight loss
until 4 days post-infection (dpi). After 4 dpi, mice weight loss was significant and only a
small group of mice survived viral infection [35]. Similar studies with daily intranasal
administration of modified siRNAs (40 pg) showed low but significant decrease of viral
proliferation in lungs at 7 dpi [21]. The intravenous administration 20 ug of siRNA with
lipid nanoparticles achieved 20% of mice survival seven days post-infection [19]. Both
ASOs [16] and siRNAs [19] strategies showed low or no significant immune stimulatory
effects. Previous in vitro studies comparing the immunogenicity induced by PPRHs and
siRNAs demonstrated that PPRHs did not generate an immune response, while the trans-
fection of siRNAs induced unintended immune reactions [42]. Additionally, studies in
mice showed that intranasal administration of in vivo-JET-PEI alone showed no significant
immunogenic response [43]. Given the low immune response provoked by ASOs [35] and
siRNAs [34] and the low impact of CC1-PPRH on mice weight and clinical symptoms, we
could conclude that PPRHs may not induce severe toxic effects. Altogether, it suggests us
that the intranasal administration of PPRHs complexed with in vivo-JET-PEI in mice may
not produce noticeable immune response. However, further studies analyzing mice im-
mune response are needed to confirm this statement.
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When the COVID-19 pandemic started over three years ago, the development and
deployment of therapies emerged as main strategies to mitigate the impact of the virus.
Here we explored the PPRHs as a protective barrier against SARS-CoV-2 infection. Alt-
hough vaccines are usually the priority agents to prevent the spreading of infectious dis-
eases, their development is time-consuming and undergo trough many steps before being
approved and commercialize. Out of 273 vaccine candidates, to date, 108 have entered the
human clinical phase and just 4 got to phase 4 [45]. In the case of SARS-CoV-2, the vaccines
used during the COVID-19 pandemic did not prevent the infection nor the symptoms.
Since other oligonucleotide-based strategies have showed effective inhibitory effect
against SARS-CoV-2, we considered our laboratory-developed molecules, PPRHs as a po-
tential therapeutic tool for viral infection. While additional research with a higher sample
size is necessary, our in vitro and in vivo findings present promising outcomes, suggesting
CC1-PPRH as a potential candidate against SARS-CoV-2. This PPRH demonstrates the
ability to protect from infection and the spread of the virus. PPRHs present many ad-
vantages among some of their therapeutic oligonucleotide competitors, such as their effi-
cacy at very low doses and they are very economical to synthesize given their non-modi-
fied nature [42]. This could make PPRHs producible and implementable at a large-scale
in a scenario such as a new viral pandemic. Although further studies are needed before
implementing PPRH in clinical assays, our technology could be used to protect patients
at risk of developing SARS-CoV-2 infection and, they could be used as a treatment in pa-
tients upon infection. Altogether, our findings indicate that PPRHs offer promising ap-
proaches to improve the use of oligonucleotides in biomedical applications, particularly
in the field of viral disease treatment.

4. Materials and Methods

4.1. Polypurine Reverse Hoogsteen hairpins

We used previously two designed PPRHs against SARS-CoV-2 replicase and spike
regions, named CC1 and CC3, respectively [29]. Additionally, we designed a scrambled
PPRH (SCR) as a negative control. The designed PPRHs were synthesized as non-modi-
fied oligodeoxynucleotides by Sigma-Aldrich (Haverhill, UK), resuspended in sterile Tris-
EDTA buffer (10 mM Tris and 1 mM EDTA, pH 8.0) from Sigma-Aldrich (Madrid, Spain),
and stored at -20 *C. For SCR PPRH, we performed BLAST analyses to avoid unintended
mismatches.

4.2. Cell Culture

Vero E6 cells, derived from the African green monkey kidney, were grown as de-
scribed in [45], in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma Aldrich, Boston,
MA, USA) supplemented with 5% fetal bovine serum (FBS) (Logan, UT, USA) or in Ham’s
F12 medium supplemented with 10% FBS (GIBCO, Invitrogen, Barcelona, Spain).

4.3. PPRHs transfection

Cells were plated in 6-well dishes in 900 uL of Ham’s F12 medium supplemented
with 10% FBS. For transfection we used a mixture of 1,2-Dioleoyl-3-trimethylammonium
propane (DOTAP; Biontex, Germany) with variable quantities of PPRHs always maintain-
ing a molar 1:100 ratio of PPRH:DOTAP in serum-free medium up to 100 pL. After a 20-
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minute incubation at room temperature, the mixture was added to the cells to reach a final
volume of 1 mL.

4.4. Fluorescent Microscopy and Flow Cytometry

Cells (100,000) were plated in Ham’s F12 medium in 6-well dishes and transfected
the following day with 10-30 uM of DOTAP and 100-300 nM of CC1 PPRH labeled with
fluorescein (6-FAM) in its 5'-end. Twenty-four hours following transfection, cells were
harvested through trypsinization, resuspended in PBS, and then centrifugated at 800xg at
4 °C for 5 minutes. The resulting pellet was resuspended in 400 uL of cold PBS. Prior to
flow cytometry analyses, propidium iodide (Merck, Madrid, Spain) was added to a final
concentration of 5 ug/mL. Flow cytometry analyses were conducted in a Gallios flow cy-
tometer (Beckman Coulter, Inc. Barcelona, Spain) to detected green and orange fluores-
cences of both control and treated cells.

4.5. Electrophoretic Mobility Shift Assay (EMSA)

Electrophoretic mobility shift assays (EMSA) were performed with 6-FAM-labeled
single-stranded DNA (ssDNA) or RNA probes corresponding to the SARS-CoV-2 targets
and their corresponding PPRHs, in a buffer containing 10 mM MgClI2, 100 mM NaCl, and
50 mM HEPES (pH 7.2), supplemented with 5% glycerol. Binding reactions were per-
formed with increasing amounts of CC1 and CC3 PPRHs, from 0 to 300 ng combined with
a fixed amount, 100 ng, of 6-FAM labeled probes. As a negative control, 100 ng of a scram-
bled PPRH (SCR: AGAGAGGTTAGGAGGACAAGGTTTTGGAACAGGAGGATTGGA-
GAGA) was used. The binding reactions (20 pL) were incubated for 30 minutes at 37°C.
Electrophoreses were carried out on non-denaturing 8% polyacrylamide gels containing
10 mM MgClz, 5% glycerol, and 50 mM HEPES (pH 7.2), at a constant voltage of 190 V at
4°C, using a running buffer of 10 mM MgCl: and 50 mM HEPES (pH 7.2). Bands were
visualized using the Gel Doc™EZ with Image Lab Software, Version 6.0 (Bio-Rad, Barce-
lona, Spain). All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.6. Virus Infection and Quantification

After 24 hours of transfection with PPRH:DOTAP complexes, Vero E6 cells were in-
fected with 200 plaque-forming units (PFU) of the SARS-CoV-2 strain hCoV-
19/Spain/VHO000001133/2020 (EPI_ISL_418860). After 48 hours, RNA was extracted from
the supernatants using the Quick-RNA Viral Kit from Zymo Research (Irvine, CA, USA).
Quantification of SARS-CoV-2 production was performed by qPCR using the gScript XLT
One-Step RT-qPCR ToughMix with ROX (Quanta Biosciences, Beverly, USA). This in-
cluded the specific probe 2019-nCoV_NI1-P (5-FAM-ACCCCGCATTACGTTTGGTG-
GACC-BHQI1-3), as well as primers 2019-nCoV_N1-F -
GACCCCAAAATCAGCGAAAT-3) and 2019-nCoV_NI1-R (5-TCTGGTTACTGCCAG-
TTGAATCTG-3') obtained from Biomers (Ulm, Germany).

4.7. Biosafety

All aspects of this study were approved by the office of Environmental Health and
Safety at CISA-CSIC, Madrid, Spain before initiation of this study. Work with SARS-CoV-
2 was performed in a biosafety level 3 laboratory by personnel equipped with powered
air-purifying respirators.
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4.8. Animals

B6Cg-Tg(K18-hACE2)2Prlmn/] mice (Jackson ImmunoResearch, West Grove, PA)
were employed in protection experiments. The animals were generally lodged in groups
of five, always following the space requirements specified in legislation (EU Directive
2010/63 and Spain regulation RD53/2013, modified by RD1386/2018). Experimentation
with infected mice was carried out in BSL3+ laboratories (CISA-INIA-CSIC). All animals
received food and water ad libitum. Animal welfare measures were applied, considering
replacement, reduction, and refinement. Environmental enrichment was implemented.
Animals were anesthetized with isofluorane (3% for induction, 1.5% for maintenance) be-
fore the intranasal administration of PPRHs. The same anesthesia was administered upon
sacrifice by intracardiac puncture. The endpoint criterion was adopted when appropriate.
In the specific case of the K18-hACE2 mice after the viral challenge, euthanasia was im-
mediately applied when animal weight decreased 20% or more and when any incipient
sign of suffering (clinical score higher than 50) was detected. The procedures applied in
challenge experiments were then subject to retrospective evaluation.

4.9. SARS-CoV-2 infectious challenge

Mice were challenged with 10° PFU of MAD6 SARS-CoV-2 by the intranasal route
after two doses of PPRH, 24 and 4 hours before the viral infection. Body weight and clin-
ical scores were followed daily in five K18-hACE2 mice per group (SCR control, CC1 and
CC3) for each experiment. The clinical score was calculated as explained below (section
4.10).

4.10. Clinical Score Evaluation

Mice were observed and weighed daily post-challenge, and clinical signs were scored
according to [34]. The sum score in clinical signs (based on body weight, appearance, mo-
tility, and respiration) was used to evaluate disease severity. A humane endpoint was
implemented when this score reached >50 to reduce animal suffering.

4.11. Statistical Analyses

Statistical analyses were carried out using GraphPad Prism 6 (GraphPad Software,
CA, USA). Data represented the mean value and the standard error of the mean (SEM)
from at least three separate experiments. Levels of statistical significance are indicated as
follows: p < 0.05 (), p < 0.01 (), p <0.001 (), or p < 0.0001 (****).
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Discussion

Our research group is committed to continuously progress in the
development of PolyPurine Reverse Hoogsteen (PPRH) hairpins. One of our
primary goals is to advance in their potential for applications in the field of gene
therapy. We explored the utilization of PPRHSs as alternative gene silencing tools
against G-quadruplexes of undruggable KRAS and MYC cancer targets.
Furthermore, our plans included investigating the properties of PPRHs to
evaluate their potential utility as diagnostical and therapeutic tools to target
SARS-CoV-2.

5.1 PPRHs as gene silencing tools

PPRH hairpins are a promising class of therapeutic oligonucleotides with
distinctive advantages, including high binding specificity and stability. Their
ability to target DNA directly sets them apart from other oligonucleotide
therapies, such as TFOs, ASOs or siRNAs, making them a valuable tool for
various gene therapy applications. PPRHs have been used for different
purposes such as gene editing, gene repair, for diagnostic/detection purposes
and especially as a gene silencing tool (Noé et al., 2021).

Recently, our research group showed special interest in G-quadruplex
(G4), a G-rich secondary structure widely present in the genome. These
structures have multiple functions such as modulating gene transcription,
blocking DNA synthesis, participating in DNA repair and telomere homeostasis
(Huppert & Balasubramanian, 2007; Sarkies et al., 2010; Sharma et al., 2021).
Our group has previously used PPRHs against the complementary strand of
thymidylate synthase (TYMS) G4 forming sequence (G4FS) to facilitate the
formation of these secondary structures and enhance gene silencing. More
specifically, PPRHSs targeted the complementary strand of a G4FS in the 5UTR
region of the TYMS and proved effectiveness in reducing cell viability, mRNA,
and protein levels in PC-3 and HelLa cells (Aubets, Félix, et al., 2020).

5.1.1 PPRHSs targeting KRAS

KRAS gene silencing has been validated as a therapeutic approach to
treat cancer that relies on abnormal KRAS signaling (Adjei, 2001; Hu et al.,
2012). Since it is highly present in many cancers including pancreatic, colorectal,
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lung, neuroblastoma, and ovarian cancers (Deramaudt & Rustgi, 2005; Ostrem
& Shokat, 2016; Parikh et al., 2022; Y. Wang et al., 2013), we wanted to study
the effects upon PPRH treatment. More specifically, our objective was to create
an innovative approach for modifying the expression and/or activity of KRAS by
utilizing PPRHs targeting the complementary strand of G4FS in several KRAS-
dependent cell lines, especially focusing on pancreatic and ovarian cancer cell
lines.

Many studies support the idea that G4s formed in promoter sequences
are involved in the regulation of gene expression (Amato et al., 2018; Tian et al.,
2018). The KRAS gene sequence is rich in guanines and cytosines, especially
its promoter. Some of these G/C stretches can form G4s that may regulate
KRAS expression (D’Aria et al., 2020). We designed a set of five PPRHSs, four
coding and one template, directed against polypyrimidine tracts containing
putative G4FS using QGRS mapper (Kikin et al., 2006). We have conducted a
search for higher-order DNA structures within three previously unexplored
regions of KRAS: one located in the distal promoter, another within an intron,
and the third in an exon. Among these three regions, it was observed that the
exon region had the capability to form inter-strand G4 structures. Furthermore,
we designed PPRH molecules to target these three newly detected G-rich DNA
regions, in addition to the previously identified G4-forming region known as G4niq
within the proximal promoter (Morgan et al., 2016).

We confirmed the sequence-specific interaction of the PPRHs with their
target DNA by performing DNA-bindings analyses and determined their high
affinity by melting temperatures. The scrambled PPRH showed no specificity in
bindings assays with the different targets and very low interaction in melting
temperatures. When coding- and template-PPRHs bind to their target, they
induce strand displacement. Coding-PPRHs can bind directly to the mRNA, and
template-PPRHs can disrupt RNA polymerase transcription (de Almagro et al.,
2009, 2011). When a PPRH targets the complementary strand of a G4FS, it
could promote G4 formation leading to a downregulation of gene expression.
Previous studies have identified the presence of several transcription factor (TF)
binding sites within the core region of the KRAS promoter, spanning from +50 to
-510 base pairs from the transcription start site (TSS), such as Spl, E2F-1,
STAT4, MAZ, WT1, or P53. Importantly, the target sequences of the PPRHs
include binding sites for TFs like Sp1 and E2F-1. Therefore, it is feasible that the
PPRHs have the potential to disrupt the interaction between these TFs and the
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promoter sequence, independently of G4 formation and thus leading to a
reduction in transcription (Morgan et al., 2016). Whether it promotes G4
formation or disruption of transcription factor binding, PPRH targeting would
result in a decreased proliferation of KRAS-dependent cancer cells.

Here we analyzed the effects of the PPRHs mainly on pancreatic and
ovarian cancer cells lines, but also in KRAS-deregulated prostate, colorectal,
neuroblastoma and breast cancer cell lines, observing variations in their
effectiveness. Nevertheless, consistent results were obtained when targeting the
promoter region (HpKRAS-Pr-C, PPRH 1 and PPRH 2), which caused the
highest reduction in cell viability and growth confluence. PPRH 2 targeting the
known G4nig region was the most effective PPRH in all pancreatic and ovarian
cell lines tested, whereas HpKRAS-Pr-C was the most potent in prostate, breast,
neuroblastoma, and colorectal cancer cell lines. Remarkably, we found a
synergistic effect on viability when PPRHs were combined in pancreatic AsPc-1
cells and an additive effect in ovarian SKOV-3 cancer cells. No effect was
observed when the scrambled PPRH, alone or in combination with KRAS-
targeting PPRHs, were incubated in KRAS-dependent cancer cells. These
results prove the therapeutic value of KRAS-targeting PPRHSs in vitro, especially
the promoter-targeting PPRHs, which can decrease transcription and the
binding of TF thus leading to a decreased KRAS expression.

Focusing on selectively stabilizing specific G4s as a potential anti-cancer
strategy is currently an active area of research. Many molecules have been used
as G4-ligands and stabilizers to repress gene expression (Awadasseid et al.,
2021; D’Aria et al., 2020; Tian et al., 2018; T. Y. Wu et al., 2020). We had
previously observed synergistic effects with PPRHs combined with other
molecules such as Fluorouracil (5-FU) (Aubets, Félix, et al., 2020) or
Trastuzumab (Lépez-Aguilar et al., 2023). In this study we explored the effects
of a G4nmig-selective small molecule, NSC 317605 (Psaras et al., 2022), in
combination with PPRHs. NSC 317605 binds to the KRAS promoter G4mig
stabilizing the G4 structure, that leads to a downregulation of KRAS transcription
which correlates with a decrease in cell viability in the KRAS-dependent AsPc-1
pancreatic cancer cell line. The reduction in transcription was also observed with
promoter-targeting PPRHs individually and in combination with NSC 317605
which acted in a synergistic manner. Luciferase experiments provide supporting
evidence for these transcriptional decreases.
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In this work, we successfully identified novel G4 structures in the KRAS
sequence, designed new PPRHSs against this oncogene and validated a small
molecule to enhance G4 stability to modulate oncogene expression in KRAS-
dependent cancer cell lines. We demonstrated the individual and combinatorial
potential of PPRHs and KRAS-localized G4s stabilizing molecules in different
KRAS-mutated cancer cell lines. The combination of G4 stabilizing molecules
with G4 targeting PPRHs emerged as a potential alternative for gene silencing
of undruggable cancer targets.

5.1.2 PPRHs targeting MYC

For many years, MYC has been considered a challenging target for drug
development, primarily due to several factors. These include its absence of an
enzymatic active site, its location within the nuclear compartment, and its strong
protein-protein interactions with partners like MAX. Although to this date, no
specific drugs directly inhibiting MYC have been clinically-approved (C. Wang et
al., 2021), the research is getting closer by the development of molecules like
Omomyc (Mass06-Vallés & Soucek, 2020). This molecule interacts with MYC
protein network inducing apoptosis in cancer but not in healthy cells, blocking
proliferation and invasion and recruiting immune cells to the tumor (Massé-
Vallés & Soucek, 2020). While approaches like Omomyc are under
development, parallelly, alternative strategies focusing on key elements involved
in transcription, translation, stability, and activation have been explored to
modulate MYC expression (H. Chen et al., 2018). MYC contains well-known G4
structures with silencing properties (Brown et al., 2011). We considered that
targeting these G4s with PPRHs as a powerful approach for MYC gene silencing
and cell death in MYC-dependent cancer cells. Our laboratory had previously
designed a PPRH targeting MYC intron 1 and tested its effects in different breast
cancer cell lines, with a reduction of cell viability and mRNA expression of 80
and 50%, respectively (Villalobos et al., 2015). In the present work we focused
on the development and evaluation of a set of PPRH oligonucleotides designed
to target the MYC gene and its associated regulatory regions.

We designed a total of six PPRHSs to target various regions of the MYC
gene, encompassing the promoter and intronic regions, both the coding (C) and
template (T) strands, sequences complementary to G4FS, and additional
regulatory regions. We identified putative G4FS with the QGRS mapper (Kikin
et al., 2006). Among the PPRHs, MYC-G4-PR-C and MYC-I2-C were directed
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towards coding strand regions that are complementary to G4 formation, whereas
the remaining four were designed to target template strands within non-G4-
forming regions, named HpMY C-PR-Distal-T, HpMYC-PR-Prox-T HpMYC-I1-T
and HpMYC-I1-short-T. MYC-G4-PR-C targets a complementary sequence of a
major promoter G4 structure, called nuclease hypersensitive element (NHEIII1)
located in the 5’UTR, (Brooks & Hurley, 2010). HpMYC-I2-C, which targets a
newly identified G4 structure with parallel formation, is present in the coding
strand and thus in the mRNA, and it may have a role in splicing and pre-mRNA
processing (Dumas et al., 2021). Additional research is needed to investigate its
biological significance. However, such investigations were outside the scope
and objectives of the present study.

All PPRHs successfully established triplex structures with their
respective target sequences, displacing their complementary strands. PPRH
interaction and affinity with their targets were validated by determining melting
temperatures. The scrambled PPRH showed no interaction with the different
MYC targets. The PPRHSs strong interaction with their targets exhibited the ability
to modulate MY C promoter activity and demonstrated significant antiproliferative
effects across breast, neuroblastoma, colorectal, and prostate cancer cell lines.
We observed consistent dose- and time-dependent impacts on cell viability and
growth in PC-3 prostate cancer cells and, in previously identified PPRH-
sensitive, AsPc-1 pancreatic cancer cells. Two lead PPRHs, HoMYC-G4-PR-C
and HpMYC-I1-T, had a higher impact on MYC-dependent cancer cells.
HpMYC-11-T targets the template sequence of MYC, and thus directly interferes
with RNA polymerase that will interrupt transcription and mRNA elongation. On
the other hand, HpMY C-G4-PR-C targets the complementary strand of a G4FS,
located in the promoter and containing binding sites for TF such as Sp1, CNBP,
KLF4, KLF5 or MZF1, and/or MZF1 (Guo et al., 2009; Morales-Martinez et al.,
2019; Tsai et al.,, 2015), as determined by JASPAR transcription database
(Castro-Mondragon et al., 2022). Therefore, HpMYC-G4-PR-C potentially
promotes G4 formation and disrupts the binding of transcription factors like Sp1
and CNBP, thereby resulting in a transcription reduction as demonstrated by the
work of Brown and Brooks in 2011 with the G4-stabilizing compound GQC-05
(NSC338258) (Brown et al., 2011). HpMYC-11-T and HpMYC-G4-PR-C caused
the inhibition of MYC transcription and translation at concentrations as low as 25
nM. These PPRHSs impacted MYC downstream Cyclin D1, reducing its protein
levels. Cyclin D1 overexpression is related to the formation, progression, and
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maintenance of cancer, its downregulation could be a useful strategy for cancer
treatment (Alao, 2007; Choi et al., 2012).

Our findings validate PPRHs as a potential strategy to directly target and
silence MYC. As we continue to unlock the full potential of PPRH-mediated MYC
regulation in advancing this technology, future research should explore the
potential of MYC promoter G4-stabilizing compounds and investigate other
chemotherapeutic approaches to enhance MYC downregulation.

5.1.3 Combinatorial effects of PPRHs against KRAS and MYC

Single therapy for cancer treatment can be challenging and may carry
the risk of incomplete eradication, since this disease can be originated from
mutations in multiple genes. Combination therapy has demonstrated a higher
rate of success in cancer treatment compared to monotherapies. It involves two
different therapies such as a combination of radio and immunotherapy (Bhatia
et al., 2020; Yu et al., 2022) or the combination of therapeutic oligonucleotides
(Xiong et al., 2021). Some combinations of therapeutic oligonucleotides against
one single target can compete for target binding, leading to reduced activity
(Tanudiji et al., 2010). In 2023, Yanagidaira et al. observed that combinations of
ASOs against one single target, the human superoxide dismutase 1 pre-mRNA,
maintained their potency. One of the first clinical trials involved targeting two
different targets, Kinesin Spindle Protein (KSP) and Vascular Endothelial Growth
Factor (VEGF) in cancer patients, administrating a combination of two different
SiIRNA against (Tabernero et al.,, 2013). Here we explored the effects of a
combination of two different PPRHSs targeting two oncogenes, MYC and KRAS.

In this work, we considered combining the most efficient PPRHs
previously validated against KRAS and MYC to target both oncogenes in PC-3
prostate cancer cells that showed to be sensitive and dependent on those
oncogenes. We selected four of the best PPRHSs, two targeting MYC (I11-T and
G4-C) and two against KRAS (PR-C and PPRH2). Combinations of these
PPRHs had a more potent effect on cell viability compared to individual
treatments, showing a synergistic effect, except for the combos of I1-T and PR-
C which presented slight synergism. PPRHs showed an interesting modulatory
effect in KRAS and MYC mRNA levels over time, observing an increase at early
times followed by a decrease that reaches the lowest mMRNA levels at five days
post-transfection. We observed similar fluctuations in mRNA levels of both
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oncogenes where MYC mRNA expression was more sensitive to PPRH
transfection. Our general hypothesis is that cells try to compensate the effect of
PPRHs at early hours increasing the transcription which increases mRNA levels.
This mechanism starts to be counteracted three days post-transfection and the
subsequent decrease is exceeded by the PPRHs reducing both KRAS and MYC
MRNA levels.

In the same conditions, five days post-transfection, a similar pattern is
observed in translation, where MYC protein expression was lower than KRAS.
Like in viability experiments, combinations of MYC and KRAS-targeting PPRHs
showed a greater effect in decreasing protein levels. Both KRAS and MYC
intrinsically collaborate, as oncogenic KRAS makes MYC constitutively
expressed and stabilized, making cells susceptible to apoptosis (Hashimoto et
al., 2021; T. Lee et al., 2008; Waters et al., 2021). Some studies have reported
that MYC is required for the initiation and progression of KRAS-mutated tumors
and its silencing affects the growth of pancreatic cancer (Vaseva et al., 2018;
Walz et al., 2014). This might be one possible explanation for the observed
reduction on KRAS mRNA and protein levels upon MYC-targeting PPRH
transfection in PC-3 cells. Although combinations of MYC and KRAS-targeting
PPRHs have a synergic effect on cell viability, it seems that the main driving
force for the modulation of both oncogenes are the PPRHSs targeting MYC, while
the effect of KRAS PPRHs seems less effective. Of the two MYC PPRHSs used,
G4-C was the most effective, especially on cell viability and protein reduction.
This PPRH targets a complementary sequence of a GA4FS, allowing G-
guadruplex formation when it binds to its target. This G4 formation has gene-
silencing properties (Psaras et al., 2021). Additionally, it has the potential to
disrupt the binding of TF, Sp1, and CNBP. This makes G4-C able to trigger gene
silencing either by displacing the complementary sequence, by allowing the G4
formation or by disrupting the binding of TF.

From our results, we hypothesize that although the reduction in mRNA
levels might influence, the main driving force in decreasing cell viability is caused
by translation downregulation provoked by PPRHs. The synergic effect of the
combination of PPRH is confirmed to be a potent approach against the
deregulated KRAS and MYC-dependent PC-3 prostate cancer cells. Future
studies in different KRAS-MYC-dependent cancer cells are needed to validate
these PPRHSs. It would be interesting to perform combination therapy using
different PPRHs against MYC to see if there is a similar synergistic effect leading
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to lethal outcomes in cells overexpressing a single target as observed with
combinations KRAS-targeting PPRHSs. It would be also worth trying these PPRH
combinations with G4 stabilizing molecules to enhance gene silencing of both
oncogenes. The next step would be to try these combinations in vivo, in
genetically engineered mice models expressing mutated MYC or KRAS
(McFadden et al., 2016).

5.2 Detection of SARS-CoV-2 using PPRH as a diagnostic tool

The COVID-19 pandemic had an unprecedented impact on global health,
economies, and society. The generation and application of precise and easily
accessible diagnostic instruments for detecting SARS-CoV-2 served as a
fundamental pillar in fighting the pandemic (Alhamid et al., 2022; Rong et al.,
2023). In this study, we investigated the potential of PPRHSs as a rapid diagnostic
tool for detecting SARS-CoV-2 RNA, eliminating the necessity for PCR and
obtaining results in less than an hour.

The capability of PPRHSs to selectively bind to specific targets has been
previously examined and validated for diagnostic applications. More specifically,
PPRHs have been employed in the development of biosensors for cancer
detection, where they analyze the hypermethylation status of PAX-5, as well as
in microbiological detection for the diagnosis of Pneumocystis pneumonia in
human samples (Calvo-Lozano et al., 2020; Huertas et al., 2018). Using a similar
approach, our laboratory collaborated with other research groups to develop a
system based on the concept of “sandwich oligonucleotide hybridization” in
several biosensing devices (Ranki et al., 1983). This system utilizes specially
designed PPRH hairpins that form high-affinity triplexes with polypyrimidine
targets from the SARS-CoV-2 genome, effectively capturing the viral genetic
material. We named the method Triplex enhanced nucleic acid detection assay
(TENADA).

Three PPRHs denoted as CC1-PPRH, CC2-PPRH, and CC3-PPRH,
were designed to selectively bind to the replicase, N gene, or the spike
sequences in the SARS-CoV-2 genome, respectively. They were synthesized in
two forms: unmodified and modified PPRHSs, the latter called capture probes that
had an aminohexyl group at the 5-end. Additionally, duplex-forming DNA
oligonucleotides, called reporter probes, were designed close to the binding site
of the PPRHs, avoiding interactions between oligonucleotides. PPRHs
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demonstrated a remarkable ability to bind specifically to their corresponding
single stranded (ss) targets, ssRNA, and ssDNA, achieving successful binding
at very low concentrations. The constant of dissociation (Kd) between targets
and PPRHs forming a triplex, was lower compared to the duplex-forming probes.
This suggests that the triplex formation is characterized by higher affinity and
specificity compared to the complementary strand forming a duplex. Triplex
structures can be more stable than duplex structures under certain conditions,
especially when the target DNA contains pyrimidine-rich regions favorable for
Hoogsteen bonding (Dalla Pozza et al., 2022). The design of the PPRHSs,
capture probes, and reporter probes, and their posterior successful bindings
served as the foundation for the development of the biosensors.

Capture probes were adapted to be immobilized at the surface of the
biosensors, and reporter probes were functionalized with biotin, fluorescent
labels (Cy3, TAMRA), or peroxidase protein attached to their 3’-ends, enabling
the delivery of optical and electrochemical transducer signals in the biosensors.
The PPRHs were used for different methods including a Fluorescent DNA
Microarray Chip and the biosensor devices: Thermal Lateral Flow System and
Compact Electrochemical Biosensor Platform.

TRIPLEX

VIRAL SEQUENCE

AGAGUCAUUUUGCUAUUGGCCUAGCUCUCUACUACCCUUCUGCUCGCAUAGUGUAUACAGCUUY
CTYTCAGTAAAACOGATAACCOG (,\..,\r.:.‘,”:.,-M CAAGACGAGTTYTTT  -NH
[ ey CAGCAGAGATGAGGGAAGACOAG
REPORTER PROBE|
REPORTER |CAPTURE PROBE

Figure 17: Schematic representation of the development of the PPRH CC1
capturing and reporter probes for the identification of SARS-CoV-2 viral RNA.

We also designed PPRHSs targeting other viruses to extend the virus
diagnosis or detection. Specifically, we designed two PPRHSs targeting Influenza
virus A (H1N1), one targeting the Polymerase PB1 and the Nuclear Export
protein (NEP) and two PPRHSs targeting the Human respiratory syncytial virus
(HRSV). All PPRHSs bound to their corresponding targets at low concentrations.
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These PPRHs can be used to improve diagnosis in patients with respiratory
infections.

5.3 PPRHs therapeutic properties for SARS-CoV-2

When the COVID-19 pandemic started, the development and
deployment of therapies emerged as pivotal strategies to mitigate the impact of
the virus. Although vaccines are usually the most used agents to prevent the
spreading of infectious diseases, their development is time-consuming and
undergoes many strict steps before being approved and commercialized. Out of
273 vaccine candidates, only 108 entered the human clinical phase and just four
of them entered phase 4 (Panahi et al., 2023). It is important to mention that the
vaccines used during the COVID-19 pandemic did not prevent the infection of
the disease or the onset of symptoms. Before the development of vaccines,
many strategies were considered and used with the goal of preventing the
transmission of SARS-CoV-2 and reducing public health impact (Gupta et al.,
2021). Therapeutic oligonucleotides such as siRNA, ASOs and CRISPR-Cas
systems, showed the ability to suppress SARS-CoV-2 proliferation (Cui et al.,
2022; Qiao et al., 2023; Traube et al., 2022). In this work, we explored the
possible usage of PPRHs as a protective and therapeutic tool against SARS-
CoV-2. We selected the most successful PPRHs used for the diagnostic of
SARS-CoV-2, CC1, and CC3 PPRHs targeting replicase and spike regions of
the virus, respectively. We performed improved binding assays and determined
the Kds for PPRHs with ssRNA and ssDNA targets finding that PPRHs bound to
ssRNA with lower Kds than to ssDNA. This higher affinity of RNA-PPRH
interactions can be influenced by various factors, including the specific binding
site, buffer conditions, and the thermodynamics of the binding process
(Andrzejewska et al., 2020). Both PPRHs exhibited low nanomolar affinity
demonstrating strong interaction with their targets.

When transfected 24 hours before the infection, 300 nM of CC1 and CC3
PPRHs reduced drastically SARS-CoV-2 proliferation in vitro in monkey kidney
VERO-E6 cells that express ACE2 receptors which is the viral entry point
(Beyerstedt et al., 2021). Interestingly, no protective effect was seen using CC1
and CC3 ASO, proving that the PPRHs are more effective than ASOs. These
differences could be related to previous studies in our laboratory, demonstrating
that PPRHs have an inhibitory effect ten times higher than ASOs (De Almagro
et al., 2011). Studies using modified ASOs showed a decrease in SARS-CoV-2
proliferation using 100 nM. It is worth mentioning that we used a concentration
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of 300 nM, based on the maximum transfection rate observed in VERO-EBG cells,
and lower concentrations might significantly reduce SARS-CoV-2 proliferation.
Studies using modified siRNA showed a high decrease of viral proliferation in
VERO-E®6 using concentrations lower than 30 nM (Supramaniam et al., 2023).
Parallel orientation (PO) PPRHs, which are PPRHs that have the same
orientation as their target and thus are not supposed to bind to it, had no
protective effect, leading to SARS-CoV-2 proliferation in VERO-EG6 cells.

Given that the disease provoked by SARS-CoV-2 affects especially the
respiratory system, we explored the effects in vivo by administrating the PPRHs
by the non-invasive intranasal method. CC1-PPRH protected K18-hACE2 mice
from viral replication, showing no significant weight variation and clinical signs
ensuring total survival. PPRHs were effective at very low quantities, 20 and 10
KUg, one day and four hours before the infection, respectively, followed by
administrations of 10 ug every two days. Scramble-treated and 80% of CC3-
treated mice showed severe weight loss and increasing clinical over time. Similar
studies using modified ASOs administrating 400 ug per dose, showed no
variance in weight four days post-infection. After four days, only a small group
of mice treated with ASOs survived showing no immunogenic response (C. Zhu
et al., 2022). study following similar strategies, administrating 40 ug of modified
siRNAs, showed a decrease of viral proliferation in mice lung seven days post-
infection, although long-term survival was not reported (Supramaniam et al.,
2023). Previous studies comparing the immune response of siRNA and PPRHs
demonstrated that SiRNA induced immunogenicity while PPRHs produced none
(Villalobos et al., 2014). Considering the minimal immune response triggered by
ASOs (C. Zhu et al., 2022) and siRNAs (Supramaniam et al., 2023) along with
the negligible impact of CC1-PPRH on mice weight and clinical symptoms,
PPRHs might not have a high impact in mice immune response. Nevertheless,
additional studies focusing on the immunogenic response in mice are necessary
to validate this suggestion.

PPRHs offer numerous advantages over certain therapeutic
oligonucleotide competitors, demonstrating effectiveness at low doses.
Additionally, they are cost-effective to synthesize due to their non-modified
nature (De Almagro et al., 2011). This could facilitate the large-scale production
and implementation of PPRHSs in scenarios like the COVID-19 pandemic. In this
work, CC1-PPRH showed to be a promising candidate against SARS-CoV-2 for
this purpose. Future studies are presently underway using a higher number of
animals (N=10) to confirm this PPRH as a therapeutic tool with protective
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properties towards SARS-CoV-2 infection before considering it for clinical trials.
PPRHs could be used as a measure to prevent patients at risk of developing
SARS-CoV-2 infection and as a treatment in patients developing the disease.

5.4 Conclusion remarks

For many decades, patients had limited choices for cancer treatment,
including chemotherapy, radiotherapy, or surgery as single treatments or in
combination (Arruebo et al., 2011). Cancer therapy has witnessed significant
advancements over the years, driven by extensive research and innovative
strategies aimed at improving treatment efficacy and reducing adverse effects.
Among the modern advancements are hormone therapy, anti-angiogenic
treatments, stem cell therapies, immunotherapy, and immunotherapy based on
dendritic cells (Charmsaz et al., 2019). Therapeutic oligonucleotides represent
a promising frontier in cancer therapy, offering precision, adaptability, and
potential synergy with existing treatments (Debela et al., 2021). PPRH hairpins
represent a novel tool contributing to the ongoing quest for more effective and
personalized cancer treatments.

Presently, we extend the utility of PPRHs as a gene-silencing tool,
focusing on the undruggable genes MYC and KRAS targeting both established
and newly identified G4 structures within their genomes. We analyzed the effect
of different PPRHs in both oncogenes. Furthermore, we combined the most
efficient PPRH hairpins and found promising results. We believe that the PPRH
combination against one or two interacting oncogenes could be a potent solution
for future cancer therapy.

We also expanded PPRHs applications not only for gene silencing but
also as diagnostic tool for SARS-CoV-2. The biosensor devices used for SARS-
CoV-2 detection by PPRH technology could be expanded for other infections or
diseases when pathogens like viruses, bacterium, fungus, or parasites are
implicated. Additionally, we demonstrated the protective effect of SARS-CoV-2-
targeting PPRH in vitro and in vivo prior to the viral infection. In the experiments
with mice infected with the SARS-Cov-2 virus, we also demonstrated that
PPRHs can be administered as a regular treatment to stop virus progression.
This approach could be complemented with other therapeutic drugs to reduce
viral spread and symptoms.
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Conclusions

PPRHs directed against KRAS induce the formation of secondary
structures, including G4miq and a newly discovered G4 located in exon
5.

PPRHs targeting the KRAS promoter together with NSC 317605 resulted
in a significant reduction in KRAS expression and cell survival in cancer
cell lines. The observed synergy between PPRHs and NSC 317605
accentuates their potential in combinatorial therapeutic strategies.

PPRHs targeting MYC facilitate the formation of secondary structures
including a newly discovered G4 located in Intron 2 and a known G4 in
the MYC promoter.

MYC-targeting PPRHs have the potential to reduce growth and viability
of cancer cells with mutated MYC. HpMYC-G4-PR-C and HpMYC-I11-T
are the most potent PPRHs provoking cell death by downregulation of
MYC expression.

PPRHs can be used in combination therapies against MYC and KRAS.
PPRHs combination reduce KRAS and MYC expression provoking cell
death in a synergistic manner in PC-3 prostate cancer cells.

Given the high sensitivity of binding of PPRHs to RNA, specific PPRHs
against SARS-CoV-2 can be used for the diagnosis of the virus using
different biosensor methodologies.

PPRHSs have antiviral efficacy against SARS-CoV-2 in vitro. CC1-PPRH
can protect mice in vivo from the infection and disease symptoms caused
by SARS-CoV-2.
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