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Presentation

This work is focused on the study of Polypurine Reverse Hoogsteen
(PPRHSs) hairpins as gene silencing tool, and the search of alternative methods
for their delivery, including viral and non-viral vectors.

PPRHSs are gene silencing oligonucleotides developed in our laboratory
during the last decade. The ability of PPRHs to downregulate a wide range of
genes involved in cancer progression has been demonstrated both in vitro and
in vivo (Noé et al. 2020). Furthermore, our group has also validated the use of
PPRHSs as a gene editing tool (Félix et al. 2020b; Noé & Ciudad 2021).

To expand the usage of PPRHs as a gene silencing tool, we attempted
to inhibit the expression of WEE1 and CHK1, two genes involved in cell cycle
regulation in response to replication stress, and thus, widely studied as targets
for cancer therapy. Moreover, we wanted to explore if PPRHs could produce a
synergic effect when combined with DNA damaging agents, such as
methotrexate or 5-Fluorouracil (5-FU), two chemotherapies very much used in
clinical practice.

Also, taking the target gene of 5-FU, Thymidylate synthase (TYMS), we
wondered if this gene could have a regulatory structure that could be inhibited,
directly or indirectly, by PPRHSs. In this direction, it was known the ability of G4
to regulate gene expression at the transcriptional and translational levels.
Interestingly, in the 5’-UTR of TYMS, we found a sequence that could both form
G4 and be targeted, through the complementary strand, by PPRHs. Accordingly,
we proceeded to design PPRHs against this region and discovered a new
powerful way of decreasing gene expression because of the combination of
inhibition of transcription directly produced by the template-PPRH and by that
produced by the stabilization of the G4 structure that is formed upon
displacement of the forward strand of the DNA. In addition, these effects can be
harmonized with the chemotherapeutic action of 5-FU to produce synergism.

Similarly, to other nucleic acids therapeutics, the development of safe,
efficient, and tissue-specific delivery systems is the major translational limitation
of PPRHs. Therefore, in the second part of this thesis we aimed to study other
alternatives for PPRHSs delivery.
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Regarding viral vectors, we set up to study the possible use of viral
vectors as a delivery system of PPRH in vitro. However, before attempting that
approach, we had to determine whether PPRHs could also work as RNA
species. Once that accomplished, we studied if an adenoviral vector encoding
the PPRH against survivin would be able to downregulate survivin mRNA and
protein levels and caused a reduction in cell viability.

Finally, we also wanted to develop a new non-viral vehicle to deliver
PPRHs in the cells. To do so, in collaboration with other departments of our
School of Pharmacy, we synthesized a new gemini cationic liposome-based
formulation (DOPY) and characterized the DOPY/PPRHSs lipoplexes studying
the internalization pathways and the applicability of this transfection agent.
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Introduction

1.1. NUCLEIC ACIDS THERAPEUTICS

In recent years, the use of nucleic acids has emerged as a promising
therapy tool for the treatment of a wide range of diseases due to their capacity
to modulate specifically any gene of interest (Hazan-Halevy et al. 2016;
Landmesser et al. 2020; Nielsen & Nielsen 2013; Parsel et al. 2016). Multiples
advances in molecular biology have contributed to the development of these
technologies, including the discovery of the DNA double-helix structure and the
understanding of DNA as a carrier of the genetic information (Avery et al. 1944;
Watson & Crick 1953), the identification of triple-stranded nucleic acids
(Felsenfeld et al. 1957; Hoogsteen 1959), the development of techniques to
isolate, manipulate and synthesize nucleic acids (Alberts et al. 2002; Tizmen
et al. 2018), or the launch of the Human Genome Project (Craig Venter et al.
2001; Lander et al. 2001).

Therapeutic oligonucleotides can modulate gene expression through
different processes, such as gene silencing, gene repair, splicing alteration, or
transcriptional gene activation (Aartsma-Rus et al. 2009; Rice et al. 2001;
Roberts et al. 2020; Yoon & Rossi 2018). To date, multiple nucleic acids with the
aim of inhibiting gene expression have been developed including Triplex
Forming Oligonucleotides (TFOs), antisense oligonucleotides (ASOs), small
interfering RNAs (siRNAs), aptamers, ribozymes or decoys, and some of them
have eventually been approved by the Food and Drug administration (FDA) or
European Medicines Agency (EMA). In this introduction, we first introduce
different nucleic acids employed to downregulate gene expression, focusing on
PolyPurine Reverse Hoogsteen hairpins (PPRHs), a new silencing molecule
developed in our laboratory during the last decade. We also describe some
relevant targets in cancer that are potential candidates to be silenced using
PPRHs. Finally, we expose the difficulties and advances in nucleic acids
delivery, mentioning the most commonly used oligonucleotides delivery
strategies.

1.1.1. TFOs
TFOs are single-stranded DNA (ssDNA) molecules around 10-30

nucleotides (nt) that bind to the major groove of the duplex DNA. TFOs can
hybridize with polypurine sequences through Hoogsteen base-pairing forming a
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triplex structure. Relative to the purine strand of the duplex, TFOs can bind
either in parallel orientation by Hoogsteen bonds, or in an anti-parallel manner
stablishing reverse Hoogsteen bonds (Figure 1) (Duca et al. 2008). A more
detailed description of triplets involved in triplex helix formation can be found in
section 1.2.1. Triple helix formation.

Parallel
TC motif TG motif
_— third strand —
> AG motif >
TC motif
Antiparallel
AG motif TG motif
&— third strand A
> AG motif >
TC motif

Figure 1. Parallel and antiparallel triplex helix motifs. The arrows indicate 5" to 3’
direction. Obtained from (Li et al. 2016).

TFOs can alter gene expression by interfering with the binding of
transcription factors or the formation of the initiation complex. Alternatively,
TFOs can bind to a transcribed sequence and block transcription elongation
(Vasquez & Wilson 1998). Furthermore, TFOs have also been studied to
produce site-specific mutagenesis and site-specific recombination, thus creating
permanent heritable changes in the genome (Knauert & Glazer 2001). Triplex
directed mutagenesis can be achieved by TFOs linked to mutagen agents, such
as psoralen (Havre et al. 1993). On the other hand, triplex-induced
recombination can be conducted by coupling a TFO to a donor fragment
homologous to the target site, except for the nucleotide to be corrected (Chan et
al. 1999).

1.1.2. Antisense Oligonucleotides (ASOs)

ASOs are ssDNA molecules of 18-30 nt that are designed to bind to a
target MRNA sequence by Watson-Crick (WC) bonds. According to their
mechanism of action, ASOs can be divided into two subgroups: RNase H
competent or steric block (Figure 2) (Roberts et al. 2020). In the former
mechanism, ribonuclease H (RNase H) recognize and cleaves the RNA-DNA
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heteroduplex, thus inducing gene silencing through mRNA transcript
degradation (Wu et al. 2004). In contrast, steric block ASOs bind to the mRNA
transcript preventing RNA-RNA and/or RNA-protein interactions. Thus, steric
block ASOs physically inhibit the progression of the translational machinery or
interfere with the alternative splicing by targeting splice sites, exons, or introns.
This mechanism has been widely studied to modulate alternative splicing to
selectively exclude or retain a specific exons (Aartsma-Rus et al. 2009).

To date, three RNAse H-competent ASOs (Fomivirsen, mipomersen and
inotersen) (Hair et al. 2013; Hutcherson & Lanz 2002; Keam 2018), and three
splice-switching ASOs (Eteplirsen, nusinersen and golodirsen) (Heo 2020; Hoy
2017; Stein 2016) have been approved by FDA or EMA.

A Flanking region DNA B Ribosome
2'-OMe/LNA) gap
( ) Gapmer ASO @
mRNA I
DNA-RNA J
heteroduplex T
recruits RNASEH1

@ Steric block ASO

| P o EEEEE—— Y YY)
ARRRRR AUG
Transcript cleavage and degradation

C Steric block
splice-switching ASO
Pre-mRNA e .

Exon skippini;/ \E:on inclusion

S — —— AAAARA 0 s— — AAARAR

N/

» Splice correction (productive splicing)
* Splice corruption (non-productive splicing)
* |soform switching (productive splicing)

Figure 2: Mechanism of action of ASOs: (A) RNase H-competent ASO. (B) Steric block
ASO targeting the AUG start codon. (C) Steric block splice switching ASO targeting
signals that modulate alternative splicing (exon skipping or exon inclusion) in the pre-
mRNA. Adapted from (Roberts et al. 2020).
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1.1.3. siRNAs

siRNAs are double-stranded RNA oligonucleotides of 21-22 nt in length
with two overhanging nucleotides at the 3’-end of each strand. One of the
strands is designated as guide or antisense strand, while the other strand is the
passenger or sense strand. Once inside the cell, siRNA enters the RNA
interference pathway (RNAi) and is loaded onto the Argonaute 2 protein (AGO2),
as a part of the RNA-induced silencing complex (RISC). Within the RISC
complex, the siRNA is unwound, and the sense strand discarded. Then, the
antisense strand guides the RISC complex to its target mMRNA and AGO2
cleaves the mRNA (Dana et al. 2017). Until date, four siRNAs have received
FDA or EMA approval: patisiran (Adams et al. 2018), givosiran (Scott 2020),
lumasiran (FDA News Release 2020), and inclisiran (EMA 2020).

RNAi  process was first
discovered in C. elegans (Fire et al.
1998) and occurs in a wide variety of
eukaryotic organisms (Figure 3). The
principal function of RNAI is to protect
genome integrity against foreign or
invasive nucleic acids such as
transposons, transgenes, or viruses St@ndselecton
(Meister & Tuschl 2004).

dsRNA

dsRNA cleavage

. . . RISC loading,
Figure 3: siRNA interference pathway: passenger strand

Double-stranded RNA precursors of ©minaton
different sources are processed by Dicer-2

into siRNAs. The siRNA is loaded into “Agoz

RISC complex, where the passenger °\ v metyiaton W\w«a
strand is degraded. Then, the guide strand v
mediates mMRNA recognition and AGO2 o

degrades the target mRNA. Adapted from i get siicing
(Schuster, Miesen, and van Rij 2019). target RNA

10
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1.1.4. Aptamers

Aptamers are single-stranded oligonucleotides of either DNA or RNA that
fold into defined secondary structures and bind to a specific target. Aptamers
are evolved in vitro using SELEX (systematic evolution of ligands by exponential
enrichment) to bind to the desired target from nanomolar to picomolar affinities
(Figure 4) (Gold 2015; Tuerk & Gold 1990). With the advances in the selection
processes, several aptamers have been developed against potential targets
including von Willebrand Factor (VWF), Platelet-derived growth factor (PDGF),
E-selectin, Vascular endothelial growth factor (VEGF), Nuclear factor kB (NFkB),
tenascin-C, Nucleolin, Programmed cell death 1 (PD-1) or Prostate Specific
Membrane Antigen (PSMA) (Ni et al. 2011; Zhang et al. 2019). The potential of
these aptamers as agonists or antagonists have been tested in pre-clinical and
clinical studies (Keefe et al. 2010), leading to the approval of the aptamer
pegaptanib in 2004, an anti-VEGF for neovascular age-related macular
degeneration (Doggrell 2005).

Oligonuciectides
(sSDNA or RNA) SsDNA or A Targets
pool - RNA foilding I\ %(\}
— — x &
// —. % z l'.“ X \2 (
Next - Mlxlng
Cioning, roun A )
sequencingand x /\1.5 o5
characterization (l) o ‘\
)
<\,\l'> .
———— SELEX @ jw
o i Nonspecific
- oligos
(V) &
*‘r S
i (m & S
ampilcation
"
h 3 Eilution
Reverse ;
transcription

(for RNA) Aptamers

Figure 4: Schematic representation of SELEX: (I) Single stranded DNA or RNA pool is
incubated with the target for binding. (lI) Targets are washed to remove unbound
oligonucleotides, (Ill) Target-bound aptamers are eluted from the target, (IV) Candidate
aptamers are re-amplificated and used for next round of selection. Adapted from (Pan
et al. 2018).

11
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1.1.5. Ribozymes

Ribozymes are single strand RNA molecules with catalytic activity. The
first ribozyme was described by Thomas Czech and co-workers in Tetrahymena
thermophila (Kruger et al. 1982). Since then, distinct catalytic RNAs have been
identified with diverse biological function in different organisms (Fedor &
Williamson 2005; Walter & Engelke 2002). Interestingly, due to their capability
of cleaving MRNA molecules in a sequence specific manner, different ribozymes
have been artificially designed to down-regulate gene expression. These
ribozymes can catalyze reversible cleavage of a specific phosphodiester bond
that can be located in an external RNA (trans cleavage) or in a RNA linked to
the ribozyme (cis- or self-cleavage) (Muller 2015). The hammerhead ribozyme
and hairpin ribozymes are some of the most widely studied due to their small
size and cleavage efficiency (Phylactou et al. 1998). An example of the structure
and the cleavage mechanism of a hairpin ribozyme is depicted in figure 5.

A substrate

CU:]A"‘
3’-UuUucuc CACU-5
LT AT
5'-AAAGAG GUGA
e T sl
§_
ribozyme =
A
B
( Lj
® variable AX_ G
® semiconserved C . (8,

® highly conserved G i U

Figure 5. The hairpin ribozyme. (A) Secondary structure of a hairpin ribozyme. Site-
specific cleavage is catalyzed at the position marked by an arrow (B) Conformational
dynamic generated by binding of the ribozyme to the substrate. (C) Mechanism of hairpin
ribozyme: cleavage of a specific phosphodiester bond and ligation. Obtained from
(Hieronymus & Miller 2019).
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1.1.6. Decoys

Decoys are synthetic double-stranded DNA (dsDNA) that bear the
consensus binding sequence recognized by a targeted transcription factor.
Decoys can act like a sponge and sequester specific transcription factors,
drawing them away from their endogenous binding site, and thus, modulating
gene expression (Wang et al. 2021). In eukaryotic genomic DNA, transcription
factors can bind to other high-affinity binding sites instead of their functional
binding sequences, these non-functional sites can act as natural decoys that
regulate gene expression (Kemme et al. 2016).

Although the most widely studied decoys are dsDNA molecules that
contain either one copy or tandem repeat of the target sequence, other
strategies have been described, including single-stranded palindromic
sequences that self-hybridize to form a duplexes (Ann Liebert & Cho-chung
1998), RNA decoys that interfere with RNA-protein interactions (Makeyev et al.
2002), or circular decoys obtained by circularization of the 3’ and 5 ends by
enzymatic ligation in order to protect the oligonucleotide from nucleases, and
thus increasing their stability without modifying the backbone structure (Figure
6) (Ahn et al. 2002).

A A
GCAATAGCGCGAAACGGATCCGTTTCGCGCTATTGC A A
A ACGTTATQQCQQTTTGCCTAGGCAAAGQQQQAT;‘\ACG A A

Figure 6: Structure and sequence of a circular decoy against the transcription factor
E2F. The two E2F recognition sequences are underlined. Figure adapted from (Ahn et
al. 2002).

13
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1.2. PPRHs

PPRHSs are single stranded non-modified DNA hairpins formed by two
antiparallel polypurine mirror repeat strands linked by a pentathymidine loop (5T)
and bound intramolecularly by Hoogsteen bonds. PPRHs are designed to
hybridize to a specific polypyrimidine sequence in the genomic DNA via Watson-
Crick bonds, while maintaining its hairpin structure, and thus producing a triplex
DNA. This triplex structure is possible due the capacity of purines to form
Watson-Crick bonds with a pyrimidine and, simultaneously, Reverse
Hoosgsteen bonds with another purine (Figure 7). This triplex conformation
leads to the displacement of the fourth strand of the genomic DNA, resulting in
the inhibition of gene expression (Figure 7) (Coma et al. 2005; de Almagro et al.
2009).

Triplex structure PPRH: structure and mechanism

(GACGTGAGGTAGGGAGGGGA 5
K HpsPr-C st ee 000000 00
‘ {GACGTGAGGTAGGGAGGGGA -5'

T " Survivin Promoter
N A ‘\> CHs 5{ GCCGGGACAGCGATGTCTGCTGCACTCCATCCCTCCCCTGTTCATTTGTCCTTCATGECE |-3°

L "“\ n\ 3'-_CGGCCCTGTCGCTACAGACGACGTGAGGTAGGGAGGGGACAAGTAAACAGGAAGTACGGE -5

i Y \
Hoogsteen honds { r; l

Watson:Crick bonds

\
( l " {GACGTGAGGTAGGGAGEGGALY
N / \>_\ NN HpsPr-C 5T [ EREENEXRX)
il “Hay

H] ¢ GACGTGAGGTAGGGAGGGGA :5'
N_ .\

7 0 Survivin Promoter / \
/ < I‘\)\ H 5 -3
Hoogsteen bonds

3% T-&'

______ Hoogsteen bonds Transcription inhibition

Watson:Crick bonds | watson-Crick bonds ® Reverse-Hoogsteen bonds

Figure 7. Chemical representation of Hoogsteen and Watson Crick base pairing that
participate in triplex formation (left) and representation of a PPRH (HpsPr-C) and its
mechanism of action (Right).

PPRHSs can be classified depending on the localization of their targeted
polypyrimidine domain, which can be placed in either the coding or the template
strand of the genomic DNA. PPRHs directed against the template strand of the
DNA are termed template-PPRHSs, while PPRHs targeting the coding strand are
named coding-PPRHSs. The latter are also able to bind to the mRNA since the

14
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coding strand of the DNA and the transcribed mRNA have the same sequence
and orientation. Polypyrimidine domains are mainly located in promoters and
introns, but they can also be found in exons (Gofii et al. 2004, 2006). Depending
on the location of the target sequence, PPRHs can alter other cellular
mechanisms. For instance, previous work in our laboratory showed that a PPRH
directed against intron 3 of the coding strand of the dihydrofolate reductase
(DHFR) gene was able to alter the splicing by altering the binding of the splicing
factor U2AF65 (Almagro 2011). Furthermore, PPRHs targeting either the coding
or the template strand of the promoter of survivin demonstrated to interfere with
the binding of transcription factors GATA-3 and Spl, respectively (Rodriguez,
2013).

The ability of PPRHs as a gene silencing tool was first described in
DHFR, telomerase and survivin (de Almagro et al. 2009). Since then, the
capacity of PPRHSs to inhibit gene expression has been validated in vitro against
multiple targets involved in cancer progression, such as B-cell lymphoma 2
(BCL-2), mechanistic target of rapamycin (mTOR), DNA topoisomerase 1
(TOP1), transcription factors (C-MYC), MDM2 (Villalobos et al. 2015), or the
immunotherapy tandem targets SIRPa/CD47 (Bener et al. 2016) and PD-1/PD-
L1 (Ciudad et al. 2019; Enriquez et al. 2018). Furthermore, the gene silencing
effect of a coding-PPRH (HpsPr-C) directed against the survivin gene has also
been demonstrated in two in vivo efficacy assays in a prostate xenograft mouse
model (Rodriguez et al. 2013). This PPRH was able to decrease tumor growth,
survivin protein levels and blood vessel formation, thus establishing the proof of
principle for the in vivo application of PPRHs as gene silencing tool.

To achieve the desired effect on the target gene, PPRHs need a vehicle
that enables their internalization into the cytoplasm and their entry into the
nucleus. To date, the N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium
methylsulfate (DOTAP) cationic liposome has routinely been used as a carrier
of PPRHSs in vitro (Rodriguez et al. 2013; Villalobos et al. 2015). However, this
vehicle present low internalization in certain cell lines such as lymphoma B cells
(Zhao et al. 2012) or neurons (Alabdullah et al. 2019). In contrast, in in vivo
experiments, PPRHs were complexed to the cationic polymer Jet-
Polyethylenimine (jetPEI) and administered intratumorally or intravenously into
mice (Godbey, Wu, and Mikos 1999). Nevertheless, one limitation of cationic
polymers is their possible toxicity (Florea et al. 2002; P. Xu et al. 2006).
Therefore, one of the current goals of our group is to achieve a delivery system
safe and efficient for PPRHSs.
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1.2.1. Triple helix formation

In 1957 it was first described that oligonucleotides were capable of
binding to the major groove of the double-stranded DNA generating a triplex-
helical structure (Felsenfeld et al. 1957). Two years later, Karst Hoogsteen
proposed a model that explained the existence of a triple stranded structure
(Hoogsteen 1959, 1963). Since nucleic acids can be designed to specifically
bind to a target unique sequence, the interest in these structures increased
dramatically in the biomedical field.

Two types of triple helix have been characterized according to the
orientation of the binding to the DNA major groove: parallel or antiparallel.
Parallel triplex occurs when a pyrimidine third strand binds in a parallel
orientation to a purine domain of the target duplex forming Hoogsteen hydrogen
bonds which typically includes T-AT and C+-GC triplets. Antiparallel structures
are stablished when a purine third strand binds in an antiparallel orientation to a
purine domain forming reverse-Hoogsteen hydrogen bonds, formed by G-GC,
A-AT, T-AT triplets. Parallel triplexes are more stable than antiparallel but require
conditions of low pH condition for protonation of cytosines, which might limit their
physiological stability. In contrast, antiparallel triplexes occur in a pH-
independent manner. The schematic representation of Hoogsteen bonds is
depicted in figure 8. The notation X-ZY refers to a triplet in which the third strand
X hybridize with the duplex ZY (Gofi et al. 2004; Gowers & Fox 1999).
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Figure 8: Chemical structures of parallel triplets (Top) and antiparallel triplets (Bottom).
Figure from (Gowers & Fox 1999).
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In the case of PPRHSs, their intramolecular structure is established by
reverse Hoogsteen bonds between the two polypurines arms of the hairpin, but
hybridization to their targets involves Watson-Crick bonds. Therefore, a
polypyrimidine sequence of the target gene is needed to design a PPRH. In
general, polypyrimidine sequences are found in all genes with a frequency
higher than expected, mostly in gene regulatory areas such as promoters and
intronic regions and to a lesser extent in exons (Goii et al. 2004, 2006).
Homopyrimidine tracks are not necessary, and the presence of up to three
purine interruptions in the DNA target sequence can be allowed (Rodriguez et
al. 2015). Seeking to overcome this limitation, we studied the possibility to
stablish other types of triplets, involving inosine nucleosides or G-TA / C-TA
triplets:

- Inosine triplets: inosine is a modified nucleobase resulted from
deamination of adenosine. Inosine substitutions have been explored in
triplex formation due to their ability to bind nonspecifically to TA and CG
base pairs, and thus act as a “wild-card” in the Hoogsteen position (Mills
et al. 1996). Furthermore, they have been studied as a “universal base”,
capable of binding to any of the four bases in duplexes (Cubero et al.
2001).

- G-TA/T-CG triplets: G-TA and T-CG are one of the most stable triplets
proposed for pyrimidine interruptions using natural bases. However,
although the T-CG triplet can be stablished in both parallel and
antiparallel triplexes, G-TA triplet is restricted to parallel structures. For
antiparallel structures, the C-TA triplet seems to be the most adequate
for recognitions of TA (Gowers & Fox 1999).

1.2.2. Other biomedical applications of PPRHs

The capability of PPRHs to form triplexes has been used in other
biomedical applications, including gene repair, gene editing or as a biosensors.
For gene repair approaches, the sequence homologous to the sequence to be
repaired but containing the wild-type nucleotide instead of the mutated one is
added to the 5’ end of the PPRH core (repair-PPRHSs) (Solé et al. 2014). These
molecules have demonstrated to be capable of correcting point mutations in two
collections of Chinese Hamster Ovary (CHO) cell lines bearing different
mutations in either dihydrofolate reductase (dhfr) (Solé et al. 2016) or adenine
phosphoribosyltransferase (aprt) (Félix et al. 2020a) loci. More recently, editing-
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PPRHs have demonstrated their ability to promote exon skipping at the DNA
level in a cell line model bearing an extra copy of DHFR exon 2, restoring the
reading frame (Noé & Ciudad 2021). The core of these type of PPRHSs bears an
extension tail in its 5 end homologous to two separate regions that are apart in
parental DNA and that only come together when the skipping of the intervenient
sequence takes place. Finally, the triplex structure formed by PPRHSs has set the
basis for the development of biosensors to analyze DNA methylation status in
cancer or for microbiological diseases detection (Calvo-Lozano et al. 2020;
Huertas et al. 2016).

1.3. RELEVANT TARGETS ON CANCER

Cancer is defined as a multistep process that involves mutation and
selection of the cells that progressively acquire the capability of surviving,
proliferating, and disseminating. In this process, normal cells develop the
biological hallmarks of cancer, which include sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, activating invasion and metastasis,
reprogramming of energy metabolism, and evading immune destruction. To
acquire these properties cells require genomic instability and inflammation
(Cooper 2000; Hanahan & Weinberg 2011).

Nowadays, different alternatives for cancer treatment are available,
including surgery, radiotherapy chemotherapy, and more recently, biological
therapy. However, although great advances in this field have been achieved,
the International Agency for Research on Cancer (IARC) estimated 19.3 million
new cases of cancer and 10 million deaths in 2020 (IARC 2020). Furthermore,
according to the World Health Organization, cancer is still the second leading
cause of death worldwide (WHO 2021). These data indicate that standard
therapy is unable to control the disease, and thus, more research in this field is
required.

The difficulty in cancer treatment relies on its heterogeneity. Cancer
includes a large group of diseases that can be originated in almost any organ or
tissue. Moreover, a tumor in a specific tissue presents intertumoral heterogeneity
between different patients, intratumoural heterogeneity between primary and
metastatic sites, and intratumoural spatial heterogeneity. Thus, a deep
comprehension of the signaling pathways altered in each cancer is crucial to
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develop and implement the proper treatments (Garraway & Lander 2013; Meric-
Bernstam & Mills 2012; Sanchez-Vega et al. 2018).

In this work we have selected multiple target genes that interfere with
essential capabilities of tumor growth and progression, including genes involved
in replication stress response (WEE1, CHK1), nucleotide synthesis (Thymidylate
synthase) and anti-apoptotic activity (Survivin). Many researches have focused
on these targets due to their potential in cancer therapy, and thus, we decided
to inhibit them using PPRHSs.

1.3.1. Targeting Replication Stress Response

Any proliferating cell needs to duplicate accurately its full genome before
cell division. Any perturbation that interferes with the correct DNA replication is
known as DNA replication stress and includes shortage of histones or
deoxyribonucleotide triphosphates, DNA secondary structures such as G-
guadruplexes, DNA torsional stress, regions of conflict between replication and
transcription or formation of DNA-protein crosslinks (Zeman & Cimprich 2014).
Replicative stress results in stalled replication forks that activate the replication
stress response (RSR), one of the cell mechanisms to safeguard genome
integrity by avoiding the replication of damaged DNA (Dobbelstein & Sgrensen
2015; Forment & O’connor 2018).

When replication forks are stalled, DNA helicase moves ahead of DNA
polymerase, thereby exposing the ssDNA (Forment & O’connor 2018).
Replication protein A (RPA) coats the ssDNA and activates the protein kinase
ataxia-telangiectasia and Rad3-related (ATR) through ATR-interacting protein
(ATRIP) (Figure 9). Subsequently, ATR phosphorylates and activate CHK1
(CHecKpoint protein 1), which lead to WEEL protein kinase activation and Cell
Division Cycle 25 (CDC25) phosphatase inactivation. WEE1 phosphorylates the
cyclin-dependent kinase 1 (CDK1), which prevents the formation of the CDK1-
cyclin B complex. Inhibition of CDC25 also prevents the dephosphorylation of
CDK1 and thus the formation of the CDK1-cyclin B complex (Rundle et al. 2017).
As a result, in response to DNA damage, the activation of ATR-CHK1 pathway
results in the inhibition of CDK1, which leads to a cell cycle arrest in G2 phase
to prevent entry into mitosis until DNA is repaired (Sgrensen & Syljuasen 2012).
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The RSR is one of the transduction pathways included in the intricate
network of DNA damage response (DDR) (Forment & O’connor 2018). The three
most notable protein kinases that initiate the DDR are Ataxia Telangiectasia
Mutated (ATM), ATR and DNA-dependent Protein Kinase (DNA-PK) (Figure
9)(Blackford & Jackson 2017). While ATR is activated by ssDNA, ATM and DNA-
PK are mainly activated by double strand breaks (DSB). Furthermore, there is a
cross-talk between the three pathways (Blackford & Jackson 2017; Zhou et al.
2017). DDR can lead to the activation of different checkpoints along the distinct
cell cycle stages and initiate mechanisms of DNA repair, senescence, or

apoptosis (Patil et al. 2014).
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Figure 9. Pathways implicated in DNA damage Response. DNA-PK is recruited and
activated by Ku70/80 heterodimer in the presence of DSB. DSBs are also detected by
the MRE11-RAD50-NBS1 (MRN) complex, which activates the ATM/Checkpoint Kinase
2 (CHK?2) pathway. ssDNA is sensed by RPA leading to activation of ATR/CHK1 through
ATRIP. The DDR is transduced to different effectors that activate cell cycle checkpoints,
halt cell cycle progression, repair DNA, or that promote cell death (Blackford & Jackson
2017).
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In cancer cells, overexpression of oncogenes or reduced expression of
tumor suppressor genes promote a premature S phase, which leads to an
increase of replication stress by conflicts between replication and transcription,
topological stress, or insufficient amounts of nucleotides (Macheret &
Halazonetis, 2015). Furthermore, elevated levels of reactive oxygen species in
cancer cells also contribute to increase replicative stress by oxidizing
nucleotides (van Loon et al. 2010). Moreover, the tumor suppressor p53 (TP53)
gene is the most frequently mutated gene in cancer, which leads to a defective
G1/S checkpoint in most tumor cells (Macheret & Halazonetis 2015). Other
genes involved in DDR response are frequently mutated such as ATM, one of
the 20 cancer-driver genes most frequently targeted by single strand
substitutions (Macheret & Halazonetis 2015); or the breast cancer 1 (BRCA1)
and breast cancer 2 (BRCA2) genes, which are ascribed to approximately 25%
of cases of hereditary breast and ovarian cancer (Nielsen et al. 2016). Therefore,
the control of cell cycle in cancer cells mainly relies on RSR, and thus, inhibitors
of components of ATR-CHK1 pathway have been proposed as an anticancer
therapy (Forment & O’connor 2018).

ATR-CHKZ1 pathway inhibitors are also being investigated in combination
with approved drugs that induce RSR (Gralewska et al. 2020; Leijen et al. 2016;
Qiu et al. 2018; Seto et al. 2013). For instance, drugs targeting nucleotide
synthesis such as methotrexate (MTX) or 5-Fluouracil (5-FU) can enhance
replicative stress by reducing the available pool of nucleotides (Forment &
O’connor 2018). Both drugs block de novo synthesis of 2'-deoxythymidine-5'-
triphosphate (dTTP), however, while 5-FU inhibits thymidylate synthase (TYMS),
enzyme that catalyzes the conversion from 2'-deoxyuridine 5'-monophosphate
(dUMP) to 2'-deoxythymidine-5'-monophosphate (dTMP), (Longley et al. 2003),
MTX inhibits dihydrofolate reductase (DHFR), thus blocking the reduction of
dihydrofolate (DHF) to Tetrahydrofolate (THF) required for dTMP and purine
synthesis (Hagner & Joerger 2010) (Figure 10).

In this regard, we aimed to design PPRHs as a silencing tool of the
replication stress genes WEE1 and CHK1 and to test their effectiveness as a
single agent and in combination with the inductors of replication stress MTX and
5-FU.
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Figure 10. De novo and Salvage pathway of dTTP synthesis. In the novo synthesis of
dTTP, TYMS enzyme transfers a methylene group from the methylenetetrahydrofolate
(CHz2H4folate) to dUMP obtaining dTMP and dihydrofolate (H:folate). dTMP is
successively phosphorylated to dTTP. DHF is converted to tetrahydrofolate (Hasfolate) in
an NADPH-dependent reaction catalyzed by DHFR. Then, THF is converted by a serine
hydroxymethyl transferase to CH:Hsfolate. In the salvage pathway, thymidine is
phosphorylated by the thymidine kinase to form dTMP (Schmitz et al. 2001).

1.3.2. The Thymidylate Synthase gene

TYMS catalyzes the reductive methylation of dUMP to dTMP by
transferring a methylene group from the cofactor 5,10-methylenetetrahydrofolate
(mTHF) (Figure 10) (Carreras & Santi 1995). Then, dTMP is successively
phosphorylated to the triphosphate state (dTTP), which is one of the four
fundamental nucleosides triphosphates for DNA synthesis (Carreras & Santi
1995; Liu et al. 2002). Due its essential role in DNA synthesis, inhibition of TYMS
protein leads to repression of DNA replication, and thus, cessation of cell growth
and proliferation, affecting in a higher manner highly proliferative cells such as
cancer cells (Gmeiner 2012). Furthermore, elevated TYMS protein levels have
been found in several tumors, including cervical (Suzuki et al. 1999), lung
(Shintani et al. 2003), bladder (Nomura et al. 2002), breast (Pestalozzi et al.
1997), kidney (Mizutani et al. 2003) or gastrointestinal (Johnston et al. 1995;
Leichman 2001) cancers and correlated with bad prognosis. Therefore, TYMS
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inhibition has been widely studied as an anti-cancer strategy (Chu et al. 2003;
Rahman et al. 2004).

The fluoropyrimidine 5-FU was the first class of TYMS inhibitors
(Heidelberger 1981; Heidelberger et al. 1957). Since its synthesis in 1957, 5-FU
has been widely used in the treatment of a range of cancers, including colorectal,
breast, head, neck or gastrointestinal, as a single agent or in combination with
other chemotherapeutics (Longley et al. 2003; Rose et al. 2002). Intracellularly,
5-FU is converted to several active metabolites: fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine triphosphate (FdUTP) and
fluorouridine triphosphate (FUTP). FAUMP acts as an analogue of dUMP and
binds to the nucleotide-binding domain of TYMS, forming the ternary complex
FAUMP-TYMS-mTHF, instead of the dUMP-TYMS—-mTHF complex, leading to
TYMS enzyme inhibition. Suppression of dTMP synthesis leads to
deoxynucleotide pool imbalance, increased levels of deoxyuridine triphosphate
(dUTP) and DNA damage (Longley et al. 2003; Zhang et al. 2008). Furthermore,
dUTP and FAUTP can be misincorporated into DNA, while FUTP can be
incorporated into RNA. Thus, 5-FU active metabolites exert the anticancer
effects through inhibition of thymidylate synthase and nucleotide
misincorporation into RNA and DNA (Longley et al. 2003).

Nevertheless, the effectivity in the clinical practice of fluoropyrimidines or
other TYMS inhibitors has been limited due to the development of drug
resistance (Zhang et al. 2008). An autoregulatory mechanism of TYMS protein
that induces new synthesis of TYMS protein at the translational level has been
proposed as a mechanism of drug resistance (Berger et al. 1985; Rooney et al.
1998). The ligand-free TYMS protein has been described to bind to its own
MRNA and thereby represses its own translation (Figure 11). To date, two
MRNA binding sites of TYMS protein have been identified in its mMRNA: one
located in the 5’UTR containing the translational start site (binding site 1), and
the other one in the mRNA-coding region (binding site II) (Brunn et al. 2014; Chu
et al. 1991, 1993). When TYMS protein is bound to either its physiologic
substrates (dUMP or mTHF) or TYMS inhibitors (fluoropyrimides or antifolates),
TYMS is unable to bind to its own mRNA and TYMS mRNA translation is not
inhibited. Therefore, increased levels of TYMS protein levels are detected during
5-FU or other TYMS inhibitors treatments, resulting in tumor resistance (Brunn
et al. 2014; Chu et al. 1991; Lander et al. 2001; Schmitz et al. 2001).
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Figure 11. Translational autoregulatory mechanism of TYMS protein. TYMS ligand free
is able to bind to its own mMRNA, thus repressing TYMS mRNA translation. In contrast,
when TYMS protein is bound to its physiologic substrates (dUMP or mTHF) or TYMS
inhibitors (FAUMP or antifolates), TYMS is unable to interact with its target mRNA,
enabling its own mRNA translation (Schmitz et al. 2001).

Seeking strategies to overcome TYMS inhibitors resistance, we intended to
find regulatory elements targetable with PPRHSs in the TYMS gene. We focused
on the search of G-quadruplexes (G4s), nucleic acid secondary structures
located in guanine-rich DNA or RNA sequences. G4s arise when four guanine
bases interact by Hoogsteen hydrogen bonds and form planar G-tetrads that are
stabilized by monovalent cations (K+>Na+>NH4+>Li+) (Figure 12). These
structures are mainly located in regulatory regions such as promoters, 5UTRs,
splicing sites and telomeres, and thus involved in modulation of gene expression
(Chambers et al. 2015). Furthermore, since a large number of oncogenes have
been described to be regulated by a G4 structure, including C-MYC (Yang &
Hurley 2006), BCL-2 (Dexheimer et al. 2006), K-RAS (Cogoi & Xodo 2006) or c-
KIT (Rankin et al. 2005), the interest in developing G4-stabilizing molecules has
increased (Kim 2017; Qin & Hurley 2008). Therefore, we decided to design a
PPRH to stabilize a G4-structure in the TYMS gene, and thus repress its
expression (Figure 12).
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Figure 12. Chemical representation of a G-quadruplex structure (left) and hypothesized
G4-stabilizing mechanism of a PPRH (right).

1.3.3. The Survivin gene

Survivin, also called baculoviral inhibitor of apoptosis repeat-containing
5 (BIRC5), is a member of the inhibitor-of-apoptosis proteins (IAP). Survivin
inhibit both extrinsic and intrinsic apoptosis pathways by interacting with proteins
involved in the apoptosis pathway, such as caspases (Tamm et al. 1998), which
induce apoptosis by proteolytic cleavage of several substrates, including
cytoskeletal proteins and DNA (Fischer et al. 2003).

Survivin is overexpressed in numerous tumors such as lung (Falleni et
al. 2003), prostate (Ambrosini et al. 1997), gastric (Lee et al. 2006), colon
(Hernandez et al. 2011), bladder (Kiu et al. 2014), breast cancer (Nasu et al.
2002), lymphomas (Gu et al. 2005) or neuroblastoma (Azuhata et al. 2001). In
contrast, its levels are undetectable in most normal tissues in adults, with the
exception of thymus (Ambrosini et al. 1997), basal colonic epithelium (Gianani
et al. 2001) and CD34+ cells and normal peripheral blood mononuclear cells
(Carter et al. 2001). Thus, survivin expression is very differentiated between
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normal and tumor cells. Furthermore, its overexpression has been correlated
with more aggressive disease and poor prognosis in several cancers (Mittal et
al. 2015), including non-small cell lung cancer (Ambrosini et al. 1997), breast (Li
et al. 2017), neuroblastoma (Ito et al. 2005) or prostate cancer (Zhang et al.
2010).

All the characteristics mentioned above, makes survivin an ideal target
for cancer therapy. However, although different strategies have been designed
against survivin, including (I) Inhibitors targeting survivin expression, (ll)
inhibitors targeting homodimerization of survivin, or (lll) inhibitors targeting
survivin interaction with other proteins, there is no current approved drug
targeting survivin (Peery et al. 2017).

The study of survivin as an anti-tumor target has attracted the interest of
our group during the last decades. We demonstrated that inhibition of survivin
expression in endothelial cells using either siRNAs or ASOs induces apoptosis,
strong growth-inhibitory effect and interruption of tumor angiogenesis and
migration (Coma et al. 2004). Furthermore, as stated before, we previously
validated the antitumor effect of PPRH directed against survivin (HpsPr-C) in
vitro (de Almagro et al. 2009) and in two in vivo efficacy assays in a prostate
xenograft mouse model (Rodriguez et al. 2013). Thus, due to the interest
in survivin as a target for anticancer and the consistent data gathered of HpsPr-
C, we selected this PPRH for the search of new vehicles to improve PPRHs
delivery.

1.4. DELIVERY OF NUCLEIC ACIDS

The development of safe, efficient, and tissue-specific delivery system
for nucleic acids therapeutics is the major translational limitation.
Oligonucleotides are large hydrophilic polyanions, which complicates crossing
the biological membranes (Roberts et al. 2020). When nucleic acids are
systemically administrated, they must surpass several obstacles to reach the
desired target and exert their action. Once in the blood stream, nucleic acids
must evade blood nucleases and proteins that may degrade them or trigger
immune response (Judge et al. 2005), bypass renal clearance or sequestration
by certain proteins, traverse the capillary endothelium, cross the cytoplasmatic
membrane of the target cell, escape from endosome before lysosomal
degradation or endocytic recycling (Sahay et al. 2013), and, if required, enter the
nucleus (Amantana and Iversen 2005; Dirin and Winkler 2013; Geary et al.
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2015). If the target tissue is the central nervous system, they must also cross the
blood-brain barrier (Roberts et al. 2020; Zhu & Mahato 2010).

Currently, different delivery approaches have been developed that are
broadly classified into viral vectors (i) or non-viral vectors. Non-viral vectors can
be subdivided into (ii) chemical and (iii) physical methods (Nayerossadat et al.
2012). The general characteristics of each strategy are described in Table 1.

Method Principle Advantages Disadvantages
Transfer of DNA or Relatively high Strong induction of
RNA through the transduction efficiency immune response.
natural viral and persistent gene Oncogenesis and
Viral infectious pathway expression insertional
using replication- Highly effective in in mutagenesis.
incompetent vivo and in vitro trials High cost.
viruses. Can be used with Restrictions on the
dividing and size of transgene.
nondividing cells
Much safer and Short duration of
Transfer of DNA or cheaper than viral gene expression.
RNA in complex vectors. Low transfection
Chemical  with cationic lipids Amenable for chemical efficiency in in
or polymers modification for vivo systems
through cellular targeted delivery Low efficiency in
endocytosis Common and effective nondividing cells.
pathway. in in vitro experiments Hard to target specific
cells
Can be used effectively Local tissue damage
Transfer of DNA or in in vitro and in at the site of
RNA through Vivo experiments application
Physical transient pores in Specific tissue Specialized

plasma membrane
created by
mechanical forces.

transfection
Can be used with
dividing and
nondividing cells.

instrument may be
required.

Optimized procedure
parameters are
required for different
types of tissues.

Table 1: General characteristics of biological, chemical, and physical delivery systems.
Adapted from (Alsaggar & Liu 2015).
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1.4.1. Viral delivery systems

Viral vectors are replication-deficient viruses genetically modified to
delete the disease-causing sequences and to contain the nucleic acid sequence
of interest on the viral genome. The main advantage of these vectors is the high
transduction efficiency on a variety of cells. However, the use of viruses can
generate undesired immunogenic response, insertional mutagenesis, and
cytotoxicity. Moreover, viruses present a laborious production and a limited
transgene size capacity (Thomas et al. 2003).

Several types of viruses for gene therapy have been developed with
different properties, including adenoviruses (AdVs), adeno-associated viruses
(AAVS), retroviruses, lentiviruses, herpes simplex-1 viruses (HSV-1),
or baculovirus, whose principal features are described in table 2. AdVs, AAVs
and lentiviruses are the key viral vectors strategies currently used in clinical trials
(Bulcha et al. 2021).

AdVs and AAVs are DNA-based viral vectors, while lentiviruses are RNA-
based viral vectors. In general, RNA-based viral vectors can integrate into the
host genome, and thus, are capable of long-term transgene expression. In
contrast, transgene expression in DNA-based viral vectors normally remains
episomal in the nucleus of transduced cells, which can eventually result in the
loss of the transgene expression (Kamimura et al. 2011). Thus, AAVs and AdVs
could be suitable candidates for PPRHs gene silencing application, for which a
transient expression might be highly desirable.

1.4.1.1. Adenoviruses

AdVs are non-enveloped viruses with an icosahedral protein capsid that
contains a linear dsDNA molecule of 26-45 kb. Several adenoviral serotypes
have been identified that have a broad range of hosts. In humans, AdV can
cause infections in the respiratory track, but also can affect other organs such
as gastrointestinal or urinary tracts. Although, these infections are normally
asymptomatic, in immunocompetent individuals can result in severe disease.
AdVs are highly prevalent in the general population, thus, most people present
immunity against one or more human AdV serotypes. Among the hundreds of
human AdV genotypes identified, investigators have focused on serotypes 2 and
5 for gene therapy (Bulcha et al. 2021; Kamimura et al. 2011).
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Viral system  Adenovirus AAV Retrovirus Lentivirus HSV-1 Baculovirus
(Ad5)
Genome dsDNA SsDNA RNA RNA dsDNA dsDNA
material
Genome size 36 kb 8.5 kb 7-11 kb 8 kb 150 kb 80-180 kb
Insert size 8-36 kb 5 kb 8 kb 9 kb 30-40 kb No limit
known
Broad, low Broad, low Broad Broad Neurons Some
Tropism for blood for blood mammalian
cells cells cells
Dividing and  Dividing and Dividing Dividing and  Dividing and Dividing
Infectivity non-dividing  non-dividing cells non-dividing  non-dividing and non-
cells cells cells cells dividing
cells
Transgene Transient Transient or Stable Stable Transient Transient or
expression stable stable
Episomal
Vector (>90%), site- Episomal or
genome form Episomal specific Integrated Integrated Episomal integrated
integration
(<10%)
Inflammatory High (low
potential for HD- Low Low Low High High
AdVs)
High titers; Safe Persistent Persistent Large Large cargo
extremely transgene gene gene packaging sizes; high
efficient delivery; non- transfer in transfer in capacity; level of
Advantages transduction inflammatory; dividing most tissues  strong gene
of most cell  non- cells tropism for expression
types and pathogenic neuronal
tissues cells
Small Only Integration Inflammatory; Limited
Capsid packaging transduces might no mammalian
mediatesa  capacity; dividing induce expression host range
Drawbacks potent requiring cells; oncogenesis during latent
inflammator  helper AdV integration in some infection;
y response  for replication might applications  transient
(eliminated  and difficult induce gene
in HD-AdVs) to produce oncogenesis expression in
pure viral in some non-neuronal
stocks applications cells

Table 2. Characteristics

of the main groups of viral vectors used for nucleic acids
delivery. Adapted from (Lee et al. 2017). Abbreviations: HD-AdVs, helper-dependent
Adenoviruses; AAV, adeno-associated virus; HSV-1, herpes simplex-1 virus.
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Adenovirus vectors present significant advantages: high transduction
efficiency with high levels of transgene expression, can be used in dividing and
non-dividing cells, broad tropism for different cells, lack of host genome
integration, large packaging capacities and availability of scalable production
systems. Furthermore, their immunogenic properties have been applied for the
development of vaccines and cancer therapies (Bulcha et al. 2021; Lee et al.
2017). In this direction, Gendicine, the first adenoviral gene therapy for cancer
was approved in China in 2003 (Pearson, Jia, and Kandachi 2004; Peng 2005),
followed by the approval of Oncorine (Garber 2006), another adenoviral vector
for cancer treatment. Later, in 2020, an Ebola vaccine based on a chimpanzee
adenovirus vector also received the approval (Johnson & Johnson 2020), and
recently, due to the global coronavirus disease 2019 (COVID-19) pandemic,
different adenovirus vector vaccines have been urgently approved (Nakagami
2021).

1.4.1.2. Adeno-associated viruses

AAVs are also icosahedra non-enveloped viruses that have a linear
ssDNA genome of approximately 4-5 kb. As their name implies, they require the
presence of a helper virus, such as an adenovirus, to complete their life cycle
(Naso 2017). There are several AAV serotypes identified, of which AAV2 is the
most widely studied. To date, although most of the population has been infected
for one or more serotypes, AAVs have not been related to any human diseases
on their own (Samulski & Muzyczka 2014).

AAV are promising gene delivery systems given their lack of
pathogenicity and immunotoxicity. Furthermore, different serotypes are available
with different cell tropisms that can efficiently infect both dividing and non-
dividing cells (Li & Samulski 2020; Santiago-Ortiz & Schaffer 2017).
Furthermore, although AAVs primarily transduce cells as episomes, AAVs can
selectively integrate their genome into chromosome 19 and produce the long-
term expression of transgenes (Deyle & Russell 2009). However, the main
disadvantage of an AAV-based vector is the limited transgene size capacity
(Samulski & Muzyczka 2014).

To date, three AAV-based therapies have been approved by FDA or EMA
agencies: Glybera™, approved for patients with LPL deficiency in 2012 by EMA,
it was the world’s first AAV-based drug, although it is currently removed from the
market due to economic concerns (Cressey 2012); Luxturna™, approved for
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RPE65-associated Leber congenital amaurosis in 2017 (Bainbridge et al. 2015);
and Zolgensma™, approved in 2019 for the treatment of spinal muscular atrophy
(Novartis 2018).

Apart from AdV and AAV, various retroviral and lentiviral vectors have
received the approval of FDA or EMA agencies for ex vivo gene therapies:
Strimvelis™ (Aiuti et al. 2017), retrovirus-mediated gene therapy to treat severe
combined immune deficiency (2016); Kymriah™(Maude et al. 2018), a lentiviral
vector to treat acute lymphaoblastic leukemia (2017); and Yescarta™ (FDA
2017), based on a retroviral vector to treat large B cell ymphoma (2017). Other
viral gene therapy-based drugs approved in the worldwide are Rexin-G (Kim et
al. 2017), a tumor-targeted retroviral vector (2007); Imlygic™ (European
Medicines Agency 2015; Pol et al. 2016), an HSV-1-based drug for melanoma
treatment (2015); and Zalmoxis™ (European Medicines Agency 2020b),
another HSV-1 vector for certain types of leukemia and lymphomas (2016)
(Goswami et al. 2019).

1.4.2. Non-viral chemical delivery systems

Chemical based methods for gene delivery are safer than viral vectors,
easier to manufacture and susceptible to modifications to enhance targeting
specificity. However, chemical methodologies can exhibit lower delivery
efficacies and some toxicity (Zhu & Mahato 2010). Extensive research in this
field have resulted in the devolvement of multitude of approaches. Some of the
most popularly chemical strategies include:

e Lipid-based vectors: in this group we find cationic lipids, structures formed
by a positively charged head group, a hydrophobic domain and a linker
connecting both domains. The cationic head interacts electrostatically with
the negatively charged DNA, forming lipoplexes. A great variety of cationic
lipids have been reported, such as N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA), N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate (DOTAP), or 3- B-[N-(N,N’-
dimethylaminoethane) carbamoyl] cholesterol (DC-Chol) (Zhu & Mahato
2010). Cationic lipids are some the most widely used vehicles for nucleic
acid delivery. Indeed, in our laboratory, most of the work in vitro has been
conducted complexing PPRHs with DOTAP (de Almagro et al. 2009, 2011).
Additionally, neutral lipids, such as the phospholipid
dioleoylphosphatidylethanolamine (DOPE) or cholesterol, have been
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included in liposomal formulations as 'helper lipids' to enhance transfection.
PEGylted lipids, lipids with polyethylene glycol (PEG) on the surfaces, are
other important components added in these vectors to optimize
pharmacokinetics and biodistribution (Samaridou et al. 2020). Over the
years, several formulations for nucleic acids delivery have been developed,
leading to the approval in 2018 of patisiran, a lipid-based nanoparticle of
siRNA for the treatment of hereditary transthyretin amyloidosis, and, more
recently, mRNA vaccines for the COVID-19 emergency (European
Medicines Agency 2020a, 2021; Jackson et al. 2020; Polack et al. 2020).

Polymeric vectors: polymers bearing a positive charged group that interact
electrostatically with nucleic acids forming complexes called polyplexes.
Diverse cationic polymers with different structures have been studied,
including polylysine, chitosan, linear poly(ethyleneimine, branched
poly(ethyleneimine), cyclodextrin, spheroidal polymers such as
poly(amidoamine) dendrimers or crosslinked polymers such as poly(amino
acid)(Pack et al. 2005; Zhu & Mahato 2010). Among these polymers, Jet-
Polyethylenimine (jetPEI) has been used as vehicle of PPRHs in in vivo
experiments, in which PPRH/POLYMER complexes were injected
intratumorally or intravenously into mice (Rodriguez et al. 2013).

Inorganic nanoparticles: a broad range of inorganic nanoparticles
approaches have been studied, including gold, silica, magnetic, lanthanide
nanoparticles, quantum dots or carbon nanotubes (Luther et al. 2020).
Nucleic acids can be loaded to the surface of inorganic nanoparticles by
different strategies including, covalent binding, electrostatic absorption or
encapsulation, depending on the material core (Conde et al. 2015).

Exosomes: phospholipid bilayer microvesicles (approximately 100 nm in
diameter) that are generated intracellularly as a result of invaginations of the
multivesicular body's limiting membrane (Van den Boorn et al. 2013).
Exosomes can be released into the extracellular space to transfer molecules
(e.g. nucleic acids, proteins, and lipids) from one cell to another via
membrane vesicle trafficking. Exosomes can cross biological membranes,
avoid phagocytosis and are considered non-toxic, thus, there is a rising
interest in their use as a nucleic acids carrier (Alvarez-Erviti et al. 2011; Liu
et al. 2015).
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Bioconjugates: The delivery of nucleic acids has been studied using
different conjugates to promote intracellular uptake (e.g. Cholesterol or Cell
penetrating peptides), to improve pharmacokinetic properties (e.g.
polyethylene glycol) or to target the oligonucleotide to specific cells/tissues
(Juliano 2016; Roberts et al. 2020). Among the different targeted conjugates
(Figure 13), some notable examples are:

- GalNAc conjugates: nucleic acids are conjugated to N-
acetylgalactosamine (GalNAc) moieties, which bind to the
asialoglycoprotein receptor 1 (ASGR1), predominantly expressed on
liver hepatocytes, and thus, ideal for liver-targeted delivery (Springer &
Dowdy 2018). In fact, three GalNac conjugated siRNAs have been
approved by FDA or EMA: givosiran (Scott 2020), for the treatment of
hepatic porphyria in 2019; lumasiran (FDA News Release 2020), as the
first treatment for primary hyperoxaluria type 1 in 2020; and Inclisiran, for
the treatment of adults with primary hypercholesterolaemia
(heterozygous familial and non-familial) or mixed dyslipidaemia in 2020
(EMA 2020).

- Antibodies: specific interactions between an antibody and a receptor
are considered a powerful tool to guide nucleic acids to specific cells.
Various receptors have been targeted using either siRNAs o ASOs
conjugated to antibodies, such as the human epidermal growth factor
receptor 2 (HER2) or the cluster differentiation 7 (CD7) (Arnold et al.
2018; Juliano 2016; Roberts et al. 2020; Song et al. 2005)

- Aptamers: the ability of aptamers to fold into defined three-dimensional
structures and specifically bind with a selected protein has also been
studied for targeted drug delivery. For instance, by conjugating a siRNA
to an aptamer directed to PSMA (Dassie et al. 2009), or by fusing a
siRNA with the human immunodeficiency virus gp120-specific aptamer
(Zhou et al. 2008).
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Figure 13: Schematic representation of different bioconjugates: (A) cholesterol-siRNA
conjugate, (B) Triantennary N-acetylgalactosamine (GalNAc) moiety conjugated to an
ASO, (C) Antibody—siRNA conjugate, (D) Aptamer—siRNA. Figure adapted from
(Roberts et al. 2020).

Among all the non-viral vectors mentioned above, in lipid-based vectors
approaches, we find the new family of cationic gemini surfactants created by
Pérez-Garcia and co-workers. The dicationic amphiphiles are formed by two
cationic heterocycles, either imidazolium (Sporer et al. 2009), pyridinium (Alea-
Reyes et al. 2017) or bipyridinium rings (Giraldo et al. 2020), linked by a 1,3-
dimethylenephenylene spacer, and hydrophobic chains incorporated to each
cationic ring. The ability of these compounds as anion nanocarriers has been
studied over the years, with promising results (Casal-Dujat et al. 2012, 2013;
Penon et al. 2017; Rodrigues et al. 2014b; Samperi et al. 2019, 2020).
Therefore, in this work, we studied a member of the cationic gemini surfactants,
the 1,3-bis[(4-oleyl-1-pyridinio)methyl]benzene dibromide (DOPY), as a non-
viral vector for the delivery of PPRHSs. This surfactant is formed by two cationic
pyridinium heterocycles connected through a 1,3-xylyl spacer and each
pyridinium ring bears a hydrophobic oleyl moiety on the position 4 (Figure 14).
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Figure 14. The structure of the cationic gemini surfactant DOPY.
1.4.3. Non-viral physical delivery systems

Physical methods transiently permeate the cell membrane to transfer
nucleic acids into the target cells by different physical forces. The most
commonly used physical strategies include (Alsaggar & Liu 2015): micro
injection, direct injection of nucleic acids into the cell cytoplasm or nucleus using
a microneedle (Capecchi 1980); biolistic particle delivery, in which nucleic
acid/gold particle conjugates are shot into cells (Klein et al. 1987);
electroporation, electric pulses generates pores on a cell membrane (Neumann
et al. 1982); sonoporation, based on ultrasounds that temporarily permeabilize
the cell membrane (Kim et al. 1996); laser-based methods, a laser pulse is
employed to generate transient pores on the cell (Shirahata et al. 2001);
magnetofection, employs a magnetic field to promote transfection of magnetic
nanoparticles complexed to nucleic acids (Scherer et al. 2002); or hydroporation,
it involves a rapid injection of a large volume of DNA solution via the tail vein in
rodents, resulting in a hydrodynamic pressure that enlarge the pores of the liver
fenestration, leading to nucleic acid transfer into hepatocytes (Liu et al. 1999).

In general, physical methods present lower efficiencies than viral vectors,
are difficult to implement at internal organs, can damage the site of application
or require specialized instruments. However, physical methods are simpler and
safer than other vectors as the nucleic acid is directly delivered into cells without
involving any cytotoxic or immunogenic substances. Another significant
advantage is that they are not limited to the transgene size (Alsaggar & Liu 2015;
Kamimura et al. 2011; Kim & Eberwine 2010).
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Of note, most of the marketed nucleic acids therapeutics have focused
on local delivery (Fomivirsen and pegaptanib, intravitreal injection; or
nusinersen, intrathecal administration) and liver delivery (Mipomersen,
defibrotide, patisiran inotersen, givosiran, Ilumasiran and inclisiran).
Furthermore, apart from the mentioned delivery strategies, several
oligonucleotide therapeutics approved are naked (Fomivirsen, pegaptanib,
mipomersen, defibrotide, eteplirsen, nusinersen, inotersen, golodirsen),
meaning that nucleic acids are delivered without a carrier, and thus, dependent
on chemical modification to improve their pharmacokinetic and
pharmacodynamic (eg. Backbone modifications, nucleobase modifications, 2’-
ribose substitutions, ribose modifications or bridged nucleic acids) (Roberts et
al. 2020). Among them, phosphorothioate (PS) oligonucleotides are one of the
most remarkable examples of backbone modifications. This modification
consists in replacing one of the non-bridging oxygens atoms of the inter-
nucleotide phosphate group with a sulfur group. These linkages protect the
nucleic acids from nucleases digestion and promotes interaction with plasma
protein, thus increasing nucleic acid stability and circulation time (Eckstein
2014). Several marketed nucleotides are based on this modification (Roberts et
al. 2020). In this direction, we decided to analyze the effect of introducing PS
bonds in a PPRH backbone, seeking to improve their stability.
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Objectives

This work is divided in two main parts, one centered on expanding the
use of PPRHSs as a gene silencing tool, and a second part focused on the search
of alternative methods for PPRHs delivery. To do so we established the following
goals:

1. To expand the use of PPRHs against relevant cancer targets and to improve
their properties. This objective is subdivided as follows:

- To validate the in vitro usage of PPRHs as a silencing tool of the
replication stress response genes WEE1 and CHK1.

- To explore the role of G4-quadruplexes in TYMS as a regulatory element
that could be targeted by PPRHs, as an additional approach to down-
regulate TYMS expression.

- To evaluate the effect of different modifications in the PPRH structure on
its activity using the antiapoptotic gene survivin as a model.

2. To test alternative methods of delivery for PPRHSs, including viral and non-
viral vectors:

- Toevaluate the efficiency of adenoviruses and adeno-associated viruses
as a delivery system for PPRHs and to study the effects of RNA-PPRHs.

- To evaluate a novel liposome formulation called 1,3-bis[(4-oleyl-1-

pyridinio)methyllbenzene dibromide (DOPY), as a new non-viral vector
for PPRHSs.
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Materials and Methods

Most of the materials and methods used in this work are described in the
articles enclosed in the “Results” section of this doctoral thesis. Nevertheless, a
description of the design of the PPRHs and the specific methodologies
corresponding to the results that are not published yet (Modifications of PPRHs
and viral delivery) are included in this section.

3.1. PPRHSs design

To find the polypurine stretches that would hybridize to the polypyrimidine
track of the target gene, we used the Triplex-forming Oligonucleotide Target
Sequence Search software (http://utwl0685.utweb.utexas.edu/tfo/ MD
Anderson cancer center, The University of Texas). BLAST analyses were
performed to confirm the specificity of the designed PPRHSs.

For inhibition of RSR genes, a total of seven PPRHs were designed.
Three directed against WEE1 (HpWEE1Pr-T, HoOWEEL1I5-C, HpWEE1E11-C)
and four against CHK1l (HpCHK1I1-C, HpCHK1I1-T, HpCHK1I10-T,
HpCHK1113-C) (Aubets et al. 2020b). In the case of TYMS, one PPRH targeting
the complementary strand of a G4 motif was synthesized (HpTYMS-G4-T)
(Aubets et al. 2020a).

To evaluate the different delivery systems, we selected a PPRH directed
against survivin previously validated both in vitro and in vivo (HpsPr-C-WT)
(Rodriguez et al. 2013). Since the PPRH would be transcribed in the form of
RNA from a viral vector, we tested the effectiveness in silencing survivin
expression by the HpsPr-C-WT sequence made out of non-modified
ribonucleotides (HpsPr-C-RNA, RNA-PPRH).

In addition, to improve the properties of PPRHs, the following
modifications were introduced and evaluated in HpsPr-C-WT:

- PS PPRH: PS linkages were introduced to the PPRH to increase its
stability (HpsPr-C-PS).
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- Substitutions in the sequence: the pyrimidine interruptions located on
the arm of the PPRH that would not bind to the target were replaced by
either (1) inosines (HpsPr-C-I) or (Il) T>C and C>T to produce C-TA or
T-CG triplets (HpsPr-C-Subs), with the aim of overcoming the limitation
of 3 interruptions in the PPRH sequence referred to its target.

- Modifications in the PPRH loop:

e Variations of the loop length: PPRHs with the same sequence,
but differing from the loop size (3T, 4T or 5T-loop) were analyzed
(HpsPr-C-3T, HpsPr-C-4T and HpsPr-C-WT, respectively).

o Watson—Crick loop: to promote the hairpin formation, we
incorporated Watson—Crick bonds in the loop by replacing the 5T-
loop by TATTA or TTTAA sequences (HpsPr-C-TATTA and
HpsPr-C-TTTAA, respectively).

As negative controls, we used polypurine scrambled hairpins (HpSC4
and HpSC®6) or hairpins formed by the same polypurine sequence that binds to
genomic DNA but linked to the reverse and complement polypyrimidine
sequence bound by intramolecular Watson—Crick bonds. The latter control,
named WC-PPRH, can exist either in the antiparallel or parallel orientation.

The PPRH sequences were synthetized as non-modified DNA or RNA
oligonucleotides by Merck (Haverhill, United Kingdom). DNA hairpins were
resuspended in sterile Tris-EDTA buffer (1 mM EDTA and 10 mM HCI-
Trishydroxymethyl-amino-methane, pH 8.0) (Merck, Madrid, Spain) and stored
at -20 °C, whereas RNA hairpins were resuspended in DEPC H»O
(diethylpyrocarbonate-treated water) (Merck, Madrid, Spain) and stored at -80 °C
until their use. The specific sequences for each of the PPRHs used in this work
and the negative controls are showed in the corresponding articles. PPRHs
sequences corresponding to modifications in the backbone and substitutions in
the sequence of HpsPr-C-WT, modifications in the loop of a PPRH, and the
negative controls, are shown in Tables 3, 4 and 5, respectively.
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Modifications in the backbone or the sequence of HpsPr-C

Name Sequence (5’-3’)

HpsPr-C-WT AGGGGAGGGATGGAGTGCAG T T _

AGGGGAGGGATGGAGTGCAG T '

AGGGGAGGGAUGGAGUGCAG U u
HpsPr-C-RNA u
AGGGGAGGGAUGGAGUGCAG U Y

HpsPr-C-PS A*G*G*GGAGGGA*TGGAG*TG*CAG T T
T
A*G*GGGAGGGAT*GGAGT*GC*AG T T

HpsPr-C-I AGGGGAGGGATGGAGTGCAG T 7

—
-

AGGGGAGGGAIGGAGIGIAG

HpsPr-C-S
AGGGGAGGGATGGAGTGCAG T T

AGGGGAGGGACGGAGCGTAG T '

Table 3. Modifications in the backbone or the sequence of HpsPr-C. The abbreviations
used in the nomenclature of the PPRHs are: Hp, hairpin; Pr, promoter; s, survivin; -C,
Coding-PPRH; RNA, ribonucleotide backbone; PS, phosphorothioate; I, Inosine; S, T>C
and C>T Substitution. The PS bonds are indicated with an asterisk, and the modified
nucleotides are depicted in red.
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Modifications in HpsPr-C loop

Name Sequence (5’-3’)
HpsPr-C-4T AGGGGAGGGATGGAGTGCAG T
AGGGGAGGGATGGAGTGCAG T
AGGGGAGGGATGGAGTGCAG T
HpsPr-C-3T T

AGGGGAGGGATGGAGTGCAG T

HpsPr-C-TATTA

AGGGGAGGGATGGAGTGCAG T a4

AGGGGAGGGATGGAGTGCAG A T

HpSPr-C-TTTAA

AGGGGAGGGATGGAGTGCAG T T

AGGGGAGGGATGGAGTGCAG A *

Table 4. Modifications in the HpsPr-C loop. The abbreviations used in the nomenclature
of the PPRHs are: Hp, hairpin; Pr, promoter; s, survivin; -C, Coding-PPRH; 4T, 4
Thymidines; 3T, 3 Thymidines. The modified nucleotides are depicted in red.

Negative controls

Name Sequence (5’-3’)
HpsPr-C-wC TCCCCTCCCTACCTCACGTC T 7T
T

AGGGGAGGGATGGAGTGCAGT T T

HpSC4
AGAGAAGAGGAAGAGAGGAAAGAGAGGAAGAGGA T 71

T

AGAGAAGAGGAAGAGAGGAAAGAGAGGAAGAGGA 1 T

HpSC6

AAGGAAGGAAGGAAGGAAGGAAGG T T
T
AAGGAAGGAAGGAAGGAAGGAAGG T T

Table 5: Name and sequence of the negative controls used. The abbreviations used in
the nomenclature of the PPRHs are: Hp, hairpin; WC; Watson-crick bonds; SC,

scrambled.
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3.2. DNA-PPRH binding analyses

The capacity of the modified PPRHSs to bind to their target sequence in
the survivin promoter was analyzed using electrophoretic mobility shift assays
(EMSA). The dsDNA probe corresponding to the target sequence of survivin was
obtained by mixing equal amounts of each single-stranded oligodeoxynucleotide
in a 150 mM NacCl solution (Forward strand, 5-
[FAM]CTGCACTCCATCCCTCCCCT-3’; Reverse strand, 5-
AGGGGAGGGATGGAGTGCAG-3’). The forward strand was labeled with FAM
(6-Carboxyfluorescein) at 5’-end. The solution was incubated at 90°C for 5 min
and then allowed to cool down slowly to room temperature (about 1h). The
duplex was resolved in a nondenaturing 20% polyacrylamide gel, visualized
using UV shadowing (254 nm) and gel-purified. DNA concentration was
determined by measuring its absorbance at 260 nm using a NanoDrop ND-1000
spectrophotometer (ThermoFisher, Barcelona, Spain).

Binding of PPRHs to their target sequence was analyzed using two
approaches: (1) by incubation of the PPRHs with a ssDNA probe, or (ll) by
incubation of the PPRH with a dsDNA probe. The ssDNA or the dsDNA probes
were incubated with the different modified PPRHs in 20 pL reaction mixtures. In
both cases, a buffer containing 10 mM MgClI2, 100 mM NacCl, 5% glycerol and
50 mM HEPES, pH 7.2 was used (Merck, Madrid, Spain). For ssDNA binding
reactions, tRNA was added as unspecific competitor, while for dsDNA binding
reactions Poly(dl:dC) was used (1:2 ratio for both cases, ng probe: ng unspecific
competitor). ssDNA binding reactions were incubated for 30 min at 37°C,
whereas dsDNA binding reactions were incubated for 30 min at 65°C. HpSC6
was used as a negative control in both cases. The products of the binding
reactions were resolved by electrophoresis in non-denaturing 8%
polyacrylamide gels (PAGE) containing 10 mM MgClI2, 5% glycerol, and 50 mM
HEPES, pH 7.2 (Merck, Madrid, Spain) at a fixed voltage of 220 V and 4°C. The
ImageQuant software v5.2 (GE Healthcare, Barcelona, Spain) and
GelQuant.NET (Biochemlabsolutions.com) were used to visualize and to
quantify the results.

3.3. RNA-PPRH binding analysis

The capacity of the RNA-PPRH to bind to its target sequence in the
promoter of survivin was analyzed using EMSA assays as described in section
3.2 DNA-PPRH binding analysis but using H.O DEPC and adding 0.5 uL of
RNAse inhibitor in each reaction.
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3.4. Plasmid vectors

To proceed to viral-vector delivery, the PPRH sequence had to be cloned

in a viral genome. Therefore, we first designed two constructs containing the
HpsPr-C-WT sequence under the control of either the U6 or H1 promoters to
evaluate their effectiveness.
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pAAV-HpsPr-C: This vector contains the HpsPr-C sequence flanked by the
restriction enzyme sites Nhel (5'-end) and Agel (3’-end), which allowed its
cloning into the AAV genome. The dsDNA sequence was designed to
contain a G for the beginning of transcription (5’-end) and a sequence of
termination for the end of the transcription (TTTTTGG) (3'-end). The vector
is under the control of H1 promoter and contains the Ampicillin resistance
gene and the Enhanced Green Fluorescence Protein (EGFP) gene. The
synthesis of this vector was ordered to the viral vector production unit (UPV,
Autonomous University of Barcelona, UAB, Spain) (Figure 15). Once the
vector was produced, it was sent to Macrogen sequencing services to
confirm that the insert was correctly cloned (forward primer: 5'-
CCCCCTCCCTATGCAAAAGC-3).

pSilencer™ 2.1-U6 neo-NR/pSilencer-NR: vector used to generate the
construct that would express the HpsPr-C-WT PPRH. The vector is under
the control of the human U6 promoter and contains both the Ampicillin
resistance and the Neomycin resistance genes. This vector was also used
as a negative control in cell viability assays.

pSilencer-HpsPr-C: This construct contains the dsDNA sequence of HpsPr-
C into the pSilencer-NR sequence. The dsDNA sequence was designed to
contain a G for the beginning of transcription (5’-end) and a sequence of
termination for the end of the transcription (3'-end).

In brief, the construct was obtained by amplifying the pSilencer-NR
vector with a pair of primers that included a specific sequence hybridizing to
pSilencer-NR plus an arbitrary sequence corresponding to one of the strands
of HpsPr-C-WT. Thus, ligation of both ends conforms the entire PPRH
sequence (Table 6). The reaction was conducted in 50 yL containing 500 ng
of pSilencer-NR, 10 pL of buffer 5x, 150 yM dNTPs (Bioline, Barcelona,
Spain), 0.5 ug forward primer, 0.5 ug reverse primer, 3.75 U One Taqg DNA
polymerase (New England Biolabs, Barcelona, Spain) and mQ H20
(SimpliAmp™  Thermal Cycler, SimpliAmp™ Thermal Cycler, Life
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Technologies, Thermo Fisher Scientific). A layer of oil on top of the mixture
was added before the PCR reaction. PCR cycling conditions were 3 min
denaturation at 94 °C; followed by 30 cycles of 30 s at 94 °C, 5 min 68°C;
and a final step of 5 min at 68°C. Then, the amplified product was resolved
by electrophoresis in a 0.8% agarose gel, electroeluted and ligated at 16 °C
overnight.

Transformation of the plasmid DNA into E. coli XL1lblue was
conducted using the heat shock method. Bacteria were plated on LB agar
plates containing Ampicillin and incubated 37°C overnight to select colonies
containing the plasmid.

To confirm that the insert was correctly cloned, resistant colonies
were grown in LB containing ampicillin at 37°C overnight and the pSilencer-
HpsPr-C DNA plasmid was obtained using the Monarch plasmid miniprep kit
(New England Biolabs, Barcelona, Spain). Then, the insert from the plasmid
was PCR-amplified (forward primer: 5-GGACTATCATATGCTTACCG
TAAC-3’; reverse primer. 5'-TGAGTTAGCTCACTCATTAGGC-3'). The
reaction was conducted in 50 pL containing 5 L of buffer 5x, 150 uM dNTPs
(Bioline, Barcelona, Spain), 0.5 ug of both primers, 200 ng of template DNA
plasmid, 1.25 U One Tagq DNA polymerase (New England Biolabs,
Barcelona, Spain). PCR (MiniCycler ™ MJ Research) conditions were 3 min
denaturation at 94 °C; followed by 30 cycles of 30 s at 94 °C, 1 min at 60 °C
and 1 min 68°C; and a final step of 5 min at 68°C. The amplified insert was
resolved in a nondenaturing 5% polyacrylamide gel, visualized by UV light
upon staining with Ethidium bromide and gel-purified. Finally, DNA
concentration was determined by measuring its absorbance at 260 nm using
a NanoDrop ND-1000 spectrophotometer and sent to Macrogen sequencing
services (forward primer: 5'-GGACTATCATATGCTTACCGTAAC-3'). The
vector map is shown in figure 16.
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Figure 15. pAAV-HpsPr-C map. The HpsPr-C-WT sequence is under the control of the
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sl (4338)
[4312]
SVA0 Promoter [}
Fspal (4DD%)
|3584)
aghz)

EcoRl (387)

UG Promoter
BamHl (731)
HpsPr-C
Hinalll {793y

MNeomycin
(1025
{9158}
Meruil {3140} et
(3101, ColE1 origin

SV40 pA

(2852)
Sspl |'2849]|, (1910
2831) [1871)

Ampiciiin

Figure 16. pSilencer-HpsPr-C map. The HpsPr-C-WT sequence is under the control of
the human U6 promoter and contains the Ampicillin resistance and the Neomycin
resistance genes. Image modified from (Thermo Fisher Scientific - ES 2003).
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Primer Sequence (5°-3’)

Forward 5- (P)TTTGACGTGAGGTAGGGAGGGGATTTTTGGAAGCTTGGCG
TAATCATGGTCATAGC-3

Reverse 5'-(P)AACTGCACTCCATCCCTCCCCTCGGATCCCGCGTCCTTTC
CACAAGATATATAAACC-3'

Table 6. Sequence of the primers used for pSilencer-HpsPr-C synthesis. The sequence
corresponding to HpsPr-C-WT is indicated in bold, the starting sequence is underlined
and in blue, the transcription terminator is underlined and in red, and the rest of the
sequence hybridize to the pSilencer ™ 2.1-U6 neo vector. Once the amplified vector
was ligated, both parts of the PPRH were also linked, thus generating the complete
PPRH structure in the vector.

3.5. Viral vector production

The batches of AAVs and AdV5 were produced in the viral vector
production unit (UPV, autonomous university of Barcelona, UAB, Spain) in
collaboration with Miguel Chillon, from the UAB.

The selection of the adequate viral vector for preliminary experiments
was conducted with different AAV serotypes (AAV1, AAV8, AAV9) and AdVs
expressing Green Fluorescence Protein (GFP) reporter gene. Then, PPRHs
were cloned in the selected AAV serotypes or AdV genomes. In total, 3 viral
vectors expressing the PPRH sequence were produced: AAV1-PPRH, AAV8-
PPRH and AdV-PPRH.

The following sequence was cloned into the AAVs or the AdV genome:
5- GTCGACTAATATTTGCATGTAGCTATGTGTTCTGGGAAATCACCATAA
ATGTGAAATGTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGAGACCAC
GCTAGCGGAGGGGAGGGATGGAGTGCAGTTTTTGACGTGAGGTAGGGA
GGGGATTITIGE TCAAGAGCCAAAAATCCCCTCCCTACCTCACGTCAAAA
ACTGCACTCCATCCCTCCCCTCEIIICCRBOEEN-3'. The colors indicate:
in green the Sall site, in yellow H1 promoter, in grey the Nhel site, red G for the
beginning of transcription, in blue the PPRH, in fuchsia the stop sequence and
in red the Agel site.
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The production of batches of AAVs were carried out in HEK293-AAV cells
by triple transfection: (i) the plasmid with the PPRH sequence, (ii) the RepCap
plasmid containing the AAV Rep and the Cap genes with the capsid proteins of
the selected serotype, and (iii) the plasmid pXX6 which contains adenoviral
genes needed as a helper virus. The AAV particles were purified by precipitation
with PEG followed by ultracentrifugation by iodixanol gradient. The titration was
evaluated by quantification by picogreen (Piedra et al. 2015).

The batches of AdV5 were produced transfecting the recombinant
adenoviral plasmid in HEK293 cells. The AdV particles were purified by double
cesium chloride gradient/ gel filtration chromatography. The titration was
evaluated by Anti-Ad/Hexon Staining, and the quantification of Adenovirus
Particles by Spectrophotometry (Puig et al. 2014).

3.6. Transfection of PPRHs

Cells were plated 24 hours before transfection. Transfection of PPRHs
consisted in mixing DOTAP (Biontex, Germany) with the corresponding amount
of the PPRH in serum-free medium up to 200 pl. After 20 min of incubation at
room temperature, the mixture was added to the cells in a final volume of 1 mL
(full medium). Oligodeoxynucleotides PPRHs (DNA-PPRHSs) were transfected
with a final concentration of 10 uM DOTAP in the cell culture media, whereas
non-modified ribonucleotide PPRHs (RNA-PPRHSs) were incubated with 15 uM
of DOTAP.

3.7. Transfection of vectors

Cells were plated in 6-well dishes one day before transfection. The
transfection consisted in incubating FUGENE®6 (Promega Biotech Ibérica, S.L,
Madrid, Spain) 5 min in serum-free medium, followed by the addition of plasmid
DNA (5 pg) and incubated 15 minutes. The ratio of FUGENE®6 (L) to DNA
plasmid (pg) was 3:1. The final volume for each reaction was 100 pL. Then, the
mixture was added to the cells in a final volume of 1 mL (full medium).

In the case of pAAV-HpSPr-C, plasmid transfection efficiency was

monitored through EGFP expression using ZOE Fluorescent Cell Imager (Bio-
Rad Laboratories, Inc, Spain).
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3.8. Transduction of human cells

Different human cells (PC-3, HeLa, HepG2, A549, SH-SY5Y and HEK-
293) were plated in 24-well dishes and infected with the corresponding AAV or
AdV in a final volume of 300 puL. The multiplicity of infection (MOI) used is
indicated in each experiment. Six hours after infection, culture medium was
added up to 1000 pL. Viruses infection efficiency was monitored through GFP
expression using ZOE Fluorescent Cell Imager (Bio-Rad Laboratories, Inc,
Spain).

3.9. Cell viability

Cells were plated in 6-well dishes (10,000), or 24-well dishes (5,000 or
7,000) in F12 medium in assays conducted with viruses. Five days after
transfection, or three after infection in the case of the viruses’ tests, 0.63 mM of
3-(4,5- dimetilthyazol-2-yl)-2,5-dipheniltetrazolium bromide and 100 uM sodium
succinate (both from Merck, Madrid, Spain) were added to the culture media and
incubated for 2.5 h at 37°C. After incubation, culture media were removed and
the lysis solution (0.57% of acetic acid and 10% of sodium dodecyl sulfate (SDS)
in dimethyl sulfoxide) (Merck, Madrid, Spain) was added. Absorbance was
measured at 560 nm in a Modulus Microplate spectrophotometer (Turner
BioSystems, Madrid, Spain). Cell viability results were expressed as the
percentage of cell survival relative to the controls.

3.10. Annexin V Apoptosis Detection kit FITC

Cells (60,000) were plated in 24-well dishes in F12 medium. One day
after transfection, the levels of apoptosis were analyzed using the
eBioscience™Annexin V Apoptosis Detection kit FITC (Thermo Fisher Scientific,
Spain). Briefly, cells were collected by trypsinization, centrifuged at 800 x g at
4°C for 5 min and washed once in PBS and once in 1X Binding Buffer. The pellet
was resuspended in 100 pL of 1X Binding buffer and 5 pL of fluorochrome-
conjugated Annexin V was added. After 15 min of incubating at room
temperature, cells were washed in 1X binding buffer, resuspended in 200 pL of
1x binding buffer and 5 pL of Propidium lodide Staining solution was added.
Then, flow cytometry analyses were performed in a Gallios flow cytometer
(Beckman Coulter, Inc, Spain) at the Techno-Scientific facilities of the University
of Barcelona. Annexin V-positive and IP-negative cells were considered as early-
stage apoptotic cells, Annexin V-positive and IP-positive as late-stage apoptotic
and necraotic cells, and Annexin V-negative and IP-negative as living cells.
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3.11. RNA extraction

Total RNA was extracted from PC-3 and HelLa cells using TRIzol® (Life
Technologies) following the manufacturer’s specifications. RNA was quantified
by measuring its absorbance at 260 nm using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific).

3.12. Reverse transcription

cDNA was synthesized in a 20 ul reaction mixture containing 1 ug of total
RNA, 125 ng of random hexamers (Roche, Spain), 500 uM of each dNTP
(Bioline, Barcelona, Spain), 2 pL of buffer (10X), 20 units of RNAse inhibitor and
200 units of Moloney murine leukemia virus reverse transcriptase (Last three
from Lucigen, Wisconsin, USA). The reaction was incubated at 42 °C for 1h.

3.13. Real-time PCR for survivin detection

A QuantStudio 3 Real-Time PCR System (Applied Biosystems,
Barcelona, Spain) was used to conduct these experiments. Survivin (BIRC5)
MRNA TagMan probe (Hs04194392_s1; Life Technologies, Barcelona, Spain)
was used to determine survivin mRNA levels and TATA-binding protein (TBP)
MRNA TagMan probe (Hs00427620_m1, Life Technologies, Barcelona, Spain)
was used as the endogenous control. The reaction was conducted in 20 pL
containing 1x TagMan Universal PCR Mastermix (Applied Biosystems), 0.5x
TagMan probe (Applied Biosystems) and 3 uL of cDNA. PCR cycling conditions
were 10 min denaturation at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1
min at 60 °C. mRNA quantification was performed using the AACt method,
where Ct is the threshold cycle that corresponds to the cycle when the amount
of amplified mRNA reaches the fluorescence threshold.

3.14. Western blot analyses for survivin detection

Total protein extracts from PC-3 cells (30,000) were obtained 24 h after
transfection, or from Hela cells (15,000) 72h after transduction. Extracts were
obtained using 100 pL of 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 8.0) supplemented with Protease inhibitor cocktail (P8340) (all from
Merck, Madrid, Spain). Extracts were incubated 5 min at 4°C and cell debris was
removed by centrifugation (16,300 x g at 4°C for 10 min).
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Whole-protein extracts (100 pg) were electrophoresed in 15% SDS-
polyacrylamide gels and transferred to Immobilon-P polyvinylidene difluoride
membranes (Merck, Madrid, Spain) using a semidry electroblotting system.
Blocking was performed using a 5% skim milk solution. Then, membranes were
probed with primary antibodies against survivin (5 pg/mL; AF886, Bio-Techne
R&D Systems, S.L.U. Madrid, Spain), or a-Tubulin (1:100 dilution; CP06, Merck,
Darmstadt, Germany). Secondary horseradish peroxidase-conjugated
antibodies were anti-rabbit (1:2000 dilution; P0399, Dako, Denmark) for survivin,
and anti-mouse (1:2500 dilution; sc-516102, Santa Cruz Biotechnology,
Heidelberg, Germany) for a-tubulin detection. Chemiluminescence was detected
with the ImageQuant LAS 4000 mini (GE Healthcare, Barcelona, Spain).
Quantification was performed using the ImageQuant 5.2 software.

3.15. Transduction efficiency

PC-3 cells, HepG2 and HEK-293 cells (60,000) were plated the day
before infection in 24-well dishes. Cells were infected with different AAV
serotypes (10° MOI). Twenty-four hours after transduction, cell images for each
condition were taken using a ZOE Fluorescent Cell Imager (Bio-Rad
Laboratories, Inc, Spain). Then, cells were collected and assayed for GFP
expression by flow cytometry in a Gallios flow cytometer (Beckman Coulter, Inc,
Spain).
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4.1. ARTICLE |

Targeting replication stress response using PolyPurine Reverse
Hoogsteen hairpins directed against WEE1 and CHK1 genes in human
cancer cells.

Eva Aubets, Véronique Noé and Carlos J. Ciudad
Biochemical Pharmacology. 2020;175:113911. (Impact factor: 4.960).

Background: RSR is one of the transduction pathways included in the
intricate network of DNA damage response (Forment & O’connor 2018). Single-
stranded DNA fragments produced by replication stress activate ATR kinase,
which initiates a phosphorylation cascade that activates WEE1 and CHK1
kinases. The activation of the RSR kinases WEE1 and CHK1 results in cell cycle
arrest, and the initiation of different mechanisms, such as DNA repair,
senescence, or apoptosis, to maintain genomic integrity (Patil et al. 2014). Most
cancer cells present high levels of replication stress (Macheret & Halazonetis,
2015) and a defective G1/S checkpoint, thus WEE1 and CHK1 inhibitors have
been proposed as therapeutic agents for cancer not only as single agents but
also in combination with radiation or other chemotherapy drugs that enhance
replicative stress (Forment & O’connor 2018; Rundle et al. 2017).

Objectives: To test the effectiveness of PPRHs as a silencing tool for
the RSR genes WEE1 and CHK1, and to assess their effect when combined
with other chemotherapies that promote replication stress.

Results: A total of seven PPRHs were designed, three directed against
WEE1 (HpWEE1Pr-T, HpWEE1I5-C, HpWEE1E11-C) and four against CHK1
(HpCHK1I1-C, HpCHK1I1-T, HpCHK1I10-T, HpCHK1113-C). All the designed
PPRHs were able to reduce cell viability to a certain extent at 100 nM and none
of the negative controls tested showed cytotoxicity. The most effective PPRHs
against each gene (HpWEE1Pr-T and HpCHK1I1-C) were also effective in
reducing cell viability in PC-3, MCF-7, SK-BR-3 and HepG2 cancer cells. In
contrast, no reduction or a minor reduction on cell viability was observed in non-
cancerous cells HEK-293 and ECV304 treated with these PPRHs. Moreover,
both PPRHs were also tested in non-human cells from Chinese hamster ovary,
whose DNA do not contain the target sequence of the PPRHs. We did not
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observe a decrease in cell viability, which highlight the specificity of these
PPRHs.

Both PPRHs, HpWEE1Pr-T and HpCHK1I1-C, induced an increase of
apoptosis and were capable of reducing the levels of mMRNA and protein for their
respective target genes in HelLa cells. When analyzing the levels of the two
CHK1 mRNA splicing variants, CHK1 and CHK1-S, there was a proportional
decrease of the two forms, thus maintaining the same expression ratio.
Moreover, PPRHSs targeting WEE1 and CHK1 also proved to disrupt cell cycle
after 15 h of treatment.

Finally, we analyzed the effect of PPRHs targeting WEE1 and CHK1
when combined with methotrexate (MTX) or 5-Fluorouracil (5-FU), two agents
that block the synthesis of dTTP de novo, and thus, increase replicative stress
(Hagner & Joerger 2010; Longley et al. 2003). PPRHs showed a synergic effect
when combined with either MTX or 5-FU.

Conclusions: This work validates in vitro the usage of PPRHs as a
silencing tool against the RSR genes WEE1 and CHK1 and corroborates the
potential of inhibiting these targets as a single agent or in combination with other
chemotherapy agents in cancer therapy.
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ARTICLE INFO ABSTRACT

Keywords: In response to DNA damage, cell cycle checkpoints produce cell cycle arrest to repair and maintain genomic
PPRH integrity. Due to the high rates of replication and genetic abnormalities, cancer cells are dependent on re-
WEE1 plication stress response (RSR) and inhibitors of this pathway are being studied as an anticancer approach. In
CHK1

this direction, we investigated the inhibition of CHK1 and WEE1, key components of RSR, using Polypurine
Reverse Hoogsteen hairpins (PPRHs) as gene silencing tool. PPRHs designed against WEEI or CHK1 reduced the
viability of different cancer cell lines and showed an increase of apoptosis in HeLa cells. The effect of the PPRHs
on cell viability were dose- and time-dependent in HeLa cells. Both the levels of mRNA and protein for each gene
were decreased after treatment with the PPRHs. When analyzing the levels of the two CHK1 mRNA splicing
variants, CHK1 and CHK1-S, there was a proportional decrease of the two forms, thus maintaining the same
expression ratio. PPRHs targeting WEEI and CHK1 also proved to disrupt cell cycle after 15 h of treatment.
Moreover, PPRHs showed a synergy effect when combined with DNA d ing agents, such as methotrexate or
5-Fluorouracil, widely used in clinical practice. This work validates in vitro the usage of PPRHs as a silencing tool
against the RSR genes WEE1 and CHK1 and corroborates the potential of inhibiting these targets as a single agent
therapy or in combination with other chemotherapy agents in cancer research.

Replication stress
Cell cycle checkpoint
DNA damage

1. Introduction

Genomic instability and mutation are one of the hallmarks of
cancer. The high frequency of mutations enables cancer cells to develop
the capability of surviving, proliferating, and disseminating [1].
Therefore, cells have evolved mechanisms to safeguard the integrity of
the genome in response to DNA damage and to avoid cancer develop-
ment [2].

Ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and
Rad3-related (ATR) kinases have a key role in initiating DNA damage
response (DDR). In the presence of DNA damage, double-strand DNA
breaks (DSBs) are detected by the MRE11-RAD50-NBS1 (MRN) com-
plex, which activates the ATM/Checkpoint Kinase 2 (CHK2) pathway.
In contrast, single-strand DNA breaks (ssDNA) are sensed by the
Replication Protein A (RPA complex) leading to ATR/Checkpoint
Kinase 1 (CHK1) pathway activation. Once ATM/CHK2 or ATR/CHK1
are activated, DDR is transduced to different effectors to produce either
a cell cycle arrest or a cell cycle checkpoint activation and to repair
DNA, or to activate programmed cell death [3-6].

Control of the G1/S checkpoint relies mainly on the ATM/CHK2

* Corresponding author at: Av. Juan XXIII # 27, 08028 Barcelona, Spain.
E-mail address: cciudad@ub.edu (C.J. Ciudad).
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pathway, since there are not significant amounts of ssDNA. In contrast,
S and G2/M checkpoints are under control of both pathways, ATM/
CHK2 and ATR/CHK1 [5,7]. Most tumors cells have a deficient G1/S
checkpoint; thus, cell cycle regulation relies on the G2/M checkpoint.
Therefore, abrogation of the G2/M checkpoint using ATR-CHK1 path-
ways inhibitors has been proposed as an anticancer strategy in cancer
cells, which have high rate of replication stress [2,8,9].

Activation of ATR and CHK1 kinases by DNA damage leads to WEE1
protein kinase activation and CDC25 phosphatase inactivation. WEE1
phosphorylates CDK1, which prevents the formation of the CDK1 —
cyclin B complex. Furthermore, inhibition of CDC25 prevents the de-
phosphorylation of CDK1 and thus the formation of the CDK1 - cyclin B
complex. The inactive form of the CDK1 — cyclin B complex activates
G2/M checkpoint and prevents the entry into mitosis to facilitate DNA
repair [2,8].

CHK1 kinase activity is also controlled by a splice variant of CHK1
called CHK1-short or CHK1-S, which lacks exon 3. CHK1-S binds to
CHK1 leading to CHK1 inhibition. In G2 phase, CHK1 levels decrease
while CHK1-S levels increase, in order to decrease CHK1 activity and to
promote mitotic entry. After DNA damage, the phosphorylation of
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Table 1
DNA sequences corresponding to the PPRHs used in the study.
Name Sequence (5'-3") Location
HpWEE1Pr-T GGGACGAGGGGCAAGAAGCGG T T
T Promoter
GGGACGAGGGGCAAGAAGCGG T T
HPWEE1I5-C GGGAGAGGAGGGAGAGACGACAAG T T - Intron 5
GGGAGAGGAGGGAGAGACGACAAG T T
T
HPWEE1E11-C GGGAGGTGGGAAAGGAGTAG T T Exon 11
GGGAGGTGGGAAAGGAGTAG T T
HPCHK1I1-T GTGGATGAGATAGAAGGGGAAGG T T T Intron 1
GTGGATGAGATAGAAGGGGAAGG T T
HPCHK111-C GGGAAGGAGGAGGGAGAGGTGGG T T - Intron 1
GGGAAGGAGGAGGGAGAGGTGGG 1 T
HPCHK1110-T AAGGAAGAAAGAGAGGAGGGAGG T T Intron 10
AAGGAAGAAAGAGAGGAGGGAGG T T
HPCHK1113-C AGGTGAGGAGGATAGGCAGA T T ” Intron 13
AGGTGAGGAGGATAGGCAGA T T
HpSC4 AGAGAAGAGGAAGAGAGGAAAGAGAGGAAGAGGA T T

AGAGAAGAGGAAGAGAGGAAAGAGAGGAAGAGGA T T

HpWEE1Pr-T-WC

HpCHK111-C-WC

GGGACGAGGGGCAAGAAGCGG T T
T
CCCTGCTCCCCGTTCTTCGCC T T

GGGAAGGAGGAGGGAGAGGTGGG T T %
CCCTTCCTCCTCCCTCTCCACCC T T

Name, sequence and location of the specific PPRHs designed against WEE1 and CHK1 and the negative controls
(HpSC4, HpWEE1Pr-T-WC and HpCHK111-C-WC). C and T refers to the type of PPRHs used, either against the

coding or the template strands, respectively.

CHK1 by ATR triggers the dissociation of CHK1-S from CHK1, which
results in CHK1 activation and G2/M arrest [10,11].

Inhibitors of the ATR-CHK1 pathway have been proposed as ther-
apeutic agents in cancer not only as single agents but also in combi-
nation with radiation or other chemotherapy drugs that enhance re-
plicative stress. Since extensive preclinical data support this approach,
different replication stress response (RSR) inhibitors have entered in
clinical stages. In the case of CHK1 inhibitors, some failed to improve
the efficacy in combination with other chemotherapies [12-14] or to
prove safety because of the nonspecific targeting [15,16]. En-
couragingly, LY2606368, MK8776, GDC-0575, SRA737 (CHK1 in-
hibitors) and AZD1775 (WEE1 inhibitor) [17,18] are currently being
tested in clinical trials, some of them with positive results [19-22].

Given the importance of CHK1 and WEE1 kinases in DDR, we
decided to design sequence specific Polypurine Reverse Hoogsteen
hairpins (PPRHs) as a new approach to silence both replicative stress
genes in a highly specific manner. The ability of PPRHs to inhibit dif-
ferent genes involved in the development of cancer has been proved in
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vitro [23-25] and in vivo [26].

PPRHs are double stranded non-modified DNA molecules formed by
two antiparallel polypurine mirror repeat sequences. These two spec-
ular domains are linked by a pentathymidine loop and bound in-
tramolecularly by reverse-Hoogsteen bonds between the purines, thus
producing a hairpin structure. A given PPRH can bind to a specific
polypyrimidine sequence of double-stranded DNA (dsDNA) by Watson-
Crick and form a triplex structure, which causes the displacement of the
fourth strand of the dsDNA [27]. That complex interferes with DNA
transcription, resulting in the specific inhibition of the target gene
[25,28]. PPRHs can be directed either to the coding strand (C-PPRHs)
or to the template strand (T-PPRHSs) in the DNA.

We also aimed to assess the effect of PPRHs directed to RSR genes
when combined with other chemotherapies that produce DNA damage.
To this end, we chose methotrexate (MTX) and/or 5-Fluorouracil (5-
FU), two agents widely used in the treatment of cancer. Both drugs have
in common the blockage of de novo synthesis of dTTP, which results in
an increase of dUTP levels and the imbalance of the dNTPs pool, thus
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increasing DNA damage. While 5-FU inhibits thymidylate synthase
(TYMS), enzyme that catalyze the conversion from dUMP to dTMP,
MTX inhibits dihydrofolate reductase (DHFR), enzyme that catalyzes
the reduction of dihydrofolate (DHF) to Tetrahydrofolate (THF), re-
quired for dTMP and purine synthesis [29,30].

The purpose of this study was to test the effectiveness of PPRHs as a
new tool to inhibit replicative stress genes WEEI and CHK1 in cancer
therapy and to sensitize tumor cells to DNA-damaging agents.

2. Materials and methods
2.1. Cell culture

HeLa (human cervical carcinoma), PC-3 (human prostate adeno-
carcinoma cells), HepG2 (human liver hepatocellular carcinoma), MCF-
7 (human breast adenocarcinoma), and SK-BR-3 (human breast ade-
nocarcinoma), HEK-293 (Human embryonic kidney cells), ECV304
(Human endothelial cell) and CHO-DG44 (Chinese hamster ovary) ob-
tained from cell bank resources from the UB, were grown in Ham F12
medium supplemented with 10% fetal bovine serum (GIBCO,
Invitrogen, Barcelona, Spain) and incubated at 37 °C in a humidified 5%
CO2 atmosphere.

2.2. Design and usage of PPRHs

The PPRHs used in this study were made up of two antiparallel
mirror repeats polypurine domains, bound by intramolecular reverse
Hoogsteen bonds, and linked by a pentathymidine loop (T5). The
Triplex-forming Oligonucleotide Target Sequence Search software
(http://utw10685.utweb.utexas.edu/tfo/ MD Anderson cancer center,
The University of Texas) was used to find the polypurine stretches,
whose complementary sequence would be the polypyrimidine tracks of
the target gene. Then, the PPRH sequences were designed by fusing the
polypurine stretch to its mirror repeat using a T5 linker. BLAST analyses
were performed to confirm the specificity of the designed PPRHs.

Three PPRHs were designed against WEE1 (HpWEEI1Pr-T,
HpWEE1I5-C, HpWEE1E11-C) targeting polypyrimidine sequences in
its promoter, intron 5 and exon 11, respectively; and 4 against CHK1
(HpCHK1I1-C, HpCHK1I1-T, HpCHK1I10-T, HpCHK1113-C), targeting
sequences in introns 1, 10 and 13. As a negative control, we used a
polypurine scrambled hairpin (HpSC4) and hairpins with in-
tramolecular Watson-Crick bonds (WC-PPRH), HpWEE1Pr-T-WC and
HpCHK1I1-C-WC, instead of Hoogsteen bonds. The PPRH sequences
designed against WEEI and CHK1 and the negative controls are shown
in Table 1 and the mechanism of action for PPRHs illustrated in Fig. 1.

The sequences were synthetized as non-modified oligodeox-
ynucleotides by Sigma-Aldrich (Haverhill, United Kingdom) and then
resuspended in sterile Tris-EDTA buffer (1 mM EDTA and 10 mM Tris,
pH 8.0) (Sigma-Aldrich, Madrid, Spain) and stored at —20 °C.

2.3. Transfection of PPRHs

Cells were plated in 6-well dishes one day before transfection in F12
medium. The transfection procedure consisted in mixing N-[1-(1,2-Di-
(9Z-octadecenoyl)-3-trimethylammoniumpropane methyl sulfate in
water (DOTAP; Biontex) with the corresponding PPRH in a molar ratio
of 1:100 (PPRH/DOTAP), (100 nM/10 uM, unless stated otherwise) and
serum free medium up to 200 pL. The mixture was incubated for 20 min
at room temperature and added to the cells in a final volume of 1 mL of
full medium.

2.4. Targeting RSR using PPRHs in combination with MTX or 5-FU
Cells were plated in 6-well dishes in RPMI medium one day before

transfection. The transfection procedure was performed as indicated in
2.3 Transfection section. Either MTX or 5-FU were added to the cells
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alone or simultaneously with the PPRH in a final volume of 1 mL. MTX
(55 mM, Pfizer, Madrid, Spain) was diluted in RPMI medium and 5-FU
(Sigma-Aldrich, Madrid, Spain) was prepared from powder as a
100 mM stock solution in DMSO and diluted in RPMI medium.

2.5. MTT assay

Cells (10,000) were plated in 6-well dishes in F12 medium. Five
days after transfection or MTX or 5-FU treatment, 0.63 mM of 3-(4,5-
dimetilthyazol-2-yl)-2,5-dipheniltetrazolium bromide and 100 pM so-
dium succinate (both from Sigma-Aldrich, Madrid, Spain) were added
to the culture medium and incubated for 2,5h at 37 °C. After incuba-
tion, culture medium was removed and the lysis solution (0.57% of
acetic acid and 10% of sodium dodecyl sulfate in dimethyl sulfoxide)
(Sigma-Aldrich, Madrid, Spain) was added. Absorbance was measured
at 570 nm in a Modulus Microplate spectrophotometer (Turner
BioSystems). The results were expressed as the percentage of cell sur-
vival relative to the controls.

2.6. Apoptosis assay

Apoptosis was determined by the rhodamine method. Briefly,
60,000 HelLa cells were transfected with the selected PPRHs and after
20 h of incubation, rhodamine 123 (final concentration 5 pg/mL)
(Sigma-Aldrich) was added to the cells for 30 min at 37 °C. Then, cells
were collected by trypsinization, centrifuged at 800 x g at 4 °C for
5 min and washed once in PBS. The pellet was resuspended in 500 pL of
PBS and Propidium Iodide was added to a final concentration of 5 mg/
mL (Sigma-Aldrich). Flow cytometry analyses were performed in a
CyAn™ ADP (Beckman Coulter, Inc, Spain) and data were analyzed
using the software Summit v4.3. Rho123-positive and IP-negative cells
were considered as living cells, Rho123-negative and IP-negative as
apoptotic cells, and Rho123-negative and IP-positive as necrotic cells.

2.7. RNA extraction

Total RNA was extracted from 30,000 HeLa cells using TRIzol® (Life
Technologies) following the manufacturer’s specifications. RNA was
quantified by measuring its absorbance at 260 nm using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific).

2.8. Reverse transcription

cDNA was synthesized by reverse transcription in a 20 pL reaction
mixture containing 1 ug of total RNA, 125 ng of random hexamers
(Roche, Spain), 500 uM of each dNTP (Bioline, Barcelona, Spain), 2 pL
of buffer (10 x), 20 units of RNAse inhibitor and 200 units of Moloney
murine leukemia virus reverse transcriptase (Last three from Lucigen,
Wisconsin, USA). The reaction was incubated at 42 °C for 1 h.

2.9. Real-time PCR

To determine WEE1 and CHKI mRNA levels, a QuantStudio 3 Real-
Time PCR System (Applied Biosystems, Barcelona, Spain) was used with
the following TagMan probes: WEE1 (Hs01119384 gl), CHK1
(Hs00967506_m1) and TATA-binding protein (TBP, used as endogenous
control) (Hs00427620_m1). The reaction was conducted in 20 uL con-
taining 1x TaqMan Universal PCR Mastermix (Applied Biosystems),
0.5x TaqMan probe (Applied Biosystems), 3 pL of cDNA and mQ H,0.
PCR cycling conditions were 10 min denaturation at 95 °C, followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C. mRNA quantification was
calculated using the AACy method, where Cr is the threshold cycle that
corresponds to the cycle where the amount of amplified mRNA reaches
the threshold of fluorescence.
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Fig. 1. Mechanism of action of a Coding-PPRH (i.e. HpCHK1I1-C) and a Template-PPRH (i.e. HpWEE1Pr-T). Both Coding-PPRHs or Template-PPRHs bind in a
sequence specific manner to the coding or the template strand of the dsDNA, respectively, leading to the displacement of the polypurine strand of the duplex and

inhibiting transcription of the specific gene.

2.10. PCR

To analyze the different splicing variants of CHKI, the following
primers described in Navjotsingh Pabla et al. [11] were used: Fw-EX2-
CHK1 in Exon-2, 5-GACTGGGACTTGGTGCAAAC-3’, Fw-EX3-CHK1 in
exon-3, 5-CTGAAGAAGCAGTCGCAGTG-3’, Rv-EX9-CHK1 in Exon-9
5-TGGGAGACTCTGACACACCA-3’ considering the sequence corre-
sponding to the transcript variant NM_001114121.2. The reaction was
conducted in 50 pL containing 5 pL of buffer 5x, 150 uM dNTPs (Bio-
line, Barcelona, Spain), 0.5 pg forward primer, 0.5 pg reverse primer,
5 pL of ¢cDNA, 1.25 U One Taq DNA polymerase (New England Biolabs,
Barcelona, Spain) and H,0 mQ. PCR (MiniCycler™ MJ Research)
conditions were 3 min denaturation at 94 °C; followed by 30 cycles of
30 sat 94 °C, 1 min at 60 °C and 1 min 68 °C; and a final step of 5 min at
68 °C. Electrophoresis was performed on a nondenaturing 5% poly-
acrylamide gels (10 cm) for 1-2 h at 150 V. Bands corresponding to PCR
products were visualized and quantified using Gel Doc™ EZ and the
Image Lab Software, Version 6.0.

2.11. Western blot analyses

HeLa cells (30,000) were plated in 6-well dishes and treated with
100 nM PPRHs as described in the Transfection section. Protein extracts
were obtained using 100 L of RIPA buffer (1% Igepal, 0.5% sodium
deoxycolate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF,
10 mM NaF and 50 mM Tris-HCl, pH 8 containing additionally the
Protease inhibitor cocktail (P8340-5ML); all the above from Sigma
Aldrich, Madrid, Spain but Tris-HCI that was from PanReac AppliChem,
Barcelona, Spain). Extracts were incubated 5 min at 4 °C and cell debris
was removed by centrifugation (16,300 x g at 4 °C for 10 min). Protein
concentrations were determined using a Bio-Rad protein assay based on
the Bradford method and using bovine serum albumin as a standard.

Protein extracts were electrophoresed on TGX Stain-Free SDS-7.5%
acrylamide gels (Bio Rad Laboratories SA, Madrid, Spain). Then, gels
were activated for 2.5 min using the Gel Doc EZ Gel Documentation
System and transferred to PVDF membranes. Total of protein trans-
ferred to the membrane was quantified using the TGX stain free
chemistry by Gel Doc EZ Gel Documentation System. Blocking was
performed using 5% Blotto. Membranes were probed overnight at 4 °C
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with primary antibodies against WEE1 (1:100 dilution; sc-5285, Santa
Cruz Biotechnology, Heidelberg, Germany) or CHK1 (1:100 dilution; sc-
8408, Santa Cruz Biotechnology, Heidelberg, Germany). Signals of both
proteins were detected by secondary HRP-conjugated anti-mouse anti-
body (1:2500 dilution; sc-516102, Santa Cruz Biotechnology,
Heidelberg, Germany). Chemiluminescence was detected with the
ImageQuant LAS 4000 mini imager (GE Healthcare) and quantification
was performed using the ImageQuant 5.2 software (GE Healthcare).

2.12. Cell cycle analyses

HeLa cells (90,000) were plated in 6-well dishes in F12 medium.
After 15 h of PPRH incubation, cells were trypsinized and collected in
1 mL of PBS. Then, cells were centrifuged at 800 x g at 4 °C for 5 min
and resuspended in 1 mL of hypotonic buffer (HB, NaCl 15 mM, KCI
60 mM, EDTA 0,5 mM, Tris-HCl 15 mM pH = 7,4 all the above from
PanReac AppliChem, Barcelona, Spain, KCl from Sigma Aldrich,
Madrid, Spain). After 5 min, triton X-100 was added to a final con-
centration of 0.1% and cells were centrifuged during 10 min at
1,200 x g. The pellet was resuspended in 300 pL of HB and samples
were incubated 15-30 min on ice with propidium iodide (Sigma-
Aldrich) at a final concentration of 25 pug/ml. Subsequently, flow cy-
tometry analyses were performed in a Gallios™ flow cytometer
(Beckman Coulter, Inc, Spain) and data were analyzed using the soft-
ware FCS express Flow Research.

2.13. Statistical analyses

Statistical analyses were performed using GraphPad Prism 6
(GraphPad Software, California, USA). All data was represented 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 (***),orp < 0.0001 (****).
3. Results

3.1. Effect of PPRHs on cell viability

Due the contribution of WEE1 and CHK1 to RSR, their inhibition is
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Fig. 2. Effect on cell viability by PPRHs directed against replicative stress response genes. All cell viability assays were conducted 5 days after transfection. (A) HeLa
cells (10,000) viability upon treatment with all the PPRHs designed against WEEI and CHK1, and the negative controls (HpSC4, HpWEE1Pr-T-WC and HpCHK111-C-
WCQ). (B) Viability of PC-3 cells (10,000) treated with the most effective PPRHs designed against WEE1 and CHK1 and the negative control. (C) Dose-response of
HpWEE1Pr-T and HpCHK111-C in HeLa cells. The cationic liposome DOTAP was used to transfect the cells using a 1:100 PPRH/Liposome ratio. However, when
transfecting PPRHs at 10 nM, 5 uM DOTAP was used. (D) Time-course of HpWEE1Pr-T and HpCHK111-C in HeLa cells, after incubating cells with 100 nM of PPRHs.
Changes of medium were conducted at 0.5, 1, 1.5, 3, 6 and 24 h and MTT assay was performed after 5 days of the transfection. Data represent the mean + SEM from
3 experiments. Statistical significance was determined using one-way ANOVA with Dunnett’s multiple comparison test for figures A and B, two-ways ANOVA with
Sidak’s multiple comparisons test for dose-response and two-ways ANOVA with Dunnett’s and time-course figures. (*p < 0.05, **p < 0.01, ***p < 0.001,

*EEp < 0.0001).

expected to result in an increase in replicative stress leading to cell
death. Therefore, all the PPRHs designed against WEE1 and CHK1 were
tested in cell viability assays individually at 100 nM in HeLa cells to
compare their effectiveness. All the PPRHs were able to reduce cell
viability to a certain extent (Fig. 2A), standing out the decrease pro-
duced by HpCHK1I1-C. The five most effective PPRHs were also tested
in the PC-3 cell line with similar results (Fig. 2B).

In addition, the most effective PPRH against each target were tested
in three additional cells lines, namely MCF-7, SK-BR-3 and HepG2.
HpCHK111-C was the most effective, causing a decrease in cell viability
of 95%, 75% and 80%, respectively.

None of the negative controls tested showed cytotoxicity. Two kind
of negative controls were used: a hairpin with a scrambled sequence
maintaining the Hoogsteen bonds (HpSC4), and hairpins with in-
tramolecular Watson-Crick bonds instead of Hoogsteen bonds
(HpWEEI1Pr-T-WC and HpCHK1I1-C-WC), which are not able to form
triplexes. These negative controls were designed to prove that when the

triplex is not formed, there is no decrease in gene expression, even if the
polypurine sequence is present. In this direction, no decrease on HeLa
cell viability was observed in the presence of these controls, indicating
that the cytotoxic effect after PPRHs treatment was due to a decrease in
gene expression.

Furthermore, we conducted cell viability assays in HEK-293 and
ECV304 cells to evaluate the PPRH-mediated viability effect in non-
cancerous cells. In ECV304 cells, the specific PPRHs targeting WEE1 did
not affect cell viability and CHK1 caused a decrease of 20%. In HEK293
cells the decrease caused by the PPRHs was 29% for WEE1, and 24% in
the case of CHK1, when using the same concentrations that caused a
more than 85% reduction in viability in HeLa cells. Additionally, we
also tested PPRHs in a non-human cell line (CHO-DG44 from hamster)
and we did not observe a significant effect on cell survival.

Then, we proceeded to perform dose- and time-dependent studies
with the most effective PPRHs for each gene, HpWEE1Pr-T and
HpCHK1I1-C, in HeLa cells. The concentrations used in dose-response
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Fig. 3. Determination of apoptosis upon PPRH
incubation for 20 h in HeLa cells (60,000).
Percentages of apoptotic cells (A) and necrotic
* cells (B) after treatment with different PPRHs
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were 10, 50 and 100 nM. Time-course assays were carried out using
100 nM of PPRHs and by changing the culture medium after 0.5, 1, 1.5,
3, 6 and 24 h upon transfection. Both PPRHs showed a dose-dependent
effect in reducing cell viability. HpCHK1I1-C was the most cytotoxic
with more than 85% reduction in cell viability at 50 nM. At this con-
centration, HpWEE1Pr-T reduced cell viability by almost a half com-
pared to control (Fig. 2C). In addition, HpWEE1Pr-T and HpCHK1I1-C
were already cytotoxic after only 3 h of cell incubation, reducing cell
viability to 60% and 19%, respectively (Fig. 2D).

3.2. Effects of PPRHs on apoptosis levels

To get an insight into the mechanism that lead to cytotoxicity in
cancer cells upon incubation with PPRHs against WEEI and CHK1, we
determined the levels of apoptosis in these conditions. After 20 h of
incubation with each PPRH, the apoptotic cell population increased
between 2 and 3-fold (Fig. 3A). Furthermore, the necrotic cells popu-
lation increased from 8% in the control cells to more than 30% in
treated cells (Fig. 3B). The negative control did not show statistical
differences compared to the control of untreated cells.

3.3. Effect of PPRHs on mRNA levels

To validate that the effects observed in cell viability and apoptosis
were caused by a decrease in gene expression, mRNA levels after the
treatment with the most effective PPRHs against WEEI and CHK1 were
determined in HeLa cells. HpWEE1Pr-T and HpCHK111-C were able to

against WEE1 and CHKI at 100 nM. The per-
centage of Rho-negative and IP-negative cells
corresponded to the apoptotic population,
whereas Rhol123-negative and IP-positive re-
presented necrotic cells. Data represent the
mean * SEM from 3 experiments. Statistical
significance was determined using a one-way
ANOVA with Dunnett’s multiple comparisons
test (*p < 0.05, **p < 0.01, ***p < 0.001,
#*¥Ep < 0.0001).

decrease the mRNA levels of their target genes 1.6 and 1,9-fold re-
spectively (Fig. 4). The negative HpSC4 control did not produce
changes in the mRNA levels of neither WEEI nor CHK1.

3.4. Effect of PPRHs on different CHK1 splicing variants

As CHK1 presents several variants due to alternative splicing, we
also examined the effect of HpCHK1I1-C on the different CHK1 forms
after 24 h of treatment. Accordingly, we amplified the ¢cDNA from
treated and not treated cells with different combinations of primers that
annealed to specific exons. Since CHK1-S splicing variant lacks exon 3,
amplification from exons 3 to 9 led to a single product of 771 pb
(Fig. 5B) whereas amplification from exon 2 to exon 9 generated the
two CHK1 splicing variants, CHK1-L (841 bp) and CHKI-S (617 bp)
(Fig. 5A). Quantification of the PCR products from exon 2 to exon 9
showed a decrease in the intensity of the two bands in treated cells
when compared to those observed in untreated cells (Fig. 5C). This
decrease was around 30-40% for both forms, resulting in no variation
in the CHK1-S/CHK1 mRNA splicing variants ratio. Quantification of
the amplicon from exon 3 to 9 from treated cells also revealed a de-
crease of its intensity, which was of 57% relative to control cells
(Fig. 5D).

3.5. Effects of PPRHs on WEE1 and CHK]1 protein levels

The determination of protein levels in HeLa cells showed a decrease
by 50% in WEE1 protein levels after 24 h incubation with HpWEE1Pr-T

Fig. 4. Effect of PPRHs on WEE1 and CHKI
mRNA levels. Hela cells (30,000) were in-
cubated with 100 nM of PPRH and 10 puM of
DOTAP. Upon transfection, RNA extraction was
conducted after 24 h for HpWEE1Pr-T (A), or
after 48 h for HpCHK1I1-C (B). The levels of
mRNA were determined by qRT-PCR and TBP
was used to normalize the results. Data re-
present the mean * SEM from 3 experiments.
Statistical significance was determined using a
one-way ANOVA with Dunnett’s multiple com-
parisons test (*p < 0.05).
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Fig. 5. Effect of HpCHK111-C on CHK1 splicing
Control HpCHK1I1-C variants in HeLa cells. PCR products obtained in

control and treated cells upon amplification
with primers Fw-EX2-CHK1 and Rv-EX9-CHK1
(A) and Fw-EX3-CHK1 and Rv-EX9-CHK1 (B).
Quantification of the intensity of bands corre-
sponding to the PCR products amplified with
Fw-EX2-CHK1 and Rv-EX9-CHK1 (C) and Fw-
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Unpaired Student’s T test for Figure D
(*p < 0.05).

k-

CHKA1 CHK1-S

(Fig. 5A) and a decrease by 45% in CHK1 protein levels after 15 h of
incubation with HpCHK1I1-C (Fig. 6B).

3.6. Effect of HOWEE1Pr-T and HpCHK1I1-C on the cell cycle

Since WEE1 and CHK1 kinases play an important role in cell cycle
regulation, we analyzed the effect of 100 nM HpWEE1Pr-T and
HpCHK1I1-C on the different phases of the cell cycle upon 15 h of in-
cubation (Fig. 7A). The values for HeLa control cells populations were
58%, 39% and 3% in G1, S and G2/M phases, respectively. HpWEE1Pr
decreased the percentage of cells in G1 phase to 49% and increased G2/
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M phase to 20.8%. In the same direction, HpCHK1I1-C reduced G1
phase to 47% and raised G2/M phase to 20.2% (Fig. 7B). Those results
proved that PPRHs directed against RSR genes disrupted the cell cycle.

3.7. Sensitization of HeLa cells to methotrexate or 5-Fluorouracil using
PPRHs

Once determined the effectivity of PPRHs to inhibit RSR genes and
their capacity to kill cancer cells, we assessed the ability of these PPRHs
to sensitize cancer cells to 5-FU or MTX. After performing a dose-r-
esponse with 5-FU, we selected the concentration of 1 puM (which
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Fig. 6. Effect of PPRHs on WEE1 and CHK1 protein levels. Proteins extracts from HeLa cells (30,000) were obtained after 24 h of transfection with 100 nM of
HpWEEI1Pr-T (A) or 15 h after transfection with 100 nM of HpCHK111-C (B). Representative images of Western blots and total protein transferred to the membranes
are shown. Protein levels were normalized using the quantification of the total protein transferred. Data represent the mean + SEM of at least 3 experiments.

Statistical significance was determined using Unpaired Student’s T test (*p <

0.05, **p < 0.01).
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incubation with PPRHs. Data represent the mean = SEM of at least 3 experiments. Statistical significance was determined using two-way ANOVA with Dunnett’s

multiple comparison test (*p < 0.05, **p < 0.01, ****p < 0.0001).

corresponded to IC30) to conduct the combination assays. In the case of
MTX, we selected a range of concentrations between 10 and 15 nM
(93-59% of remaining cell viability). For PPRHs, the concentrations
selected were 50 nM for HpWEE1Pr-T and 30 nM for HpCHK1I1-C
which by themselves produce a decrease in cell viability of < 35%.
Both PPRHs, HpWEE1Pr-T and HpCHK111-C, when incubated with ei-
ther 5-FU or MTX showed a synergic effect, as calculated by the
CompusSyn software [31]. For instance, the combination of 5-FU 1 yM
and HpCHK111-C 30 nM decreased cell viability down to 25% (Fig. 8A).
Similarly, 15 nM of MTX combined with 30 nM of HpCHK111-C reduced
cell viability to 15% (Fig. 8B).

4. Discussion

In this study, we present PPRHs as a new approach to inhibit the
replicative stress response (RSR) genes WEEI and CHKI. Different
drugs targeting DDR have proved their effectivity in vitro and in vivo in
preclinical assays as single agents or in combination with other thera-
pies. Some WEE1 or CHK1 inhibitors are currently in clinical trials and
most of them aim to sensitize different tumors to chemotherapy agents
or radiation [19-21]. So far, only Poly-ADP-ribose polymerase in-
hibitors (olaparib, rucaparib, niraparib and talazoparib) have been
approved by the Food and Drug Administration (FDA) and the Eur-
opean Medicines Agency (EMA) for cancer patients bearing a mutated
BRCA gene. This fact encourages the development and the study of new
agents targeting DDR in cancer treatments approaches [20,32-34]. In
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this direction, as an alternative approach to target DDR genes, we ex-
plored the usage of PPRHs, whose effectivity as a gene silencing tool has
been previously validated for other targets in vitro and in vivo
[24,26,28]. These molecules work at nanomolar concentration, show a
longer half-life than siRNAs, they do not activate the immunogenic
response and present great advantages in terms of economy when
compared to siRNA [35].

In the present work, we designed a set of PPRHs directed toward
different regions of the WEE1 and CHK1 genes to produce the specific
silencing of both genes. Of note, all the tested PPRHs were able to kill
HeLa cancer cells at a final concentration of 100 nM. Although hy-
pothetically an interaction between the DNA hairpin and cellular pro-
teins could not be excluded, all negative controls tested did not produce
a significant effect on HeLa cells viability, neither scrambled PPRHs nor
WC-PPRH. Moreover, PPRHs did not cause a decrease on viability in
cells lacking the target sequence such as CHO-DG44. Therefore, there
are evidences to consider that PPRHs directed to RSR produced a spe-
cific effect on gene expression and that they might not interact with
other elements that could produce a lethal effect on cells.

PPRHSs produced cytotoxicity in a variety of cancer cell lines (HeLa,
PC-3, HepG2, SK-BR-3, MCF-7). Originally, targeting RSR was a po-
tential approach in p53 defective cancer cells, since G1 checkpoint is
deficient and therefore the control of DNA damage relies on G2/M
checkpoint. However, although in some studies RSR inhibitors showed
greatest sensitivity in p53 deficient cells, some preclinical and clinical
data proved effectiveness of DDR inhibitors regardless p53 status. Thus,
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Fig. 8. Effect on cell viability when combining PPRHs directed against RSR genes with DNA-damaging agents. (A) HeLa cells (10,000) were incubated with 5-FU
(1 uM) in the absence or in the presence of HpWEE1Pr-T (50 nM) or HpCHK111-C (30 nM). (B) HeLa cells (10,000) were treated with MTX at different concentrations
(0, 10, 12.5, 15 nM) in the absence or the presence of HpWEE1Pr-T (50 nM) or HpCHK1I1-C (30 nM). Cell viability assays were conducted 5 days either after
transfection and/or after treatment with DNA-damaging agents. Data represent the mean * SEM of at least 3 experiments. Statistical significance was determined

using one-way ANOVA with Dunnett’s multiple comparison test for combinations

with 5-FU and two-way ANOVA with Dunnett’s multiple comparison test for MTX

combinations (**p < 0.01, ***p < 0.001, ****p < 0.0001). Statistical significance was determined comparing PPRHs alone to control, and comparing the effect

of DNA-damaging agent plus PPRHs to the DNA-damaging agent alone.

the role of p53 status is unclear and the efficacy of drugs targeting RSR
is studied in different type of cancers [3,20]. Nevertheless, aside from
p53, other aspects could affect the efficiency of targeting DDR. Cancer
cells with higher rates of replication would be more responsive to this
therapy relative to normal tissues, since loss of function of the ATR-
CHK1 axis produces DNA damage in replicating cells. Furthermore,
cancer cells with overexpression of oncogenes that enhance replication
stress, or with an overexpressed ATR-CHK1-WEE1 pathway to over-
come replication stress, would be potential candidates to be treated
with this approach. Finally, RSR inhibitors would be favorable in cells
with deficient DNA repair mechanisms, such as homologous re-
combination [20,36].

In cancer cells, the high rates of replication induce a stalled re-
plication fork and fork collapses. It is proposed that to repair DNA by
homologous recombination, stalled forks are cleaved, DSBs are detected
by ATM and exposed ssDNA activates the ATR-CHK1-WEE1 pathway
[36,37]. Therefore, inhibition of WEE1 and CHK1 produces an increase
in CDK activity which induces S-phase entry, leading to a shortage of
nucleotides and stalled replication forks. As a result, SLX4-MUS81 nu-
clease could generate DSBs to be detected by ATM-p53-p21 pathway.
After G2/M checkpoint abrogation, the most sensitive cells can initiate
apoptosis at S phase or early G2 phase, whereas the cells that are able to
progress to G2/M phases die due to incomplete DNA replication, to
unrepaired DNA damage and to accumulation of chromosomal breaks
that results in mitotic catastrophe [36,38,39]. These observations
would be in keeping with the accumulation in G2/M phase observed
upon inhibition of WEE1 and CHK1 by PPRHs, due to a premature entry
and prolonged mitosis with damaged DNA because of checkpoint
failure, which is the mechanism attributed to WEE1 and CHK1 in-
hibitors[40,41], and in agreement with previous results reported on the
inhibition of CHK1 [40,42] or WEE1 [40,43].

We also corroborate that inhibition of RSR genes induces apoptosis.
As mentioned above and reported in other studies [40,44], inhibition of
WEE1 and CHK1 induce cells to progress to apoptosis or to an antici-
pated mitosis without a previous DNA repair. This premature entry into
mitosis results in a mitotic catastrophe and increased DNA damage that
activates the apoptotic signaling cascade [45,46]. Accordingly, the

PPRHSs producing the highest levels of apoptosis after 20 h of incubation
were those with the highest values of cytotoxicity observed in cell
viability assays.

The loss of functionality of CHK1 and WEE1 kinases results in an
excess of replication stress exposure in cancer cells and death. Thus, the
inhibition of WEE1 and CHK1 kinases could be considered as a single
agent cancer therapy [36,39]. Moreover, since inhibition of WEE1 and
CHK1 impairs mechanisms associated to DNA repair, such as homo-
logous recombination, making cells more sensitive to DNA damage, RSR
inhibitors are also used in combination with radiation or other che-
motherapy agents that enhance replicative stress [36.47,48]. Different in
vitro, in vivo and clinical studies, that combine RSR inhibitors with other
chemotherapies, such as gemcitabine or radiotherapy, reported a sy-
nergic effect or are currently in progress [17,49,50]. In this direction, we
show that PPRHs targeting RSR, either WEEI or CHK1, can enhance the
response to DNA-damaging agents, such as 5-FU or MTX.

Mechanistically, we show that PPRHs can decrease both mRNA and
protein levels, which results in cell cycle impairment and an increase in
apoptotic cells followed by cell death. These results are consistent with
those reported in Yan Luo et al, R. Russel et al and Tang et al, where
decreases in expression produced very significant decreases in cell
viability [51-53]. Moreover, to deepen into HpCHK111-C mechanism of
action, we studied its effect on CHK1 mRNA and CHK1-S mRNA levels,
the latter a shorter variant resulting from alternative splicing, whose
role consists in repressing CHK1 and promoting mitotic entry [10,11].
The analysis of these two isoforms in HeLa cells treated with
HpCHK1I1-C did not reveal any change in the CHK1-S/CHK1 mRNA
splicing variants ratio. Since HpCHK1I1-1-C anneals to intron 1, it
probably interferes with transcription of both isoforms with no dis-
tinction, resulting in a proportional decrease of both variants.

In conclusion, in this work we have validated in vitro the usage of
PPRHs as a silencing tool for the replicative stress genes WEEI and
CHK1, both at the level of mRNA and protein, thus corroborating the
potential of targeting the RSR machinery as a cancer therapeutic ap-
proach. Thereby, we demonstrated the feasibility of using PPRHs both
as a tool for validating new targets and as pharmacological agents in
cancer therapy.
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4.1.1. Additional results to Article |

The effect of 100 nM of both HpWEE1Pr-T and HpCHK1I1-C was also
tested in three additional cancerous cell lines, HepG-2, SKBR-3 and MCF-7.
HpCHK1I1-C was the most effective, causing a decrease in cell viability of 80%,
75% and 95%, respectively (Figure 17A).

Additionally, the effect of these PPRHs was also evaluated in non-
cancerous cells lines (HEK-293 and ECV304) or in a non-human cell line (CHO-
DG44 from hamster) (Figure 17B). No significant effect was observed in ECV304
or CHO-DG44 cells incubated with 100 nM of PPRHSs targeting WEE1 or CHK1.
In HEK293 cells the decrease caused by the PPRHs was 29% for WEE1, and
24% for CHK1, when using the same concentrations that caused more than 85%
reduction in viability in HeLa cells.
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Figure 17. Effect on cell viability by PPRHs directed against the RSR genes WEE1 and
CHKZ1 on cancer cells, non-human cells and non-cancerous human cells. Cell viability
(10,000) assays were conducted 5 days after transfection. (A) HepG2, SKBR3 and MCF-
7 cells viability upon treatment with 100 nM HpWEE1Pr-T (HpWEE1Pr) and 100 nM
HpCHK1I1-C (HpCHK1I1). (B) CHO-DG44, ECV304 and HEK293 cell viability assay
upon treatment with HoWEE1Pr-T (HpWEE1Pr) and HpCHK111-C (HpCHK1I1). In each
condition 100 nM of the PPRH were used, except for HoCHK1I1-C in HEK293, where
50 nM was used. Data represent the mean + SEM from 3 experiments. Statistical
significance was determined using two-way ANOVA with Dunnett’s multiple comparisons
test (Figure A) or one-way ANOVA with Dunnett’s multiple comparisons test (Figure B)
(**p < 0.01, ***p < 0.001, **** p < 0.0001).
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4.2. ARTICLE Il

Detection of a G-quadruplex as a regulatory element in Thymidylate
synthase for gene silencing using Polypurine Reverse Hoogsteen
Hairpins

Eva Aubets”, Alex J. Félix*, Miguel Garavis, Laura Reyes, Anna Avifié, Ramén
Eritja, Carlos J. Ciudad and Véronique Noé.

# These authors contributed equally

International Journal of Molecular Sciences. 2020;21(14):5028. (Impact factor:
4.556).

Background: TYMS enzyme has been widely studied as an anti-cancer
target given its role in DNA biosynthesis (Carreras & Santi 1995). Although
different TYMS inhibitors (e.g. fluoropyrimidines or antifolates) have been
developed, their effectivity in the clinical practice has been limited due to the
development of drug resistance (Garg et al. 2010; Zhang et al. 2008). An
autoregulatory mechanism at the translational level of TYMS protein that induce
new synthesis of TYMS protein has been proposed as one of the processes that
could induce drug resistance (Chu et al. 1991). In this direction, the regulatory
elements G4s are potential candidates due to their role in gene regulation
processes. G4s are nucleic acid secondary structures located in guanine-rich
DNA or RNA sequences, which adopt square-planar arrangement of four
guanines bound by Hoogsteen hydrogen bonds.

Objectives: We aimed to identify and validate regulatory elements in the
TYMS gene that can be targeted by PPRHSs, such as G-quadruplexes, as a novel
approach to down-regulate TYMS expression. We also aimed to assess the
effectiveness of a PPRH targeting the complementary strand of a G4 motif in the
TYMS gene alone and in combination with the traditional TYMS inhibitor 5-
Fluorouracil.

Results: We first search putative G4 forming sequences using the
Quadruplex forming G-Rich Sequences (QGRS) mapper. The sequence with the
highest score (G20) was located in the 5’-UTR of TYMS. Then, we corroborated
the G4-folding of this G4-forming sequence (G4FS) in both DNA and mRNA by
different spectroscopic approaches such as circular dichroism (CD), UV
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absorbance spectroscopy (UV), fluorescence and nuclear magnetic resonance
(NMR) using synthetic oligonucleotides.

Furthermore, since TYMS protein has been reported to bind to at least
two different sites located in its own mMRNA (Chu et al. 1991, 1993), we evaluated
the possible interaction between TYMS and the G4FS. EMSA revealed that
TYMS protein could interact with the G4FS either in the form of DNA or mRNA,
whereas 2 negative control proteins (DHFR and bovine serum albumin) did not
produce any binding. Then, we designed a PPRH targeting the G4 region
(HPTYMS-G4-T). Competition assays between HpTYMS-G4-T and the TYMS
protein revealed that both compete with each other for the binding to the target
sequence in the DNA. Furthermore, Thioflavin T gel staining showed that the
PPRH bound to the corresponding dsDNA promoting G4 formation.

In HeLa cancer cells, the PPRH decreased both TYMS mRNA and
protein levels in a specific manner. This down-regulation of TYMS expression
led to a decrease in cell viability in a dose-dependent manner. It is noteworthy
that the cytotoxic effect of HpTYMS-G4-T was lower when cells were incubated
in medium containing thymidine. Furthermore, we demonstrated the synergic
effect of HpTYMS-G4-T in Hela cells treated concurrently with 5-FU.

Conclusions: In this work we identified and confirmed a G4 structure in
the S5UTR of the TYMS gene that could be involved in transcriptional and
translational autoregulation of TYMS expression. We showed that the PPRH
designed against the complementary strand of the G4FS presented therapeutic
potential as a single agent or in combination with the traditional TYMS inhibitor
5-FU. Therefore, we validated the use of PPRHSs to target G4 structures and we
provided new strategies to down-regulate TYMS expression.
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Abstract: Thymidylate synthase (TYMS) enzyme is an anti-cancer target given its role in DNA
biosynthesis. TYMS inhibitors (e.g., 5-Fluorouracil) can lead to drug resistance through an
autoregulatory mechanism of TYMS that causes its overexpression. Since G-quadruplexes (G4)
can modulate gene expression, we searched for putative G4 forming sequences (G4FS) in the TYMS
gene that could be targeted using polypurine reverse Hoogsteen hairpins (PPRH). G4 structures
in the TYMS gene were detected using the quadruplex forming G-rich sequences mapper and
confirmed through spectroscopic approaches such as circular dichroism and NMR using synthetic
oligonucleotides. Interactions between G4FS and TYMS protein or G4FS and a PPRH targeting
this sequence (HpTYMS-G4-T) were studied by EMSA and thioflavin T staining. We identified a
G4FS in the 5’'UTR of the TYMS gene in both DNA and RNA capable of interacting with TYMS
protein. The PPRH binds to its corresponding target dSDNA, promoting G4 formation. In cancer
cells, HpTYMG-G4-T decreased TYMS mRNA and protein levels, leading to cell death, and showed a
synergic effect when combined with 5-fluorouracil. These results reveal the presence of a G4 motif in
the TYMS gene, probably involved in the autoregulation of TYMS expression, and the therapeutic
potential of a PPRH targeted to the G4FS.

Keywords: G-quadruplex; PPRH; thymidylate synthase; anti-tumor therapy; 5-fluorouracil; gene silencing;
gene regulation

1. Introduction

Thymidylate synthase (TYMS) has been widely studied as an anti-cancer target due to its essential
role in the de novo synthesis of 2"-deoxythymidine-5"-monophosphate (dTMP), a critical precursor for
DNA biosynthesis. TYMS catalyzes the conversion of 2"-deoxyuridine 5-monophosphate (dUMP) to
dTMP by transferring the methyl group from the 5,10-methylenetetrahydrofolate molecule (mTHF).
Then, dTMP is successively phosphorylated to form 2’-deoxythymidine-5'-triphosphate (dTTP),
generating one of the four fundamental nucleoside triphosphates involved in DNA synthesis [1,2].

Int. . Mol. Sci. 2020, 21, 5028; d0i:10.3390/iims21145028 www.mdpi.com/journal/iims
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TYMS inhibition affects highly proliferative cells (e.g., cancer cells) and has been established
as a classic chemotherapeutic treatment during the last few decades [3]. Since its development
in 1957, the nucleobase 5-fluorouracil (5-FU) has become one of the most widely used TYMS
inhibitors for the treatment of different types of cancer, either as a single agent or in combination
with other chemotherapeutics [2,4]. Intracellularly, 5-FU is converted to 5-fluoro-2’-deoxyuridine-
5’-monophosphate (FAUMP), which is an analog of the endogenous ligand dUMP and binds to the
nucleotide-binding domain of TYMS. This FAUMP-TYMS-mTHF ternary complex inhibits TYMS
activity and leads to the suppression of dTMP synthesis, thus producing deoxynucleotide pool
imbalance, increased levels of deoxyuridine triphosphate (dUTP) and, ultimately, DNA damage [4,5].
Nevertheless, the effectiveness of fluoropyrimidines or other TYMS inhibitors is compromised by the
development of drug resistance. Some of these have been associated with high TYMS protein levels
and are thought to be related to an autoregulatory mechanism of TYMS protein that modulates its own
expression [6,7].

It has been proposed that the ligand-free TYMS protein is capable of binding to its own mRNA
and represses its own translation. Two mRNA binding sites for TYMS have been identified so far in
its mRNA: one located in the 5" untranslated region (5"UTR), containing the translational start site
(binding site I), and the other in the mRNA-coding region (binding site II) [8,9]. When TYMS protein is
bound to dUMP or TYMS inhibitors such as fluoropyrimidines or antifolates [10], it cannot bind to its
own mRNA and TYMS mRNA translation is not inhibited. This mechanism of translational regulation
would explain the increased TYMS protein levels observed in tumor resistance cells [8,10,11].

Different strategies to overcome drug resistance have been developed, including antisense
oligodeoxynucleotides (ASO) targeting different TYMS mRNA regions such as the protein binding site
I, which might be an important regulator of translation [10]. The goal in the present work was to target
other regulatory elements located in the TYMS gene, such as G-quadruplex structures (G4s). In the last
few decades, the interest in G4s as gene regulation elements for anti-tumor applications has increased
considerably [12]. G4s are nucleic acid secondary structures formed by guanine-rich RNA or DNA
sequences whose basic structural unit is called G-tetrad, a square-planar arrangement of four guanines
held together through Hoogsteen type associations. [13,14]. Stacking a minimum of two of these
G-tetrads produces the four-stranded G4 structure that is further stabilized by monovalent cations
(especially K*) and presents a high thermodynamic stability under physiological conditions [15].
G4s may have animportant role in controlling different biological processes such as DNA replication [16],
telomere maintenance [17] and mRNA transcription, processing and translation [18,19]. For this reason,
Gd4s are mainly found in regulatory regions such as promoters, 5UTRs, splicing sites and telomeres [20].

Here, we targeted a G4 forming sequence (G4FS) in the 5’'UTR of the TYMS gene using a gene
silencing tool developed in our laboratory named polypurine reverse Hoogsteen (PPRH) hairpins [21].
These molecules are non-modified single-stranded oligodeoxynucleotides formed by two antiparallel
polypurine mirror repeat domains linked by a five-thymidine loop (5T). The intramolecular linkage
consists of reverse Hoogsteen bonds between the purines, forming the hairpin structure. PPRHs can
bind in a sequence-specific manner to polypyrimidine targets in the double-stranded DNA (dsDNA)
via Watson—Crick bonds, thus producing a triplex structure and displacing the fourth strand of the
dsDNA. This local distortion of the dsDNA leads to a transcriptional disruption that provokes the
knockdown of the targeted gene [22]. Therefore, it is essential for PPRH design to find polypyrimidine
tracts within the target gene sequence, which are mainly present in promoter or intronic regions [23].
During the last decade, we have used PPRHs as gene silencing tools for anti-cancer therapy [22,24-27],
immunotherapy approaches [28-30] and targeting genes involved in resistance to chemotherapeutic
drugs like methotrexate [31].

In this work, we identified and validated a G4 structure in the TYMS gene that can be targeted by a
PPRH as a new approach to down-regulate TYMS expression. Treatment with this DNA hairpin was very
effective against human cancer cells, and it acted synergistically when administered together with 5-FU.
Additionally, we aimed to study the role of this G4 structure in the modulation of TYMS expression.
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2. Results

2.1. Detection of a G4 Structure in the 5’UTR of TYMS

We searched G4FSs that could modulate TYMS expression using the quadruplex forming G-rich
sequences (QGRS) mapper (Figure 1A). The sequence with the highest score (G20) was found in
the 5'UTR of this gene (Figure 1B), according to reference [32] and in agreement with the human
TYMS mRNA sequence NM_001071.3. However, in the last sequence version available in the NCBI
gene database (NM_001071.4), the 5’UTR has been shortened (—69 nt) and the G4FS is excluded
from the 5’'UTR. Therefore, we carried out PCR reactions from either genomic or reverse transcribed
DNA in order to test whether this G4FS was positioned in this untranslated region. Both genomic
DNA (gDNA) and cDNA samples originated a main product of 184 bp (Figure 1C), thus confirming
that the identified G4FS was actually located within the 5’"UTR of the TYMS gene and not in the
promoter. Moreover, we confirmed by sequencing that the 184 bp PCR product amplified from the
c¢DNA sample corresponded to the 5'UTR sequence containing the G4FS. The human TYMS mRNA
sequence (NM_001071.3) was subjected to the Triplex-Forming Oligonucleotide (TFO) searching
tool [33]. The output (Figure 1D) was confronted with the list obtained with the QGRS mapper
(Figure 1A). The matching sequence was used to design the PPRH targeting the G4FS (HpTYMS-G4-T)
to decrease TYMS expression (Figure 1E). The mechanism of action of HpTYMS-G4-T is depicted
in Figure 1F.

2.2. G4 Structure Confirmation in Both RNA and DNA

Next, we proceeded to confirm whether the G4FS (ssDNA-G4-Fw and RNA-G4) could form a G4
structure using different spectroscopic approaches such as circular dichroism (CD), UV absorbance
spectroscopy (UV) and fluorescence and nuclear magnetic resonance (NMR) using synthetic
oligonucleotides. UV absorbance and CD spectroscopies have played important roles in the verification
of G-quadruplex folding [34,35]. Denaturation or melting curves recorded at 295 nm are commonly
used to determine the thermodynamic properties of G-quadruplex [34]. In addition, a thermal
difference spectrum (TDS) (absorption difference between unfolded and folded form) is applied in
order to confirm the existence of G-quadruplex structures and differentiate them from other DNA
structures such as duplexes or triplexes [36].

Oligonucleotides ssDNA-G4-Fw and RNA-G4 (Table 1) contain the G4FS identified by the QGRS
mapper (Figure 1A,B) in both DNA and RNA backbones. The melting curves of these oligonucleotides
were recorded in two different buffers. One of them, K* solution, contains a relatively large amount
of potassium, which has been described to stabilize the G-quadruplex structure. The other is a
phosphate-buffered solution (PBS) containing sodium cations. The thermal denaturation profiles
exhibited hypochromism at 295 nm with increasing temperature, indicating the denaturation of a
potential G-quadruplex structure. Both denaturation curves showed similar melting profiles with
similar melting temperatures, being 37 °C in K* solution, which is slightly higher than in PBS (35 °C) for
ssDNA-G4-Fw. RNA-G4 showed similar behavior, with increased stability compared to ssDNA-G4-Fw,
47 °C in K* buffer and 40 °C in PBS. TDS, especially in K* buffer, showed the spectra profile assigned
to a G-quadruplex with maxima around 243 and 273 and minima at around 295 nm [36] (Figure S1).

CD spectra were recorded using the same buffers (Figure 2A,B). Spectra were indicative of hybrid
G-quadruplex, with positive bands at ~260 and 295 nm and a negative band at 245 nm for ssDNA-G4-Fw
(Figure 2A), and a parallel G-quadruplex structure with positive bands ~260 and a negative band at
245 nm for RNA-G4 (Figure 2B). A schematic illustration of the possible G-quadruplex structure of
RNA-G4 is shown in Figure 2C.
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Figure 1. Identification of a G4FS in the TYMS gene and design of a PPRH targeting this site. (A) Putative
G4-forming sequences detected in the TYMS gene using the QGRS mapper. The positions of the
identified G4FS are referred to as the transcription start site considering the TYMS mRNA sequence
NM_001071.3. The blue underlined Guanines (Gs) represent the ones implicated in G4 formation.
(B) Localization of the G4FS with the higher G-score in the TYMS gene sequence (NM_001071.3).
The orange highlighted sequence corresponds to G4FS. (C) The G4FS is located in the 5’'UTR of the
TYMS gene. PCR products (184 bp) obtained after amplification with primers 5"UTR-TYMS-Fw and
5'UTR-TYMS-Rv of both gDNA and cDNA/RNA samples. PCR products were resolved in a 6%
polyacrylamide gel electrophoresis. (D) The first two polypurine sequences found in TYMS mRNA
using the TFO searching tool. (E) Sequence of the specific PPRH targeting the G4FS (HpTYMS-G4-T),
its corresponding Watson—Crick negative control (HpTYMS-G4-T-WC) and a scramble negative
control (HpSC4). (F) Scheme showing the potential strand displacement produced when the PPRH
(HpTYMS-G4-T) is mixed with dsSDNA-G4FS. The formation of the antiparallel triplex by binding of
the PPRH to the polypyrimidine oligonucleotide dissociates the polypurine oligonucleotide.
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Table 1. Oligonucleotides used in this study.

Name Sequence (5'-3") Length Assay
5'UTR-TYMS-Fw GAGCAGGAAGAGGCGGAGCG 20 PCR
5'UTR-TYMS-Rv GCAGCTCCGAGCCGGCCACAGG 22 PCR

APRT-Ex1-Fw CACCCCAGGCGTGGTATTCA 20 PCR
APRT-Ex2-Rv CTGCGATGTAGTCGATGCGG 20 PCR
TYMS-Fw CCTCGGTGTGCCTTTCAACATC 22 qPCR
TYMS-Rv GGTCTGGGTTCTCGCTGAAGC 21 qPCR
PPIB-Fw GGAGATGGCACAGGAGGAAA 20 qPCR
PPIB-Rv CGTAGTGCTTCAGTTTGAAGTTCTCA 26 qPCR
RNA-G4 GGGAAAAGGCGCGCGGAAGGGG 22 EMSA, CD, UV, Flu
ssDNA-G4-Fw-E GGGAAAAGGCGCGCGGAAGGGG 22 EMSA
ssDNA-G4-Rv-E CCCCTTCCGCGCGCCTTTTCCC 22 EMSA
ssDNA-G4-Fw CGGGAAAAGGCGCGCGGAAGGGGT 24 TGS, CD, UV, Flu, NMR
ssDNA-G4-Rv ACCCCTTCCGCGCGCCTTTTCCCG 24 TGS

PCR (polymerase chain reaction), qPCR (quantitative PCR), EMSA (electrophoretic mobility shift assay), CD (circular
dichroism), UV (UV absorbance spectroscopy), Flu (thioflavin T fluorescence spectroscopy), Thioflavin T gel staining
(TGS), NMR (nuclear magnetic resonance).
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Figure 2. Structural characterization of G4FS in both RNA and DNA oligonucleotides. CD spectra of
ssDNA-G4-Fw (A) and RNA-G4 (B) in K* buffer (blue line) and PBS (red line) at 20 °C, showing a shape
consistent with the formation of G-quadruplex structures. (C) llustration representing the G-quadruplex
folding of the G4-RNA sequence. Each color dot represents a ribonucleotide: adenine (rA), citosine (rC)
and guanine (rG). (D) Imino region of monodimensional 'H-NMR spectra of ssDNA-G4-Fw in H,O/D,0O
(90:10) at different temperatures. The spectra show signals between 10 and 12 ppm, characteristic of
imino protons taking part in G-tetrads. Buffer conditions: 25 mM KPi pH 7, 100 mM KCl.
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The imino region of the one-dimensional TH-NMR spectrum (Figure 2D) of ssDNA-G4-Fw showed
signals between 10 and 12 ppm, which are within the range of the chemical shifts of guanine imino
protons involved in G-tetrads. The signals observed between 12 and 13 ppm belong to imino protons
forming GC Watson—-Crick base pairs. Most probably, these signals are due to the formation of G:C:G:C
tetrads within the G-quadruplex. Such tetrads, resulting from the association of two G:C base pairs,
are not unusual and accommodate well between G:G:G:G tetrads [37]. All the imino signals remained
visible at 45 °C (Figure 2D), indicating the remarkable thermal stability of the structure, which is
frequent for G-quadruplexes [15].

Thioflavin T (ThT) is an efficient fluorescent sensor of G-quadruplex and it has been used
to discriminate G-quadruplex structures from other structures [38]. To this end, we carried out
fluorescence spectra titrations by adding the oligonucleotide (ODN) dissolved in PBS to a solution of ThT.
We observed an increase in fluorescence with increasing concentrations of the ODN, which enables us to
determine an association constant following the method described in the literature [39]. The association
constants for ssDNA-G4-Fw were found to be 2.72 x 10° and 2.90 x 10° for RNA-G4, both in the range
of the values described for other G-quadruplexes [38] (Figure S2).

2.3. TYMS Protein Binds to the G4FS

To study the possible binding of the TYMS protein to the G4FS contained in the 5'UTR of the
TYMS gene, we performed different electrophoretic mobility shift assays (EMSA) using radioactively
labeled ssDNA-G4-Fw-E or RNA-G4 oligonucleotides (Table 1).

In the case of ssDNA-G4-Fw-E, we observed three shifted bands—two with high molecular
weight—when incubating the probe with purified TYMS protein (Figure 3A, lane 2). In a similar way,
incubation of a nuclear extract from cervical carcinoma cells (HeLa) with the probe produced the same
shifted bands (Figure 3A, lane 3-4) that could correspond to the binding of the TYMS protein present
in the nuclear extract. In contrast, the incubation of the ssDNA-G4-Fw-E probe with either bovine
serum albumin (BSA) or dihydrofolate reductase (DHFR) proteins as negative controls did not show
any shifted bands (Figure 3A, lane 5-6). Therefore, TYMS protein specifically binds to the G4FS located
in the 5'UTR of the TYMS gene.

Since we observed the binding of the TYMS protein to the ssDNA-G4-Fw-E probe, we checked
whether this binding could occur using the RNA sequence corresponding to the same GA4FS.
The incubation of TYMS protein with the RNA probe (RNA-G4) showed three shifted bands
(Figure 3B, lane 2), thus demonstrating that TYMS protein binds to this particular G4FS located
in the 5’'UTR of its own mRNA. The incubation of the probe with the BSA protein did not produce any
binding (Figure 3B, lane 3).

2.4. TYMS Protein and HpTYMS-G4-T Compete to Bind to the G4FS in the dssSDNA

Since TYMS protein can also be found in the cell nucleus, we explored the possible binding of this
protein to the dsDNA corresponding to the G4FS. In these experiments, we observed a unique shifted
band when incubating the dsDNA-G4-E probe (prepared by hybridization of ssDNA-G4-Fw-E and
ssDNA-G4-Rv-E, Table 1) with TYMS protein (Figure 4A, lane 2). The intensity of this shifted band
was increased when a higher amount of TYMS protein was added to the reaction (Figure 4A, lane 3).
Additionally, the incubation of the probe with a HeLa nuclear extract (2 ug) produced a shifted
band with the same mobility as the one obtained with purified TYMS protein (Figure 4A, lane 4).
We confirmed that the binding of TYMS protein to the G4FS was specific since incubation with BSA or
DHER proteins did not produce any shifted bands (Figure 4A, lane 5-6).
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Figure 3. Binding of TYMS protein to the G4FS mRNA. EMSAs using 32P-radiolabeled ssDNA (A)
or RNA (B) probes corresponding to the G4FS. (A) Lane 1, ssDNA-G4-Fw-E probe alone; lane 2,
ssDNA-G4-Fw-E plus TYMS protein (1.5 ug); lane 3 and 4, ssDNA-G4-Fw-E plus nuclear protein extract
(2 pg) in duplicate; lane 5, ssDNA-G4-Fw-E plus BSA protein (2 ug); lane 6, ssDNA-G4-Fw-E plus
DHER protein (2 pg). (B) Lane 1, RNA-G4 probe alone; lane 2, RNA-G4 plus TYMS protein (1.5 ug);
lane 3, RNA-G4 plus BSA protein (2 pug). Arrows indicate the shifted bands corresponding to the
different molecular species.

Next, we designed the PPRH sequence (HpTYMS-G4-T) against the homopyrimidine
complementary sequence of G4FS (Figure 1E). Then, we demonstrated that this PPRH oligonucleotide
was able to bind the dsDNA-G4-E probe, observing one shifted band whose intensity increased
depending on the amount of HpTYMS-G4-T added to the reaction (10, 30 or 60 ng) (Figure 4B, lane 2—4).
We also performed a competition assay between HpTYMS-G4-T and TYMS protein. To do so, different
amounts of HpTYMS-G4-T (10, 30 and 60 ng) were added to the binding reaction, together with a fixed
amount of TYMS protein, showing a decrease in the intensity of the shifted band, corresponding to the
binding of TYMS protein to the probe (Figure 4B, lane 5-8). Interestingly, the shifted band corresponding
to the binding of HpTYMS-G4-T to the probe reappeared, and its intensity was proportional to the
amount of HpTYMS-G4-T added to the reaction (Figure 4B, lane 5-8). Therefore, we demonstrated
that HpTYMS-G4-T and TYMS protein bind to the same G4FS site in the dsDNA.
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Figure 4. Binding of TYMS protein to the 3?P-radiolabeled dsDNA probe corresponding to the G4FS.
(A) Lane 1, dsDNA-G4-E probe alone; lane 2, dsDNA-G4-E plus TYMS protein (1.5 ug); lane 3,
dsDNA-G4 plus TYMS protein (3 pg); lane 4, dSDNA-G4-E plus HeLa nuclear protein extract (NE)
(2 ug); lane 5, dSDNA-G4-E plus BSA protein (2 pg); lane 6, dSsSDNA-G4-E plus DHFR protein (2 pg).
(B) Competition assay between the TYMS protein and the HpTYMS-G4-T for the binding to the G4FS
in the dsDNA. Lane 1, dsDNA-G4-E probe alone; lane 2, dsSDNA-G4-E plus HpTYMS-G4-T (10 ng);
lane 3, dsDNA-G4-E plus HpTYMS-G4-T (30 ng); lane 4, dsDNA-G4-E plus HpTYMS-G4-T (60 ng);
lane 5, dsDNA-G4-E plus TYMS protein (1.5 pg); lane 6, dsDNA-G4-E plus TYMS protein (1.5 pg)
competed with HpTYMS-G4-T (10 ng); lane 7, dsSDNA-G4-E plus TYMS protein (1.5 ug) competed with
HpTYMS-G4-T (30 ng); lane 8, dsDNA-G4-E plus TYMS protein (1.5 ug) competed with HpTYMS-G4-T
(60 ng). Arrows indicate the shifted bands corresponding to the different molecular species.

2.5. HpTYMS-G4-T Promotes the Formation of the G4 Structure

HpTYMS-G4-T was designed to bind to its polypyrimidine target sequence in the dsDNA and
form a DNA triplex. This would displace the G-rich sequence of the duplex that consequently could
fold into a G4 structure (Figure 1F). To verify this possibility, the products of different binding assays
were separated on a nondenaturing gel (Figure 5), which was then stained with ThT to detect the
G4 structures formed [40]. The ssDNA-G4-Fw sequence was stained by ThT, as expected for a G4
structure (Figure 5A, lane 1), while dsDNA-G4 (hybrid from ssDNA-G4-Fw and ssDNA-G4-Rv) did
not (Figure 5A, lane 2). The PPRH HpTYMS-G4-T was also detected by ThT staining, which is
consistent with the fact that its sequence contains two repeats of G4-Fw and thus is able to fold into G4
structures. The PPRH samples showed a strong band and a shadow since they can adopt different
conformations [24,41] (Figure 5A, lane 3). Incubation of dsDNA-G4 concurrently with the PPRH led to
the formation of two extra bands, the upper corresponding to the ssDNA-G4-Rv/PPRH DNA triplex
and the lower corresponding to the ssDNA-G4-Fw strand displaced from dsDNA-G4, which did
form a G4 structure (Figure 5A, lane 4). As a negative control, we incubated ssDNA-G4-Rv, which is
not a G4FS and, consequently, was not stained with ThT (Figure 5A, Lane 5). In addition, we used
HpTYMS-G4-T-WC, a hairpin intramolecularly bound by Watson-Crick base pairs and thus not able
to produce the DNA triplex and to displace the fourth strand. Accordingly, we did not observe the
formation of the triplex between HpTYMS-G4-T-WC and the dsDNA-G4 (Figure 5A, lane 7). However,
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since one of the domains of HpTYMS-G4-T-WC still contains a G4FS, the oligonucleotide was also
stained by ThT (Figure 6A, lane 6). Then, after staining the same gel with ethidium bromide (EthBr),
the species corresponding to dsDNA-G4 (Figure 5B, lane 2, lane 4 and lane 7) and ssDNA-G4-Rv
(Figure 5B, lane 5) were visualized. G4 structures were also detected when ThT was directly added to
the different binding assays incubations instead of electrophoresing the samples and staining the gel

afterwards (Figure 5C).

UV Visible
A c light light
ssDNA-G4-Fw
dsDNA-G4
dsDNA-G4+HpTYMS-G4-T
B HpTYMS-G4-T
ssDNA-G4-Rv
ssDNA-G4-Fw
dsDNA-G4 + + +
HpTYMS-G4-T + +
ssDNA-G4-Rv +
HpTYMS-G4-T-WC + +

Figure 5. DNA binding assays and G4 structure detection using ThT. Samples incubated at 90 °C
were cooled down slowly to room temperature and loaded in a nondenaturing 12% acrylamide gel
supplemented with 10 mM KCl. The gel was visualized under UV light after ThT staining (A) and
EthBr staining. (B) Lane 1, ssDNA-G4-Fw alone; lane 2, dSDNA-G4 alone; lane 3, HpTYMS-G4-T alone;
lane 4, dsDNA-G4-2 plus HpTYMS-G4-T; lane 5, ssDNA-G4-Rv alone; lane 6, HpTYMS-G4-T-WC
alone; lane 7, dsDNA-G4 plus HpTYMS-G4-T-WC. (C) G4 detection in samples directly incubated with
ThT and visualized under UV light. Samples were prepared as indicated in Section 4.11 of Materials
and Methods but containing 1 uM of each oligonucleotide. When samples reached room temperature,
8 uM of ThT was added and samples were visualized under UV light lamp or visible light.

A B Cc
1.2 Control HpTYMS-G4-T

1.2

35 PRI I TYMS
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Figure 6. Effect of HpTYMS-G4-T on the levels of TYMS mRNA and protein. Hela cells (30,000)
were incubated with 100 nM of HpTYMS-G4-T. (A) TYMS mRNA levels 24 h and 48 h after
transfection; RNA levels determined by RT-qPCR. Cyclophilin B (PPIB) was used to normalize
the results. Statistical significance was determined using one-way ANOVA with Dunnett’s multiple
comparisons test (*** p < 0.001, *** p < 0.0001). (B) TYMS protein levels in HeLa cells after 24 h of
transfection. Statistical significance was determined using an unpaired Student’s T test (** p < 0.01).
Tubulin protein levels were used to normalize the results. (C) Representative images of Western blots.
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2.6. Effect of HpTYMS-G4-T on the Levels of TYMS mRNA and Protein

To confirm a specific decrease in TYMS gene expression, TYMS mRNA levels in cervical carcinoma
cells (HeLa) treated with HpTYMS-G4-T for 24 h or 48 h were analyzed. Cells incubated with
HpTYMS-G4-T showed a decrease in TYMS gene expression, both at 24 h and 48 h (1.6-2.1-fold decrease
relative to control) (Figure 6A). In addition, a 65% decrease in TYMS protein levels was observed after
24 h of incubation with the HpTYMS-G4-T (Figure 6B,C).

2.7. Effect of HpTYMS-G4-T as a Single Agent or Combined with 5-FU on HeLa Cell Viability

Since TYMS is involved in the de novo synthesis of dTTP, inhibition of TYMS expression using
HpTYMS-G4-T was expected to reduce the viability of cancer cells and to produce a higher effect
when the incubation was carried out in thymidine deficient medium. Therefore, HpTYMS-G4-T
was incubated either in the presence or in the absence of thymidine. The PPRH was cytotoxic in a
dose-dependent manner in both media, whereas HpSC4 did not produce any effect on cell viability.
The highest cytotoxicity was reached at 100 nM in the absence of thymidine, with less than 5% of the
viable cells remaining (Figure 7A). Once the effectiveness of HpTYMS-G4-T was established, we studied
the effects of combining this specific PPRH with 5-FU, a classic inhibitor of TYMS protein. The PPRH
(15 nM) presented a synergic effect when combined with different doses of 5-FU (0.3, 1 and 3 uM),
reducing cell viability down to 38%, 30%, and 14%, respectively (combination index calculated by the
CompusSyn software [42]) (Figure 7B).
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Figure 7. Effect on HeLa cell viability of HpTYMS-G4-T. (A) Dose-response of HeLa cell viability
upon treatment with the HpTYMS-G4 and the HpSC4 in the absence (RPMI medium) or presence of
thymidine (F12 medium). (B) Effect on cell viability when combining HpTYMS-G4-T with 5-FU. HeLa
cells were treated with 5-FU at different concentrations (0.3, 1, 3 uM) in the absence or presence of
HpTYMS-G4-T (15 nM). Statistical significance was determined using two-way ANOVA with Sidak’s
multiple comparisons test (*** p < 0.001, *** p < 0.0001). When combining the PPRH with 5-FU,
statistical significance was estimated by comparing the effect of the PPRH alone to the control or
comparing the effect of 5-FU plus PPRH to 5-FU alone. When transfecting the PPRH at 100 nM, 10 uM of
DOTAP was used, whereas for 15 nM or 30 nM of PPRH, 5 uM DOTAP was employed.

As a control, the influence of 5-FU as a single agent on TYMS expression was also addressed.
HeLa cells incubated for 24 h with 3 uM of 5-FU showed a slight increase in TYMS mRNA levels,
which were re-established after 48 h. At the protein level, a three-fold increase in total TYMS protein
was observed after 24 h (Figure S3). These results are in agreement with [43-45].

2.8. Effect of HpTYMS-G4-T on PC-3 Cell Viability and mRNA Levels

We further examined whether the antiproliferative effect of HpTYMS-G4-T on HeLa cells was
reproducible in other human cancer cell lines. HpTYMS-G4-T also produced a decrease in the viability
of prostate adenocarcinoma cells (PC-3) in a dose-response manner, with only 4% of the viable cells
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remaining at a concentration of 100 nM of PPRH (Figure 8A). In addition, after 24 h of transfection,
PC-3 cells treated with 30 nM or 100 nM of HpTYMS-G4-T showed a 45% and 60% decrease in TYMS
mRNA levels relative to the control, respectively (Figure 8B).
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Figure 8. Effect of HpTYMS-G4-T on cell viability and TYMS mRNA levels in PC-3 cells. (A) Dose-response
of PC-3 cell viability upon treatment of HpTYMS-G4-T in the presence of thymidine. (B) TYMS mRNA
levels. After 24 h of transfection, RNA extraction was conducted and RNA levels determined by
RT-qPCR. PPIB was used to normalize the results. Statistical significance was determined using
one-way ANOVA with Dunnett’s multiple comparisons test (** p < 0.01, *** p < 0.0001).

3. Discussion

In this work, we describe the effects of a PPRH targeting a polypyrimidine strand complementary
to a newly identified G4 motif present in the 5’"UTR of the TYMS gene, whose encoded protein is a
classical anti-cancer target due to its role in DNA synthesis [2]. Since it is known that G4 structures can
be important gene regulatory elements, we searched for G4 structures in the TYMS gene using the
QGRS mapper, a computational tool for the prediction of quadruplex forming G-rich sequences [12,46].
The spectroscopic experiments carried out in this work confirmed that the G4FS detected in the 5’UTR
of the TYMS gene by the QGRS mapper fold into a G4 structure as both RNA and DNA.

Since there was a discrepancy in the extension of the 5’'UTR sequence of the human TYMS mRNA
in the last two accession numbers (NM_001071.4 and NM_001071.3) available in the NCBI database,
we verified by PCR and RT-PCR that the G4FS identified in this work was actually located in the 5UTR
of the TYMS gene and not in its promoter sequence, in agreement with the original sequence for the
TYMS gene reported in [32].

Interestingly, some metabolic enzymes have been described as multifunctional proteins performing
distinct biochemical functions in the cytoplasm and nucleus, which are involved in transcriptional,
posttranscriptional and translational regulation. Among them, we find glyceraldehyde 3-phosphate
dehydrogenase, arg 5,6, enoyl-CoA hydratase, lactate dehydrogenase, threonyl-tRNA-synthetase,
dihydrofolate reductase and Thymidylate synthase [47-49]. Moreover, it has been demonstrated that
GA4FS are putative protein binding regions that can act as regulatory elements of gene expression [12].
For these reasons, we aimed to study whether TYMS protein could directly interact with the G4FS
present in its own 5'UTR (TYMS-G4FS). Since TYMS is a self-mRNA targeting protein binding to at least
two different sites and inhibiting its own translation [8,9], we also evaluated the possible interaction
between TYMS and the G4FS as mRNA species. This was confirmed by EMSA, thus proving that this
protein has another binding site in its own mRNA that could also correspond to a translational regulator.

In addition, we explored whether TYMS protein was also interacting with the dsDNA formed
by the TYMS-G4FS and its complementary strand, as this interaction could be important for the
regulation of gene expression at the transcriptional level. EMSAs showed the specific binding of TYMS
protein to the G4FS site, both as dsDNA and ssDNA. The same G4FS site, through its polypyrimidine
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tract, was targeted by the binding of the designed PPRH (HpTYMS-G4-T), which caused a decrease
in the expression of TYMS. These results suggest that TYMS protein could be involved in its own
transcriptional regulation upon binding to this G4FS site.

Altogether, the observed interactions between TYMS protein and G4FS, either as mRNA or DNA,
highlight that this site could be involved in translational and transcriptional regulation. Moreover,
it has been previously demonstrated that C-MYC [50], p53 [51,52] and IFN-induced 15 kDa protein [53]
mRNA translation is also controlled by TYMS, highlighting the important role of TYMS protein
regulating not only its own expression but also that of other proteins.

Furthermore, in this work, we uncover the importance of the TYMS-GA4FS region in the regulation
of TYMS expression. Whether G4 structures promote or inhibit transcriptional or translational processes
is a discrepant issue. While some studies indicate that G4s may positively contribute to gene expression
through protein binding, others maintain that G4 structures may act as obstacles [54]. For instance, it has
been reported that a G4 located in the C-MYC promoter interacts with the nucleic acid binding protein
(CNBP) and NM23-H2, contributing to the enhancement of its own transcription [55]. In contrast,
Kumari et al. reported that a G4 structure located in the 5’UTR of the NRAS mRNA inhibited its
own translation [56]. This could also be the function of the G4FS identified in the 5UTR of TYMS.
One hypothesis is that the interaction that we observed between TYMS protein and the G4FS, either as
DNA or RNA, could be preventing the function of the transcriptional or translational machineries.
According to this premise, when TYMS is bound by its substrates (nTHF and dUMP) or by TYMS
inhibitors, it does not interact with G4FS, thus increasing TYMS expression and leading to resistance
to inhibitors. This proposition is in concordance with the currently postulated TYMS autoregulatory
mechanism [8,9], but with an additional self-mRNA binding site and extrapolating the effect at the
transcriptional level.

In view of the relevant role of G4 motifs in the regulation of gene expression, a wide range of G4
ligands have been developed for anti-tumor applications, such as ligands that stabilize G4 structures
in the telomere region to block telomerase activity [57,58] and those targeting G4 structures located in
promoters, 5UTRs or 3'UTRs to regulate different cancer-related genes [12,59-62]. Several G4 ligands
have demonstrated their potential in vivo [63] and some have reached clinical trials [64-67]. However,
one of the main problems with these compounds is their lack of specificity and the possible off-target
effects due to the high number of putative G4 structures present in the human genome [20,68].

In contrast, PPRHs can be designed to bind specifically to a polypyrimidine sequence that is
complementary to a given G4FS. In fact, we proved that HpTYMS-G4-T binds in a specific manner
to its target sequence, located in the complementary polypyrimidine strand of G4FS. Accordingly,
our binding assays with ThT staining showed that even in conditions in which a PPRH can fold into a
G4 structure, this does not impair its binding to the dsDNA, thus confirming our previous data [41].
In addition, dsDNA/PPRH triplex formation promoted the displacement of the polypurine strand
and its folding into a G4 structure, thus the PPRH may contribute to stabilizing the formation of the
G4 structure and would regulate transcription of this gene. We also corroborated the notion that
Hoogsteen bonds stabilizing the PPRH are essential for triplex formation, since the Watson—Crick
hairpin HpTYMS-G4-WC was not able to form the triplex.

One of the goals of this work was to demonstrate the effect of HpTYMS-G4-T on cancer cells. In this
regard, we demonstrated that the PPRH targeting G4FS decreased both TYMS mRNA and protein
levels in a specific manner. This down-regulation of TYMS expression led to a decrease in cell viability
in a dose-dependent manner in both HeLa and PC3 cancer cells. It is worth noting that the cytotoxic
effect of HpTYMS-G4-T was lower when cells were incubated in medium containing thymidine.
Similarly, Schmitz et al. also reported that the effect of a siRNA targeting TYMS mRNA was reversed
with 10 uM of thymidine [69]. These data suggest that the cytotoxic effect of HpTYMS-G4-T results
from the inhibition of thymidylate biosynthesis, caused by the specific inhibition of TYMS expression.

Other gene silencing molecules such as siRNAs [10,69], ASOs [70-72] or peptides [73] targeting
TYMS mRNA also succeeded in down-regulating TYMS expression. However, PPRHs present some
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advantages compared to other silencing tools. PPRHs are nonmodified DNA molecules that inhibit
gene expression at lower concentrations than those needed for ASOs [22], they are more economical,
less immunogenic and have a longer half-life than siRNAs [74]. Recently, we also demonstrated in a
pharmacogenomic study that PPRHs do not present hepatotoxicity or nephrotoxicity in vitro [75].

In addition, since TYMS’s autoregulatory translation mechanism has been associated with
traditional TYMS inhibitor resistance [6-8], we evaluated the effect of HpTYMS-G4-T in combination
with 5-FU. We demonstrated the synergic effect of HpTYMS-G4-T in HeLa cells treated concurrently
with 5-FU. Our results are in accordance with others proving that strategies focused on reducing TYMS
gene expression can sensitize cells to traditional TYMS inhibitors [69,72].

Overall, in this work, we identified and confirmed a G4 structure in the 5UTR of the TYMS gene
that could be involved in transcriptional and translational autoregulation of TYMS expression. We also
showed that a PPRH designed against this G4FS presented therapeutic potential as a single agent or in
combination with 5-FU treatment. Therefore, we provide new insights for the design of strategies that
improve the effect of traditional TYMS inhibitors.

4. Materials and Methods

4.1. Bioinformatic Detection of G4-Forming Sequences

Putative G4FS were analyzed using the QGRS mapper (http://bioinformatics.ramapo.edu/QGRS/
index.php). This software program generates information on the composition and distribution of
putative QGRS in nucleotide sequences and is based on published algorithms for the recognition and
mapping of putative QGRS [46].

4.2. Design of Polypurine Reverse Hoogsteen Hairpins

The search of polypurine sequences that serve to design PPRH hairpins was performed using the
Triplex-Forming Oligonucleotide Target Sequence Search software (http://utw10685.utweb.utexas.edu/tfo/
MD Anderson Cancer Center, University of Texas) [33]. The design consisted of two antiparallel
mirror repeats of polypurine stretches, intramolecularly bound by reverse Hoogsteen bonds and linked
by a loop of five thymidines (5T). As negative controls, we designed a hairpin with intramolecular
Watson—Crick bonds instead of Hoogsteen bonds (HpTYMS-G4-T-WC) and a scrambled hairpin
(HpSC4) (Figure 1E). The sequences were synthetized as non-modified oligodeoxynucleotides by
Sigma-Aldrich (Haverhill, UK), resuspended in sterile Tris-EDTA buffer (1 mM EDTA and 10 mM Tris,
pH 8.0) (Sigma-Aldrich, Madrid, Spain) and stored at —20 °C until use.

4.3. RNA and gDNA Extraction

Total RNA was extracted from cells using TRIzol®(Life Technologies, Barcelona, Spain), following the
manufacturer’s specifications. RNA intended for PCR assays was treated with DNAse I, RNAse-free
(ThermoFisher, Barcelona, Spain). Total gDNA was extracted using the Wizard genomic DNA
purification kit (Promega, Madrid, Spain), following the manufacturer’s instructions. RNA and gDNA
concentrations were determined by measuring its absorbance at 260 nm using a NanoDrop ND-1000
spectrophotometer (ThermoFisher, Barcelona, Spain).

4.4. Reverse Transcription

c¢DNA was synthesized in a 20 uL reaction mixture containing 1 ug of total RNA, 125 ng of random
hexamers (Roche, Spain), 500 uM of each deoxynucleotide triphosphate (Bioline, Barcelona, Spain),
2 uL of buffer (10x), 20 units of RNAse inhibitor and 200 units of Moloney murine leukemia virus
reverse transcriptase (Last three from Lucigen, WI, USA). The reaction was carried out at 42 °C for 1 h.
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4.5. PCR

gDNA and cDNA samples from HeLa cells were used as templates to perform PCR reactions in
order to locate sequences corresponding to the 5UTR. Reactions were performed in a final volume of
50 uL containing either 500 ng of gDNA or 250 ng of cDNA, 5 uL of buffer 5%, 500 ng forward primer,
500 ng reverse primer, 200 uM dNTPs (Bioline, Barcelona, Spain), 1.25 U OneTaq DNA polymerase
(New England Biolabs, Barcelona, Spain) and H,O mQ. Cycling conditions were as follows: 3 min
denaturation at 94 °C, followed by 30 cycles of 30 s at 94 °C, 1 min at 59 °C and 1 min at 68 °C,
and a final extension step of 5 min at 68 °C. PCR products were resolved in a nondenaturing 6%
polyacrylamide gel electrophoresis in 1x TBE buffer. Gels were visualized using Gel Doc™ EZ and the
Image Lab Software, Version 6.0 (Bio-Rad, Madrid, Spain). Forward (5"UTR-TYMS-Fw) and reverse
primers (5’"UTR-TYMS-Rv) were designed to hybridize to a sequence located 32 nt upstream and 109 nt
downstream from the G4FS, respectively. The 5"UTR-TYMS-Rv primer covers 25 nt of the translating
mRNA. The 184 bp PCR product was sequenced in Macrogen (Amsterdam, the Netherlands).

We confirmed that the DNAse digestion was completely achieved by performing a PCR with
primers located in exon 1 (APRT-Ex1-Fw) and exon 2 (APRT-Ex2-Rv) of the human APRT gene,
intervened by a short intron of 163 bp. The amplification of the gDNA sample led to a product of
291 bp (including intron 1), whereas in the case of the RNA (treated with DN Ase), the product had a
length of 128 bp (excluding intron 1). Primer sequences are shown in Table 1.

4.6. CD and UV Absorbance Spectroscopy

The CD spectra were recorded on a JASCO spectropolarimeter J-810 at 20 °C with a scanning
speed of 100 nm/min, a response time of 4 s, 0.5 nm data pitch and 1 nm bandwidth. The samples
(4 uM) were dissolved in the above buffers, annealed and slowly cooled to room temperature and left
at 4 °C for at least one night.

The thermal melting curves were obtained following the absorption change at 295 nm for the
ODN from 15 °C to 70 °C, with a linear temperature ramp of 0.5°/min in Teflon-stoppered 1-cm
path-length quartz cells, on a JASCO V-650 spectrophotometer equipped with a Peltier temperature
control. UV spectra of the oligonucleotides were recorded at 15° (folded) and 80 °C (unfolded) to
calculate the TDS. The measurements were conducted in either 10 mM sodium cacodylate buffer plus
100 mM KCl (pH 7.0) or PBS.

4.7. Thioflavin T Fluorescence Spectroscopy

ThT titrations were carried out with a JASCO FP-6200 spectrofluorometer with a temperature-
controlled circulator JASCO ETC-272T. The fluorescence spectra were acquired using a quartz cuvette
with a 10-mm path length. In the fluorescence measurements, both the excitation and emission
slits were 10 nm, the excitation wavelength was set to 430 nm, and the scan speed was 250 nm/min.
Fluorescence spectra were recorded between 450 to 650 nm. ThT (3 uM) was titrated with increasing
concentrations of ODN (O-6 uM) to measure the binding constant. The fluorescence intensity at 491 nm
was plotted as a function of the oligonucleotide concentration. The data were fitted according to a 1:1
binding model.

4.8. Nuclear Magnetic Resonance

The sample for NMR was prepared by dissolving the oligonucleotide at 180 1M concentration in
25 mM K2HPO4; pH7, 100 mM KCl buffer containing 10% D,O. NMR spectra were acquired with a
Bruker QANUC 800 MHz spectrometer equipped with a cryoprobe and processed with TOPSPIN 2.1
software. An excitation sculpting pulse program was used to supress the water signal while detecting
rapid interchangeable imino protons.
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4.9. RT-4PCR

To determine TYMS mRNA levels, a QuantStudio 3 Real-Time PCR System (Applied Biosystems,
Barcelona, Spain) was used. The reaction was performed in a final volume of 20 uL, containing 1x
SYBR Universal PCR Master mix (Applied Biosystems, Barcelona, Spain), 0.25 uM of reverse and
forward primers (Sigma- Aldrich, Madrid, Spain), 3 uL of cDNA and H,O mQ. PCR cycling conditions
were 10 min denaturation at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The mRNA
quantification was performed using the AACt method, where Ct is the threshold cycle that corresponds
to the cycle where the amount of amplified mRNA reaches the threshold of fluorescence. Cyclophylin
B (PPIB) was used as an endogenous control to normalize the results. Primer sequences for RT-qPCR
are detailed in Table 1.

4.10. Electrophoretic Mobility Shift Assay

To perform EMSA analyses, the dsDNA probe corresponding to G4FS was obtained by mixing equal
amounts of each single-stranded oligodeoxynucleotide in a 150 mM NaCl solution. After incubation at
90 °C for 5 min, the solution was allowed to cool down slowly to room temperature. The duplex was
resolved in a nondenaturing 20% polyacrylamide gel, visualized using UV shadowing and purified
from the gel. DNA concentration was measured as stated in Section 4.3 of Materials and Methods.

dsDNA, ssDNA and RNA probes (200 ng) were 5'-end-labeled with (y-32P)-ATP (3000 Ci/mmol)
(Perkin Elmer, Madrid, Spain) using T4 polynucleotide kinase (New England BioLabs, MA, USA)
in a 10 uL reaction mixture, according to the manufacturer’s instructions. After incubation at 37 °C
for 1 h, 90 puL of Tris-EDTA buffer (1 mM EDTA and 10 mM Tris, pH 8.0; Sigma-Aldrich, Madrid,
Spain) was added to the reaction mixture, which was subsequently filtered through a Sephadex G-25
(Sigma-Aldrich, Madrid, Spain) spin-column to eliminate the unincorporated (y-32P)-ATP.

Radio-labeled probes (100,000 cpm, [y-32P]-ATP) were incubated with either HeLa nuclear protein
extracts, purified TYMS or HpTYMS-G4-T PPRH. Both BSA and DHEFR proteins were used as negative
controls. Poly(dI:dC) (3 ug) was added to each reaction as an unspecific competitor. Binding reactions
were performed in the presence of a binding buffer (5% glycerol, 0.5 mM DTT, 4 mM MgCl,, 36 mM KCl,
0.5mM EDTA, 25 mM Tris-HCl, pH 8.0; all reagents were purchased from Sigma-Aldrich). The products
of the binding reactions were electrophoretically resolved in 5% polyacrylamide and 5% glycerol
native gels in 0.5x TBE buffer, at a fixed voltage of 220 V and 4 °C. Gels were dried at 80 °C and
scanned on a Storm 840 PhosphorImager (Molecular Dynamics, GE Healthcare Life Sciences, Barcelona,
Spain). ImageQuant software v5.2 was used to visualize and quantify the results (GE Healthcare,
Barcelona, Spain).

4.11. Detection of G4 Structures with ThT upon DNA Binding Assays

To detect G4 structures after DNA binding assays, 1.5 ug of each oligonucleotide, alone or
combined with the indicated oligonucleotide, was incubated at 90 °C for 5 min in water, then diluted
with a buffer containing 100 mM KCl and 100 mM Tris/HCI (pH 7.5) in a final volume of 100 uL and
slowly cooled to room temperature (2 h).

Samples (75 uL) were loaded on nondenaturing 12% polyacrylamide gels (10 cm) containing
10 mM KCl in 1x TBE buffer and electrophoresed for 1-2 h at 150 V. After electrophoresis, gels were
stained with 5 uM of ThT solution for 15 min under agitation, briefly washed in water, and exposed to
a UV light lamp to obtain images. Then, the same gels were further stained with 1 pg/mL ethidium
bromide solution for 10 min under agitation and washed for 10 min in water. Images were captured
under a UV light lamp or using the Gel Doc™ EZ with the Image Lab Software, Version 6.0.

4.12. Cell Culture

HeLa and PC-3 cell lines obtained from the cell bank resources from University of Barcelona
were grown in Ham’s F12 medium supplemented with 10% fetal bovine serum (GIBCO, Invitrogen,
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Barcelona, Spain) or in Roswell Park Memorial Institute medium (RPMI), which is deficient in
thymidine, supplemented with 7% dialyzed fetal bovine serum and incubated at 37 °C in a humidified
5% CO2 atmosphere.

4.13. Transfection of the PPRH

One day before transfection, cells were plated in 6-well dishes in 800 uL of either
F12 or RPMI medium. The transfection consisted of mixing N-[1-(1,2-Di-(9Z-octadecenoyl)-3-
trimethylammoniumpropane methyl sulfate (DOTAP; Biontex, Germany) with the PPRH and
serum-free medium in volumes of up to 200 puL. Unless stated otherwise, the molar ratio of PPRH/DOTAP
was 1:100 (100 nM/10 uM). After 20 min of incubation at room temperature, the mixture was added to
the cells to attain a final volume of 1 mL.

4.14. Western Blot Analyses

Total protein extracts from HeLa cells (30,000) were obtained using 100 uL of 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-HCl, pH 8, containing additionally the Protease inhibitor cocktail (P8340-5ML); all the above were
purchased from Sigma Aldrich, Madrid, Spain, but Tris-HCIl was from PanReac AppliChem, Barcelona,
Spain). Extracts were incubated for 5 min at 4 °C and cell debris was removed by centrifugation
(16,300x g at 4 °C for 10 min). Protein concentrations were determined using a Bio-Rad protein assay
based on the Bradford method and using bovine serum albumin as a standard.

Protein extracts were electrophoresed in 10% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes. Blocking of membranes was performed using 5% Blotto.
In the case of primary antibody against TYMS (1:100 dilution; sc-376161, Santa Cruz Biotechnology,
Heidelberg, Germany), membranes were probed overnight at 4 °C, whereas primary antibody
against «-Tubulin (1:100 dilution; CP06, Merck, Darmstadt, Germany) membranes were probed
for 90 min at room temperature. Signals of both proteins were detected by secondary horseradish
peroxidase-conjugated anti-mouse antibody (1:2500 dilution; sc-516102, Santa Cruz Biotechnology,
Heidelberg, Germany). Chemiluminescence was detected with the ImageQuant LAS 4000 mini imager
(GE Healthcare, Barcelona, Spain). Quantification was performed using the ImageQuant 5.2 software.

4.15. Combination Treatment of 5-FU plus HpTYMS-G4-T

Cells were plated in 6-well dishes in RPMI medium one day before transfection or 5-FU treatment.
The 5-FU (Sigma-Aldrich, Madrid, Spain) was prepared from powder as a 100 mM stock solution in
DMSO and diluted in RPMI medium. The transfection was performed as indicated in the Section 4.13,
Transfection. Cells were incubated with 5-FU alone or combined concurrently with the PPRH in a final
volume of 1 mL.

4.16. MTT Assay

Cells (10,000) were plated in 6-well dishes in F12 medium or RPMI medium. Five days after
transfection or 5-FU treatment, 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and
sodium succinate (both from Sigma-Aldrich, Madrid, Spain) were added to the culture medium
(final concentration 0.63 mM and 100 uM, respectively) and incubated for 2.5 h at 37 °C. Then,
the culture medium was removed and the lysis solution (0.57% of acetic acid and 10% of SDS in
DMSO) (Sigma-Aldrich, Madrid, Spain) was added. Absorbance was measured at 570 nm in a
Modulus Microplate spectrophotometer (Turner BioSystems, Madrid, Spain). Cell viability results
were expressed as the percentage of cell survival relative to the controls.
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4.17. 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 (****).

5. Conclusions

In this work, we identified a G4FS in the 5'UTR of the TYMS gene and confirmed its folding into
a G4 structure in both DNA and RNA backbones. Additionally, we determined that TYMS protein
directly interacts with G4FS either as dsDNA, ssDNA or RNA, which may be involved in transcriptional
and translational autoregulation of TYMS expression. Finally, the HpTYMS-G4-T PPRH targeting the
complementary strand of the G4FS decreased both TYMS mRNA and protein levels in cancer cells,
leading to cell death and showing a synergic effect in combination with 5-FU.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/14/5028/s1.
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TYMS Thymidylate synthase

5-FU 5-fluorouracil

ASO Antisense oligodeoxynucleotides

G4 G-quadruplex structures

G4FS G4 forming sequence

PPRH Polypurine reverse Hoogsteen hairpins

ThT Thioflavin T

DOTAP N-(1-(1,2-Di-(9Z-octadecenoyl)-3-trimethylammoniumpropane methyl sulfate
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different buffers.
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(A) and RNA-G4 (B) ODN. Initial 1: 0 (3uM ThT: 0 ODN). Final 1: 2 (3uM ThT: 6uM
ODN).
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The data were fitted according to a 1:1 binding model. The following equation

was used to calculate the association constant (K,,)

2

-) - 410,]IC,]

areale = (222 |{[0,] + €.] + o} - j (CARICARS

[Q,] is the concentration of the oligonucleotide, [C,] and C; are the
concentrations of the initial free and final ligand respectively. Finally, AFp,,4
corresponds to the maximum increment of fluorescence. Note that the model
(ODN + ligand — complex) assumes two states, and the fluorescence is the sum

of the free and the complex ligand.
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Figure S3: Effect of 5-FU on the levels of TYMS mRNA and protein. Hela cells (30,000)
were incubated with 3 uM of 5-FU in RPMI medium. (A) TYMS mRNA levels were
determined by RT-qPCR 24 h and 48 h after 5-FU treatment. Cyclophilin B (PPIB) was
used to normalize the results. Statistical significance was determined using one-way
ANOVA with Dunnett's multiple comparisons test (**p <0.01). (B) Total TYMS protein
levels on HelLa cells after 24h of treatment. The total amount of TYMS protein levels
were quantified (free TYMS protein, corresponding to 36 kDa band, plus the ternary
complex FAUMP-TYMS-mTHE, corresponding to 38 kDa band). Statistical significance
was determined using an Unpaired Student’s T test (*p < 0.05). Tubulin protein levels

were used to normalize the results. (C) Representative images of Western blots.
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4.2.1. Additional results to Article Il

In this work we demonstrate that G4s are targetable by PPRHs. One of
the objectives of our research group is to expand the use of PPRHs and to find
new types of targets, such as long non-coding RNA (IncRNA) or microRNAs. To
do so, we decided to introduce different modifications in the PPRH structure,
seeking to improve the properties mentioned below, and then, to evaluate their
effect on the binding to their target sequence (ssDNA and dsDNA) and on cell
viability upon incubation in PC-3 cells.

First, to increase PPRH stability we added PS linkages in the minimal
modification fashion (Anusch & Eugen 1996), that is, the 3 first nucleotides in
the 5’ and the 2 last nucleotides in the 3’ ends of the oligonucleotide sequence,
and in between pyrimidines to get an enhanced protection against nucleases
(HpsPr-C-PS).

Secondly, although pyrimidine tracts in the genome are more frequently
than expected, the polypurine arms of PPRHs are limited to 3 interruptions.
Pursuing to overcome this limitation, we studied the possibility to stablish other
triplets, involving inosine nucleosides or C-TA/T-CG triplets (HpsPr-C-I and
HpsPr-C-S, respectively).

Finally, we also studied the effect of varying the loop size of the hairpin
(3T, 4T or 5T-loop), and that of introducing Watson and Crick bonds in the loop
by replacing the 5T-loop by TATTA or TTTAA sequence (HpsPr-C-TATTA and
HpsPr-C-TTTAA, respectively).

4.2.2. DNA-PPRH binding analysis

We started conducting binding experiments to determine if PPRHs with
internal modifications targeting survivin were able to bind to the ssDNA or the
dsDNA of its target sequence. The modifications tested were: (I) PS backbone,
HpsPr-C-PS; (ll) pyrimidines substituted for Inosines, HpsPr-C-I; or (lll) T>C
and C>T substitutions, HpsPr-C-Subs. The incubation of different amounts of
each modified PPRH with the ssDNA or the dsDNA target sequence led to the
appearance of a shifted band, thus indicating that PPRHs were still able to bind
to its target even in the presence of the above mentioned modifications.
Moreover, the intensity of the shifted band increased in a dose dependent
manner for all PPRHs in both ssDNA and dsDNA binding assays (Figures 18A
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and 18B). The intensity of the shifted bands produced by HpsPr-C-1 and HpsPr-
C-Subs when incubated with the ssDNA probe were lower than those produced
by HpsPr-C-WT and HpsPr-C-PS (Figure 18C), suggesting less affinity. In
contrast, HpsPr-C-PS showed the lowest affinity when incubated with the
dsDNA (Figure 18D). No shifted band was originated by the scrambled negative
control HpSC6 with neither ssDNA (Figure 18A, Lane 14) nor dsDNA (Figure
18B, Lane 14).

We also confirmed that replacing the 5T loop that links the two arms of the
PPRH by TATTA or TTTAA sequences did not alter the binding to ssDNA
(Figure 19A) or the dsDNA (Figure 19B), obtaining similar results for the triplex
band intensity (Figure 19C and 19D).
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Figure 18. Binding of modified PPRHSs to their target sequence. Gel-shift assays using
300 ng of a 5’ FAM labeled ssDNA probe (ssDNA-FAM) or 200 ng of a 5° FAM labeled
dsDNA probe (dsDNA-FAM) corresponding to the target sequence. The unlabeled
oligodeoxynucleotides present in each binding reaction are indicated. (A) Lane 1,
ssDNA-FAM probe alone; lane 2, ssDNA-FAM plus HpsPr-C-WT (150 ng); lane 3,
SSDNA-FAM plus HpsPr-C-WT (300 ng); lane 4, ssDNA-FAM plus HpsPr-C-WT (900
ng); lane 5, sSDNA-FAM plus HpsPr-C-PS (150 ng); lane 6, sSSDNA-FAM plus HpsPr-C-
PS (300 ng); lane 7, ssDNA-FAM plus HpsPr-C-PS (900 ng); lane 8, ssSDNA-FAM plus
HpsPr-C-1 (150 ng); lane 9, ssDNA-FAM plus HpsPr-C-1 (300 ng); lane 10, ssDNA-FAM
plus HpsPr-C-I (900 ng); lane 11, ssDNA-FAM plus HpsPr-C-Subs (150 ng); lane 12,
ssDNA-FAM plus HpsPr-C-Subs (300 ng); lane 13, ssDNA-FAM plus HpsPr-C-Subs
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(900 ng); lane 14, ssDNA-FAM plus HpSC6 (900 ng). (B) Lane 1, dsDNA-FAM probe
alone; lane 2, dsDNA-FAM plus HpsPr-C-WT (200 ng); lane 3, dsDNA-FAM plus HpsPr-
C-WT (400 ng); lane 4, dsDNA-FAM plus HpsPr-C-WT (800 ng); lane 5, dsDNA-FAM
plus HpsPr-C-PS (200 ng); lane 6, dsDNA-FAM plus HpsPr-C-PS (400 ng); lane 7,
dsDNA-FAM plus HpsPr-C-PS (800 ng); lane 8, dsDNA-FAM plus HpsPr-C-1 (200 ng);
lane 9, dsDNA-FAM plus HpsPr-C-1 (400 ng); lane 10, dsDNA-FAM plus HpsPr-C-I (800
ng); lane 11, dsDNA-FAM plus HpsPr-C-Subs (200 ng); lane 12, dsDNA-FAM plus
HpsPr-C-Subs (400 ng); lane 13, dsDNA-FAM plus HpsPr-C-Subs (800 ng); lane 14,
dsDNA-FAM plus HpSC6 (800 ng). The Intensity of the triplex band produced by the
PPRH incubated with either the ssDNA (Figure C) or the dsDNA (Figure D) target
sequence was quantified with the GelQuant.NET software provided by
Biochemlabsolutions.com. Abbreviations used: Hp, hairpin; Pr, promoter; s, survivin; -C,
Coding-PPRH; WT, wild type; PS, phosphorothioate; I, Inosine; Subs, Substitution; SC,
scrambled.
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Figure 19. Binding of modified PPRHSs to their target sequence. Gel-shift assays using
300 ng of a 5’ FAM labeled ssDNA probe (ssDNA-FAM) or 200 ng of a 5° FAM labeled
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dsDNA probe (dsDNA-FAM) corresponding to the target. The unlabeled
oligodeoxynucleotides present in each binding reaction are indicated. (A) Lane 1,
ssDNA-FAM probe alone; lane 2, ssDNA-FAM plus HpsPr-C-WT (150 ng); lane 3,
sSDNA-FAM plus HpsPr-C-WT (300 ng); lane 4, ssDNA-FAM plus HpsPr-C-WT (900
ng); lane 5, ssSDNA-FAM plus HpsPr-C-TATTAA (150 ng); lane 6, ssSDNA-FAM plus
HpsPr-C-TATTAA (300 ng); lane 7, ssDNA-FAM plus HpsPr-C-TATTAA (900 ng); lane
8, ssDNA-FAM plus HpsPr-C-TTTAA (150 ng); lane 9, ssDNA-FAM plus HpsPr-C-
TATTAA (300 ng); lane 10, ssDNA-FAM plus HpsPr-C-TATTAA (900 ng). (B) Lane 1,
dsDNA-FAM probe alone; lane 2, dsDNA-FAM plus HpsPr-C-WT (200 ng); lane 3,
dsDNA-FAM plus HpsPr-C-WT (400 ng); lane 4, dsDNA-FAM plus HpsPr-C-WT (800
ng); lane 5, dsDNA-FAM plus HpsPr-C-TATTAA (200 ng); lane 6, dsDNA-FAM plus
HpsPr-C-TATTAA (400 ng); lane 7, dsDNA-FAM plus HpsPr-C-TATTAA (800 ng); lane
8, dsDNA-FAM plus HpsPr-C-TTTAA (200 ng); lane 9, dsDNA-FAM plus HpsPr-C-
TTTAA (400 ng); lane 10, dsDNA-FAM plus HpsPr-C-TTTAA (800 ng). ). The Intensity
of the triplex band produced by the PPRH incubated with either the ssDNA (Figure C) or
the dsDNA (Figure D) target sequence was quantified with the GelQuant.NET software
provided by Biochemlabsolutions.com. Nomenclature used: Hp, hairpin; Pr, promoter; s,
survivin; -C, Coding-PPRH; WT, wild type. The sequence of the loop is indicated.

4.2.3. Effect on cell viability upon transfection with modified PPRHs

Once we had determined that all modified PPRHs were able to bind to
the ssDNA and the dsDNA of its target sequence, we analyzed their effect on
PC-3 cell viability. PC-3 cells were incubated with different concentrations of
each modified PPRH (30, 60 and 100 nM) (Figure 20A). PS PPRH (HpsPr-C-
PS, PS) showed a decrease on cell viability at 60 nM of 44%, which was higher
than the 20% caused by the wild type PPRH (HpsPr-C-WT, WT) at the same
concentration, while at 100 nM the effect observed was very similar. The PPRH
with Inosine substitutions (HpsPr-C-I, 1) also showed a decrease on cell viability
of 63% at 100 nM. However, the PPRH with C-TA/T-CG triplets (HpsPr-C-Subs)
presented a low decrease on cell viability, even at 100 nM.

We further studied the effect of varying the size of the T-loop that links
the two arms of the PPRH on PC-3 cell viability. First, we calculated in silico the
AG to establish a hairpin by intramolecular bonds with the sequence of HpsPr-
C-WC and varying the number of thymidine residues, using the Mfold web server
for nucleic acid folding and hybridization prediction (Zuker 2003). The best
results were obtained with hairpins with 4T (-26.82 Kcal/mol), followed by 5T (-
26.52 Kcal/mol) and 3T (-25.42 Kcal/mol). Then, we analyzed PC-3 cell viability
upon transfection with different concentrations of these PPRHSs (30, 60 and 100
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nM) (Figure 20B). Similar viabilities were obtained with all the PPRHs (<17% of
cell viability), thus suggesting that the PPRH structure is viable even with 3 or 4
residues. Furthermore, we analyzed the effect on cell viability when linking the
two arms of the HpsPr-C hairpin with the TATTA or TTTAA sequences instead
of 5T (Figure 20B). The highest decrease on cell viability at 100 nM was
achieved by HpsPr-C-WT (84%), followed by HpsPr-C-TATTA (70%), and then,
HpsPr-C-TTTAA (54%).
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Figure 20. Effect of different modifications in HpsPr-C-WT structure on PC-3 cell
viability. (A) Effect on PC-3 cell viability upon transfection of HpsPr-C-WT (WT), HpsPr-
C-PS (PS), HpsPr-C-I (I), HpsPr-C-Subs (Subs) at 30 nM, 60 nM or 100 nM. (B) Effect
on PC-3 cell viability upon transfection of HpsPr-C-WT (30 nM, 60 nM or 100 nM) varying
the T-loop length: HpsPr-C-3T (3T), HpsPr-C-4T (4T) and HpsPr-C-WT; or replacing the
5T loop by TATTA or TTTAA sequences: HpsPr-C-TATTA (TATTA) and HpsPr-C-
TTTAA (TTTAA), respectively. Error bars represent the standard error of the mean of at
least three experiments. Statistical significance was calculated using one-way ANOVA
with Dunnett's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, **** p <
0.0001).
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4.3. DELIVERY OF PPRHs USING VIRAL VECTORS

Background: Several technologies have been developed seeking to
increase the efficiency and tissue specificity of nucleic acids delivery. Among
them, viral vectors present high transduction efficiencies on a variety of cells.
Several types of viruses for gene therapy have been studied with different
properties, such as AdVs and AAVs (Bulcha et al. 2021). AdVs and AAVs are
capable of infecting dividing and non-dividing cells, without integrating with the
host genome. AdVs have higher packaging capacity than AAVs although they
can activate immune response. In contrast, AAVs have a smaller transgene size
capacity, but their infection triggers low levels of immune system response. Both
of those viral vectors are promising gene delivery systems studied in either
preclinical or clinical trials. Indeed, several gene therapies using viral vectors
have been approved around the world, which highlight the potential of these
vectors for nucleic acids delivery (Lundstrom & Slade 2018; Rodrigues et al.
2018).

Objectives: The main aim of this work was to demonstrate the efficiency
of viral vectors as a delivery system for a PPRH directed against the anti-
apoptotic gene survivin. To do so, since in viral vectors the PPRH sequence
would be transcribed into RNA, we also intended to evaluate the effect of a
PPRH targeting survivin as an RNA species (synthetic RNA-PPRH) and that
intracellularly generated upon transfection of a plasmid vector.

Results: First, we demonstrated the ability of the RNA-PPRH to bind to
its sSsSDNA or dsDNA target sequence. Then, we showed that the RNA-PPRH
induced a decrease on cell viability in a dose-dependent manner and an
increase of apoptosis in PC-3 cells. We also determined that two plasmids
encoding the PPRH sequence under the control of either the U6 or H1 promoters
were able to reduce cell viability. Furthermore, survivin mRNA and protein levels
were reduced in PC-3 cells incubated with either the RNA-PPRH or the plasmid
encoding the RNA-PPRH.

Once validated that RNA-PPRHs induced survivin silencing, we tested
the biological response produced by the infection of AAV or AdV5 encoding the
PPRH against survivin. Two different AAV serotypes (AAV1 and AAV9) were
tested. Both showed low transduction efficiencies, and no effect in cell viability
or survivin mRNA levels in none of the tested cell lines were observed. In
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contrast, we demonstrated that an AdV vector containing the PPRH sequence
(AdV-PPRH) was able to reduce Hela cell viability, while no significant decrease
on cell viability was observed in cells infected with the negative control AdV-
GFP, an adenovirus encoding the GFP gene. We also confirmed that AdV-PPRH
induced a decrease in survivin mRNA and protein levels in a specific manner.

Conclusions: In this work we validated the ability of RNA-PPRHSs to

produce gene silencing. Furthermore, we established the proof of principle of an
adenoviral vector as a new viral strategy for PPRHs delivery.
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In this part of the thesis, we studied viral vectors as a delivery system for
PPRHs. However, beforehand, we proceeded to test the ability of an RNA-PPRH
(PPRH made out of non-modified ribonucleotides) to bind to its sSSDNA or dsDNA
target sequence. Then, we determined the molecular effect produced by the
RNA-PPRH made out of non-modified ribonucleotides and that of an RNA-PPRH
transcribed from a vector. Afterwards, the capacity of viral vectors to transduce
this RNA-PPRH was analyzed.

4.3.1. RNA-PPRH binding analysis

As stated before, previous work in our laboratory had validated HpsPr-C
(DNA-PPRH) as a silencing tool for survivin, both in vitro and in vivo (Rodriguez
et al. 2013). Therefore, since in viral vectors PPRHs would be transcribed to
RNA from a plasmid, we first tested if the RNA sequence of HpsPr-C (HpsPr-C-
RNA, RNA-PPRH) was able to bind to its target sequence in ssDNA or dsDNA.
Incubation of increasing amounts of the RNA-PPRH with ssDNA resulted in a
progressive disappearance of the band corresponding to the ssDNA signal
(Figure 21A, lane 2, lane 5 ,6 and 7) compared to ssDNA alone (Figure 21A,
lane 1) and produced two shifted bands. Accordingly, incubation of increasing
amounts of the RNA-PPRH with dsDNA also resulted in a progressive
disappearance of the band corresponding to the dsDNA signal (Figure 21B, lane
2,4,5, 6,8, 9 and 10) compared to dsDNA alone (Figure 21B, lane 1, 3, 7 and
13) and produced two shifted bands, thus indicating that the RNA-PPRH was
able to bind to its target sequence in both ssDNA and dsDNA. Furthermore, no
shifted band was originated by the negative control HpSC6 with neither ssDNA
(Figure 21A, Lane 4) nor dsDNA (Figure 21B, Lane 12). As a positive control,
we incubate the ssDNA and the dsDNA probes with the DNA-PPRH (Figure 21A,
lane 3, and Figure 21B, lane 11, respectively).
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Figure 21. Binding of the RNA-PPRH to its sSSDNA or dsDNA target sequence. (A) Gel-
shift assays using 300 ng of a 5 FAM labeled ssDNA probe (ssDNA-FAM). The
unlabeled oligonucleotides present in each binding reaction are indicated. Lane 1,
ssDNA-FAM probe alone; lane 2, ssDNA-FAM plus HpsPr-C-RNA (600 ng); lane 3,
SSDNA-FAM plus HpsPr-C-DNA (600 ng); lane 4, ssDNA-FAM plus HpSC6 (600 ng);
lane 5, ssDNA-FAM plus HpsPr-C-RNA (300 ng); lane 6, ssDNA-FAM plus HpsPr-C-
RNA (600 ng); lane 7, ssDNA-FAM plus HpsPr-C-RNA (1200 ng (B) Gel-shift assays
using 200 ng, 100 or 50 ng of a 5° FAM labeled dsDNA probe (dsDNA-FAM). The
unlabeled oligonucleotides present in each binding reaction are indicated. Lane 1,
dsDNA-FAM probe alone (200 ng); lane 2, dsDNA-FAM (200 ng) plus HpsPr-C-RNA
(200 ng); lane 3, dsDNA-FAM probe alone (100 ng); lane 4, dsDNA-FAM (100 ng) plus
HpsPr-C-RNA (200 ng); lane 5, dsDNA-FAM (100 ng) plus HpsPr-C-RNA (600 ng); lane
3, dsDNA-FAM (100 ng) plus HpsPr-C-RNA (1200 ng); lane 7, dsDNA-FAM probe alone
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(50 ng); lane 8, dsDNA-FAM (50 ng) plus HpsPr-C-RNA (200 ng); lane 9, dsDNA-FAM
(50 ng) plus HpsPr-C-RNA (600 ng); lane 10, dsDNA-FAM (50 ng) plus HpsPr-C-RNA
(1200 ng); lane 11, dsDNA-FAM (200 ng) plus HpsPr-C-DNA (200 ng); lane 12, dsDNA-
FAM (200 ng) plus HpSC6 (200 ng); Lane 13, dsDNA-FAM probe alone (200 ng).

4.3.2. Effect of an RNA-PPRH targeting survivin on PC-3 cell viability and
apoptosis

Our previous results demonstrated that the suppression of the
antiapoptotic survivin gene using HpsPr-C resulted in a decrease of cell survival
and an increase of apoptosis in prostate cancer cells (Rodriguez et al. 2013).
Therefore, the effect of the RNA-PPRH on cell viability and apoptosis was tested
in PC-3 cells. Transfection of HpsPr-C-RNA reduced PC-3 cell viability in a dose-
dependent manner, with a decrease of 89% relative to control at 800 nM (Figure
22A). As previously reported, 100 nM of HpsPr-C-WT (DNA-PPRH) decreased
PC-3 cell viability more than 95%.

Furthermore, 24h after transfection, both HpsPr-C-WT-DNA and HpsPr-
C-RNA led to an increase in apoptosis levels in PC-3 cells of 1.4-fold and 1.6-
fold, respectively (Figure 22B). In contrast, cells treated with the negative control
SC4 did not showed an increment in apoptosis.

Once verified the effect of the RNA-PPRH, we also tested the effect of
the PPRH when transcribed from a plasmid on PC-3 cell viability. First, the
presence of the PPRH sequence in the plasmids was confirmed by sequencing
(Figure 23). 5 ug of pAAV-HpsPr-C and pSilencer-HpsPr-C reduced cell viability
by 75% and 50%, respectively. In contrast, cell viability of cells incubated with
FUGENE®SG only or the plasmid containing a non-related sequence was reduced
less than 27% (Figure 22C). Fluorescence microscopy images of cells to verify
pPAAV expression were taken (Figure 22D).
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Figure 22. Effect of the RNA-PPRH on viability and apoptosis in PC-3 cells. (A) Effect
on viability in PC-3 cells upon transfection of the RNA-PPRH HpsPr-C-RNA (HpRNA,
200-800 nM) or the DNA-PPRH HpsPr-C (HpDNA, 100 nM). Cell viability assays
(10,000) were conducted 5 days after transfection. (B) Effect of RNA-PPRH on apoptosis
levels in PC-3 cells. PC-3 cells (60,000) were transfected with 800 nM of the RNA-PPRH
HpsPr-C-RNA (HpRNA), 100 nM of the DNA-PPRH HpsPr-C (HpDNA) or 100 nM of a
DNA-PPRH negative control HpSC4. 24 h after transfection, cells were collected and
processed as specified in eBioscience™Annexin V Apoptosis Detection kit FITC. The
percentage of cells corresponds to Annexin V-positive/IP-negative (early-stage apoptotic
cells). (C) Effect on viability upon incubation of PC-3 cells with the transfection reagent
FUGENE®S6, 5 pg of pSilencer-NR (pNR), pSilencer-HpsPr-C (pSilencer) or pAAV-
HpsPr-C (pAAV). Cell viability assays (10,000) were conducted 5 days after transfection.
(D) PC-3 cells (30,000) images were acquired 48 h after transfection of pAAV-HpsPr-C
(PAAV). Other abbreviations: CNT, control; DOT, DOTAP 15 uM; FU, FUGENE®6. Data
represent the mean £ SEM from 3 experiments. Statistical significance was determined
using a one-way ANOVA with Dunnett’s multiple comparisons test (*p < 0.05, **p < 0.01,
***n < 0.001, **** p < 0.0001).
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Figure 23. DNA sequences of pSilencer-HpsPr-C (A) and pAAV-HpsPr-C (B) confirming
the presence of the HpsPr-C sequence in the two recombinant plasmids.

4.3.3. Effect on the levels of survivin mRNA and protein upon RNA-PPRH
transfection

To confirm that the decrease in cell viability and the increase of apoptosis
were due to the inhibition of survivin, we analyzed its mMRNA and protein levels.
In terms of survivin mMRNA levels (Figure 24A), cells treated with HpsPr-C-RNA
showed a decrease of nearly 70% relative to the control. In the case of pAAV-
HpsPr-C, mRNA levels were reduced by 25% relative to the control. Moreover,
the positive control HpsPr-C-DNA also reduced mRNA levels around 56%,
whereas the scrambled negative control did not show a reduction in mRNA
levels of PC-3 cells.

In the case of survivin protein levels (Figure 24B and 24C), PC-3 cells

transfected with HpsPr-C-RNA showed a decrease of 50 %, while cells treated
with pAAV-HpsPr-C presented a reduction of 30 % relative to the control.
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Figure 24. Effect of RNA-PPRH on survivin mRNA and protein levels in PC-3 cells. (A)
Effect of RNA-PPRH on survivin mRNA levels. PC-3 cells (30,000) were transfected with
100 nM of a DNA-PPRH negative control HpSC4, 100 nM of the DNA-PPRH HpsPr-C
(HpDNA), 800 nM of the RNA-PPRH HpsPr-C-RNA (HpRNA) or with 5 pg of pAAV-
HpsPr-C (pAAV). 24 h after transfection, or 48 h in the case of pAAV, survivin mMRNA
levels were determined by RT-qgPCR. TATA-binding protein (TBP) was used to
normalize the results. (B) Effect of RNA-PPRH on survivin protein levels. PC-3 cells
(30,000) were treated 24h with 800 nM of the specific RNA-PPRH HpsPr-C (HpRNA) or
48h with 5 pug of pAAV-HpsPr-C (pAAV), then protein extracts were obtained to analyze
survivin protein levels. (C) Representative images of Western blots. Tubulin protein
levels were used to normalize the results. Data represent the mean + SEM from 3
experiments. Statistical significance was determined using a one-way ANOVA with
Tukey's multiple comparisons test (*p < 0.05, **p < 0.01, **p < 0.001, **** p < 0.0001).
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4.3.4. Effect of an RNA-PPRH targeting survivin on HelLa cell viability
and apoptosis

The effect of the RNA-PPRH in viability and apoptosis levels was also
tested in HelLa cells. Similarly to PC-3 cells, transfection of HpsPr-C-RNA in
HelLa cells led to a decrease in viability in a dose-dependent manner (Figure
25A). Moreover, Hela cells treated with HpsPr-C-WT-DNA or HpsPr-C-RNA
also showed a 2.3-fold or 3-fold increase in apoptosis, respectively (Figure 25B),
while the negative control SC4 did not produce an increment in the apoptotic cell
population.

A
1004 == 4m
. 0
S = 3 -
2 .g 801 T —
= C pravarery . | 2 3=
% 8 604 I 1 2E *
=2 o8 T
] B o] 2
[T = g
°® 40 &2 T
Se 2%
[ ©
: 20_ ‘5 Q;' 1 o s
L
T
0 T T [ 4
CNT DOT 200 400 600 80 nM 0 T T T
L J Control HpRNA HpDMNA HpSC4
HpRNA
C D
CNT pAAV
100 —— }
— Bright
é__“ field
© 80 e
2 =
3 S 6o
= =
=2 Green
by S 404 channel
; -E.-_,v AR
T 204 i &
0 T r Merged
CNT FuU pAAV

Figure 25. Effect of the RNA-PPRH on cell viability and apoptosis in HelLa cells. (A)
Effect on viability in HeLa cells upon transfection with HpsPr-C-RNA (HpRNA, 200-800
nM). Cell viability assays (10,000) were conducted 5 days after transfection (B) Effect of
RNA-PPRH on apoptosis levels in HeLa cells. HeLa cells (60.000) were transfected with
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800 nM of the RNA-PPRH HpsPr-C-RNA (HpRNA), 100 nM of the DNA-PPRH HpsPr-C
(HpDNA) or 100 nM of a DNA-PPRH negative control HpSC4. 24 h after transfection,
cells were collected and processed as specified in eBioscience™Annexin V Apoptosis
Detection kit FITC. The percentage of cells corresponds to Annexin V-positive/IP-
negative (early-stage apoptotic cells). (C) Effect on viability after incubating HeLa cells
(10,000) with the transfection reagent FUGENE®6 or 5 pug pAAV-HpsPr-C (pAAV). Cell
medium was changed 48h after transfection and cell viability assays were conducted 5
days after transfection. D) HelLa cells (30,000) images were acquired 48 h after
transfection of pAAV-HpsPr-C (pAAV). Other abbreviations: CNT, control; DOT, DOTAP
15 uM; FU, FUGENE®®G. Data represent the mean £ SEM from 3 experiments. Statistical
significance was determined using a one-way ANOVA with Dunnett's multiple
comparisons test (*p < 0.05, **p < 0.01, **p < 0.001, **** p < 0.0001).

In the case of the PPRH transcribed from a vector, a reduction of 80%
was observed in Hela cells incubated with 5 ug of pAAV-HpsPr-C, whereas
FUGENE®6 only reduced 26% cell viability (Figure 25C). Fluorescence
microscopy images of cells to verify pAAV expression were taken 48h after
plasmid transfection (Figure 25D).

4.3.5. Effect of a PPRH delivered into cells using viral vectors
4.3.5.1. Results with AAV vectors

Once verified that RNA-PPRHs induced survivin silencing, we tested the
biological response produced by the infection of AAV or AdV5 encoding the
PPRH against survivin HpsPr-C under the H1 promoter control. Different
parameters were analyzed, including transduction efficiency, cell death, mRNA
or protein levels.

Initial experiments with AAV8-PPRH in different cell lines (PC-3, HepG-
2, A549, HEK-293) revealed that the PPRH was ineffective in reducing viability
or reducing mRNA levels (Table 7). Moreover, cell images obtained 24h (Figure
26) after infection or longer times (Data not shown), showed that GFP
expression in infected cells was low or null. Therefore, we evaluated the
transduction efficiency of AAV8-PPRH and other AAV serotypes (AAV1 and
AAV9) in PC-3, HepG2 and HEK-293 cells. We analyzed the fluorescence
produced by GFP protein expression by flow cytometry 24h after infection (Table
8) (10° MQI). AAV1 achieved the highest values of percentage of fluorescence
cells and fluorescence mean in all cell lines. These results were in accordance
with the images acquired just before flow cytometer analyses (Figure 26).
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Then, AAV1 vectors expressing the PPRH sequence (AAV1-PPRH)
were generated to conduct further analyses. Nevertheless, no decrease in
viability was observed neither in PC-3, HEK-293 nor SH-SY5Y cells infected with
AAV1-PPRH (Table 7). Furthermore, cell images acquired 24h after infection,
showed a decrease of GFP expression in HEK-293 or null expression in PC-3
cells transduced with AAV1-PPRH (Figure 27) compared to AAV1 (Figure 26).
Even 48h upon transduction, there was no expression of GFP in PC-3 cells
(Figure 28), indicating a reduction of GFP expression when the PPRH was
cloned in the viral genome.

Viral vector  Cell line Number Cytotoxicity mRNA levels

of cells (Relative to (Relative to
control) control)

PC-3 10,000 0% ND
30,000 5.30% 91%*, 91%"°
60,000 ND ND
HepG-2 10,000 0% ND
AAVS-PPRH 30,000 5.20% 100%*, 88%"*
60,000 1.34% ND
A549 10,000 5,34% ND
30,000 0% ND
HEK293 10,000 ND ND
30,000 ND 100%*
60,000 ND ND
PC-3 10,000 0%* ND
30,000 0.5%* ND
AAVI-PPRH ™ EK203 10,000 4.13%* ND
30,000 3.56%* ND
SH-SY5Y 10,000 1.06%* ND
30,000 13.17%* ND

Table 7. Compendium of the different conditions conducted to evaluate AAV-PPRH
effect in distinct cancer cell lines on cytotoxicity (72 h after infection) and mRNA levels
(24h after infection). All experiments were carried out using a MOI of 104 except for the
results marked with “*"corresponding to 105> MOI, ** 106,
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Cell line Condition % Fluorescence Fluorescence
cells mean

Control 5,45 3,14

PC3 AAV1 69,45 168
AVV9 74,18 6,61
AAV8-PPRH 14,43 7,03

Control 6,38 31

HepG-2  aAvi 13,27 14,1
AVV9 6,9 3,86
AAV8-PPRH 4,62 2,64

Control 1,66 3,05

HEK293  pavi 93,93 274
AVV9 44,15 43,1
AAV8-PPRH 73,44 35,6

Table 8. Percentage of fluorescent cells and the mean fluorescence for each cell line
determined by flow cytometry. Cells were infected with 105> MOI, incubated for 24h and
collected for flow cytometry analyses.
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Figure 26. Fluorescence microscopy images of PC-3 (A), HEK-293 (B) and HepG2 (C)
were taken 24 h after transduction of AAV1, AAV9, AAV8-PPRH or AdV. For AAV
infection, 105 MOI was used, whereas for AdV vectors 100 MOI was employed.
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Figure 27. Fluorescence microscopy images of PC-3 (A), HEK-293 (B) and SH-SY5Y
(C) cells taken 24 h after AAV1-PPRH transduction (10° MOI).
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Figure 28. Fluorescence microscopy images of PC-3 (A), HEK-293 (B) and SH-SY5Y
(C) cells taken 48 h after AAV1-PPRH transduction (10° MOI).
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4.3.5.2. Results with AdV vectors

Since AAV vectors were ineffective in transducing PPRH, we decided to
generate AdV vectors as PPRHSs carriers (AdV-PPRH). After 72h of AdV-PPRH
transduction, viability assays conducted with HelLa cells showed a reduction of
34% and 48%, starting with 5,000 or 7,000 cells, respectively (Figure 29A and
29B). Moreover, no significant decrease on viability was observed in cells
infected with the negative control AdV-GFP, an adenovirus encoding GFP.
Nevertheless, PC-3 cells infected with AdV-PPRH did not show a significant
decrease on viability (Figure 29C and figure 29D).
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Figure 29. Cell viability effect of AdV-PPRH on HelLa and PC-3 cells. Hela (A and B) or
PC-3 cells (C and D) cells were plated the day before infection (100 MOI). Error bars
represent the standard error of the mean of three experiments. Statistical significance
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was calculated using one-way ANOVA with Tukey's multiple comparisons test (*p < 0.05,
***p < 0.001).

Then, to confirm that the decrease on HelLa cell viability was the result of
a specific inhibition of survivin expression caused by AdV-PPRH, we analyzed
the levels of both survivin mRNA and protein in HeLa cells 72h after infection
(Figure 30). HelLa cells infected with AdV-PPRH showed a decrease on survivin
MRNA levels of 30% relative to controls (Figure 30A), whereas the negative
control AdV-GFP did not decrease mRNA levels. Furthermore, survivin protein
levels in HelLa cells infected with AdV-PPRH were reduced by 50% compared
to the control (Figure 30B and 30C), while its levels in cells treated with the
negative control AdV-GFP were unaltered in comparison with the control. The
infection of cells was monitored through GFP expression using ZOE Fluorescent
Cell Imager (Bio-Rad Laboratories, Inc, Spain). Cell images acquired just before
RNA or protein expression are shown in Figure 30D.
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Figure 30. Effect of Adv-PPRH on survivin mRNA and protein levels in HeLa cells. HeLa
cells (15,000) were plated the day before infection (100 MOI). mRNA levels (A) and
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protein levels (B) were analyzed 72h after infection. survivin mRNA levels were
determined by RT-gPCR. TATA-binding protein (TBP) was used to normalize the results.
(C) Representative images of Western blots are shown. Tubulin protein levels were used
to normalize the results. (D) Fluorescence microscopy images of each condition were
taken before each analysis. Error bars represent the standard error of the mean of three
experiments. Statistical significance was calculated using one-way ANOVA with
Dunnett's multiple comparisons test (*p < 0.05, **p < 0.01). Abbreviation: CNT, control.
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4.3. ARTICLE I

Synthesis and validation of DOPY: a new gemini dioleylbispyridinium
based amphiphile for nucleic acid transfection

Eva Aubets, Rosa Griera, Alex J. Felix, Gemma Rigol, Chiara Sikorski, David
Limon, Chiara Mastrorosa, Maria Antonia Busquets, Lluisa Pérez-Garcia,
Véronique Noé and Carlos J. Ciudad

European Journal of Pharmaceutics and Biopharmaceutics. 2021;S0939-
6411(21)00146-6. (Impact factor: 4.604).

Background: One of the major issues of nucleic acids therapeutics is
the development of a safe, specific, and efficient delivery systems. The N-[1-
(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium  methylsulfate (DOTAP)
cationic liposome has routinely been used as a transfection agent of PPRHSs in
in vitro assays (Villalobos et al. 2015). However, the delivery of PPRHSs in hard-
to-transfect SH-SY5Y neuroblastoma cells has been unsuccessful. An
alternative lipid-based delivery system is the new family of cationic gemini
surfactants created by Pérez-Garcia and co-workers (Alea-Reyes et al. 2017;
Giraldo et al. 2020; Sporer et al. 2009). The ability of these compounds as anion
nanocarriers has been studied over the years, with promising results (Casal-
Dujat et al. 2012; Penon et al. 2017; Rodrigues et al. 2014a). Therefore, in this
work, we studied one member of this family of surfactants, the (1,3-bis[(4-oleyl-
1-pyridinio)methyl]benzene dibromide (DOPY), as a non-viral vector for the
delivery of PPRHSs.

Objectives: One of the aims of this work was to characterize the
complexes formed between PPRHs and the novel liposome formulation DOPY.
Additionally, we wanted to study the efficiency of DOPY/PPRHs complexes in
cellular uptake, gene silencing, and gene repair applications.

Results: First, the ability of DOPY to interact with a FAM-labeled PPRH
was confirmed by gel retardation assays, thus demonstrating the formation of
DOPY/PPRH complexes. The size of these lipoplexes was determined by
dynamic light scattering (DLS), obtaining 155 nm in diameter with a dispersion
index of 0.25. The Z-potential of DOPY/PPRH complexes was 67.53 mV + 1.08
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mV, in accordance with the cationic nature of the lipoplexes, and indicated high
stability. Transmission Electron Microscopy experiments allowed the
visualization of the fibrillar structures of the PPRH molecules covered by DOPY,
thus corroborating the interaction between DOPY and the PPRH, and confirmed
the hydrodynamic diameters obtained by DLS.

Regarding the cellular uptake, we obtained high efficiencies of PPRH
internalization using DOPY compared to other chemical vehicles in SH-SY5Y,
PC-3 and DF42 cells. The decrease in DOPY/PPRH cellular uptake after the
treatment with clathrin-mediated or caveolae- mediated endocytosis inhibitors
indicated the implication of these two pathways in the internalization of
DOPY/PPRHs complexes.

In gene silencing experiments conducted with a specific PPRH against
survivin, DOPY/PPRH complexes decreased survivin protein levels and cell
viability more effectively than complexes with DOTAP in both SH-SY5Y and PC-
3 cells. Moreover, we aimed to correct a point mutation in the endogenous locus
of the dhfr gene using a repair-PPRH in DF42 cells. Higher repair frequencies
were obtained with DOPY/repair-PPRH complexes compared with other
vehicles. The correction of the mutation was confirmed by DNA sequencing,
protein expression, and DHFR enzymatic activity.

Conclusions: This work demonstrated successful cellular uptake,
efficient survivin gene silencing and correction of the dhfr gene using
DOPY/PPRHs complexes. Therefore, we show the potential of DOPY as a new
gemini cationic lipid-based vector suitable for the delivery of therapeutic
oligonucleotides in vitro.
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ARTICLEINFO ABSTRACT

Keywords: Nucleic acids therapeutics provide a selective and promising alternative to traditional treatments for multiple
PPRHs genetic diseases. A major obstacle is the development of safe and efficient delivery systems. Here, we report the
DOPY

synthesis of the new cationic gemini amphiphile 1,3-bis[(4-oleyl-1-pyridinio)methyl]benzene dibromide
(DOPY). Its transfection efficiency was evaluated using PolyPurine Reverse Hoogsteen hairpins (PPRHs), a
nucleic acid tool for gene silencing and gene repair developed in our laboratory. The interaction of DOPY with
PPRHs was confirmed by gel retardation assays, and it forms complexes of 155 nm. We also demonstrated the
prominent internalization of PPRHs using DOPY compared to other chemical vehicles in SH-SY5Y, PC-3 and
DF42 cells. Regarding gene silencing, a specific PPRH against the survivin gene delivered with DOPY decreased
survivin protein levels and cell viability more effectively than with N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-tri-
methylammonium methylsulfate (DOTAP) in both SH-SY5Y and PC-3 cells. We also validated the applicability of
DOPY in gene repair approaches by correcting a point mutation in the endogenous locus of the dhfr gene in DF42
cells using repair-PPRHs. All these results indicate both an efficient entry and release of PPRHs at the intra-
cellular level. Therefore, DOPY can be considered as a new lipid-based vehicle for the delivery of therapeutic
oligonucleotides.

Cationic liposome
Gene delivery
Transfection

Gene silencing
Gene repair
Nucleic acids
Lipid-based vector
Cancer therapy

1. Introduction

The use of nucleic acids therapeutics has emerged as a promising
gene therapy approach to modulate any gene of interest for the treat-
ment of multiple diseases such as cancer [1,2] neurological [3-6], car-
diovascular [7.8] or hematological [9,10] disorders, among others. The
advances in this field have eventually led to the approval by the Food
and Drug administration (FDA) of several nucleic acid tools [11],
including antisense oligonucleotides (ASOs) [12-18], small interfering
RNAs (siRNAs) [19-21], aptamers [22] or the very recent mRNA vac-
cines against COVID-19 [23,24].

Despite the great efforts made during the last decades, the

development of safe, efficient and tissue-specific delivery systems still
remains as one of the major limitations of gene therapies. In general,
delivery vectors can be classified into viral, physical or chemical systems
[25]. On the one hand, although viral vectors exhibit high transduction
efficiencies, they can generate mutations in the DNA or undesired
immunogenic responses. Moreover, the laborious production and the
restriction on the transgene size also represent some of the limitations of
viral vectors [26]. On the other hand, physical systems, which perturb
the cell membrane to enforce the entry of nucleic acids into the cell, are
safer but present lower efficiency than viral vectors and they are difficult
to implement for internal organs [27]. Finally, chemical systems (e.g.,
calcium phosphate, lipoplexes or polyplexes) are safer than viral vectors,
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easier to produce and susceptible to modifications to enhance targeting
specificity. However, some of these chemical alternatives present low
levels of internalization or some toxicity [28-30].

During the last decade, our laboratory of Biochemistry and Molec-
ular biology has developed a new nucleic acid tool called PolyPurine
Reverse Hoogsteen hairpins (PPRHs) [31,32]. PPRHs are non-modified
DNA hairpins, whose structure is formed by two antiparallel poly-
purine mirror repeat domains linked by a five-thymidine loop (5T) and
bound intramolecularly by Hoogsteen bonds. PPRHs are designed to
hybridize to a specific polypyrimidine sequence in the dsDNA by Wat-
son-Crick bonds, thus producing a triplex structure. This conformation
displaces the fourth strand of the complex and leads to the inhibition of
the target gene. The ability of PPRHs as gene silencing tools has been
validated in a wide range of target genes involved in cancer progression
both in vitro [33-42] and in vivo [35]. Furthermore, PPRHs have also
demonstrated their potential to correct point mutations in the gDNA.
The design of these PPRHs, called repair-PPRHs, consist of a polypurine
hairpin that bears at its 5'-end an extension sequence homologous to the
sequence to be repaired but containing the wild-type nucleotide instead
of the mutated one [43,44]. Repair-PPRHs were able to correct at the
endogenous level two collections of Chinese Hamster Ovary (CHO) cell
lines bearing different mutations in either the dihydrofolate reductase
(dhfr) [45] or adenine phosphoribosyltransferase (aprt) [46] loci.

As in other gene therapy methods, internalization of PPRHs is vital to
obtain the desired effect. Regarding in vitro gene silencing approaches,
we have routinely been delivering PPRHs in various cancer cell lines
[35,36] using the N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethy-
lammonium methylsulfate (DOTAP) cationic liposome, which is
commercially available [47,48]. However, the delivery of PPRHs in
hard-to-transfect SH-SY5Y neuroblastoma cells was unsuccessful.

More than a decade ago our Organic Chemistry group created a new
family of cationic gemini surfactants. The dicationic amphiphiles are
formed by two cationic heterocycles -either imidazolium [49], pyr-
idinium [50] or bipyridinium rings [51] linked by a 1,3-dimethylene-
phenylene spacer, where the cationic rings incorporate long alkyl
chains of different lengths and functionality, their properties being
driven by their specific structural composition. Over the years we have
reported the ability of this class of amphiphiles to behave as ionic liquid
crystals [52], their self-assembly into micelles as anion nanocarriers
[53], as well as their use for the synthesis and stabilization of gold
nanoparticles for drug delivery [54,55]. The bis cationic amphiphiles
self-assemble to form nanostructured supramolecular hydrogels [56] for
the topical treatment of Psoriasis and delivery in skin diseases [57,58]
able to act as enhancers of skin permeation [59]. Both cationic amphi-
philic incorporating nanoparticles [60] and hydrogels [61] have proven
to be efficient deliverers of photosensitizers and their selective photo-
toxicity in cancer cells makes them promising nanomaterials for tar-
geted photodynamic therapy [62].

The present work exemplifies the synergy created by the combina-
tion of the expertise of our two groups. Thus, with the aim to develop a
non-viral vehicle capable of delivering PPRHs in hard-to-transfect cells,
we designed and synthesized a new liposome formulation called 1,3-bis
[(4-oleyl-1-pyridinio)methyl]benzene dibromide (DOPY) testing its ca-
pacity to form complexes with PPRH molecules. Due to its gemini
cationic nature, the assemblies from DOPY are able to interact with
polyanionic PPRH molecules, with the oleyl moieties aiding their cell
uptake. In addition, we analyzed the efficiency of DOPY in gene
silencing approaches by inhibiting the survivin gene in both PC3 and SH-
SYS5Y cancer cells using PPRHs. Finally, we validated DOPY as a trans-
fection agent for gene repair applications by correcting a point mutation
in the dhfr gene in CHO cells using repair-PPRHs.
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2. Materials and methods
2.1. Chemicals and instrumentation

Oleyl alcohol, 4-chloropyridine hydrochloride, sodium hydride
(NaH), a,a’-dibromo-m-xylene, dimethyl sulfoxide (DMSO), acetonitrile
and deuterochloroform (CDCl3) were purchased from Sigma-Aldrich.
Ethyl acetate (AcOEt), hexane, sodium sulfate anhydrous (NaySO4)
and silica gel 60 were purchased from Carlo Erba. All chemicals were
analytical grade and used directly without any further modification.

Evaporation of solvent was accomplished with a rotatory evaporator.
Thin-layer chromatography was done on SiO, (silica gel 60 F254), and
the spots were located by either an UV light or a 1% KMnOy4 solution.
Flash column chromatography was carried out on SiO; (silica gel 60,
230-400 mesh).

NMR spectra were recorded at 400 MHz (*H) and 100.6 MHz (:3C) on
a Varian Mercury in the Scientific and Technologic Center of the Uni-
versity of Barcelona (CCiT-UB); chemical shifts are reported in § values,
in parts per million (ppm) relative to Me4Si (0 ppm) or relative to re-
sidual chloroform (7.26 ppm, 77.00 ppm) as an internal standard. Data
are reported in the following manner: chemical shift, multiplicity,
coupling constant (J) in hertz (Hz), integrated intensity.

The hydrodynamic diameter of the liposomes was determined by
dynamic light scattering (DLS) at a fixed scattering angle of 90° with a
Zetasizer Nano (Malvern, United Kingdom) at 25 °C. To perform this
measurement, lipoplexes were formed by mixing aqueous solutions of
DOPY (2.1 uM) and PPRH against survivin (100 nM), mimicking the
conditions of transfection. Nanoparticles were dissolved in 200 uL water
and brought to 1 mL for the measurements. Particle size distribution was
determined by the polydispersity index (PI). The (-potential was
measured by Doppler microelectrophoresis using a Zetasizer Nano
(Malvern, United Kingdom). For this measurement, the final volume of
the lipoplexes was 1.2 mL.

Transmission Electron Microscopy (TEM) images were obtained in
the CCiTUB. Samples of DOPY, PPRH, and DOPY-PPRH complexes were
prepared in the same molar proportions used in transfection experi-
ments. Copper grids with carbon coating were irradiated with a UV glow
discharge during 30 s under vacuum. The grid was placed onto a 5 pL
drop of the sample for 1 min. The grid was then placed onto a 20 pL drop
of milli Q water for 1 min to rinse excess sample and then placed onto a
20 pL drop of a 2% uranyl acetate solution in water for 1 min. Excess
solution was then removed with filter paper and allowed to dry over-
night in a desiccator at 24 °C. Samples were observed in a Tecnai Spirit
microscope (FEI, The Netherlands) equipped with a LaB6 cathode. Im-
ages were acquired at 120 kV and at room temperature with a 1376 x
1024-pixel Megaview CCD camera.

2.2. Preparation of 4-Oleyloxypyridine

Oleyl alcohol (1.3 mL, 4.09 mmol) was added dropwise to a stirring
suspension of NaH (115 mg, 4.55 mmol, 95%) in dry DMSO (3 mL). After
45 min, crude 4-chloropyridine (800 mg, 7.05 mmol) (compound 1,
Fig. 1A), freshly liberated using KOH (2 N) from its hydrochloride salt,
was added at once. The stirring was continued overnight at room tem-
perature. Water was added and the mixture was extracted with AcOEt (3
x 10 mL), The combined organic extracts were dried over NaSOa,
filtered and concentrated at reduced pressure. Flash chromatography
(from 3:2 to 1:1 hexane-EtOAc) afforded 4-oleyloxypyridine (510 mg,
50%) as a colourless oil. The structure of the 4-oleyloxypyridine (com-
pound 2, Fig. 1A) was characterized and confirmed by "H NMR and '3C
NMR spectroscopy (Figure S1).

'H NMR (400 MHz, CDCl3) & 8.39 (d, J = 5.0 Hz, 2H), 6.77 (d, J =
5.0 Hz, 2H), 5.30-5.38 (m, 2H), 3.98 (t, J = 6.6 Hz, 2H), 1.93-2.04 (m,
4H), 1.78 (quint, J = 6.6 Hz, 2H, H-6), 1.40-1.47 (m, 2H), 1.20-1.37 (m,
20H),0.87 (t, J = 7.0 Hz, 3H).

13C NMR (100.6 MHz, CDCl3) &: 165.1, 150.9, 129.98, 129.7, 110.2,
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Fig. 1. DOPY synthesis and binding properties. (A) Schematic representation of the synthesis of 1,3-bis(4-olelyl-1-pyridiniomethyl)benzene dibromide (DOPY).

C

ds 1 and 2 cor

d to free pyridine and its oleyl ether, respectively. (B) Gel retardation assay with increasing amounts of DOPY, which binds to 150 ng of

FAM-HpsPr-C and generates DOPY/PPRH complexes. C) TEM images of PPRH (left), DOPY (center), and DOPY-PPRH lipoplexes (right). D) Size distribution by half-
open intervals of DOPY vesicles (left) (n = 109) and DOPY-PPRH lipoplexes (right) (n = 57) as observed by TEM.

67.9, 31.9, 29.7, 29.7, 29.5, 29.4, 29.3, 29.27, 29.2, 28.9, 27.2, 27.1

25.90, 22.7, 14.1.

2.3. Preparation of DOPY

of 4-oleyloxypyridine (423 mg, 1.22 mmol) in acetonitrile (7 mL), and

the mixture was heated at reflux for 24 h. After cooling at room tem-
perature, the suspension was filtered off, and the resulting gum was
washed with acetonitrile affording 1,3-bis(4-oleyloxy-1-pyridinio-
methyl)benzene dibromide (DOPY) (400 mg, 69%, MW 956 g/mol), as
a sticky yellowish solid (Fig. 1A). The structure of DOPY (Figure S2) was

a,o’-Dibromo-m-xylene (166 mg, 0.61 mmol) was added to a solution
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characterized and confirmed by 'H NMR and *C NMR spectroscopy.

'H NMR (400 MHz, CDCl3) 5 9.77 (d, J = 7 Hz, 4H), 8.36 (s, 1H), 7.69
(d, J = 8 Hz, 2H), 7.35 (d, J = 7 Hz, 4H), 7.00 (t, J = 8 Hz, 1H), 5.94 (s,
4H), 5.39-5.30 (m, 4H), 4.21 (t, J = 6 Hz, 4H), 2.05-1.94 (m, 8H), 1.84
(quint, J = 7 Hz, 4H), 1.47-1.39 (m, 4H), 1.38-1.22 (m, 40H), 0.87 (t, J
= 7 Hz, 6H).

13C NMR (100.6 MHz, CDCl3) &: 170.0, 146.3, 134.5, 130.7, 129.9,
129.6,129.3,113.8, 71.2, 60.9, 32.2, 31.5, 29.4, 29.3, 29.2, 29.1, 29.0,
28.9, 28.8, 28.7, 28.1, 26.8, 26.7, 26.7, 25.3, 22.3.

2.4. Design and usage of PPRHs

For gene silencing experiments, a PPRH directed against the survivin
promoter previously validated in our laboratory was selected [35.63].
The polypurine stretches that conform the hairpin structure of the PPRH
were found using the Triplex-forming Oligonucleotide Target Sequence
Search software (http://utw10685.utweb.utexas.edu/tfo/ MD Anderson
cancer center, The University of Texas) [64]. BLAST analyses were
performed to confirm the specificity of the designed PPRH. As negative
control, we used a hairpin with intramolecular Watson-Crick bonds
instead of Hoogsteen bonds (HpWC), thus preventing triplex formation
with the target DNA.

Regarding the gene repair approach, repair-PPRHs were designed by
attaching an extension sequence (repair domain) at the 5-end of the
PPRH. This repair domain is homologous to the mutation site but con-
taining the corrected nucleotide instead. As negative control, a scram-
bled repair-PPRH was used. This negative repair-PPRH contained the
specific repair domain to correct the mutation but a scrambled poly-
purine hairpin core, which cannot bind to the polypyrimidine target
sequence near the mutation in the dsDNA.

All hairpins were synthesized as non-modified oligodeoxynucleo-
tides by Merck (Haverhill, United Kingdom), resuspended in sterile Tris-

Table 1
Oligodeoxynucleotides used in this study.

Name Sequence (5'-3")

FAM-HpsPr-C [6FAM] AGGGGAGGGATGGAGTGCAG T T
T
AGGGGAGGGATGGAGTGCAG 1 T

AGGGGAGGGATGGAGTGCAG T T
HpsPr-C T
AGGGGAGGGATGGAGTGCAG 1 T

GACGTGAGGTAGGGAGGGGA T
HpwC T
AGGGGAGGGATGGAGTGCAG T

European Journal of Pharmaceutics and Biopharmaceutics 165 (2021) 279-292

EDTA buffer (1 mM EDTA and 10 mM Tris, pH 8.0) (Merck, Madrid,
Spain) and stored at —20 °C until use. All the sequences of the hairpins
used in this study are shown in Table 1.

2.5. Agarose gel retardation assay

Binding reactions were conducted in a final volume of 10 pL con-
taining 150 ng of FAM-HpsPr-C PPRH, increasing amounts of DOPY and
H20 mQ. After 20 min of incubation at room temperature, binding re-
actions were electrophoresed in 0.8% agarose gels. Gels were visualized
on a Gel Doc™ EZ (Bio-Rad Laboratories, Inc, Spain).

2.6. Cell culture

For gene silencing experiments, SH-SY5Y neuroblastoma and PC-3
prostate cancer cells, obtained from the cell bank resources from Uni-
versity of Barcelona, were grown in Ham's F12 medium supplemented
with 10% fetal bovine serum (GIBCO, Invitrogen, Barcelona, Spain) and
incubated at 37 °C in a humidified 5% CO, atmosphere. Subculture was
performed using 0.05% Trypsin (Merck, Madrid, Spain).

For gene correction experiments, the DF42 Chinese Hamster Ovary
(CHO) mutant cell line was used. This cell line contained a single-point
mutation in the endogenous dhfr gene bearing a G > T substitution in
c.541 (exon 6), thus generating a premature STOP codon and a
nonfunctional DHFR enzyme. The DF42 cell line was obtained using a
variety of mutagens in UA21 cells [65], which is a CHO cell line hemi-
zygous for the dhfr gene [66]. Cells were grown as stated previously.

2.7. Transfection of PPRHs

Regarding gene silencing experiments, cells were plated in 6-well
dishes one day before transfection in F12 medium. Transfection

GAAGTCCAGGAGGAAAAAGGCATCAAGTATAAATTTGAAGTCTATGAGAAGAAAGGCTAACAGAAAGA T T
T

HpE6rep-L
GAGAAGAAAGGCTAACAGAAAGA T 1
—— GAAGTCCAGGAGGAAAAAGGCATCAAGTATAAATTTGAAGTCTATAGAGGAGGGAATCGGTGAGGGAG T 1 .
pEGrep-L-
Sc AGAGGAGGGAATCGGTGAGGGAG T |

Name and sequence of the PPRHs used for gel retardation and cellular uptake assays (FAM-HpsPr-C), gene silencing experiments (HpsPr-C and the negative control
HpWC) and gene repair approaches (HpE6rep-L and the negative control HpE6rep-L-Sc). The corrected nucleotide in the repair-PPRHs is represented in bold and
underlined. The abbreviations used for the nomenclature of the PPRHs are: Hp, hairpin; Pr, promoter; s, survivin; -C, Coding-PPRH; -WC, Watson:Crick; E6, exon 6; rep,

repair- PPRH; Sc, scramble.
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consisted in mixing the corresponding amount of the transfection agent
with the PPRH in serum-free medium up to 200 pL. After 20 min of
incubation at room temperature, the mixture was added to the cells in a
final volume of 1 mL (full medium). Transfection agents used were the
newly synthesized compound DOPY or the commercially available
cationic liposome DOTAP (Biontex, Germany).

For gene correction experiments, DF42 cells (300,000) were plated
in 100-mm plates the day before transfection. Transfections were per-
formed using either calcium phosphate, DOTAP or DOPY. Calcium
phosphate transfections were carried out using the original method
[671], and similarly to our previous works [43,45.46]. DOTAP trans-
fections were performed by mixing 12 ug of DOTAP with 10 pg of repair-
PPRH in serum-free medium up to 600 pL. After 20 min of incubation,
DOTAP/repair-PPRH complexes were added to cells in a final volume of
6 mL (full medium) (Final concentration of DOTAP 2.6 uM). DOPY
transfections were performed by mixing 12 pg of DOPY with 10 ug of
repair-PPRH in serum-free medium up to 600 pL. After 20 min of in-
cubation, DOPY/repair-PPRH complexes were added to cells in a final
volume of 6 mL (full medium) (Final concentration of DOPY 2.1 uM). In
all types of transfections, cells were incubated during 48 h with repair-
PPRHSs before selection.

2.8. Cellular uptake

SH-SY5Y cells (60,000), PC-3 cells (60,000) or DF42 cells (300,000)
were plated the day before transfection. Transfections were carried out
as stated previously in the transfection section of M&M, but in this case
using FAM-HpsPr-C PPRH. After 24 h of incubation, cell images for each
condition were taken using a ZOE Fluorescent Cell Imager (Bio-Rad
Laboratories, Inc, Spain). Then, cells were trypsinized and collected,
centrifuged at 800g at 4 °C for 5 min and washed once in PBS. The pellet
was resuspended in 500 pL of PBS and Propidium Iodide was added to a
final concentration of 5 ug/mL (Merck, Madrid, Spain). Flow cytometry
analyses were performed in a Gallios flow cytometer (Beckman Coulter,
Inc, Spain).

To study the internalization mechanism of DOPY, SH-SY5Y and PC-3
cells (120,000) were plated in 6-well dishes in F12 medium. After 24 h,
cells were preincubated with 75 pM of the clathrin-dependent endocy-
tosis inhibitor Dynasore [68], 185 pM of the caveolin-mediated endo-
cytosis inhibitor Genistein [69], or 33 pM of the micropinocytosis
inhibitor 5-(N-ethyl-N-isopropyl) amiloride (EIPA) [70], all from Merck,
Madrid, Spain, for 60 min at 37 °C. Then, transfection mixes containing
FAM-HpsPr-C were added to cells for 4 h and processed for flow
cytometry analyses as described above in this section.

2.9. MTT assay

Cells (10,000) were plated in 6-well dishes in F12 medium. Five (PC-
3 cells) or four (SH-SYSY cells) days after transfection, 0.63 mM of 3-
(4,5- dimetilthyazol-2-yl)-2,5-dipheniltetrazolium bromide and 100 pM
sodium succinate (both from Merck, Madrid, Spain) were added to the
culture medium and incubated for 2.5 h at 37 °C. After incubation,
culture medium was removed and the lysis solution (0.57% of acetic
acid and 10% of sodium dodecyl sulfate (SDS) in dimethyl sulfoxide)
(Merck, Madrid, Spain) was added. Absorbance was measured at 560 nm
in a Modulus Microplate spectrophotometer (Turner BioSystems,
Madrid, Spain). Cell viability results were expressed as the percentage of
cell survival relative to the controls.

2.10. Western blot analyses

Total protein extracts from PC-3 and SH-SYS5Y cells (30,000) were
obtained 24 h after transfection using 100 pL of 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 8.0) supplemented with
Protease inhibitor cocktail (P8340) (all from Merck, Madrid, Spain).
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Extracts were incubated 5 min at 4 °C and cell debris was removed by
centrifugation (16,300g at 4 °C for 10 min).

In the case of DF42 protein extracts, cells were harvested by trypsi-
nization and treated with Lysis buffer (0.5 M NaCl, 1.5 mM MgCly, 1 mM
EDTA, 10% glycerol, 1% Triton X-100, 50 mM HEPES, pH 7.2), sup-
plemented with Protease Inhibitor Mixture (P8340) (all from Merck,
Madrid, Spain). Whole-protein extracts were maintained at 4 °C for 1 h
with vortexing every 15 min. Cell debris was removed by centrifugation
(16,300¢g for 10 min).

Protein concentrations were determined using a Bio-Rad protein
assay based on the Bradford method and using bovine serum albumin as
a standard. Whole-protein extracts (100 ug) were electrophoresed in
15% or 12% SDS-polyacrylamide gels for survivin or DHFR detection,
respectively, and transferred to Immobilon-P polyvinylidene difluoride
membranes (Merck, Madrid, Spain) using a semidry electroblotting
system. Blocking was performed using a 5% skim milk solution. Then,
membranes were probed with the primary antibody against survivin (5
ng/mL; AF886, Bio-Techne R&D Systems, S.L.U. Madrid, Spain), DHFR
(1:250 dilution; Pocono Rabbit Farm & Lab, Canadensis, PA, USA) or
o-Tubulin (1:100 dilution; CP06, Merck, Darmstadt, Germany. Second-
ary horseradish peroxidase-conjugated antibodies were anti-rabbit
(1:2000 dilution; P0399, Dako, Denmark) for primary antibodies
against survivin and DHFR, and anti-mouse (1:2500 dilution; sc-516102,
Santa Cruz Biotechnology, Heidelberg, Germany) for a-tubulin detec-
tion. Chemiluminescence was detected with the ImageQuant LAS 4000
mini (GE Healthcare, Barcelona, Spain). Quantification was performed
using the ImageQuant 5.2 software.

2.11. Selection of repaired cells

DHEFR selection was applied to transfected cells after 48 h of incu-
bation with the repair-PPRH. Selection was performed using RPMI 1640
selective medium (Gibco) lacking glycine, hypoxanthine and thymidine
(-GHT medium), which are the final products of DHFR activity, and
containing 7% dialyzed FBS (Gibco). Each experimental condition was
performed in triplicate, and a minimum of three colonies were analyzed
for each condition.

2.12. Gene correction frequency

After 14 days of selection in -GHT medium, surviving cell colonies
were fixed in 6% formaldehyde, stained with crystal violet (both from
Merck, Madrid, Spain) and manually counted. Gene correction fre-
quency values were calculated as the ratio between the number of sur-
viving colonies and the total number of cells initially plated.

2.13. DNA sequencing

Total genomic DNA was isolated from either DF42 mutant or DF42
repaired cells using the Wizard genomic DNA purification kit (Promega,
Madrid, Spain) following the manufacturer’s recommendations. PCRs
were carried out to amplify the target site using OneTaq polymerase
(New England Biolabs, Ipswich, MA, USA) following the PCR cycling
conditions recommended by the manufacturer. Primer sequences were
5'-GTCATGTGTCTTCAATGGGTG-3' and 5'-TCTAAAGCCAACA-
CAAGTCCC-3'. PCR-amplified products (227 bp) were run in 5% poly-
acrylamide gel electrophoresis, purified and sequenced by Macrogen
(Amsterdam, the Netherlands).

2.14. DHFR activity assay

The method is based on the incorporation of radioactive deoxyur-
idine into cellular DNA. This depends on the reductive methylation of
deoxyuridylate to thymidylate by tetrahydrofolate, which is generated
by DHFR from folate supplied in the medium. Therefore, incorporation
of radioactive dTTP into DNA relies on DHFR activity, and it can be
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detected by DNA isolation [71].

Mutant or repaired DF42 cells (1 x 10°) were seeded in 6-well plates
in 1 mL of selective medium (-GHT). Next day, 2 uCi of 6-[°H] deoxy-
uridine (18.9 Ci/mmol, Hartmann Analytic, Germany) were added for
24 h. Cells were lysed in 100 L of 0.1% SDS. The lysate was placed onto
31ET chromatography paper (Whatman) and dried at room tempera-
ture. Finally, papers were washed three times for 30 min in constant

A PC-3 cells

6-FAM

CNT

DT

DP

B 100+ Jekekk Fokekk

80+

60+

40-

20+

% Fluorescent PC3 cells

CNT DT DP

C 300+

2004

1004

PC3 mean Fluorescence

DT DP

European Journal of Pharmaceutics and Biopharmaceutics 165 (2021) 279-292

agitation with 66% cold ethanol containing 250 mM NacCl, dried, and
counted in a scintillation counter.

2.15. Statistical analyses

Statistical analyses were performed using GraphPad Prism 6
(GraphPad Software, CA, USA). Data are represented as the mean + SEM

D SH-SY5Y cells

6-FAM
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m

80+

20+
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CNT DT DP

80+

60+

20+
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0
DT DP

Fig. 2. Cellular uptake of PPRHs for gene silencing applications. Fluorescence microscopy images of PC-3 (A) and SH-SY5Y (D) cells were taken 24 h after
transfection with 100 nM of FAM-HpsPr-C using either DOTAP (10 uM) or DOPY (2.1 uM). Then, the percentage of fluorescent cells (B and E) and the mean
fluorescence (C and F) for each cell line were determined by flow cytometry. Error bars represent the standard error of the mean of three experiments. Statistical
significance was calculated using one-way ANOVA with Dunnett’s multiple comparisons test for the percentage fluorescent cells or Unpaired T test for the mean
fluorescence (**p < 0.01, ***p < 0.001, **** p < 0.0001). Abbreviations: CNT, control; DT, DOTAP; DP, DOPY.
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of at least three independent experiments. The levels of statistical sig-
nificance were denoted as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001
(***) or p < 0.0001 (****),

3. Results
3.1. DOPY/PPRH complexes characterization

First, the ability of DOPY to interact with FAM-HpsPr-C PPRH was
assessed by gel retardation assays. Incubation of increasing amounts of
DOPY with 150 ng of the PPRH resulted in a progressive disappearance
of the band corresponding to the PPRH signal compared to the PPRH
alone (Fig. 1B), thus demonstrating the formation of DOPY/PPRH
complexes. Then, we analyzed the size of DOPY/PPRH complexes,
which show an hydrodynamic diameter of 155 nm, with a dispersion
index of 0.25 (Figure S3A), as analyzed by DLS, a value significantly
increased respect the DOPY vesicles (ca. 100 nm) upon complexation.
Furthermore, the Z-potential of DOPY/PPRH complexes 67.53 + 1.08
mV (Figure S3B), is not significantly different from that of DOPY vesicles
(ca. 57 mV), in accordance with the cationic nature of the lipoplexes,
and indicates the excellent stability of the lipoplexes.

Transmission Electron Microscopy (TEM) was used to study the
morphology of the materials. As shown in Fig. 1C, the FAM-HpsPr-C
PPRH molecules intertwine forming fibrillar structures, whereas DOPY
forms vesicles of 52.4 4 18.2 nm in diameter (Fig. 1D). In contrast, when
DOPY vesicles come in contact with PPRH, the fibers of PPRH are
completely covered by DOPY as a consequence of their strong interac-
tion, leading to a combined morphology. Most of the lipoplexes formed
are less than 133 nm in diameter (Fig. 1D), which is also in accordance
with the hydrodynamic diameters observed in aqueous colloidal
dispersion.

3.2. Transfection efficiency for gene silencing

Once verified the capacity of DOPY to interact with PPRHs, we
compared the cellular uptake of FAM-HpsPr-C PPRH (100 nM) when
cells were transfected using either DOPY or the validated transfection
agent DOTAP, which is widely used in our laboratory for gene silencing
approaches, and thus useful for comparison purposes in the different
assays. Cells were transfected using either 2.1 uM of DOPY or 10 uM of
DOTAP (standard conditions used for PPRH transfection in gene
silencing approaches: molar ratio of 1:100 PPRH/DOTAP). The per-
centage of fluorescent cells and their mean fluorescence intensity were
determined 24 h after transfection using flow cytometry. The cellular
uptake was analyzed in PC-3 cells, in which we had previous experience
transfecting PPRHs using DOTAP, and in SH-SYS5Y cells, which are
difficult to transfect using DOTAP in standardized conditions. According
to our previous results using HpsPr-C PPRH [35], high percentages of
fluorescent PC-3 cells were observed when using DOTAP (94%) (Fig. 2A
and B). Similar values of fluorescent cell percentages were obtained
when using DOPY (93%) (Fig. 2B). However, the mean values were 2-
fold higher in DOPY transfections than those of DOTAP (Fig. 2C). In
the case of hard-to-transfect SH-SY5Y cells, the percentages of fluores-
cent cells were 87% using DOTAP and 71% using DOPY (Fig. 2D and E),
but the fluorescence mean was 4.3 times higher in DOPY transfections
than that of DOTAP transfections (Fig. 2F). Fluorescence microscopy cell
images acquired just before flow cytometer analyses were in accordance
with the results described in this section (Fig. 2A and D).

We also analyzed the mechanisms involved in the internalization of
DOPY/PPRH complexes by transfecting cells with FAM-HpsPr-C either
in the presence or the absence of different endocytic pathways inhibitors
(Fig. 3) [68-70]. After 4 h of transfection, DOPY/PPRH complexes
internalization was significatively reduced with either the clathrin-
dependent endocytosis inhibitor Dynasore (75 pM) or the caveolin-
mediated endocytosis inhibitor Genistein (185 pM), in both PC-3 and
SH-SY5Y cells. The treatment with Dynasore presented a decrease of
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51% and 35% of fluorescent cells, in PC-3 and SH-SY5Y respectively, in
comparison with untreated cells (Fig. 3A and C). Furthermore, the
fluorescence mean values were reduced by 24.5 and 3.4-fold in PC-3 and
SH-SY5Y cells, respectively, relative to untreated cells (Fig. 3B and D). In
the case of Genistein treatment, the decrease of fluorescent cells was of
23% in PC-3 and 21% in SH-SY5Y (Fig. 3A and C), and the fluorescence
mean values were reduced by 20-fold and 2.7-fold in PC-3 and SH-SY5Y
cells, respectively (Fig. 3B and D). No significant decrease was observed
in neither the percentage of fluorescent cells nor the fluorescent mean in
neither of the two cell lines treated with the micropinocytosis inhibitor
EIPA (33 pM) (Fig. 3). These results indicate that both the clathrin-
mediated endocytosis and the caveolin-mediated endocytosis are
involved in DOPY/PPRH complexes internalization. Fluorescence mi-
croscopy cell images are shown in Figure S4.

3.3. Cell viability assays

Previous work in our laboratory demonstrated that the inhibition of
the antiapoptotic gene survivin using PPRHs led to a decrease in prostate
cancer cell survival both in vitro and in vivo [33,35]. Therefore, we used
PC-3 cells as a positive control since we had evidence of the effectiveness
of transfecting the HpsPr-C PPRH using DOTAP in this type of cells [35].
In this work, we searched for a non-toxic amount of DOPY for each cell
line. The optimum concentration in PC-3 cells was ranging from 0.52
—1.05 pM (Fig. 4A), whereas SH-SY5Y cells could be incubated with
higher doses of DOPY (1.05-2.1 uM) (Fig. 4B). Then, 100 nM of HpsPr-C
PPRH was transfected using either DOTAP or DOPY to compare the ef-
fect on cell viability caused by the PPRH. PC-3 cells transfected with
DOTAP/HpsPr-C complexes showed a decrease in cell viability of 90%
(Fig. 4A). Similarly, cells transfected using 0.52 uM and 1.05 pM of
DOPY showed a reduction in cell viability of 97% and 99%, respectively
(Fig. 4A).

However, in the case of SH-SY5Y cells, incubations with DOTAP/
HpsPr-C complexes at standard conditions did not reduce cell
viability, whereas cells treated with DOPY/HpsPr-C complexes showed a
decrease in cell viability of 36% and 84% using 1.05 uM and 2.1 uM of
DOPY, respectively (Fig. 4B). Transfections with the negative control
hairpin (HpWC) did not produce any effect on cell viability in PC-3 and
SH-SY5Y cells (Fig. 4A and B).

3.4. Survivin protein analyses

To confirm that the detrimental effect on cell viability was caused by
a specific decrease of survivin expression triggered by 100 nM of HpsPr-C
PPRH, we analyzed survivin protein levels in both PC-3 and SH-SY5Y
cells. After 24 h of incubation, PC-3 cells transfected using either
DOTAP (10 puM) or DOPY (1,05 uM) presented a 75% reduction on
survivin protein levels (Fig. 5A). In contrast, SH-SY5Y cells transfected
with DOTAP (10 uM) did not show a significant decrease in protein
expression (Fig. 5B), while cells transfected using DOPY (2.1 uM)
showed a decrease of 85% on survivin protein levels.

3.5. Transfection efficiency for gene repair

One of the goals of this work was to demonstrate the versatility of
transfection of DOPY. For that reason, we also used DOPY for gene
correction applications. In this regard, repair-PPRHs were delivered into
the DF42 CHO mutant cell line to correct a point mutation in the
endogenous locus of the dhfr gene. The HpE6rep-L repair-PPRH was
designed to correct the ¢.541 G > T mutation in this gene (Table 1).
HpE6rep-L consisted in (i) a 23 nt polypurine core complementary to its
polypyrimidine target sequence located 9 nt downstream from the mu-
tation, and (ii) a 45 nt repair domain homologous to the mutation region
but containing the desired nucleotide (G) instead of the mutation (T).

First, the delivery of PPRHs into DF42 cells was assessed by fluo-
rescence microscopy (Fig. 6A) and flow cytometry (Fig. 6B and C) using
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Fig. 3. Study of the endocytic pathways involved in DOPY/PPRH complexes internalization. PC-3 and SH-SY5Y cells were incubated for 1 h with 75 pM of
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error of the mean of three experiments. Statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparisons test for the percentage
fluorescent cells and the mean fluorescence (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001). Abbreviations: CNT, control; DP, DOPY; DYN, Dynasore; GEN,
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FAM-HpsPr-C PPRH. The efficiency of transfection of DOPY in DF42
cells was compared to that of calcium phosphate or DOTAP, since both
methodologies are standardly used in our laboratory for the delivery of
repair-PPRHs. Both DOTAP and DOPY transfections were able to deliver
PPRHSs to more than 80% of the total cell population, whereas calcium
phosphate transfections only achieved 50% of transfection efficiency
(Fig. 6B). However, mean fluorescence values showed that the highest

internalization was obtained using DOPY (Fig. 6C). It is worth noting
that calcium phosphate transfections presented lower internalization
values than those of DOPY, but higher than those of DOTAP (Fig. 6C).
Fluorescence microscopy cell images acquired just before flow cytom-
eter analyses were in accordance with the results described in this sec-
tion (Fig. 6A).
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3.6. Gene correction frequency

After 48 h of incubation with repair-PPRHs, selective medium
(-GHT) was applied during 14 days. At this point, cell colonies were
stained and counted to determine gene repair frequencies for each
transfection method. In these experimental conditions, no cell colonies
were obtained when transfecting using DOTAP (Fig. 7A). However,
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Fig. 6. Cellular uptake of PPRHs for gene
repair applications. (A) DF42 cells were
transfected with 10 pg of FAM-HpsPr-C (112
nM) using DOTAP (2.6 uM), calcium phos-
phate or DOPY (2.1 uM) and visualized under
a fluorescence microscope after 24 h of in-
cubation. Then, cells were harvested and
analyzed by flow cytometry to determine the
(B) percentage of DF42 fluorescent cells and
(C) the mean fluorescence. Error bars repre-
sent the standard error of the mean of three
experiments. Statistical significance was
calculated using Unpaired T test comparing
the effect of the different transfection agents
(*p < 0.05, **p < 0.01, **** p < 0.0001).
Abbreviations: CNT, control; DT, DOTAP;
CP, calcium phosphate; DP, DOPY.

g &

calcium phosphate transfections generated a 0.2% of corrected cells,
while DOPY transfections led to repair frequencies of 0.4%, which
represented a 2-fold increase compared to calcium phosphate fre-
quencies (Fig. 7B).
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Fig. 7. Gene correction frequency and characterization of DF42 repaired clones. (A) Representative image of the number of DF42 repaired colonies obtained
after transfection with 10 pg of the HpE6rep-L repair-PPRH (55 nM) using DOTAP (2.6 uM), calcium phosphate or DOPY (2.1 uM). After selection, surviving cell
colonies were fixed and stained with crystal violet. (B) Gene correction frequency values were calculated as the ratio between the number of DF42 surviving colonies
and the total number of cells initially plated. (C) DNA sequences from DF42 mutant and DF42 repaired cells after treatment with the HpE6rep-L repair-PPRH using
calcium phosphate or DOPY are shown. Red and green arrows indicate the mutated and corrected nucleotide, respectively. (D) Western blotting of DHFR protein in
DF42 mutant cells and DF42 repaired clones. Tubulin protein was used as endogenous control. (E) DHFR enzymatic activity was determined in DF42 mutant cells and
DF42 repaired clones. UA21 parental cells were used as positive control. Error bars represent the standard error of the mean of three experiments. Statistical sig-
nificance was calculated using Unpaired T test in (B) and ordinary one-way ANOVA in (E). (**p < 0.01, **** p < 0.0001). Abbreviations: CNT, control; DT, DOTAP;
CP, calcium phosphate; DP, DOPY.

3.7. Characterization of dhfr repaired clones Finally, we demonstrated the functionality of the DHFR protein by
determining its enzymatic activity. All the repaired clones derived from
After selection, a representative number of cell colonies from each both calcium phosphate and DOPY transfections showed a similar

transfection condition were expanded individually and analyzed at the enzymatic activity, which represented a 50-fold increase compared to

DNA level to confirm the correction of the mutation. As shown in that of mutant DF42 cells (Fig. 7E).

Fig. 7C, both calcium phosphate and DOPY transfections of the

HpE6rep-L repair-PPRH were able to correct the ¢.541 G > T mutation at 4. Discussion

the genomic level in DF42 cells, thus restoring the wild-type sequence of

the dhfr gene. In this work, we describe DOPY as a new gemini cationic liposome-
In addition, we corroborated that the restoration of the wild type dhfr based formulation for PPRH delivery and evaluate its transfection effi-

sequence in the DNA of the repaired clones led to the production of ciency for both gene silencing and gene repair applications. We chose

DHER protein. Western blot assays showed the presence of DHFR protein PPRH delivery since these molecules represent an economical biotech-

in all the analyzed clones derived from both calcium phosphate and nological tool with advantages compared to other therapeutic oligonu-

DOPY transfections (Fig. 7D). DHFR protein was also present in the wild- cleotides [31,32]. PPRHs are more stable than siRNAs due to its clamp

type UA21 cell line, used as positive control (Fig. 7D). structure composed of deoxynucleotides instead of ribonucleotides [72].
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Furthermore, PPRHs are effective at lower concentrations than ASOs

33] and they bind with higher affinity to the target dsDNA than Triplex-
Forming Oligonucleotides (TFOs) [37]. In terms of safety, PPRHs have
demonstrated their lack of immunogenicity [72], nephrotoxicity and
hepatotoxicity in vitro [63]. Moreover, pharmacogenomic studies
demonstrated the specificity of PPRHs and the absence of off-target ef-
fects [63].

It is known that cationic lipid-based delivery systems form electro-
static complexes with DNA. This condensation protects DNA from
nuclease degradation and confers desirable physicochemical properties
in terms of size and charge to facilitate DNA entry into cells [73]. In
several chemical vectors, the positive charge is provided by a pyr-
idinium salt [74-76]. Following this approach, in the present work we
designed DOPY, a gemini amphiphilic bis-pyridinium salt connected
through a 1,3-xylyl spacer and bearing hydrophobic oleyl moieties on
the position 4 of the pyridinium rings, to study its ability as DNA carrier.
In solution, these complexes have ca. 155 nm in diameter, as determined
by DLS. Accordingly, gel retardation assays demonstrated that DOPY
can form complexes with PPRHSs, thus pairing their negative charges.
Transmission Electron Microscopy experiments also corroborate this
interaction and allows the visualization of the fibrillar structures of the
PPRH molecules covered by DOPY.

To achieve the desired effect of PPRHs within the cell, a successful
transfection requires their internalization into the cytoplasm and their
transportation into the nucleus. Regarding PPRHs internalization, DOPY
has demonstrated high delivery efficiencies in PC-3, SH-SY5Y and DF42
cells. Interestingly, the amount of PPRH internalized by DOPY com-
plexes was higher than that of other chemical vehicles routinely used in
our laboratory such as DOTAP or calcium phosphate. These higher
values of internalization can explain the superior effects obtained in
both gene silencing and gene repair approaches using PPRHs compared
to that of other transfection agents. Additionally, the decrease in DOPY/
PPRH cellular uptake after Dynasore or Genistein treatment in both PC-3
and SH-SY5Y cells suggests that the clathrin-mediated endocytosis and
the caveolae-dependent endocytosis are involved in the internalization
of PPRHs mediated by DOPY.

In gene silencing experiments, we targeted the antiapoptotic gene
survivin, which has been correlated with different types of cancer such
as prostate [77], breast [78], gastric [79,80], osteosarcoma [81] or
neuroblastoma [82,83]. Since we faced difficulties in transfecting neu-
roblastoma SH-SY5Y cells with commercially available agents, we
transfected the HpsPr-C PPRH directed against survivin in SH-SY5Y cells
using DOPY. DOPY/HpsPr-C complexes successfully decreased survivin
protein levels and cell viability in hard-to-transfect SH-SY5Y cells, even
using nearly 4-fold less amount of DOPY than that of DOTAP. These
results are in accordance with other studies showing the inhibition of
SH-SY5Y cell proliferation due to an increase of apoptosis after sup-
pressing survivin expression [84]. In contrast, the transfection of
DOTAP/HpsPr-C complexes in SH-SY5Y cells did not reduce survivin
protein levels nor cell viability, which corroborates the greater inter-
nalization capacity of DOPY. In the case of PC-3 cells, our previous
studies transfecting HpsPr-C using DOTAP showed an effective delivery
and survivin gene silencing [35]. In this work, we showed a great
reduction on protein levels and cell viability using 7.75-fold less amount
of DOPY than that of DOTAP. Therefore, DOPY/PPRH complexes are
more effective in terms of inhibiting survivin expression and reducing
cell viability in both SH-SY5Y and PC-3 cells.

In gene correction experiments, the HpE6rep-L repair-PPRH trans-
fected using DOPY in DF42 mutant cells achieved higher correction
frequencies than that of DOTAP or calcium phosphate transfection
agents, which are the chemical vehicles routinely used in our laboratory
for gene correction strategies [45,46]. The HpE6rep-L repair-PPRH was
able to specifically correct the ¢.541 G > T mutation in the endogenous
locus of the dhfr gene, thus restoring its wild-type sequence. In addition,
we confirmed that DF42 corrected cells were able to produce a full DHFR
protein with restored enzymatic activity, thus proving the effectivity of
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DOPY as a transfection agent also in gene repair approaches.

Overall, the successful cellular uptake, the efficient survivin gene
silencing and the correction of the dhfr gene are evidence that DOPY
enables both an efficient entry and release of PPRHs at the intracellular
level, thus allowing them to exert their action in the target dsDNA.
Although further studies to demonstrate safety and efficacy of DOPY in
vitro and in vivo should be performed, the results to date indicate that
DOPY can be considered as a new gemini cationic lipid-based delivery
vector suitable for the delivery of therapeutic oligonucleotides.
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Figure S1. 'H-NMR (A) and 3C NMR (B) spectra of 4-Oleyloxypyridine.
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Figure S2. *H-NMR (A) and *C NMR (B) spectra of DOPY.
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Figure S3. Hydrodynamic diameter analyzed using DLS (A) and Zeta Potential (B) of
DOPY/PPRH complexes. Triplicate measures of DOPY/PPRH complexes 1:1.3 (w/w) in
deionized water are indicated.
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Figure S4. Fluorescence microscopy images of PC-3 (A) and SH-SY5Y (B) cells
after the treatment with different endocytic pathways inhibitors. PC-3 and SH-
SY5Y cells were incubated for 1h with 75 yM of Dynasore, 185 uyM Genistein, or 33 uM
EIPA and subsequently transfected with 100 nM of the FAM-HpsPr-C PPRH using 2.1
UM of DOPY. Fluorescence microscopy images were taken 4h after transfection.
Abbreviations: CNT, control; DP, DOPY; DYN, Dynasore; GEN, Genistein; EIPA, 5-(N-
ethyl-N-isopropyl)amiloride.
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4.3.5. Additional results to Article lll

Besides protein levels, we also analyzed the effect on survivin mRNA
levels in PC-3 cells transfected with 100 nM HpsPr-C-WT using DOPY. Cells
transfected with either DOPY or DOTAP showed a decrease on mRNA levels of
around 50% (Figure 31). The negative control transfected with DOPY did not
show a decrease on mRNA levels.
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Figure 31. Effect of HpsPr-C-WT transfected with DOPY on mRNA levels in PC-3 cells.
PC-3 cells (30.000) were transfected with 100 nM of HpsPr-C (PPRH) or the negative
control HpsPr-C-WC (WC) using 1.05 pM DOPY (DP) or 10 uM DOTAP (DT). 24 h after
transfection, survivin mRNA levels were determined by RT-qPCR. TATA-binding protein
(TBP) was used to normalize the results. Statistical significance was determined using
one-way ANOVA with Dunnett's multiple comparisons test (****p < 0.0001).
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Discussion

A long-term goal of our laboratory is to keep developing the PolyPurine
Reverse Hoogsteen (PPRH) hairpins for possible applications in gene therapy.
Therefore, in this work we aim to expand their use in cancer therapy as a gene
silencing tool, targeting the RSR genes WEE1 and CHK1, and a G-quadruplex
located in TYMS. Moreover, in an effort to improve the pharmacokinetic and
pharmacodynamic properties of PPRHs, we intend to evaluate different
modifications in the PPRH structure and to test alternative methods of delivery,
including non-viral and viral vectors.

5.3. PPRHSs as gene silencing tool

One of the main limitations of traditional cancer therapies is the low
specificity, affecting both healthy and cancer cells, and thus, resulting in severe
side effects (Pucci et al. 2019). Furthermore, despite the great efforts to develop
effective targeted therapies, many proteins are still undruggable (Meric-
Bernstam & Mills 2012). Due to their pharmacological properties, PPRHs are
promising therapeutic oligonucleotides that could overcome these limitations.

PPRHs can be designed to hybridize selectively to polypyrimidine
regions of any target gene. Polypyrimidines regions are abundant in the genome,
especially in crucial regulatory regions for gene expression, indicating that many
genes can be targets for triplex formation (Gofii et al. 2004, 2006). Accordingly,
during the last decade, PPRHs have proved to specifically silence different
targets involved in cancer progression both in vitro and in vivo (Ciudad et al.
2017; Rodriguez et al. 2013; Villalobos et al. 2015).

Compared to other gene silencing nucleic acids, PPRHs present several
advantages in terms of stability, safety, and effectivity. PPRHs have showed
longer half-life than siRNAs in different types of sera and in PC-3 cells
(Villalobos, 2013). This fact could be explained by the nature of the structure of
PPRHs. Their backbone composed by deoxynucleotides and their hairpin
structure probably contribute to increase their stability. Furthermore, PPRHs are
more economical to synthesize than siRNAs since no modifications to increase
stability are needed. Regarding safety, PPRHs molecules present a low
immunogenic profile. Unlike siRNAs, PPRHs do induce neither the Toll- like
Receptor nor the inflammasome activation pathways, thus they are considered
to be less immunogenic than siRNAs (Villalobos, 2013). Additionally,
pharmacogenomic studies have demonstrated the specificity of a PPRH directed
against the survivin gene (HpsPr-C) and the lack of off-target effects of an
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unspecific hairpin (AJF,2020). This negative hairpin did not cause toxicity in
viability assays conducted in HepG2 or 786-O cells, and produced minor
changes in gene expression, indicating the lack of hepatotoxicity and
nephrotoxicity of PPRHs (AJF,2020). Moreover, it is noteworthy that in the two
in vivo efficacy assays administering HpsPr-C, the mice body weight loss was
approximately 2%, denoting the lack of toxicity (Laura, 2013). In respect of gene
silencing effect, PPRHs bind with higher affinity to their target dsDNA than TFOs
(Rodriguez et al. 2015) and exert a more potent effect compared with ASOs (de
Almagro et al. 2009) or TFOs (Rodriguez et al. 2015). Hence, PPRHs are
capable of inhibiting gene expression at lower concentrations. It is also important
to consider that PPRHs are targeting the gene itself, which present several
advantages compared to other oligonucleotides that are directed only to the
MRNA (e.g. ASOs, siRNAs or ribozymes). For instance, there are only two
targets per cell corresponding to the two alleles of the targeted gene, while there
may be multiples copies of a mRNA. Furthermore, inhibition of translation does
not prevent the formation of new mRNA, thus inhibition of gene expression is
expected to be more efficient (Praseuth et al. 1999). All these patrticularities
make PPRHSs a potential alternative for gene silencing, and thus in this work we
demonstrate their use in other relevant targets for cancer therapy.

5.3.5. Targeting Replication Stress Response gene WEE1 and CHK1

In this work, we explored the usage of PPRHs as a new approach to
downregulate the expression of WEE1 and CHKL1. In response to replication
stress, CHK1 and WEEL1 are required for checkpoint-mediated cell cycle arrest
at the G2/M transition and for the activation of mechanisms to protect genome
integrity. In cancer cells, the high levels of replication stress and/or the lack of
functionality of other DDR components such as TP53, ATM, BRCA1 or BRCA2,
suggests that tumors rely heavily on a functional RSR, and thus, WEE1 and
CHK1 represent potential targets in cancer therapy (Forment & O’connor 2018).
Therefore, we designed a set of PPRHs directed toward different regions of
WEE1 and CHKZ1 to produce a specific downregulation of each gene. First, to
confirm their antitumor activity, we analyzed their effect on viability in cancer
cells. All the PPRHs demonstrated to decrease cell survival to a certain extent
and none of the negative controls tested, neither scrambled PPRHs nor WC-
PPRH, showed cytotoxicity on HelLa cells. These determinations are also in
agreement with Yan Luo et al, R. Russel et al and Tang et al, in which inhibition
of WEE1 or CHK1 using other therapeutic oligonucleotides produced very
significant decreases in cell viability (Luo et al. 2001; Russell et al. 2013; Tang
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et al. 2006). Interestingly, the most effective PPRH against each gene
(HPWEE1Pr-T and HpCHK1I1-C) did not cause a decrease on viability in non-
human cells CHO-DG44. Since these cells do not possess the target sequence
of the PPRHSs, these results suggest that the detrimental effect on viability
produced by PPRHs on human cancer cells is caused by a specific effect on
gene expression. Furthermore, HpPWEE1Pr-T and HpCHK1I1-C were also
effective in reducing viability in other cancer cell lines (PC-3, MCF-7, SK-BR-3
and HepG2), whereas no reduction or a minor reduction on viability was
observed in non-cancerous cells HEK-293 and ECV304, thus, supporting the
hypothesis that cancer cells would be more responsive to this therapy than
normal tissues (Zhu et al. 2020).

We validated that the effects observed in cell viability were caused by a
specific decrease in both mRNA and protein levels of WEE1 and CHKL1.
Furthermore, since previous results in our laboratory had demonstrated that
PPRHs could alter the splicing of their target genes (Almagro 2011), we also
analyzed the effect of HpCHK1I1-C on CHK1-S, a shorter variant lacking exon
3. This alternative splice variant represses CHK1 and promotes mitotic entry
(Pabla et al. 2012; Patil et al. 2014). We did not observe differences in CHK1-
S/CHK1 mRNA splicing variants ratio, indicating that HpCHK1I1-C interferes
with transcription of both isoforms with no distinction, resulting in a proportional
decrease of both variants.

Loss of functionality of CHK1 and WEEL kinases has been described to
provoke an excess of replication stress that induce cancer cells to initiate
apoptosis or to progress to an anticipated mitosis without a previous DNA repair
(Beck et al. 2012; Benada & Macurek 2015; van Harten et al. 2019). As a result
of extensive DNA damage at this phase, cells undergo mitotic catastrophe and
apoptosis (Castedo et al. 2004; Qiu et al. 2018). Therefore, we studied the effect
produced by PPRHSs on cell cycle and apoptosis levels. In agreement with other
studies conducted with CHK1 inhibitors (Mak et al. 2014; Wang et al. 2014) or
WEEL inhibitors (Chen et al. 2021; Mak et al. 2014; Vera et al. 2015), we found
that inhibition of WEE1 and CHK1 using PPRHs induce an accumulation in G2/M
phase, which can be explained by premature entry and prolonged mitosis with
damaged DNA (Lewis et al. 2017; Mak et al. 2014). Furthermore, we also
observed an increase in apoptosis and necrosis levels in cells transfected with
those PPRHSs, in agreement with other WEE1 and CHK1 inhibitors (Chen et al.
2021; Kogiso et al. 2014; Mak et al. 2014).
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Most of the current anticancer agents induce DNA damage, and thus,
enhance replicative stress directly or indirectly (Dobbelstein & Sgrensen 2015).
Therefore, the combination of WEEL1 and CHK1 inhibitors with radiotherapy or
other chemotherapy agents has been proposed to further boost replicative
stress. In agreement with several pre-clinical and clinical studies (Cuneo et al.
2019; Engelke et al. 2013; Sarcar et al. 2011), we also corroborated that
inhibition of either WEE1 or CHK1 using PPRHs can enhance the response to
DNA-damaging agents, such as 5-FU or MTX.

To date, multiple CHK1 inhibitors have been developed and tested in
clinical trials (e.g. UCN-01, CBP501, AZD7762, LY2603618, MK8776, PF-
00477736, LY2606368, SRA737, GDC-0575 or SRA737) (Forment & O’connor
2018; Huang & Zhou 2020; Qiu et al. 2018). However some failed to improve the
efficacy in combination with other chemotherapies (Krug et al. 2014; Laquente
et al. 2017; Scagliotti et al. 2016) or induced serious adverse events because of
the nonspecific targeting (Sausville et al. 2014; Seto et al. 2013). In the case of
WEEL1 inhibitors, PD0166285 was the first reported drug (Panek et al. 1997) and
AZD1775 (Adavosertib) is a promising candidate currently tested in a large
number of preclinical and clinical studies (Cuneo et al. 2019; Ghelli Luserna Di
Rora et al. 2020; Leijen et al. 2016). Nevertheless, despite extensive research,
there is no drug targeting the RSR currently available in the market. Indeed, only
Poly-ADP-ribose polymerase inhibitors (olaparib, rucaparib, niraparib and
talazoparib), which target DDR, have been approved by the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) for cancer
patients bearing a mutated BRCA gene (Faraoni & Graziani 2018). Thus, as an
alternative pharmacological agent for the inhibition of the RSR genes WEEL1 and
CHK1, we explored the usage of PPRHs against these targets, finding out that
they were able to decrease the mRNA and protein levels of their targets causing
a very significant decrease in the viability of a variety of human cancer cells.
Therefore, these hairpin molecules could be envisioned as possible novel
inhibitors of these targets involved in RSR.

5.3.6. Targeting the regulatory element G-quadruplex in Thymidylate
Synthase gene

TYMS inhibitors (e.g. fluoropyrimidines or antifolates) have been widely
used as an anti-cancer strategy due to the key role of TYMS in DNA synthesis
(Chu et al. 2003; Rahman et al. 2004). However, their effectivity have been
limited by the development of drug resistance (Zhang et al. 2008). In an
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autoregulatory manner, TYMS can regulate its own translation and induces new
synthesis of TYMS protein when is inhibited by fluoropyrimidines, thus promoting
drug resistance (Berger et al. 1985; Rooney et al. 1998). Therefore, in this work
we searched for regulatory regions of TYMS that could be targetable using
PPRHSs, as an alternative approach to down-regulate TYMS expression.

Since G4s motifs have been described to act as regulatory elements in
both DNA and RNA of several protooncogenes (Kim 2017), we searched
putative G4FSs located in the TYMS gene using the web-based serve QGRS
(Kikin et al. 2006). We identified a putative G4FS in the 5-UTR of TYMS (G4-
TYMS), and then, we confirmed the G4 folding in both DNA and RNA using
different spectroscopic approaches, including CD, UV absorbance, fluorescence
or NMR. To note, there was a discrepancy regarding the location of the G4FS
between the last two accession numbers of TYMS in the NCBI Gene database
(NM_001071.4 and NM_001071.3). While the G4FS was located in the 5’UTR
in NM_001071.3, in NM_001071.4, the G4FS was excluded from the 5’-UTR and
included in the promoter. Therefore, we verified that the G4FS was actually
included in 5’UTR of TYMS by PCR and RT-PCR, in agreement with the original
sequence (Kaneda et al. 1990).

G4s can be high-affinity binding sites for certain proteins and act as
regulatory element of gene expression (Tian et al. 2018). Besides that, TYMS
protein act as an RNA binding protein and regulates mRNA translation of
different genes, including its own (Chu et al. 1991, 1993), C-MYC (Chu et al.
1995), TP53 (Chu et al. 1999; Ju et al. 1999) and the gene encoding human IFN-
induced 15 kDa protein (Chu 1996). For those reasons, we evaluated the
possible interaction between TYMS and the G4FS as mRNA. EMSA confirmed
the binding of TYMS protein to the G4FS as mRNA, thus revealing that this
protein has another binding site, in addition to the two binding sites already
known (Chu et al. 1991, 1993). Moreover, we also verified that TYMS protein
also interacts with the G4FS as dsDNA, which could indicate that TYMS protein,
aside from its translational control, could also regulate gene expression at the
transcriptional level through the binding to this newly discovered site located in
the 5-UTR.

At this point, we designed a PPRH targeting the polypyrimidine sequence
that is complementary to G4-TYMS (HpTYMS-G4-T). EMSA assays confirmed
the binding of the PPRH to its target sequence and demonstrated that TYMS
protein and the PPRH competed for the binding to the G4FS. We hypothesized
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that a PPRH could form a triplex with the complementary strand of G4-TYMS,
which would displace the G-rich sequence of the duplex enabling its folding into
a G4 structure. To verify this, we performed binding assays with Tht, a
fluorescence sensor that can detect G4 structures (De La Faverie et al. 2014).
Those assays showed that the formation of a dASDNA/PPRH triplex promoted the
displacement of the polypurine strand and its folding into a G4 structure, thus
supporting our hypothesis. Interestingly enough, the PPRH itself, on each one
of its two arms, forms a G4 structure. Nevertheless, in accordance with our
previous results, we corroborated that conditions in which a PPRH can fold into
a G4 structure do not impair its binding to the dsDNA (Solé et al. 2017).

Then, we proceeded to test the activity of HpTYMS-G4-T in cancer cells.
We demonstrated that the PPRH targeting G4-TYMS decreased both TYMS
MRNA and protein levels in a specific manner, which led to a decrease in viability
in a dose-dependent manner in HeLa and PC3 cancer cells. It is remarkable that
the detrimental effect in viability produced by HpTYMS-G4-T was lower when
cells were incubated in medium containing thymidine. The fact that the cytotoxic
effect is reversed by thymidine, also corroborates that HpTYMS-G4-T impairs
specifically TYMS activity. Similar results have been described by Schmitz et al.,
whose studies demonstrated that the effect of a SiRNA targeting TYMS mRNA
was reversed with 10 uM of thymidine (Schmitz et al. 2004).

Therapies targeted to downregulate TYMS expression have been proposed
for tackling the resistance produced by the autoregulatory mechanism of TYMS
protein (Garg et al. 2010). Therefore, we also evaluated the effect of HpTYMS-
G4-T in combination with the traditional TYMS inhibitor 5-FU. We demonstrated
that HpTYMS-G4-T present a synergic effect in reducing viability when was
combined with 5-FU in HeLa cells. Other studies have also demonstrated that
inhibition of TYMS using gene silencing oligonucleotides can inhibit tumor cell
proliferation and enhance the efficacy of traditional TYMS inhibitors (Berg et al.
2003; Ferguson et al. 1999; Schmitz et al. 2004). As a control, we verified that
5-FU as a single agent induce an increase of total TYMS protein, as reported in
(Ligabue et al. 2012; Peters et al. 2000, 2002).

All the results obtained in this work uncover the importance of the new
identified G4s structure in TYMS. However, its regulatory function in TYMS
expression remains unclear. While some G4 structures have been described to
positively contribute to gene expression through protein binding (Chen et al.
2013), others sustain that G4 structures may act as obstacles (Cogoi et al. 2014,
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Kumari et al. 2007). In accordance with the currently postulated TYMS
translational autoregulatory mechanism (Chu et al. 1991, 1993), we hypothesize
that this G4 can act as an additional binding site of TYMS protein in either its
MRNA or DNA, preventing the function of either the transcriptional or
translational machineries.

G4s have been related to the regulation of the transcription of several
tumor-related genes, including C-MYC (Chen et al. 2013), Telomerase reverse
transcriptase (hTERT) (Palumbo et al. 2009), c-KIT (Rankin et al. 2005), KRAS
(Cogoi et al. 2004; Cogoi & Xodo 2006), BCL-2 (Dexheimer et al. 2006), and
VEGF (Sun et al. 2008). Therefore, the interest in the development of G4-ligands
that stabilize G4 structures as an antitumor therapy has arisen (Asamitsu et al.
2019; Tian et al. 2018). A wide range of G4-ligands have been developed,
including ligands that promote G4 structures in the telomere region to block
telomerase activity (Mu-Yong Kim et al. 2002; Zahler et al. 1991) or those
targeting G4 structures located in promoters (Siddiqui-Jain et al. 2002; Wang et
al. 2017), and encouragingly some have reached clinical trials (e.g. CX-3543,
APTO-253 or CX-5461) (Drygin et al. 2009; Khot et al. 2019; Local et al. 2018).
Nevertheless, human genome contains a high number of putative G4s
structures, which makes the major obstacle in the development of specific G4-
ligands. To overcome this limitation, here we introduce PPRHSs as an alternative
to specifically target G4-forming sequences. Specifically, we demonstrate their
therapeutic potential as a single agent or in combination with 5-FU when
targeting selectively a G4 structure located in TYMS.

5.3.7. Improving the structure of PPRHs

Seeking to improve the properties of PPRHs in gene silencing, we
introduced distinct modifications in their structure. Since we have already
validated the antitumor activity of a PPRH directed against the survivin gene
(HpsPr-C) in vitro and in vivo (Rodriguez et al. 2013), we selected this PPRH to
evaluate the effect of these modifications on triplex formation and cell viability
assays.

Unmodified oligonucleotides present a rapid clearance from blood,
primarily due to excretion in urine and nucleases degradation (Dirin & Winkler
2013). The RNAse A family are the predominant nucleases that degrade
circulating ribonucleotides, such as siRNAs (Haupenthal et al. 2006), whereas
DNase | and 3’- exonuclease are the primary enzymes to degrade circulating
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deoxyribonucleotides, such as ASOs (Fujihara et al. 2012; Putney et al. 1981).
PPRHs are unmodified DNA molecules, therefore one could speculate that their
pharmacokinetics would be similar to that of ASOs (Ciudad et al. 2017). To avoid
the rapid degradation and enhance the stability, oligonucleotides containing a
PS backbone have been developed. PS bonds have the dual effect of conferring
nuclease resistance and promoting binding to plasma proteins, especially to
albumin. This modification reduces renal clearance and increases the circulation
time (Geary et al. 2015). Therefore, we introduced PS linkages in the PPRH
structure to enhance its stability.

Binding analyses showed that HpsPr-C-PS binds with similar affinity to
its target sequence as ssDNA in comparison with HpsPr-C-WT. However, the
PS PPRH present lower binding affinity than the WT PPRH when incubated with
dsDNA. It has been clearly established that the incorporation of a PS linkage
results in the generation of a chiral center and different stereocisomeric forms.
These stereoisomers have different functional properties, which can result in a
decrease in binding affinity, thus, the minimum number of PS linkages should be
used (Eckstein 2014). Interestingly, the PS PPRH induce a higher decrease in
cell viability than the WT PPRH, which indicate that the slight loss of binding
affinity would be balanced by the higher stability of the PS-PPRH.

To note, even without chemical modifications, PPRHs present higher
stability than other oligonucleotides, which is a remarkable advantage (Villalobos
et al. 2014). Most of the approved oligonucleotides drugs therapies are “naked”
and so are dependent on chemical modification to facilitate their tissue delivery
(Roberts et al. 2020). Our results prove that PS linkages could be considered as
a chemical modification to improve the pharmacokinetic and pharmacodynamic,
if naked PPRHs were to be administered.

We also tried to deal with the limitation of three purine interruptions in the
homopurine track of the PPRHSs, thus we evaluated the possibility of establishing
other types of triplets, involving inosine nucleosides or T-CG / C-TA triplets
(HpsPr-C-I and HpsPr-C-Subs, respectively). On one hand, binding analyses
showed that replacing interruptions of one of the arms of the clamp by either
Inosines or T-CG / C-TA triplets reduces the triplex formation with its target
ssDNA compared with the WT PPRH. On the other hand, and in terms of cell
viability, HpsPr-C-1 and HpsPr-C-Subs promoted a lower decrease than HpsPr-
C-WT. These results indicate that these triplets may decrease stacking
interactions within the third strand. Other studies have also showed that
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substituting third-strand thymines or cytosines by inosines in triple helix reduces
the binding energy of the Hoogsteen third strand (Griffin & Dervan 1989; Mills et
al. 1996). In addition, it is suggested that T-CG/C-TA triplets generate weaker
bounds and that those triplets need to be designed with care, since they may
target other sequences (Chandler & Fox 1995, 1996). These results indicate that
the use of inosine and T-CG / C-TA triplets as a substitute of the purine
interruptions in a PPRH structure is limited.

On the other hand, the structure and stability of a hairpin depends on
different variables, such as stem size, loop size, stem and loop composition,
base stacking, base pairing, hydrogen bonds on the loop, and closing base pair
of the loop (Nayak & Van Orden 2013; Shen et al. 2001; Vallone et al. 1999). Of
these variables, we analyzed the effect on cell viability of different PPRHs
differing from the loop size (3, 4 or 5 thymidines). Similar results were obtained
with all PPRHSs, indicating that the T-loop of a PPRH can range from 3 to 5
residues. Other studies have shown, that in hairpins with identical stem
sequences, stability becomes stronger as the loop length decreases since that
shorter loop length imparts greater stability to the hairpin structure (Nayak & Van
Orden 2013). In general, it is suggested that for DNA the optimal loop consists
of 4 or 5 residues, although it has also been shown that hairpins can be formed
even with loops <3 (Hilbers et al. 1985). Furthermore, we analyzed if stablishing
WC bonds in the loop could stabilize the hairpin formation, and thus, promote
the triplex formation with its target sequence. To do so, we replace the 5T-loop
by TATTA or the TTTAA sequence (HpsPr-C-TATTA and HpsPr-C-TTTAA,
respectively). Our binding results suggest that those loops do not interfere with
triplex formation. However, cell viability assays demonstrated that their effect
was lower than the WT PPRH. Therefore, other alternatives should be
considered to improve hairpin formation, such as the interactions between the
closing base pair of the loop (Kuznetsov et al. 2008).

Overall, further experiments such as UV-vis Melting Experiments or
Fluorescence Melting Experiments should be performed to evaluate the
thermodynamic stability of these modifications in the PPRHs. Additionally,
survivin mRNA and protein levels should also be analyzed to validate the activity
of these PPRHs.
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5.4. Delivery

For systemic applications, the main routes of administration for
therapeutic nucleic acids are either intravenous or subcutaneous. Once
administered, oligonucleotides are rapidly absorbed into the circulation showing
a peak in plasma concentration within 3 to 4 h (Geary et al. 2015). If no vehicle
is used, namely naked administration, oligonucleotides are distributed to tissues
and rapidly eliminated by blood nucleases and renal filtration. Therefore, one the
major objectives in our laboratory is to find vehicles able to protect PPRHs from
extracellular and intracellular degradation, to prolong their circulation time, to
achieve tissue-specific delivery, and to obtain an efficient release of these
molecules at the intracellular and nuclear level so that they can exert their
function on their target.

To date, the cationic liposome DOTAP, and the cationic polymer Jet-
Polyethylenimine (jetPEI) have been used as a vehicles for in vitro (Villalobos et
al. 2015) and in vivo studies (Rodriguez et al. 2013), respectively. However,
some issues regarding efficiency, toxicity and specificity encourage us to search
other alternatives for PPRHs delivery, including both non-viral and viral
strategies. For both approaches, we used the already validated PPRH directed
against survivin (HpsPr-C) (Rodriguez et al. 2013).

5.4.5. PPRHs delivery using viral vectors

The use of viruses for therapy has long been studied. Although the earlier
viral-based therapies failed, nowadays the understanding of viral biology has
enabled the development of several viral vectors that are being marketed around
the world (Bulcha et al. 2021). Viral vectors exhibit high transduction efficiencies,
capacity of long term expression, and the possibility to achieve targeted gene
expression on the desired cells (Thomas et al. 2003), advantages that make
these vectors promising candidates for nucleic acids delivery. Therefore, we
decided to test the biological response produced by the infection of viral vectors
encoding the PPRH against the survivin gene.

Since the PPRH sequence would be transcribed from the genome of the
vector, we first evaluated the effect of this PPRH made out of a non-modified
ribonucleotides, an RNA-PPRH. Reverse Hoogsteen boonds can also be
stablished between RNA sequences, and thus, polypurine sequences can form
RNA hairpins (Purshotam et al. 2010). We confirmed that the RNA hairpin
directed against survivin was also able to specifically bind to ssSDNA and dsDNA
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forming a triplex structure. Other studies have also corroborated the ability of an
RNA sequence to recognize DNA duplexes and form triplexes (Mcdonald &
Maher 1995). Then, we also demonstrated that the RNA-PPRH and a PPRH
transcribed from a plasmid were able to decrease cell viability, although higher
doses compared with the DNA-PPRH were needed. Moreover, we validated the
activity of both the RNA-PPRH and the plasmid based-PPRH in reducing
survivin mRNA and protein levels. In a similar way, other groups have described
DNA vectors as a system for the expression of siRNAs within mammalian cells
(Paddison et al. 2002; Sui et al. 2002). However, the main limitation of plasmid-
based systems is the low efficiency of the transient transfection (Devroe & Silver
2002).

Regarding viral-based systems, we validated the use of an adenoviral
vector as a delivery system for PPRHSs in vitro. We demonstrated the ability of
AdV-PPRH to downregulate survivin mRNA and protein levels. Furthermore, we
showed that the transduction of AdV-PPRH in HelLa cells provoked a reduction
on viability. Several groups have demonstrated that viral vectors have the ability
to efficiently deliver therapeutic nucleic acids into mammalian cells, including
siRNAs or antisense oligonucleotides (Barton & Medzhitov 2002; Devroe &
Silver 2002; Phillips et al. 1997; Tomar et al. 2003).

In the case of adenovirus vectors, an important obstacle is their
immunogenicity, evidenced when the treatment with an adenovirus vector led to
the death of an ornithine transcarbamylase deficient patient (Raper et al. 2003).
Since then, different strategies to overcome safety issues, and to improve the
capacity of the transgene size, or the durability of transgene expression have
been analyzed. An approach is the removal of different genes of the adenoviral
genome to achieve different levels of attenuation (Lee et al. 2017). Furthermore,
non-human AdV vectors have also been developed (canine, bovine,
chimpanzee, ovine, porcine) since humans do not have antibodies against those
vectors (Bulcha et al. 2021; Ersching et al. 2010; Kremer et al. 2000; Quinn et
al. 2013; Xu et al. 1997). The great efforts in this field have led to the approval
of several AdV vectors, including cancer therapies or Ebola and COVID19
vaccines, which highlight the potential of this technology for nucleic acids
delivery (Bulcha et al. 2021).

Nevertheless, we have not achieved an efficient delivery of PPRHs using
AAVSs vectors in vitro. It is noteworthy that transduction of AAVs in vivo does not
tend to reflect what it is observed in vitro (Bulcha et al. 2021), thus AAVs may
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not be discarded for in vivo approaches. Their lack of pathogenicity and
immunotoxicity and their efficiency make them promising candidates for in vivo
delivery, which is reflected in the approval of three AAV-based therapies
(Glybera™, Luxturna™ and Zolgensma™), although Glybera has been removed
from the market due to economic concerns (Keeler & Flotte 2019).

Different viral vectors are currently being tested in many clinical trials,
mostly AdV, AAVs and retroviruses (Bulcha et al. 2021). Each type of vector is
characterized by a set of properties that make it appropriate or inappropriate for
some applications. For instance, some viral-based systems can achieve long-
period expression, thus viral vectors rise the possibility of reducing the number
of administrations of the PPRHs. Furthermore, they also offer the opportunity of
achieving transcriptional targeting by placing the PPRH under the control of a
cell-type-specific promoter (Adachi et al. 2000; Koeneman et al. 2000;
Yamamoto et al. 2001). Moreover, proteins of the capsid can be engineered to
increase their tissue selectivity (Douglas et al. 1996; Li & Samulski 2020;
Reynolds et al. 2000, 2001; Thomas et al. 2003). Overall, all our results are the
proof of principle that viral vector could be considered as a delivery system of
PPRHSs in vitro and in future studies in vivo.

5.4.6. PPRHs delivery using non-viral vectors: Synthesis and validation
of DOPY

In the present work, we explored the new gemini cationic liposome-based
formulation DOPY for PPRH delivery. It is known that cationic lipid-based
systems form electrostatic complexes with DNA. This condensation protects
DNA from nuclease degradation and confers desirable physicochemical
properties in terms of size and charge to facilitate DNA entry into cells (Pichon
et al. 2010). DOPY is a gemini amphiphilic bis-pyridinium salt connected through
a 1,3-xylyl spacer and bearing hydrophobic oleyl moieties on position 4 of the
pyridinium rings. As in other chemical vectors, the pyridinium salt confers a
positive charge that enables the interaction with DNA (Dubruel et al. 2003;
Pajuste et al. 2013; Petrichenko et al. 2015). First, we confirmed that DOPY was
able to interact with PPRH by gel retardation assays. Then, we determined that
these DOPY/PPRH complexes showed a hydrodynamic diameter of 155 nm,
with a dispersion index of 0.25, and a Z-potential of 67.53 £ 1.08 mV, which
indicated the excellent stability of the lipoplexes and was in accordance with their
cationic nature. Moreover, transmission Electron Microscopy experiment
allowed the visualization of the fibrillar structures of the PPRH molecules
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covered by DOPY and corroborated the diameter of these lipoplexes (Samimi et
al. 2018).

At this point, we evaluated the transfection efficiency of DOPY as a
vehicle of PPRHSs in both gene silencing and repair approaches. In all cases,
DOPY demonstrated higher efficiencies of internalization compared to DOTAP
or calcium phosphate in SH-SY5Y, PC-3 and DF42 cells. Additionally, we also
analyzed the mechanism involved in the internalization of DOPY/PPRH
complexes by transfecting PPRHSs either in the presence or the absence of
different endocytic pathways inhibitors (Lin et al. 2018; Macia et al. 2006;
Vercauteren et al. 2010). The decrease in DOPY/PPRH cellular uptake after the
treatment with a clathrin-dependent endocytosis inhibitor (Dynasore) or the
caveolin-mediated endocytosis inhibitor (Genistein) in both PC-3 and SH-SY5Y
cells suggested that these two pathways are involved in the internalization of
DOPY/PPRHs complexes, while it was not due to macropinocytosis given that
the entry was not affected by the inhibitor 5-(N-ethyl-N-isopropyl) amiloride
(EIPA) (Lin et al. 2018; Macia et al. 2006; Vercauteren et al. 2010). Similarly,
other studies have observed that transfection in mammalian cells using other
lipoplexes also occurs through clathrin-mediated endocytosis and suggested
that a caveolae-dependent mechanism should not be excluded (Rejman et al.
2005, 2006; Zuhorn et al. 2002).

To evaluate the gene silencing efficiency with DOPY, we transfected
HpsPr-C PPRH in neuroblastoma cells, since we had previously faced difficulties
in transfecting these cells with the commercially available agents. DOPY/PPRH
complexes successfully reduced survivin protein levels leading to a decrease on
viability in SH-SY5Y cells. Moreover, transfection with the negative control
hairpin did not produce any effect on cell viability, thus indicating that the effect
on cell survival was produced by the PPRH targeting survivin. Other studies with
an small-molecule suppressant have also demonstrated an antiproliferative
effect when targeting survivin in neuroblastoma cells (Liang et al. 2013). In
contrast, the transfection of DOTAP/HpsPr-C complexes in SH-SY5Y cells did
not reduce survivin protein levels nor cell viability, which corroborates the greater
internalization capacity of DOPY. As a positive control, we transfected PC-3 cells
using either DOTAP and DOPY, since our previous studies incubating HpsPr-
C/DOTAP complexes in this cell line had showed an effective delivery and
survivin silencing (Rodriguez et al. 2013). We showed a great reduction on
protein levels and cell viability using both formulations. To note, we used 7.75-
fold less amount of DOPY than that of DOTAP, which also indicates that
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DOPY/PPRH complexes are more effective in terms of inhibiting survivin
expression and reducing viability in both SH-SY5Y and PC-3 cells.

One of the goals of this work was to demonstrate the versatility of
transfection of DOPY. For that reason, we also tested DOPY as a vehicle for
repair-PPRHs. The HpE6rep-L repair-PPRH was designed to correct the ¢.541
G>T mutation present in the endogenous locus of the dhfr gene in the DF42
CHO mutant. We demonstrated that HpE6rep-L transfected using DOPY in
DF42 mutant cells achieved higher correction frequencies than with DOTAP or
calcium phosphate, which are the chemical vehicles routinely used in our
laboratory for gene correction strategies (Félix et al. 2020a; Solé et al. 2016).
The HpE6rep-L repair-PPRH was able to specifically correct the mutation in the
endogenous locus of the dhfr gene, restoring its wild-type sequence. In addition,
we confirmed that DF42 corrected cells were able to produce a full DHFR protein
with restored enzymatic activity, thus proving the effectivity of DOPY as a
transfection agent also in gene repair approaches.

Dozens of lipid-based drug delivery systems have been approved by the
FDA (Bulbake et al. 2017; Savla et al. 2017), such as the antifungal agent
amphotericin B liposomal (Tollemar et al. 2001), the chemotherapy liposomal
drugs daunorubicin (FDA 1996), doxorubicin (Franco et al. 2018) and cytarabine
(Jaeckle et al. 2002). The experience with this type of vehicles and the efforts in
developing new lipid-based carriers capable of protecting and delivering nucleic
acids to target cells resulted in the approval of the first SIRNA formulated in a
lipid nanoparticle, patisiran (Akinc et al. 2019). Recently, the scientific
community has proved the versatility and the rapid development of mRNA
vaccines based on lipid-nanoparticles delivery for the COVID-19 emergency
(European Medicines Agency 2020a, 2021, FDA 2020b, 2020a; Jackson et al.
2020; Polack et al. 2020). All these milestones encourage to continue with the
development of lipid-based systems to improve the delivery of nucleic acids. In
this direction, in this work we have developed and tested an alternative cationic
liposome-based formulation, DOPY, with the ability to transfect “hard to
transfect” cells with oligonucleotides, even at a much lower concentration of
liposome compared with DOTAP.
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5.5. Concluding remarks

The numerous recent regulatory approvals of therapeutic
oligonucleotides highlight the great advances achieved in this field over the last
30 years and the optimistic future for clinical utility. The development of different
gene silencing molecules and the advances in improving their delivery,
pharmacokinetics and pharmacodynamic have contribute to this landscape. In
this field, PPRHs represent an economical alternative with high stability that
does not exhibit immunogenicity, hepatotoxicity or nephrotoxicity in vitro. During
the last decade, we have proved their use as a silencing tool against several
targets involved in cancer progression (Noé et al. 2020) and we have
incorporated this technology to our research on a regular basis (Barros et al.
2013; Mencia et al. 2011; Oleaga et al. 2012). Furthermore, PPRHs have
demonstrated their ability to correct point mutations in the DNA (Félix et al.
2020b), to cause exon skipping at the genomic level (Noé & Ciudad 2021), and
their use as hiosensors (Calvo-Lozano et al. 2020; Huertas et al. 2016, 2018).

In this work we expand the usage of PPRHs as a gene silencing tool
against WEE1, CHK1 and TYMS, the latter targeting a newly identified G4
structure in the gene sequence. Furthermore, we evaluate different
modifications in the PPRHs seeking to improve their pharmacological properties.
Finally, we validate an AdV vector and the new cationic liposome formulation
DOPY as two novel strategies for PPRHs delivery. We strongly believe that
establishing a safe, efficient, and tissue-specific delivery system could broaden
the therapeutic chances of PPRHS.

As future perspectives, we are seeking to extend the usage of PPRHs as
a detection tool for viruses, including the acute respiratory syndrome coronavirus
2 (SARS-CoV-2), Influenza virus A (HLN1) or Human respiratory syncytial virus
(HRSV); and to target new motifs involved in gene expression such as G4FSs,
or IncRNAs associated with human diseases or drug resistance. Furthermore,
we continue the research of PPRHs delivery, and we are currently evaluating
other strategies such as the use of biocompatible and biodegradable Hyaluronic
acid/protamine combinations (Alaniz et al. 2002; Wang et al. 2015), gold
nanoparticles functionalized or not with DOPY, or PPRHs conjugated with cell-
specific aptamers for targeted therapies (Zhou & Rossi 2017).
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Conclusions

PPRHs are able to decrease the expression of RSR genes WEE1 and
CHK1, leading to a disruption of cell cycle progression, an increase of
apoptosis, and a decrease of survival in tumor cells. Moreover, the
inhibition of either WEE1 or CHK1 using PPRHs can enhance the response
to DNA-damaging agents, such as 5-FU or MTX.

We identified and validated a new G4 structure in the 5’UTR in the TYMS
gene that can be targeted by PPRHs and act as regulatory element of
TYMS expression at the transcriptional and translational level.

The PPRH targeting G4-TYMS can promote G4 formation and down-
regulate TYMS expression. TYMS inhibition using this PPRH induces
cancer cell death as single agent and shows synergic effect with the
classical TYMS inhibitor 5-FU.

The introduction of PS linkages in the PPRHs backbone produces a slight
increase in PPRH activity. The T-loop of a PPRH can range from 3 to 5
residues, without altering the effect of PPRH on cell viability.

PPRHs can also work as RNA species, as demonstrated using RNA
chemically synthesized, plasmid and viral expression vectors.

The AdV based vector encoding the PPRH against survivin can
downregulate survivin mRNA and protein levels, causing a reduction on
cell viability. Thus, viral vectors can be considered as delivery system of
PPRHSs.

DOPY can interact with PPRHs forming lipoplexes that can be internalized
via clathrin- and caveolae- mediated endocytosis allowing higher
efficiencies of cellular uptake and gene silencing than other chemical
vehicles. Therefore, DOPY can be considered as a new cationic lipid-
based vector suitable for the delivery of therapeutic oligonucleotides.
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Appendix

In this appendix, the PhD student has collaborated in the writing of a review
article about the history of PPRHs, describing their structure and design, the
different applications developed during the last decade and their advantages and
limitations.
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ABSTRACT
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PolyPurine Reverse Hoogsteen hairpins (PPRHs) are DNA hairpins formed by intramolecular reverse Hoogsteen
bonds which can bind to polypyrimidine stretches in dsDNA by Watson:Crick bonds, thus forming a triplex and
displacing the fourth strand of the DNA complex. PPRHs were first described as a gene silencing tool in vitro for
DHFR, telomerase and survivin genes. Then, the effect of PPRHs directed against the survivin gene was also
determined in vivo using a xenograft model of prostate cancer cells (PC3). Since then, the ability of PPRHs to
inhibit gene expression has been explored in other genes involved in cancer (BCL-2, mTOR, topoisomerase, C-MYC
and MDM2), in immunotherapy (SIRPa/CD47 and PD-1/PD-L1 tandem) or in replication stress (WEEI and
CHK1). Furthermore, PPRHs have the ability to target the complementary strand of a G-quadruplex motif as a
regulatory element of the TYMS gene. PPRHs have also the potential to correct point mutations in the DNA as
shown in two collections of CHO cell lines bearing mutations in either the dhfr or aprt loci. Finally, based on the
capability of PPRHs to form triplexes, they have been incorporated as probes in biosensors for the determination
of the DNA methylation status of PAX-5 in cancer and the detection of mtLSU rRNA for the diagnosis of Pneu-
mocystis jirovecii. Of note, PPRHs have high stability and do not present immunogenicity, hepatotoxicity or
nephrotoxicity in vitro. Overall, PPRHs constitute a new economical biotechnological tool with multiple

biomedical applications.

There are a variety of nucleic acids tools dedicated to therapeutics,
among them antisense oligonucleotides (ASOs) [1-10], small interfering
RNAs (siRNAs) [11-20], microRNAs (mimic and antagomirs) [21-29],
aptamers [30-38] and Triplex-Forming Oligonucleotides (TFOs)
[39-43]. All of them are relatively short oligonucleotides with the
capability of binding to different sequences in the RNA, DNA or even
proteins. Therefore, they can inhibit translation, transcription, splicing
or protein activity. In the case of ASOs, siRNAs and anti-miRs, the
binding or hybridization to their targets are based on Watson:Crick (WC)
hydrogen bonds, whereas TFOs rely on Hoogsteen hydrogen bonds.
Aptamers bind to their ligands based on the structure they adopt.

Binding via Watson:Crick involves base hybridization of an adenine
(A) to a thymine (T) and a guanine (G) to a cytosine (C) [44]. However,
there are other type of hydrogen bonds that bind DNA bases in an un-
conventional way. For example, in the case of purines, one A can bind to
another A and one G to another G, in an antiparallel fashion, and these
are called Hoogsteen bonds. They were discovered by Karst Hoogsteen, a
biochemist born in Groningen in 1923 who emigrated to the United
States, and collaborated with Linus Pauling at Caltech, where he

* To the memory of Karst Hoogsteen.
* Corresponding author at: Av. Juan XXIII # 27, 08028 Barcelona, Spain.
E-mail address: cciudad@ub.edu (C.J. Ciudad).

https://doi.org/10.1016/j.bcp.2020.114371
Received 28 October 2020; Received in revised form 10 D ber 2020; A

demonstrated the existence of these alternative bonds in 1959 [45,46].
The characteristics of this type of hydrogen bonds make it possible for
nucleic acid chains to form triplexes [47-50], and even G-quadruplexes
[51-53] (Fig. 1). Karst Hoogsteen left us recently in 2015 (Westfield,
NJ.) and this review is dedicated to his memory for the discovery of this
type of hydrogen bonds which is the basis of our technology described
below.

In our laboratory we developed a new nucleic acid tool termed
PolyPurine Reverse Hoogsteen hairpins (PPRHs), whose intramolecular
structure is established by Hoogsteen bonds, but hybridization to their
targets involve Watson:Crick bonds [54-58].

In this review we will concentrate on the history of PPRHs,
describing their structure and design, the different applications devel-
oped during the last decade (Fig. 2) and their advantages and
limitations.

1. Discovery of PPRHs: design and mechanism

A PPRH molecule consist of a hairpin or clamp formed by
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intramolecular Hoogsteen bonds that can bind to single or double-
stranded DNA (dsDNA) by WC bonds. We observed that a hairpin of
polypurines with mirror-repeat sequence, joined by 5 thymidines in the
center, and bound intramolecularly by Hoogsteen bonds, could bind to a
genomic DNA duplex to form a triplex, thus displacing the fourth strand
of the complex [59]. In that way, genomic DNA is opened and gene
transcription and expression would be inhibited [60].

An advantage of polypurine chains, when making triplexes, is that
they can bind to each other by antiparallel Hoogsteen bonds in a pH-
independent manner [61]. In contrast, polypyrimidine chains bind in
parallel way and in this case, cytosines must be protonated in acidic pH,
which is not compatible with therapeutic applications. Nevertheless,
different substitutions for generating triplexes in the pyrimidine motif
have been used such as 5-methylcytosines [62,63] or cytosine analogs
such as N®-methyl-8-oxo-2-deoxyadenosines [64], 7,8-dihydro-8-oxoa-
denines [65] or pseudoisocytosines [66]. In this regard, we demon-
strated that PPRHs, using non-modified nucleotides, can bind to
polypyrimidine chains at physiological pH [59,67].

We then proceeded to design a PPRH against the gene encoding for
dihydrofolate reductase (DHFR), which is a classical target in chemo-
therapeutic attack [59,68,69], and tested it in mammalian cells
following the philosophy as if it were a classical antisense therapy
directed against mRNA. The experiment worked and the cells died when
the incubation with the PPRH was performed in a selective medium for
DHFR lacking glycine, hypoxanthine and thymidine, equivalent as if the
cells had been treated with methotrexate (MTX). Then, we realized that
as the dhfr gene has an inverse orientation in the chromosome, our
original design of the PPRH was actually directed against the template
DNA strand of the gene and not against its mRNA. In that way, we
discovered by “serendipity” that the PPRH had bound to the template
DNA strand of the genomic DNA, instead of the mRNA, but yet it was
interfering with the expression process [60].

Subsequently, we expanded the design of PPRHs towards different

Triplex structure
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regions of the dhfr gene and directing them to either strand of the
dsDNA, finding out that transcription or splicing could be altered
[54,60]. Depending on the location of the targeted sequence, we clas-
sified PPRHs as Template-PPRHs [60] or Coding-PPRHs [54] if the
polypyrimidine stretch was found in the template or coding strand,
respectively. The mechanism of action of a Template-PPRH (HpdI3-T)
and two Coding-PPRHs (HpsPr-C and HpdI3-C) is depicted in Fig. 3.

Since that moment, we realized that we had in our hands a new agent
to inhibit gene expression and, during the last decade, we have
expanded its application to other biomedical purposes.

2. Biomedical applications

PPRHSs have resulted to be very versatile in their functions and apart
from their application as gene silencing molecules, we have shown their
ability to correct point mutations in the DNA. Additionally, PPRHs have
also been used as biodetectors.

2.1. Gene silencing

After demonstrating that PPRHs were causing dhfr gene silencing, we
wanted to apply them to a collection of genes representative of anti-
cancer targets. We tested PPRHs against genes involved in apoptosis,
cancer progression, immunotherapy and replication stress. Additionally,
PPRHSs have also been directed against G-quadruplex forming sequences
(GA4FS).

2.1.1. Targeting antiapoptotic genes

The case of survivin, as an example of anti-apoptotic gene, deserves
special attention given that its targeting leads to effective apoptosis and
killing of tumor cells [11,70-74]. Our research group has invested a
long-standing effort in studying this gene as a model. Survivin, also
named BIRCS, constitutes a paradigm in cancer therapy since it is
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Fig. 1. Chemical representation of Hoogsteen and Watson Crick base pairing that participate in the formation of triplex (left) or G-quadruplex (right) structures.
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overexpressed in many tumors such as bladder [75], breast [3], colon
[76], esophagus [77], prostate [78], lung [79], leukemias [80], large-
cell non-Hodgkin’s lymphoma [81], melanoma [82], neuroblastoma
[83], and non-melanoma skin cancers [84], ovary [1], pancreas [85],
stomach [86] and uterus [87], whereas is undetectable in most differ-
entiated normal tissues.

We performed a screening of four PPRHs directed against different
regions of the survivin gene (promoter, intronic or exonic sequences).
Cell incubation with these PPRHs led to a decrease in survivin mRNA
levels and protein, whereas apoptosis was increased, resulting in a
reduction of cell viability of more than 90% [55]. The most effective of
the tested hairpins was a coding-PPRH directed against the survivin
promoter (HpsPr-C). EMSA experiments demonstrated that this PPRH
was interfering with the binding of transcription factor GATA-3 [55].
Subsequently, in vivo experiments were performed with the HpsPr-C
coding-PPRH using two different routes of administration, intra-
tumorally or intravenously, in a subcutaneous xenograft tumor model of
PC3 prostate cancer. These treatments were effective since they were
able to decrease the levels of survivin protein and the tumor volume in
mice [55], and represented the preclinical proof of principle for PPRHs
as gene silencing tools for cancer.

Regarding off-target effects, we started checking the levels of mRNA
of 5 non-related genes (APOAI, BCL2, DHFR, PDK1 and S100A4),
observing no decrease in the mRNA. Posteriorly, we performed a phar-
macogenomic study [88] using the HpsPr-C coding-PPRH against

Ch ization of the strand displ. ofa
Double-Stranded DNA by Triplex-Forming
Antiparallel Purine-Hairpins (59

First application of PPRHSs to inhibit DHFR,
telomerase and survivin genes 60
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survivin and its negative control counterpart (Hp-WC) in PC3 prostate
cancer cells. This negative control consists of a hairpin bearing in one
arm the same sequence that the specific PPRH and, in the opposite arm,
the complementary sequence following the WC rules. Therefore, this
hairpin is formed by intramolecular WC bonds instead of reverse
Hoogsteen bonds, which prevents additional WC bonding to the target
DNA. The functional pharmacogenomics analyses of these hairpins
revealed that HpsPr-C PPRH led to 244 differentially expressed genes in
PC3 cells when applying the FC > 2, p < 0.05, Benjamini-Hochberg
filtering [88]. These differentially expressed genes clustered within
the gene sets of Apoptosis and Prostate cancer, Cellular response to
stress, and Regulation of cell proliferation [88], according to Gene Set
Enrichment Analysis (GSEA) [89]. However, transfection of the negative
control hairpin did not result in any differentially expressed genes using
the same settings [88].

Additionally, we carried out in vitro screenings for hepatotoxicity and
nephrotoxicity using HepG2 hepatic and 786-O renal human cell lines,
respectively. The unspecific hairpin did not cause any toxicity in HepG2
and 786-0 cells. Moreover, the treatment only produced minor changes
in gene expression in RT-qPCR arrays containing a selection of genes
representative of hepatic and renal toxicity [88].

In addition to survivin, we have also explored the action of PPRHs
against other antiapoptotic genes [56]. In the particular case of BCL-2,
we designed 4 different PPRHs, directed against different regions of the
gene (promoter, exons and introns). They were tested in 3 different

Effect of PPRHSs targeting RSR genes
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Rempair;:l:izl:ssitom Repair-PPRHs to correct mutations in the APRT
DHF}!\’ngene i ,_,"ﬁ) gene. Lack of off-target effects (126)
I
A Coding-PPRH can TG 5
directly inhibit DHFR Validation of a PPRH targeting a G-quadruplex
MRNA (54) motif as regulatory element of TYMS gene (1)
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Fig. 2. The timeline of major advances in PPRHs development. Abbreviations used: Replication Stress Response (RSR), Single-molecule Forster Resonance Energy

Transfer (smFRET).
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dsDNA by Watson:Crick bonds, resulting in the displacement of the polypurine strand and the specific inhibition of gene transcription. (C) Coding-PPRHs can also
bind to the transcribed mRNA, whose sequence and orientation is the same than the coding strand of the DNA, thus altering splicing or translation. The abbreviations
used for the nomenclature of the PPRH are: Hp, hairpin; Pr, promoter; s, survivin; -C, Coding-PPRH; d, DHFR; I, intron; T, Template-PPRH.

human cancer cell lines, pancreatic MIA PaCa cells, prostate PC3 cells,
and colon cancer HCF 116 cells. Two PPRHs, against the promoter and
Exon 1 were very effective but overall the one showing better results was
directed against a polypyrimidine sequence located in the 5’-UTR region
of exon 1 (HpBcl2E1-C). The reduction in viability in MIA PaCa cells
with this coding PPRH was higher than 95% at a concentration as low as
30 nM. It also produced an eight-fold increase in apoptosis at 100 nM
[56]. This specific PPRH has been the subject of a very recent publica-
tion studying the multistate conformational dynamics of Polypurine
reverse Hoogsteen hairpins when forming a triplex using Single-
molecule Forster resonance energy transfer (smFRET) [90]. It was
determined that the formation of the hairpin structure by intramolecular
Hoogsteen bonds started with a concentration of Mg>* as low as 1 mM
[90], manifesting the role of divalent cations in the neutralization of the
negative charges to stabilize the hairpin conformation [91]. In addition,
the triplex formation upon the binding of HpBcl2E1-C to its dsDNA
target started by a very low number of dsDNA molecules after 45 min
and took approximately 2 h to obtain the maximum number of triplex
molecules [90].

2.1.2. Targeting genes involved in cancer progression

Additionally, we studied the effects of targeting other genes in cancer
progression such as mTOR, topoisomerase (TOP1), C-MYC or MDM2. A
total of four different PPRHs were designed against mTOR and tested in
HCT 116 cells. The PPRH directed against the promoter region
(HpTorPr-C) was the most effective with more than 90% of cell mortality
[56]. Regarding TOPI targeting, a template-PPRH directed against
intron 2 of the TOP1 gene (HpTopl2-T) led to a decrease in cell survival
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of 95%, 60% and 85% in breast SKBR3, MCF7 and MDA-MB-468 cancer
cell lines, respectively [56]. Similarly, the silencing of C-MYC using the
HpMycI1-T template-PPRH led to a reduction in cell viability of 85%,
80% and 95% in SKBR3, MCF7 and MDA-MB-468 [56]. Finally, a PPRH
directed against intron 7 of the MDM2 gene showed similar results to C-
MYC inhibition [56].

2.1.3. Targeting genes involved in immunotherapy

In cancer immunotherapy, pharmacological agents are developed to
activate or stimulate the host’s immune system, thus recognizing and
eliminating tumor cells by natural mechanisms [92]. In recent years,
PPRHSs have been applied for two different immunotherapy approaches.
The first one was directed against the SIRPa/CD47 pathway. It is known
that the binding of SIRPa, which is mainly expressed on macrophage
surface, and CD47, overexpressed on tumor cells, disables the phago-
cytic capacity of macrophages against cancer cells [93]. For that reason,
PPRHSs designed against SIRPa and CD47 were transfected into macro-
phages and MCF-7 cancer cells, respectively, with the philosophy to
inactivate the “don’t eat me” signal. This pretreatment of macrophages
and MCF-7 with PPRHs against SIRPa and CD47, respectively, led to a
decrease in the levels of mRNA and protein for both targets and the
elimination of tumor cells by macrophages in co-culture experiments
[94].

The second immunotherapy approach was focused on the PD-1/PD-
L1 tandem. In a similar way, cancer cells overexpress PD-L1 which binds
to the PD-1 protein localized on the membrane of T cells, thus avoiding
their activation [95]. PPRHs designed against PD-1 and PD-L1 were
transfected into macrophages and PC3 cells, respectively. The mRNA
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and protein levels for both target genes were decreased in the respective
cell lines upon incubation with PPRHs [96]. The reduction on PD-1 and
PD-L1 expression resulted in the elimination of 90% of the cancer cell
population due to the action of macrophages in co-culture experiments.
This approach was successful not only in PC3 cells but also in other
cancer cell lines such as breast cancer SKBR3, cervix cancer HeLa and
melanoma M21 [96].

These studies represented the proof of principle for the usage of
PPRHs in immunotherapy strategies [97].

2.1.4. Targeting genes involved in replication stress response

Very recently, we explored targeting genes involved in the replica-
tion stress response (RSR) such as WEEI and CHK1. Cancer cells are
dependent of RSR given their high rates of replication and genetic ab-
normalities [98-100]. Therefore, researchers are investigating in-
hibitors of this pathway as anticancer treatment [101-105]. We
designed three PPRHs against WEE1 and four against CHK1. The most
effective PPRH against WEEI was directed against the gene promoter
and belonged to the template category (HpWEE1Pr-T), and in the case of
CHK1 the best results in terms of decreasing cell viability were obtained
with a PPRH directed against intron 1, of the coding category
(HpCHK1I1-C) [57]. The effect of both PPRHs were dose- and time-
dependent, obtaining a reduction in HeLa cells viability of up to 95%
at 100 nM [57]. Furthermore, they were also effective in other human
cancer lines such as MCF-7, SKBR3 and HepG2, whereas they showed
low activity in non-cancerous cells (HEK-293, ECV304) or non-human
Chinese Hamster Ovary (CHO) cells [57]. There was a correlation be-
tween the cytotoxicity caused by the PPRHs and the degree of apoptosis
observed. In addition, both the levels of mRNA and protein of both
targets were decreased [57]. Inhibition of both genes by PPRHs pro-
voked a change in the cell cycle distribution of HeLa cells, producing a
decrease in the percentage of cells in G1 and an increase in the popu-
lation of G2/M [57]. Finally, it was also checked the effect of the
combinational therapy of PPRHs against WEEI and CHK1 together with
classical chemotherapeutic agents such as 5-Fluorouracil and MTX. In
both cases, HpWEE1Pr-T and HpCHK1I1-C showed a synergic effect
when incubated with either 5-FU or MTX [57], as calculated by the
CompusSyn software [4]. Therefore, in that work we validated the in
vitro usage of PPRHs against WEE1 and CHK]1 as a silencing tool of the
RSR machinery and as pharmacological agents in cancer therapy.

2.1.5. Targeting G-quadruplex forming sequences

A very interesting and recently discovered application of PPRHs is
their capacity to bind to the polypyrimidine complementary strand of a
G4FS, thus producing a triplex and the displacement of the G4FS
sequence [106]. This finding was detected in the dsDNA region corre-
sponding to the 5'-UTR of the thymidylate synthase gene (TYMS). The
formation of the G4 structure in the polypurine strand upon binding of
the PPRH to its complementary polypyrimidine sequence was deter-
mined by Thioflavin T staining, which emits fluorescence in the pres-
ence of G4 structures [107,108]. The PPRH was binding to the template
strand thus inhibiting transcription, whereas the coding strand was
adopting the G4 structure [106], which might also interfere with tran-
scription, as stated by others [109,110]. As a result, the levels of TYMS
mRNA and protein were decreased upon incubation with very low
concentrations of the PPRH against TYMS, thus producing a high degree
of cell death in HeLa and PC3 cancer cells. In addition, the effect of this
template-PPRH against TYMS was synergic when combined with 5-Fluo-
rouracil. Therefore, PPRHs can constitute a new type of molecule to
direct against G-quadruplex regulatory regions containing poly-
pyrimidine stretches.

2.2. Gene repair

In addition to gene silencing approaches, PPRHs have also shown
their potential to correct point mutations in the DNA. Gene repair
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applications using PPRHs can represent a powerful biomedical appli-
cation since point mutations are responsible for many human mono-
genic diseases such as cystic fibrosis [6], Fanconi anemia [111],
hemochromatosis [ 112], hemophilia [113,114], phenylketonuria [115],
p-thalassemia [116] or Tay-Sachs disease [117].

The design of repair-PPRHs consists of a polypurine clamp bearing at
its 5-end an extension sequence homologous to the sequence to be
repaired but incorporating the desired nucleotide (Fig. 4). The poly-
purine clamp binds to its polypyrimidine target sequence in the dsDNA
near the target mutation, whereas the extension sequence containing the
corrected nucleotide serves as a donor to repair the mutation [118,119].

To test the capacity of PPRHs to correct mutations at the endogenous
level, we used, as a model, a collection of nonsense mutations in the dhfr
gene that have mutated a nucleotide (either by substitution, deletion or
insertion), and as a result a premature stop codon (TAA, TAG, TGA)
appears. Thus, the protein is truncated with loss of its activity
[120-124]. Cells were incubated with repair-PPRHs and selection of the
repaired clones was performed using deficient -GHT medium (lacking
glycine, hypoxanthine and thymidine). DNA sequencing from the sur-
viving colonies revealed the correction of the mutation which restored
the DHFR mRNA levels and protein [125]. DHFR enzymatic activity in
the repaired clones was also rescued [125].

One can argue that finding a polypyrimidine sequence adjacent to
the point mutation can be a limiting factor in some cases. However, the
mutation does not necessarily have to be located near the PPRH core. By
coupling an additional 5-thymidine connector, repair-PPRHs can be
constructed to end up correcting point mutations located 600 nucleo-
tides away from the polypyrimidine target sequence of the PPRH
[125,126].

To demonstrate the generality of action of repair-PPRHs, next we
attempted to correct point mutations in another gene in mammalian
cells, that encoding for adenine phosphoribosyltransferase (aprt). To this
end, a collection of aprt mutant CHO cell lines bearing nonsense muta-
tions | 7] were subjected to correction with repair-PPRHs [126]. In this
instance, after transfection of the repair-PPRHs, a +AAT (including
adenine, aminopterin and thymidine) selection medium was applied to
select for the aprt™ cells. A representation of surviving colonies was
sequenced demonstrating the correction of the mutation and restoring
APRT mRNA levels and enzymatic activity [126]. Importantly, the
correction of the mutation by the repair-PPRH did not produce any off-
target effect in the genome, as revealed by Whole-Genome Sequencing
analyses [126]. It is worth noting that repair-PPRHs do not rely on the
action of nucleases to stimulate the repair event, in contrast with the
current CRISPR/Cas platforms which can generate numerous off-target
effects [127-132].

Finally, we got an insight into the molecular mechanism responsible
for the repair event. As demonstrated by EMSA, the binding of the
repair-PPRH to its polypyrimidine target sequence produced the for-
mation of a D-loop structure [126], which can stimulate DNA repair
[133-135].

2.3. PPRHs as detection molecules.

Recently, biosensors based on the capability of the PPRHs to form
triplexes have been developed for cancer and microbiological detection
(Fig. 5).

In cancer, DNA methylation status is considered an important
biomarker for diagnosis and monitoring patients [136,137]. For that
purpose, it has been developed an optical biosensor methodology based
on PPRH probes capable of capturing in a straightforward manner spe-
cific dsDNA fragments by triple helix formation. Then, the methylation
state is quantified by using specific antibodies recognizing 5-methylcy-
tosines [ 138]. Specifically, PPRH probes are attached above a portable
custom-made Surface Plasmon Resonance (SPR) biosensor as described
in [139]. In that study, the specific dsDNA to be detected by the
biosensor corresponded to the promoter region of the PAX-5 gene, which
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Fig. 4. Scheme depicting the action of a repair-PPRH. A repair-PPRH (HpS23E1) targeting the ¢.7 G > T single-point substitution (red arrow) in the aprt gene of CHO
cells is shown. The polypurine hairpin core of the repair-PPRH (underlined) binds to its polypyrimidine target sequence (italics) near the mutation, generating a D-
loop structure and stimulating the repair process. The extension sequence in the 5'-end of the repair-PPRH serves as a donor to incorporate the corrected nucleotide

(blue arrow) in the mutation site, thus restoring the wild-type sequence.

have been reported to be hypermethylated in some types of cancers
[140]. This new detection technology would skip the laborious steps and
the sample manipulation needed for other technics that could lead to
erratic analyses [141].

PPRHs have also been used for the fast detection and accurate
diagnosis of Pneumocystis pneumonia in human samples obtained from
bronchoalveolar lavage or nasopharyngeal aspirates [142]. In this case,
the PPRH probe detects the mtLSU rRNA gene from Pneumocystis jir-
ovecii. When the PPRH probe hybridizes with the DNA extracted from
the sample, it produces a wavelength variation of a reflected light that
enables to quantify the analyte bounded to the SPR [142].

3. Advantages of PPRHs

An important property of PPRHs is their stability, given that they are
composed of deoxynucleotides instead of ribonucleotides and they
adopt a clamp structure. Since DNase I [ 143 ] and RNase A families [144]
are the predominant nucleases to degrade therapeutic oligonucleotides
in blood, we determined the stability of PPRHs in different serum types
against their most potent competitor, siRNAs. PPRHs presented a half-
life of about 10 h [145] in comparison to siRNAs, which can range
from several minutes to 1 h [146-148]. Therefore, PPRHs stability is ten
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times longer compared to that of siRNAs. It is worth mentioning that this
occurs in the absence of backbone modifications in the PPRH molecule,
which makes them more economical to synthesize, approximately ten
times less than siRNA molecules, and thus without decreasing their
ability to bind to its target sequence. In addition, PPRHs can inhibit gene
expression at concentrations ten times lower than those needed for ASOs
[60]. If we compare PPRHs with TFOs, which are the other oligonu-
cleotides that bind to genomic DNA, we observed that PPRHs bind to
their target DNA at lower concentrations than TFOs, indicating higher
affinity. Moreover, in terms of cell viability, PPRHs exert a more potent
effect on PC3 and SKBR3 cells than the corresponding TFOs [149].

Another crucial point in gene therapy treatments is to prevent
immunogenicity, as it is the case with siRNAs that activate the innate
immune response via the Toll-like receptors pathway and increase
interleukin-6 levels, tumor necrosis factor alpha and interferon beta
[150-152]. However, PPRHs are not immunogenic probably because
they are DNA-based molecules of less than 100 nucleotides in length
(usually around 50 nt) [145].

Finally, the action of PPRHs is specific, which is conferred by the
specificity of the nucleic acid sequence. Although it may seem unusual,
polypyrimidine target sequences are indeed found in all genes with a
frequency higher than expected, and sometimes even with an extension
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of 50 nucleotides. These polypyrimidine sequences are found mostly in
gene regulatory areas such as promoters and intronic regions and to a
lesser extent in exons [153,154]. We have tested PPRHs of different
lengths at the arm that bind to the dsDNA obtaining very positive effects
in the range of 25-30 nt, with a very high specificity [149]. This was
verified computationally by BLAST and experimentally by EMSA
[55,59,60,149]. As a general procedure, we routinely check the location
of the possible targets for PPRHs in a given gene. In the selection of the
PPRH target we also consider the possible interference with the binding
of transcription or splicing factors. Then, we test PPRHs experimentally
to find the one producing the best gene silencing effect.

It should be mentioned that the presence of a perfect polypyrimidine
chain in the DNA target is not absolutely necessary, and the existence of
up to three purine interruptions in this sequence can be allowed in order
to form triplexes with the PPRHs [59]. When this limited number of
purines is found, the PPRH contains the complementary pyrimidine to
the purine interruptions present within the polypyrimidine target.
Therefore, the binding of the PPRH to the dsDNA by WC bonds is
completely specific [149]. This opens up the possibilities to design
PPRHs against the DNA sequence of any gene in the genome.

4. Limitations of PPRHs
Delivery of oligonucleotides is a crucial point for gene therapy ap-

plications. In our experience transfecting PPRHs into cells, we obtained
positive results using cationic liposomes which make complexes with the

negative charges present in the phosphodiester bonds of the oligonu-
cleotide [155]. Most of the work in vitro has been performed using the N-
[1-(2,3-Dioleoyloxy) propyl]-N,N,N trimethylammonium methyl-
sulfate (DOTAP) cationic liposome [5,54,60]. Importantly, the concen-
tration ratio PPRH:DOTAP is 1:100 with small variations, and the final
concentration of DOTAP is maintained not higher than 10 uM to avoid
the intrinsic cytotoxicity by the liposome on its own. Nevertheless, one
of the biggest limitations is the low internalization of PPRHs in hard-to-
transfect cells such as lymphoma B cells [ 156] or neurons [157]. On the
other hand, in in vivo experiments, PPRHs were complexed to Jet-
Polyethylenimine (jetPEI), a cationic polymer that contains repeating
amine groups that are protonated to form complexes with DNA [158].
Then, the PPRH/POLYMER complexes were injected intratumorally or
intravenously into mice [159]. However, some cationic polymers are
cytotoxic due to the presence of amine groups in their structure
[160,161]. Therefore, the challenge is to develop optimal vehicles for
these types of molecules, ideally a tissue-specific delivery, and achieve
an efficient release of the oligonucleotides at the intracellular level so
that they can exert their action on the selected therapeutic target. On
this direction, different strategies are now being explored: (i) attaching a
PPRH to the reported aptamer against nucleolin [162] for a selective
internalization, (ii) assembling PPRHs in biodegradable compounds
such as hyaluronic acid and protamine sulfate nanocomplexes [163], or
(iii) cloning PPRHs in adenoviral vectors to achieve longer expression
times in the target cells [164].

Regarding gene correction, up until now, the different approaches
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included a selection step to make easier the detection and subsequent
characterization of repaired cells [118,125,126]. However, the usage of
Next Generation Sequencing (deep-sequencing) would allow the detec-
tion of the correction in treated cells without the necessity of a previous
selection [165,166]. Another limitation of repair-PPRHs is the low
correction frequency obtained after the treatment. This can be improved
by synchronization of cells in the S phase of the cell cycle to increase
homologous recombination [167-169] or by overexpression of RAD51
[118].

4.1. Final remarks

There is an optimistic future due to the development over the last 30
years of different types of molecules with the ability to silence gene
expression: ASOs, siRNAs, aptamers, TFOs and PPRHs, where advances
have been made in the specificity, stability, and decrease of the immu-
nogenicity of these molecules.

The possibilities for growth in the biomedical sector are enormous. In
fact, the usage of therapeutic oligonucleotides has been considerably
increased with the approval by the FDA of the first siRNA for human use
(Patisiran) in 2018, specifically developed for the treatment of heredi-
tary transthyretin amyloidosis [170]. In 2019, givosiran was also
approved to treat acute hepatic porphyria [171]. In addition, lumasiran
has just been approved to treat primary hyperoxaluria [172]. Finally,
inclisiran, which is directed against the convertase PCSK9 to reduce LDL
cholesterol levels in blood, is currently under regulatory review [173].

Regarding PPRHs, they constitute a new biotechnological tool with
multiple biomedical applications: gene silencing, validation of new
targets, gene repair and diagnosis. As future perspectives, we are
developing more efficient and specific delivery strategies, expanding the
usage of PPRHs as detection tools for viruses, including SARS-CoV-2,
Influenza and Respiratory Syncytial Virus (RSV), and seeking new tar-
gets for PPRHSs such as other G4FS involved in gene expression, IncRNAs
associated with human diseases or undruggable targets.
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