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This thesis is focused on the study of Polypurine Reverse Hoogsteen 

(PPRH) hairpins as a gene silencing strategy against undruggable cancer 

targets and as a diagnostic and therapeutic tool against SARS-CoV-2.  

 

 PPRHs are therapeutic oligonucleotides with hairpin-like structure 

developed in our laboratory. They are non-modified single stranded DNA 

molecules formed by two antiparallel polypurine repeats linked by a four-

thymidine loop that interact through reverse Hoogsteen bonds. PPRHs bind in a 

sequence-specific manner with their corresponding polypyrimidine target in 

dsDNA or RNA, by Watson-Crick bonds, allowing a triplex formation and 

displacing the complementary strand in the case of a dsDNA target. This triplex 

formation allows gene silencing, previously demonstrated in in vitro and in vivo 

studies targeting survivin (de Almagro et al., 2009; Rodríguez et al., 2013)  

ERBB2/NEU (López-Aguilar et al., 2023) and against a wide array of targets 

involved in cancer progression  (Noé et al., 2021). 

 

A major part of this thesis consists in expanding our knowledge of PPRHs 

as a gene silencing tool. We explored the usage of PPRHs against G-quadruplex 

(G4) forming sequences (G4FS) within KRAS and MYC oncogenes. The effects 

of the PPRHs directed against the complementary sequence of a G4 region was 

previously demonstrated in the Thymidylate synthase (TYMS) gene, achieving 

an enhanced gene silencing by allowing G4 formation (Aubets, Félix, et al., 

2020). In this direction, we designed PPRHs targeting KRAS and MYC 

especially aiming the complementary strand of G4FS to facilitate the formation 

of a G4 structure and to decrease gene expression in cancer cell lines that have 

these genes deregulated. The analyses demonstrated that downregulation of 

gene expression had consequences in cell growth and proliferation that critically 

affected cell viability. We found that this effect could be incremented in 

combination with G4-stabilizing molecules in a synergistic manner. Furthermore, 

our investigation revealed a noteworthy synergy when combining PPRHs 

targeting both KRAS and MYC in a sensitive PC-3 prostate cancer cell line. The 

combination of PPRHs decreased both, oncogene transcription and translation 

resulting in cell death. 

 

A second significant aspect of this project was dedicated to expand our 

understanding of the applications of PPRHs as a diagnostic and therapeutic tool 

in viral infections. Given the profound impact of the COVID-19 pandemic, we 

focused on the diagnosis and therapy of SARS-CoV-2. Previously, the potential 

of PPRHs as a diagnostic tool for determining the hypermethylation status of 
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PAX-5 and detecting Pneumocystis pneumonia in human samples was 

investigated and validated (Calvo-Lozano et al., 2020; Huertas et al., 2018). In 

the present study, we focused on the design of different PPRHs and DNA 

oligonucleotides targeting SARS-CoV-2. Two forms of PPRHs were 

synthesized: an unmodified version to perform binding assays and a modified 

form as a viral capture probe for various biodevices. These designs and the 

confirmed bindings served as a basis for the development of the biosensors to 

detect SARS-CoV-2.   

 

Lastly, we investigated the protective and therapeutic properties of 

PPRHs both in vitro and in vivo. The most efficient designs in previous studies 

were selected, and dissociation constants for the PPRHs with their respective 

targets were determined. In vitro, PPRHs exhibited a higher affinity and efficacy 

to inhibit SARS-CoV-2 proliferation as compared to their therapeutic 

oligonucleotide competitors, antisense oligonucleotidesw. These protective 

properties of PPRHs were further validated in vivo to protect mice from SARS-

CoV-2 spread and disease. 
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1.1 Therapeutic oligonucleotides 

 
Gene therapy has emerged as a strong therapeutic tool for cancer and 

other diseases that have been considered untreatable for a long period of time, 

due to its ability to specifically modulate genes of interest. Cancer is currently 

the most frequent disease treated by gene therapy (Lin & Qi, 2023). Gene 

therapy is primarily based on nucleic acids, DNA and RNA, that can be applied 

for gene augmentation, removal, or replacement of genetic material to 

treat/rectify diseases related to gene alterations. Therapeutic oligonucleotides, 

which represent a very powerful tool in gene therapy can also influence cellular 

behavior by activating, suppressing, or supplementing gene expression in 

specific cells and tissues (Dunbar et al., 2018; Orkin & Reilly, 2016; Piotrowski-

Daspit et al., 2020; L. Wu et al., 2022). 

 

Therapeutic oligonucleotides have been actively used since the 90s and 

during this period of time significant advancements in chemistry, delivery 

systems, and understanding of molecular biology have been achieved (Crooke, 

Figure 1. Nanocarrier-Based Approaches for Oligonucleotide Delivery in Cancer 

Molecular Therapy. Adapted from (L. Wu et al., 2022). 
  



Introduction 

8 
 

2017). As a result of these advancements various types of therapeutic 

oligonucleotides have been developed such as antisense oligonucleotides 

(ASOs), Triplex forming oligonucleotides (TFOs) small interfering RNA (siRNA), 

microRNA (miRNA), messenger RNA (mRNA), plasmids, Polypurine Reverse 

Hoogsteen (PPRH) hairpins, Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR)-based systems, aptamers, ribozymes and decoys 

(Piotrowski-Daspit et al., 2020). Some of them have been approved by the Food 

and Drug administration (FDA) or the European Medicines Agency (EMA) and 

are currently used for disease treatments. One example of therapeutic nucleic 

acid approved by FDA and EMA, is the Pfizer-BioNTechCOVID-19 mRNA-

based vaccine that protects against SARS-CoV-2 virus (EMA, 2020; FDA, 2021; 

Fortner & Schumacher, 2021).  

 

1.2 PPRHs 

PPRHs are single-stranded (ss) nonmodified DNA (ssDNA) molecules 

that are formed by two polypurine strands linked by a four-thymidine loop (4T) 

running in antiparallel orientation. The strands interact with each other 

intramolecularly by Hoogsteen bonds. The strands of these molecules are 

designed to specifically bind to their polypyrimidine DNA or RNA target 

sequence by Watson-Crick bonds (WC), maintaining the hairpin structure, and 

producing a triplex DNA formation. This triplex conformation arises from the 

ability of purines to establish Reverse Hoogsteen base pairing interactions with 

another purine, and simultaneously, WC base pairing interactions with a 

pyrimidine. This triplex structure provokes the strand displacement of the 

polypurine strand of the genomic DNA that leads to the inhibition of gene 

expression of the targeted gene (Coma et al., 2005; de Almagro et al., 2009; 

Noé et al., 2021). 

Polypyrimidines are mainly found in intronic sequences and gene 

promoters, especially in the upstream region of the transcription start site (TSS) 

since they can have transcriptional regulatory properties. They are also present 

in exons, varying their frequency depending on the gene and species 

(Brahmachari et al., 1997; Goñi et al., 2006). Although it might seem unusual, 

stretches of polypyrimidine sequences are frequent in many gene sequences. In 

addition, it is not mandatory to find a pure homopyrimidine track in the DNA 

target sequence since it can contain up to three purine interruptions and the 
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PPRH still can bind and form Hoogsteen bonds. This fact allows to design 

PPRHs against practically any gene of the genome (Rodríguez et al., 2015). 

PPRHs can be classified based on the location of the targeted DNA strand. 

When the PPRHs are designed to bind to the template strand of the DNA, they 

are referred as template-PPRHs. On the other hand, if they are designed to bind 

to the coding strand of the DNA, they are named coding-PPRHs, and they can 

also bind to the mRNA which has the same sequence and orientation as the 

coding strand of the target gene. Coding-PPRH have been reported to also alter 

splicing when directed against an intronic target (Figure 2) (de Almagro et al., 

2009, 2011). 

 

PPRHs present many advantages compared to some of their therapeutic 

oligonucleotide competitors. In terms of stability, PPRHs present a half-life 10 

times higher compared to siRNAs, with half-lives ranging from minutes to one 

hour (Noé et al., 2021; Villalobos et al., 2014). Since PPRHs are non-modified 

oligonucleotides, they are much less expensive to synthetize compared to 

siRNAs without altering the affinity to their target. These molecules are also very 

Figure 2. Mechanisms of action for PPRH molecules for both Coding-PPRHs (A) 

and Template-PPRHs (B). Coding-PPRHs can bind to transcribed mRNA, with a 

polypurine strand sequence and orientation identical to the DNA coding strand. 

Adapted from (Noé et al., 2021). 
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efficient in inhibiting gene expression at very low concentrations, much lower 

than ASOs or TFOs, and with higher affinity (de Almagro et al., 2009; Rodríguez 

et al., 2015). Also, PPRHs do not provoke immune response, since these are 

DNA-based molecules with relatively short length, less than 100 nucleotides (nt), 

and the immune system typically detects longer DNA molecules as foreign or 

potentially harmful (Villalobos et al., 2014). 

 

1.2.1 Triple helix formation 

Triplex helix formation refers to a specific DNA or RNA secondary 

structure in which three strands of nucleic acids come together to form a stable 

helical complex. This complex appears when a single DNA strand binds through 

Hoogsteen or reverse Hoogsteen bonds to a purine strand of the major-groove 

of a Watson-Crick duplex. Triplex formation manifests through diverse modes, 

including intramolecular and intermolecular configurations, featuring purine or 

pyrimidine motifs, and adopting either parallel or anti-parallel orientations 

(Frank-Kamenetskii & Mirkin, 1995). Parallel triplexes form when a pyrimidine 

single strand binds in a parallel alignment to a purine of the target duplex. This 

interaction involves Hoogsteen hydrogen bonding, when a thymine (T) of the 

single strand binds to adenine (A) bound to its corresponding T of the duplex by 

WC bonds. This triplex formation is indicated as T⋅AT and for cytosine (C) of the 

single strand with a guanine (G) bound to its corresponding C it would be C⋅GC 

triplets. In contrast, antiparallel structures emerge when a purine-rich third strand 

binds in an antiparallel manner to a purine-rich domain, facilitated by reverse-

Hoogsteen hydrogen bonds encompassing G⋅GC, A⋅AT, and T⋅AT triplets 

(Figure 3). Although parallel triplexes exhibit greater stability than antiparallel 

ones, they require low pH conditions to protonate cytosines, potentially limiting 

their physiological stability. In contrast, antiparallel triplexes are pH-independent 

(Goñi et al., 2004; Gowers & Fox, 1999). 

Triplex formation has a considerable biotechnological and therapeutic 

potential (Duca et al., 2008; Faria & Giovannangeli, 2001) and has been 

extensively studied for usage in several applications, such as transcription 

modulation and site-directed recombination as well as mutagen delivery (Besch 

et al., 2004; G. Wang et al., 1996). 
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1.2.2 PPRHs as gene silencing tool 

 
In recent years, PPRHs have demonstrated their versatility for many 

applications. Among these, one widely explored area is the use of PPRHs as 

gene silencing tool. Their demonstrated efficacy against a wide range of targets 

highlights their success in this role. These include genes that play a key role in 

tumor progression or therapy such as dihydrofolate reductase (DHFR) (De 

Almagro et al., 2011) telomerase (de Almagro et al., 2009), mammalian target 

of rapamycin kinase (mTOR), topoisomerase (TOP1), c-MYC and MDM2 

(Villalobos et al., 2015). The PPRHs designed against these targets have been 

tested in pancreatic, prostate, breast, and colon cancer cell lines and have been 

shown to decrease target mRNA and protein levels, leading to cell death.  

 

PPRHs have also been used against WEE1 and CHK1 genes, involved 

in the replication stress response. Inhibition of both targets led to reduction of 

their respective mRNA and protein levels and to an increase of cell death that 

correlated with the degree of apoptosis. Additional experiments showed a 

Figure 3. The chemical depiction of Hoogsteen and Watson-Crick base 

pairing involved in triplex formation. Adapted from (Noé et al., 2021). 
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synergistic effect of WEE1 and CHK1 targeting PPRHs when cells were 

incubated with 5-FU or methotrexate (MTX) (Aubets, Noé, et al., 2020). 

 

The effectiveness of PPRHs for gene silencing was also evaluated on 

antiapoptotic genes including survivin or BIRC5 (Rodríguez et al., 2013), and B-

cell CLL/lymphoma 2 (BCL-2) (Villalobos et al., 2015). Both survivin and BCL-2-

targeting PPRHs showed an increased apoptosis and cell death in PC-3 prostate 

cancer and MIA-PaCa-2 and pancreatic cancer lines, respectively. The PPRH 

which demonstrated the highest effectiveness in targeting survivin (named 

HpsPr-C), which was effective using low concentrations of PPRH, was chosen 

for in vivo experimentation in mice carrying a subcutaneous xenograft tumor 

derived from PC-3 prostate cancer cells. This specific PPRH exhibited the ability 

to reduce tumor growth, lowering the levels of survivin protein, and inhibiting the 

formation of blood vessels. Consequently, these results served as evidence for 

the potential application of PPRHs as gene silencing tools in an in vivo context  

(Rodríguez et al., 2013).  

 

PPRH gene silencing properties were also demonstrated in a recent 

study against the ERBB2/NEU oncogene (López-Aguilar et al., 2023). The 

ERBB2/NEU oncogene encodes for HER-2 protein participating in cell 

differentiation, proliferation, and survival. PPRHs targeting HER-2 caused a 

significant cell survival to decrease in SKBR3 and MDA-MB-453 human breast 

cancer cells. Furthermore, when these PPRHs were tested in an in vivo chick 

embryo chorioallantoic membrane (CAM) xenograft model, a significant 

decrease in tumor growth size and weight, as well as lower HER-2 protein 

relative to control tumors was observed (López-Aguilar et al., 2023). This study 

expanded the PPRHs use in in vivo models.  

 

1.2.3 Other PPRHs applications 

In addition to their capacity for gene silencing, the capability of PPRHs to 

bind to precise sequences and create triplex structures has been used for 

diverse biomedical applications. These applications include gene repair, gene 

editing, and their usage as biosensors. In the context of gene repair, repair-

PPRHs have been employed to accurately correct point mutations within the 

DNA. This involves using PPRHs with a structure that includes a 5’ extension 

carrying the corrected nucleotide. Repair-PPRHs showed their capacity to 

correct specific mutations at the endogenous locus of two different sets of 
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Chinese Hamster Ovary (CHO) cell lines: one with mutations in the DHFR (Solé 

et al., 2016)  locus and a second in the adenine phosphoribosyltransferase 

(APRT) locus (Félix et al., 2020). Regarding gene editing, our research team 

also successfully demonstrated the capacity of editing-PPRHs to induce exon 

skipping at the DNA level. This led to the restoration of the correct DHFR reading 

frame within a cellular model carrying an additional DHFR exon 2. In a similar 

way to repair-PPRHs, editing-PPRHs bear an extension in 5’ end, but in this 

case the 5’ end is homologous to the sequences adjacent to the exon to be 

skipped forcing the skipping process to occur (Noé & Ciudad, 2021). Lastly, the 

triplex formation by PPRHs has been used for the development of biosensors 

for cancer detection, to analyze the hypermethylation status of PAX-5, and for 

microbiological detection for the diagnosis of Pneumocystis pneumonia in 

human samples. This system uses a PPRH probe, where its core sequence 

binds to the target to be studied or analyzed, and it has a 5’ extension fixed in a 

gold sensor surface of a biosensor (Calvo-Lozano et al., 2020; Huertas et al., 

2018).   

During the COVID-19 pandemic our research group became interested 

in developing a methodology to efficiently detect SARS-CoV-2 using the ability 

of the PPRHs to generate triplex structures. In this project we aimed to design 

specific PPRHs targeting the SARS-CoV-2 RNA to detect the presence of the 

virus in human samples. The part that was performed by our research group is 

presented in the Results section of this thesis as a published research article 

from the collaborative effort among members of the CSIC and our team in the 

UB. 

  

1.3 Delivery of nucleic acids 

Nucleic acids are a powerful tool to treat various diseases, but the 

pathway of these molecules to reach their intended targets present several 

difficulties since these must surpass many obstacles. The introduction of foreign 

nucleic acids in circulation could activate blood nucleases. It could also trigger 

the immune system and lead to degradation of these molecules and thus loss of 

the therapeutic effect (Judge et al., 2005).  

Another aspect to consider is that nucleic acids struggle to trespass 

biological membranes because of their high molecular weight, hydrophilicity, and 

massive negative charge, that limits their passive diffusion (Duvall et al., 2014; 
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Lin & Qi, 2023). Even if nucleic acids are successfully taken up by cells, they 

may become trapped in endosomes diminishing both their therapeutic 

effectiveness and availability (Nelson et al., 2013; Sahay et al., 2013) (Figure 4). 

If the therapeutic oligonucleotide must be delivered to the central nervous 

system (CNS), it encounters an extra challenge due its difficulty to penetrate the 

blood-brain barrier (Lin & Qi, 2023). 

 One approach to improve nucleic acid delivery involves making 

modifications to their structure, such as chemical, backbone, stereochemistry, 

or terminal modifications. These changes increase the stability of 

oligonucleotides or delivery systems, making easier for them to be taken up by 

cells, or helping them to overcome barriers (Roberts et al., 2020; Torres-

Vanegas et al., 2021).  

There are several approaches to deliver nucleic acids usually divided into 

two big categories, viral and nonviral delivery systems. Viral vectors such as 

adenoviruses (types 2 and 5), adeno-associated viruses (AAV), herpes simplex 

virus, pox virus, human foamy virus and lentiviruses have shown great success 

for gene therapy. The viral delivery systems have been shown to be very 

effective in in vitro and in vivo trials (Y. Huang et al., 2011). Viral vector genomes 

have undergone modifications through the selective removal of specific genomic 

segments. These alterations make the delivery safer, although they can provoke 

immune response triggering inflammation, toxin production, mortality, or their 

limitation in transgenic capacity, and they are very cost-effective (Gardlík et al., 

2005; Nayerossadat et al., 2012). 
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Figure 4: Schematic representation of biological barriers for non-viral 
gene delivery systems. Adapted from (Torres-Vanegas et al., 2021) 
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Nonviral delivery systems include both physical and chemical 

approaches. While these systems generally exhibit lower efficiency compared to 

viral counterparts, they offer advantages such as cost-effectiveness, wider 

accessibility, and reduced immune responses. Moreover, nonviral systems do 

not have limitations on transgenic DNA size, a limitation prevalent in viral 

delivery systems. These attributes have contributed to positioning nonviral 

delivery systems as more efficient for gene delivery than existing nonviral 

alternatives (Hirai et al., 1997; Robertson et al., 1996; Suda & Liu, 2007).  

Physical delivery systems are based on the transfer of RNA or DNA 

through transient pores in the membrane of the cells. These pores are created 

by mechanical, electrical, ultrasonic, hydrodynamic, or laser-based energy so 

that DNA entrance into the targeted cells is facilitated. This mechanism can be 

applied to a specific tissue with the drawback that provokes local tissue damage. 

These processes require time to be optimized and change depending on the 

tissue. Another aspect to consider is that specialized instruments may be 

required for the process (Y. Liu et al., 2015; Nayerossadat et al., 2012). 

1.3.1 Chemical nonviral delivery systems  

 
 Chemical nonviral delivery systems are generally nanomeric complexes 

that compact negatively charged nucleic acid by cationic liposomes or polymers. 

These compounds typically exhibit sufficient stability and possess the capability 

to transport nucleic acids into cells via endocytosis (Scherer et al., 2002). They 

offer enhanced safety profiles compared to viral vectors, are much easier to 

manufacture and are susceptible to modifications (L. Zhu & Mahato, 2010).  

Compared to other nonviral delivery systems and especially viral vectors, these 

are less toxic and lower immunogenic effect since these are made of biological 

lipids. A primary limitation, however, lies in the relatively lower efficacy 

(Nayerossadat et al., 2012). Among the frequently employed chemical nonviral 

delivery systems, it can be found: 

 

• Cationic liposomes (lipoplexes): these are the most important nonviral 

polycationic systems. They consist of a positively charged head group, a 

hydrophobic segment, and a connecting region or linker, which dictates 

the chemical stability and degradability of the lipid. The positively charged 

head engages with the negatively charged DNA, resulting in the formation 

of lipoplexes (Figure 5). Liposomes have the capacity to transport both 
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hydrophilic and hydrophobic molecules, demonstrating minimal toxicity 

and lacking the ability to trigger immune system activation. Liposome 

rapid degradation and the inability to achieve sustained drug delivery are 

their main drawbacks (Nayerossadat et al., 2012). Since the first cationic 

liposome, 1,2-bis(oleoyloxy)-3-(trim ethylammonio)propane (DOTAP) 

was synthesized, numerous types of cationic liposomes have been 

documented. The most used liposomes include N-[1-dioleyloxy)propyl]-

N,N,N-trimethylammonium (DOTMA), dioleoylphophatidylethanolamine 

(DOPE), 2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-

1-propanammonium trifluoroacetate (DOSPA or LipofectAMINE®) or 3-β-

[N-(N,N’-dimethylaminoethane) carbamoyl] cholesterol (DC-Chol) 

(Immordino et al., 2006). Most of our in vitro research has involved the 

formation of complexes between PPRHs and DOTAP. (Aubets, Félix, et 

al., 2020; de Almagro et al., 2009; De Almagro et al., 2011; Villalobos et 

al., 2015). Additionally, our research group has collaborated in the 

obtention of brand-new liposome-based molecules, 1,3-bis[(4-oleyl-1-

pyridinio)methyl]benzene dibromide (DOPY) (Aubets et al., 2021) and 

1,3,5‐tris[(4‐oelyl‐1‐pyridinio)methyl]benzene tribromide (TROPY) 

(Delgado et al., 2023) and successfully validated PPRH-DOPY and 

PPRH-TROPY complexes in transfection of in vitro cell models. 

 

• Cationic polymers (polyplexes): these polymers are formed by 

positively charged groups along their molecular chains and are referred 

to as polyplexes. For polyplexes there is a relationship between the 

length of the polymer, gene delivery efficiency and toxicity. As the length 

of the polymer increases, so does its efficiency and its toxicity. The first 

polyplex was polylysine (PLL), lately improved as Polyethyleneimine 

(PEI) (Nayerossadat et al., 2012). In earlier investigations, our research 

team successfully administered PPRHs complexed with in vivo JET-

Polyethylenimine (JET-PEI) through intravenous and intratumoral 

injections in mice models (Rodríguez et al., 2013). In this work, in 

collaboration with the Animal Health Research Centre (CISA-INIA-

CSIC), it was administered intranasally SARS-CoV-2 targeting PPRHs 

complexed with in vivo JET-PEI in mice. 
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• Inorganic nanoparticles: non-carbon-based materials are also used as 

a delivery system. These compounds can be customized to possess 

precise dimensions, forms, and surface attributes, facilitating the 

encapsulation of diverse therapeutic agents enabling them to a 

controlled release. Certain nanoparticles might lack biocompatibility, 

potentially triggering immune responses. Nanoparticles may be cost-

elevated due to their constituent materials or intricate synthesis 

procedures. Furthermore, some nanoparticles exhibit non-

biodegradability, raising concerns regarding their long-term presence 

within the body. These materials include gold nanoparticles, magnetic 

nanoparticles, quantum dots, silica nanoparticles, copper or silver among 

other nanoparticles (Figure 6) (Luther et al., 2020; Navya et al., 2019). 

 
 
 
 
 
 
 
 
 
 

Figure 5. Schematic representation of different lipid nanoparticles. 
Image adapted from (Tenchov et al., 2021). 
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• Exosomes: these are small, membrane-bound vesicles that are 

secreted by various types of cells into the extracellular space. Exosomes 

are a subtype of extracellular vesicles, which also include microvesicles 

and apoptotic bodies. These molecules can be released from one cell to 

another to transfer molecules such as nucleic acids, proteins, or lipids 

by membrane vesicle trafficking. Since these molecules have biological 

origin, usually isolated from biofluids, these are non-invasive and non-

toxic. Exosomes have limited cargo capacity, restricting the number of 

nucleic acids that can be delivered. These have heterogeneity, varying 

in size and they can be difficult to isolate, due to the presence of other 

extracellular vesicles or contaminants present in the biofluids (Butreddy 

et al., 2021; Elsharkasy et al., 2020). 

 

• Bioconjugates: these complexes are molecular assemblies resulting 

from a covalent connection of two or more different biomolecules. These 

molecules can include proteins, peptides, nucleic acids, lipids, 

carbohydrates, or other biologically relevant molecules. As a delivery 

system, bioconjugates are designed to enhance targeting, stability, and 

efficiency of therapeutic agents. These can be directed to a specific cell, 

tissue, or receptors by attaching antibodies or peptides. This approach 

reduces off-target effects and optimizes delivery (Elzahhar et al., 2019). 

Some examples include antibody-drug-conjugates (ADCs), GalNAc, 

Figure 6. Inorganic nanoparticle delivery system. Adapted from 
(Luther et al., 2020). 
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aptamers, lipid conjugates, and peptide-conjugates (Tong & Benjamin 

Chun-Kit Tong, 2017). 

 
ADCs are monoclonal antibodies linked to a nucleic acid, that act as a 

personalized medicine since these use a specific antibody. This kind of 

bioconjugate is already a clinical success since it has been approved for 

the treatment of cancers such as Hodgkin lymphoma, HER2-positive 

metastatic breast cancer and bladder cancer (Papachristos et al., 2016). 

 

GalNAc conjugates consist of three molecules of N-acetylgalactosamine 

that bind to the asialoglycoprotein receptor 1 mainly present in 

hepatocytes (Figure 7). This delivery system is specific towards liver 

tissue, with low off-target effects, and works at low doses. It is easy to 

couple GalNAc ligands to oligonucleotides as the ligand conjugation 

step can be incorporated in the process of solid-phase synthesis of 

oligonucleotides (Benizri et al., 2019; Springer & Dowdy, 2018). 

 

 

1.4 DNA secondary structures 

Apart from the canonical B-form described by Watson and Crick, DNA 

has the capacity to adopt various secondary structures that play crucial roles in 

essential cellular processes like replication, transcription, recombination, and 

repair (Watson & Crick, 1953). Within eukaryotic cells, DNA assumes a 

supercoiled configuration, which relaxes during biological events like 

Figure 7. Molecular structure of GalNAc conjugates. Oligonucleotide 

coupled to GalNAc (left) and molecular structure (right). Adapted from 

(Benizri et al., 2019). 
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transcription or replication. Consequently, DNA exhibits a capacity to adopt 

secondary structures beyond the B-form. This diverse structural variability arises 

from factors such as nucleotide sequence, hydration, solution conditions, ions, 

proteins, and the presence of super helical stress (Kaushik et al., 2016). The 

extensively studied DNA structures include the A, B, and Z forms, whereas 

additional conformations such as hairpin, cruciform, parallel-stranded DNA, DNA 

bubble or bulge duplex, triplex, quadruplex, and i-motif have attracted research 

attention. These alternative structures have relevance in DNA damage, repair, 

and genetic stability. They play distinct roles in the assembly of nucleosomes 

and other higher-order supramolecular formations involving DNA (G. Wang & 

Vasquez, 2014).  

 

1.4.1 G-quadruplex 

Sequences rich in guanines can fold into four-stranded, noncanonical 

secondary structures called G-quadruplexes (G4s). These are formed in a planar 

arrangement, stacking on top of each other, through Hoogsteen hydrogen bonds 

leading to a G4 formation (Figure 8) (Bochman et al., 2012; Varshney et al., 

2020). G4s can exhibit different arrangements, which includes both parallel and 

antiparallel orientations. The parallel orientation refers to guanine strands 

running in the same direction, while the antiparallel orientation involves strands 

in opposite directions. Furthermore, these can be either intramolecular or 

intermolecular in nature. Intramolecular G4s form within a single-strand DNA or 

RNA (ssRNA), while intermolecular G4s emerge between distinct strands. 

These arrangements depend on guanine-rich sequences, the presence of 

monovalent cations (Na+, K+) and the specific structural context of the DNA or 

RNA (Karsisiotis et al., 2013). 

The distribution of G4s is not arbitrary, instead they exhibit enrichment in 

particular genomic regions. To date, with over 370.000 predicted sequences, G4 

are found in regions such as telomeres, TSS, as well as sites associated with 

mitotic and meiotic double-strand breaks (Linke et al., 2021; Spiegel et al., 

2020). These guanine-rich DNA sequences show their relevance in several 

biological processes and are present across a wide range of species. For 

instance, in yeast, telomeric G4s serve a protective role at the end of the 

telomeres, preventing them from degradation. However, their presence and 

functions in other organisms remain unexplored (Bryan, 2020). These structural 

configurations are abundant in the promoters, scattered across the human 

genome, exerting regulatory control over gene expression through modulation 
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of transcription factor binding and interaction with other regulatory entities. This 

can result in the modulation of gene transcription, either by inhibiting or 

enhancing the process (Huppert & Balasubramanian, 2007). G4s can also 

participate in DNA replication acting as barriers and blocking DNA synthesis 

(Sarkies et al., 2010). G4 conformations can engage and form interactions with 

proteins implicated in DNA repair processes. This structural configuration holds 

significant therapeutic value, and many research groups are actively pursuing 

drug discovery to find specific stabilizers for G4s. However, achieving 

pronounced selectivity for a particular G4 structure has proven challenging 

(Kosiol et al., 2021; Linke et al., 2021; Zyner et al., 2019).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G4 structure formation and/or stabilization properties are currently 

studied as a potential anticancer tool that could enhance genome instability and 

Figure 8. A. Representation of a G-quadruplex structure alongside 

their monovalent cation (M+) associate. On the right site, the square 

symbolizes the interaction among four guanine molecules. B. 

Illustration of intramolecular (left) and intermolecular (right) 

configurations, the latter can involve either two strands (upper) or four 

strands (lower). Adapted from (Bochman et al., 2012). 
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modulate transcription and telomere homeostasis. Additionally, most oncogene 

promoters contain a higher number of G4 motifs compared to the promoters of 

regulatory or tumor suppressor genes. Some studies revealed that changes 

within the G4 sequences correlated with a reduction of gene expression (Brooks 

& Hurley, 2010; Cogoi & Xodo, 2006; Dexheimer et al., 2006; Kosiol et al., 2021). 

An innovative strategy employed distinct G4 ligands designed to target tumor 

cells and induce high production of reactive oxygen species (ROS) upon photo-

irradiation, leading to a cytotoxic impact on tumor cells (Salvati et al., 2007).  

 

Our research group has previously worked on predicted G4 sequences 

using PPRHs. In this case, they identified and targeted the complementary 

strands of Thymydilate synthase (TYMS) G4 forming sequences (G4FS) 

situated in the 5’UTR of TYMS gene (Aubets, Félix, et al., 2020). This work 

offered new perspectives on developing approaches to enhance the anticancer 

effectiveness using PPRHs and combining them with conventional TYMS 

inhibitors. It demonstrated that targeting the G4FS with a template-PPRH 

inhibited transcriptional activity by capturing the template strand of the DNA and 

forming a G4 structure in the coding strand of the duplex DNA. 

 

 In the present work, we have selected and described putative sequences 

predicted to form G4 structures, to enhance silencing of oncogenes KRAS and 

MYC which are considered undruggable cancer targets. 

 

1.5 Undruggable cancer targets 

 
Over the last six decades, the field of cancer therapeutics has witnessed 

the development of various drugs and therapies. Some of the early drugs yielded 

notable responses interfering in growth and spread of cancer cells but were often 

accompanied by significant side-effects. The 1990s marked a new era for cancer 

treatment, with the development of targeted therapies such as monoclonal 

antibodies, precision medicine (tumor profiling), immunotherapies (using 

chimeric antigen receptors (CAR) T cells), angiogenesis inhibitors, hormonal or 

radiation therapies (Schirrmacher, 2019). 

 

Even with the considerable progress in its treatment, cancer remains a 

significant global health concern. One major obstacle, is the difficulty to 

effectively use traditional small-molecule drugs to target certain cancer types, 

considered “undruggable” or difficult to drug. However, many cancer targets that 



Introduction 

24 
 

in the past were called undruggable, have been successfully targeted. BCL-2, 

an anti-apoptotic protein, is a good example of a previously considered 

undruggable target which now can be targeted by Venetoclax, approved by FDA 

in 2019 (Dang et al., 2017; FDA, 2019).   

 

Many targets in cancer are considered undruggable due to their large 

protein-protein interactions, the absence of well-defined or suitable binding sites 

or their intracellular or nuclear localization (McCormick, 2015; Whitfield et al., 

2017). There are two primary categories identified as undruggable cancer 

targets. One category involves transcription factors such as MYC, MYB, and 

nuclear factor-κB (NF-κB), which are crucial for cell proliferation and 

developmental processes (Baud & Karin, 2009; Dang, 2012). The second 

category, includes RAS oncogene products (KRAS, NRAS and HRAS) which 

are the most studied proteins, since their mutations are present in approximately 

30% of human cancers with KRAS having the highest mutation rate among all 

cancers (Cox et al., 2014). 

 

1.5.1 The KRAS gene 

 
Kirsten rat sarcoma viral oncogene homolog (KRAS), is a human gene 

that encodes for a membrane-bound regulatory protein that belongs to RAS 

family GTPases. This protein acts as a switch, cycling between active GTP-

bound state and inactive GDP-bound state. When activated, KRAS downstream 

pathways control cell survival, proliferation, and differentiation (Adjei, 2001; 

Colicelli, 2004). Mutations involving a single alteration in the KRAS gene disrupt 

its natural GTP hydrolysis process, leading to a persistent activation of the 

protein. This constitutive activity is associated with elevated tumorigenicity and 

is linked to an unfavorable prognosis (Friday & Adjei, 2005). Also, it is related to 

the development of aggressive diseases including pancreatic ductal 

adenocarcinoma (PDAC), non-small-cell lung cancer (NSCLC), and colorectal 

cancer (CRC)  (L. Huang et al., 2021). 

  

Numerous drug discovery initiatives are currently in progress, 

concentrating on specific mutant KRAS isoforms. Sotorasib, which targets the 

KRASG12C mutant protein, received the FDA approval for lung cancer treatment 

in May 2021 (Nakajima et al., 2022). Although this brightens the future for 

cancers with KRAS alterations, G12C is not the only common mutation, and it 

does not benefit patients with overexpressed or other KRAS variants. KRASG12D 
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and KRASG12V are the most frequently mutated alleles found in patients with 

pancreatic and colorectal cancer (figure 9) (Dang et al., 2017; Neumann et al., 

2009; Salem et al., 2022). For this reason, the strategy of creating treatments 

for individual KRAS mutations requires the development of a range of drugs. 

Importantly, reducing transcription has proven to be fatal for tumor cells with 

abnormal KRAS signaling, exposing their dependency on KRAS, regardless of 

their mutational state, and offers a broad potential for therapeutic intervention. 

The technique of stabilizing complex genomic structures is a recognized method 

for influencing transcription (Ali et al., 2012; Hu et al., 2012; Singh et al., 2009).  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Within the promoter region of KRAS, there are segments rich in G/C 

content, that can form G4s. Some known G4 structures in KRAS, like 32R, 

recruit transcription factors like MAZ, PARP-1 and hnRNP A1 forming a complex 

that pre-initiates transcription (Marquevielle et al., 2020). Other structures, such 

as G4mid described by Morgan et al., 2016, are related to transcriptional silencing. 

Targeting the complementary strand of G4s can enable G4 formation and 

diminish or suppress KRAS transcription (Marquevielle et al., 2020). Following 

this therapeutic interest, we selected some of the known G4FS and new putative 

Figure 9. KRAS variants prevalence varies among tumor subtypes including 

colorectal cancer (CRC), appendiceal, pancreatic, non-small-cell lung 

cancer (NSCLC), small bowel adenocarcinoma (SBA), and tumors of 

unknown origin (TUO). Adapted from (Salem et al., 2022). 
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ones to apply the PPRHs technology as a possible treatment to suppress KRAS 

expression.   

 

1.5.2 The MYC gene 

Commonly known as MYC, c-MYC belongs to an extensive family of 

basic helix-loop-helix leucine zipper (bHLHLZ) DNA binding proteins including   

L-MYC and N-MYC (Beaulieu et al., 2020; Duffy et al., 2021). To be 

transcriptionally functional, MYC heterodimerizes with its obligate partner MYC-

associated factor X (MAX) (Madden et al., 2021; Nie et al., 2020). MYC serves 

as a transcription factor in numerous signal transduction pathways that stimulate 

cell growth and other cellular functions including metabolism, differentiation, and 

apoptosis. Notably, MYC controls the expression of up to 15% of human genes 

(Armelin et al., 1984; Dang, 2012; L. Shen et al., 2015). Aberrant MYC 

expression serves as a catalyst for both the initiation and maintenance of tumors, 

and it is associated with all the emblematic hallmarks of cancer (Figure 10) 

(Llombart & Mansour, 2021). 

 
MYC expression is very low in quiescent cells and increases with cell 

division and development signals (Meyer & Penn, 2008). The regulation of MYC 

expression involves a meticulous interplay of transcription regulatory motifs 

found in the promoter region including H-triplex, G-quadruplex, i-motif-DNA, and 

a far upstream element, transcription factors and chromatin components 

(Levens, 2008). Furthermore, MYC protein is fragile, since it presents a general 

instability, a short half-life, and it is quickly degraded by the ubiquitin-linked 

proteosome, as a mechanism to protect against MYC excessive activity (Herrick 

& Ross, 1994). Other causes, such as chromosomal translocations, viral 

insertions, amplification, deletions, insertions, and/or cis-element mutations can 

disrupt MYC regulation. In normal cells, MYC proto-oncogene is strictly 

regulated, and if some of the mentioned regulatory mechanisms fail, the 

presence of abnormal MYC mRNA and/or protein can culminate in the 

emergence of malignancies (Levens, 2008).  
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MYC is known to be one of the oncogenes undergoing a process of 

amplification across a wide array of human cancers (Beroukhim et al., 2010). 

Approximately 70% of human cancer types, including breast, bone, brain, B-cell 

lymphoma, colon, cervix, lung, pancreatic, and prostate tumors, exhibit various 

MYC alterations that align with unfavorable prognoses and elevated disease 

aggressiveness (Mossafa et al., 2006; Tabernero et al., 2013). Experimental 

models illustrating MYC-associated tumorigenesis suggest that well-developed 

tumors become dependent or addicted to MYC (Dang, 2012). 

 

MYC protein instability and lack of druggable binding pockets have been 

the main reasons to consider indirect targeting as a strategy for this oncogene. 

Some strategies considered targeting MAX to disrupt transcription (Adhikary & 

Eilers, 2005). Other strategies have considered targeting MYC target genes, like 

targeting the MYC-regulated miRNA, miR-26, in liver cancer that showed 

remarkable response in this type of cancer (Frenzel et al., 2010). As KRAS and 

many other oncogenes, MYC has well-known G4 structures, especially in its 

upstream promoter region, within the nuclease hypersensitive element (NHE III1) 

region, where a G4 forms with silencing properties. These G4 regulatory 

sequences have been considered as a possible therapeutic target. In 2011, 

Brown et al., identified a potent G4 stabilizer which provoked alterations in 

mRNA and protein expression of MYC with induced cytotoxicity. However, 

Figure 10. MYC governs all fundamental aspects of cancer traits. Adapted 

from (Llombart & Mansour, 2021). 
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achieving significant selectivity for a specific G4 structure has proven to be 

challenging.  

 

Previously, in our laboratory we designed a MYC targeting PPRH against 

its intron 1, that successfully reduced cell viability and MYC mRNA expression 

in different cancer cell lines (Villalobos et al., 2015). In the present work, we 

considered the utilization of PPRHs to precisely target distinct segments of 

known and putative G4FS of the MYC gene.  

 

1.5.3 KRAS and MYC interactions 

 
In 1983, Land et al. demonstrated that mutant HRAS could induce growth 

transformation of rodent fibroblasts, but this process relied on the simultaneous 

overexpression of MYC. This provided the initial evidence that MYC can 

enhance RAS-driven oncogenic transformation. Following investigations in 

mouse models, it was revealed that MYC played a crucial role in KRAS-driven 

oncogenesis (Soucek et al., 2013). The expression of the MYC gene is 

influenced by downstream signaling of KRAS (Figure 11). As a result, the 

presence of oncogenic KRAS mutations leads to continuous expression of MYC 

(Hashimoto et al., 2021; Waters et al., 2021). MYC amplifies the pro-proliferative 

signals initiated by KRAS, promoting rapid cell cycle progression and resistance 

to apoptosis. This cooperation often results in more aggressive and treatment-

resistant cancer phenotypes. Recent studies found that MYC is important for 

many KRAS-mutant cancer cells lines such as pancreatic MIA PaCa-2 and 

AsPC-1, demonstrating that KRAS suppression causes polyubiquitination and 

proteasomal degradation of MYC protein (Vaseva et al., 2018). 

 

The interconnection between KRAS and MYC presents significant 

challenges in the development of targeted therapies. Disrupting one without 

affecting the other can lead to compensatory mechanisms, limiting treatment 

efficacy. Therefore, strategies that simultaneously target both KRAS and MYC 

have gained attention as potential solutions. Such therapies may hold the key to 

achieve durable treatment responses and overcome resistance (Donati & Amati, 

2022). Now, we wanted to study how specifically designed PPRHs against both 

MYC and KRAS, would affect expression and cancer cell viability in KRAS and 

MYC-dependent cells.  
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1.6 SARS-CoV-2 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is 

classified within the coronavirus family alongside viruses causing common colds 

such as severe pathogens like SARS-CoV, and MERS-CoV. SARS-CoV-2 

transmits more rapidly and causes much higher fatality rate (Jackson et al., 

2021). It is responsible for the COVID-19 pandemic that began in 2019 in 

Wuhan, China. Three years later, on the 5th of May of 2023, the World Health 

Organization (WHO) declared that COVID-19 was no longer a public health 

emergency of international concern. SARS-CoV-2 had infected more than 769.3 

million people and caused more than 6.95 million deaths around the world by 

August 2023 (WHO, 2023) although it is estimated that this number might have 

been much higher due to many non-detected asymptomatic cases. As a 

preventive measure to stop the virus spreading, almost 3 billion individuals faced 

lockdown, that had several direct and indirect effects on the environment, 

economy, and social well-being of people (Hammad et al., 2023).  

Figure 11. KRAS signaling pathway impacts the expression 

of the MYC gene. Adapted from (Waters et al., 2021). 
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SARS-CoV-2 genome is a non-segmented large positive (+) single-

stranded RNA with a length of 30kb (C. rong Wu et al., 2022). This genetic 

material carries instructions for producing both structural and non-structural 

proteins (Figure 12). It contains different open reading frames (ORF) including 

ORF 1a and ORF 1b that are translated into two polyproteins (pp1a and pp1ab). 

SARS-CoV-2 encodes for spike protein that interact with human ACE2 

receptors, allowing the virus to bind and merge its envelope with the host 

membrane. Then it uses the host mechanisms to transcribe RNA and to 

synthetize structural proteins (spike, membrane, envelope and nucleocapsid) 

and accessory proteins. The generated viral RNA and proteins are then 

organized into new virus particles within the host cells cytoplasm. These 

particles are moved to the cell surface enclosed in vesicles and subsequently 

discharged, frequently resulting in the host cells death (Jackson et al., 2021; 

Jamison et al., 2022; Michel et al., 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 12. Structure elements of the SARS-CoV-2 genome (above) and its 

components (below).  Adapted from (Jamison et al., 2022). 
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1.6.1 Diagnostic 

 
The COVID-19 pandemic led to the rapid development and 

implementation of various diagnostic methods. The urgency of preventing or 

containing the virus spread and diagnosing cases quickly prompted researchers, 

scientists, and medical professionals around the world to innovate and create 

new diagnostic techniques (Rong et al., 2023). Of these methods, polymerase 

chain reaction (PCR)-based assays are considered the reference standard for 

virus detection due to their exceptional sensitivity and specificity (M. Shen et al., 

2020). Nevertheless, it does come with some limitations including the necessity 

of high pure samples, expensive laboratory equipment such as thermocyclers, 

trained specialists, and extended processing time (Corman et al., 2020).  Other 

strategies considered include (Figure 13): 

 

• Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-

based tests: CRISPR-based tests offer the potential for rapid and highly 

accurate detection of SARS-CoV-2. They have advantages such as speed 

(30 to 40 minutes), sensitivity (concentrations below 10 nM), and the 

potential for point-of-care testing. However, the CRISPR technology has 

limitations related to the specificity of target sequences, and its potential for 

interference and cross-reactivity when detecting multiple targets in a single 

reaction. Furthermore, their development and implementation require careful 

optimization, validation, and regulatory approval (Li et al., 2019; Nouri et al., 

2021). 

 

• Gene sequencing: it is a complex technology that gives a detailed sequence 

of the virus that can help to understand the patterns of transmission, its 

origins or behavior and its responses to treatments or vaccines. Although it 

is a good tool for the discovery of new diseases, or virus variants, it requires 

specialized equipment and trained personnel. It is also time-consuming, 

making it less useful for real-time diagnosis (Lam et al., 2020; Ren et al., 

2020). 

 

• Loop-Mediated Isothermal Amplification (LAMP): these tests are like 

PCR tests but operate at a constant temperature, making them easier to use 

in some settings. They bring results within 30 minutes, and they are suitable 

for filed or resource-limited settings. Although it is promising, this method 
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presents development and implementation challenges, as well as equipment 

and reagent requirements (James & Alwneh, 2020). 

 

• Antigen testing: this method detects specific proteins on the surface of the 

virus. They single use, lateral flow, that can be visually read using a small 

portable device. The detection is much faster (15 to 20 minutes) and less 

expensive, suitable for mass testing and screening. Their main drawback is 

the lower sensitivity; it may produce false negatives during early infection 

and false positives due to cross-reactivity with other antigens (Lv et al., 2020; 

Peeling et al., 2021). 

 

• Serological testing: these assays identify antibodies against SARS-CoV-2 

present in blood and tissue samples. They encompass techniques such as 

enzyme-linked immunosorbent assay (ELISA) and immunochromatography. 

They indicate if a person has been previously infected and presents an 

immune response. It helps to understand the prevalence of the virus in the 

population. However, they are not typically used for diagnosing acute 

infections, it takes time to develop antibodies after infection and there is a 

variability in antibody response between individuals (W. Liu et al., 2020; 

Rong et al., 2023; Zhang et al., 2020).  

 

• Computed tomography or chest imaging: this approach is employed to 

detect lung irregularities linked to COVID-19 infection. It involves capturing 

multiple X-ray images of the patient's chest from various angles. While these 

techniques can offer insights when other diagnostic tests have inconclusive 

results, they are not sufficient on their own to definitively diagnose COVID-

19. The main drawbacks are the requirement for expertise and interpretation 

as well as expensive equipment that have limited availability (Bernheim et 

al., 2020; E. Y. P. Lee et al., 2020; Rong et al., 2023). 

 

• Microarray based methods: they use immobilized oligonucleotides cDNA 

probes produced through reverse transcriptase of the viral RNA (Q. Chen et 

al., 2010). Fluorescence or chemiluminescence methods are used to identify 

the bound sequences, indicating the presence of the virus. It can be used to 

detect multiple virus variants since this method is very specific. Microarrays 

are suitable for screening many samples in a relatively short time and at very 

low concentrations. However, their complexity, equipment requirements, and 

potential for technical challenges should be considered when designing and 
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implementing these methods for SARS-CoV-2 detection (Eftekhari et al., 

2021; Rong et al., 2023). 

 

• Biosensor-based methods: the array of biosensor methods is wide, such 

as Plasmon Resonance (SPR), Field-Effect Transistor (FET), electro-

chemical, nucleic acid, or antibody biosensors (Rong et al., 2023). SPR 

method measures changes in the refractive index of a surface as viral 

particles bind, enabling the detection with extreme sensibility (G. Qiu et al., 

2020). FET biosensors detect changes in electrical conductivity upon viral 

binding, producing a signal (Seo et al., 2020). Nucleic acid-based biosensors 

use specific DNA or RNA probes, that bind to viral genetic material and 

antibody-based sensors use specific antibodies that hybridize to viral 

antigens. These methods, when bound to the viral material, trigger signals 

indicating the virus presence. Biosensor-based methods offer rapid and 

sensitive detection of SARS-CoV-2, with the potential for multiplexing and 

point-of-care use. However, challenges related to specificity, validation, and 

technical expertise should be carefully addressed during development and 

implementation (Pandey et al., 2022).  

 

 

In this study, we investigated a novel analytical method centered around 

the concept of sandwich oligonucleotide hybridization, using designed PPRH 

hairpins that form high-affinity triplexes with viral polypyrimidine target 

sequences to efficiently capture the viral genome. The goal was to explore this 

approach in customized biosensing tools, such as thermal lateral flow devices, 

electrochemical devices, and fluorescent microarrays.  
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1.6.2 SARS-CoV-2 therapeutic agents 

Aside from advancing in the diagnostic methods, during the pandemics, the 

scientific community worked hard to develop a wide array of therapies against 

SARS-CoV-2 while waiting for a vaccine capable of to effectively prevent 

COVID-19 severity and reduce transmission (Scavone et al., 2020). These 

methods include a diverse range of medications with distinct modes of action: 

 

• Antiviral drugs: aimed to inhibit viral replication and spread within the body. 

These include molecules involved in life cycle and/or pathogenesis of SARS-

CoV-2. There are several antiviral approaches, including polymerase or 

protease inhibitors, immune modulators, viral entry inhibitors or 

neuraminidase Inhibitors (Tao et al., 2021). RNA polymerase inhibitors, like 

the FDA approved drug, Redemsivir (FDA, 2020), target RNA-dependent 

RNA polymerase which virus needs for transcription and replication. Another 

strategy considered are protease inhibitors, since viruses often require 

protease of host cells to process viral proteins, inhibiting hosts proteases can 

prevent the virus from producing necessary proteins for replication (Huff et 

al., 2022). Entry inhibitors have also been explored as potential therapeutic 

strategy, these stop the virus from gaining access to host cells, preventing 

Figure 13.  Outline of the diagnostic process for COVID-19. Adapted from 

(Jayamohan et al., 2021). 
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initial stages of infection. This could have a broad-spectrum potential that 

could make them useful against a wide range of virus. Administrated in the 

early course of infection, they could help to reduce severity of the disease, 

or even prevent it (Chitsike & Duerksen-Hughes, 2021). 

 

• Therapeutic oligonucleotides: they consist of short sequences of 

nucleotides of DNA or RNA, designed in a natural or modified version for 

therapeutic purposes. These molecules can bind to viral genes and repress 

replication. Some strategies studied against SARS-CoV-2 include aptamers 

(Amini et al., 2022), ASOs (Qiao et al., 2023; C. Zhu et al., 2022), miRNAs 

(Ergün et al., 2023), siRNAs  (Idris et al., 2021; Y. R. Lee et al., 2023; 

Supramaniam et al., 2023; Traube et al., 2022) and CRISPR-based methods 

(Cui et al., 2022; Nguyen et al., 2020). 

 

• Convalescent Plasma (CP) Therapy: it consists of plasma from individuals 

who have recovered from SARS-CoV-2 infection, since it contains antibodies 

that may provide temporary protection (Ye et al., 2020). These antibodies 

have the potential to reduce the viral entry. It is generally used to prevent 

infection and shorten duration and severity of illness. However, CP has 

limited availability, patients may show adverse reactions and the antibody 

levels variate in donated plasma (Izda et al., 2021). Based on randomized 

trials, its current usage is not recommended (Simonovich et al., 2021). 

 

• Monoclonal Antibody or Antibody cocktail Therapy: these are laboratory 

made specific antibodies against SARS-CoV-2 spike protein. They can 

neutralize the virus and mitigate symptom severity, particularly among high-

risk individuals. However, challenges related to production and 

administration, along with potential limitations in effectiveness against 

emerging variants, are important factors to consider (Baum et al., 2020).  

 

• Corticosteroids: These anti-inflammatory drugs aid in modulating the 

immune response during severe cases. They can alleviate cytokine storms 

and lung inflammation in critically ill patients. However, they come with 

several adverse effects, such as metabolic disturbances, heightened 

infection susceptibility, and bone irregularities, among other concerns 

(Fardet & Fève, 2014).  
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• Vaccines: Since the start of the pandemic, the primary approach was to 

develop a vaccine, both effective and that could be produced on a large 

scale. Traditional vaccines are developed during 10 to 15 years, instead 

COVID-19 vaccines were developed between 12 to 16 months through 

emergency use authorization (Kashte et al., 2021). Vaccines have proven to 

be very effective in preventing severe illness and reducing transmission. 

However, their global availability is limited, and some individuals need 

booster shots, of two or more doses. SARS-CoV-2 mutated in multiple 

variants during the pandemic, for this reason more than one or two doses 

were necessary. In fact, antibody responses showed to be more effective 

after a third dose of the Covaxin vaccine against Delta, Beta and Omicron 

variants (Deshpande et al., 2022). Although most of COVID-19 vaccines are 

well tolerated, some individuals present rare complications such as 

myocarditis with the mRNA COVID-19 vaccines and association with 

increased thrombocytopenia and cerebral thrombotic events with Janssen 

and AstraZeneca Vaccines (Oster et al., 2022; Sharifian-Dorche et al., 

2021). There are many types of vaccines including non-replicating viral 

vectors (like adenoviral based vectors), mRNA vaccines, self-amplifying 

mRNA vaccines, DNA vaccines, inactivated viruses, and protein subunits 

vaccines (Izda et al., 2021). The available vaccines are shown in Table 1. 

The most widely used vaccines include mRNA Pfizer/BioNTech’s “BNT 

162b2” and Moderna’s “mRNA-1273” vaccines, the non-replicating viral 

vector Janssen/Johnson and Johnson “Ad26.COV2.S”, and AztraZeneca’s 

“ChAdOx1 nCoV-19/AZD1222” vaccines (Sadoff et al., 2021; Thompson et 

al., 2021; Voysey et al., 2021; Yadav et al., 2023). 
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 Mechanism of 
action 

Dose Side effects 

Moderna  
(mRNA-1273) 

mRNA vaccine 
delivered in lipid 
nanoparticles to 
express the spike 
protein 

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

Myalgia, fatigue, 
injection site pain, fevers 
and chills; myocarditis, 
pericarditis and 
myopericarditis have 
been reported 

Pfizer 
 (BNT 162b2 
“Cominarty”) 

mRNA vaccine in lipid 
nanoparticle 

Two divided doses of 
30 mcg, 21 days 
apart; booster of 30 
mcg 5 months after 
primary series 

Janssen/Johnson 
and Johnson 
(Ad26.COV2.S)  

Replication of 
incompetent 
adenovirus vector 
vaccine 

0.5 mL single-dose 
vaccine 
Booster: available 
booster, which is also 
0.5 mL given 2 
months after the 
primary 

Headache, fatigue and 
injection site pain, 
tachycardia, dizziness 
and syncope, thrombosis 
with thrombocytopenia, 
and Guillain-Barre 
syndrome 

AztraZeneca 
(ChAdOx1 nCoV-
19/AZD1222) 

Replication of 
incompetent virus 
vector vaccine 

Two divided doses, 
intramuscularly, 4–12 
weeks apart; 
unfortunately, there is 
no booster dose 
available at this 
moment 

Fatigue, headache, 
fever, thrombosis with 
thrombocytopenia 

Covaxin  
(BBV 152) 

Inactivated virus Two doses 29 days 
apart 

Injection site pain, 
fatigue, headache and 
muscle aches 

Novovax  
(NVX-cov2373) 

Recombinant protein 
nanoparticle vaccine 

Two doses (0.5 mL), 
intramuscularly, at an 
interval of 3–4 weeks 

Headache, fever, fatigue, 
muscle aches, nausea, 
pain, irritation, redness 
and injection site 
swelling 

Sinovac Inactivated vaccine Two doses 28 days 
apart 

 
Nausea and a rare 
neurological disorder 

 

Sinopharm 
(WIV04 and 
HB02) 

Inactivated vaccine Two doses 28 days 
apart 

Injection site pain, 
fatigue and headache 

Sputnik V Replication 
incompetent 
adenovirus vector 
vaccine (uses two 
separate vectors) 
developed by 
Gamaleya institute in 
Russia 

First dose with the 
adenovirus 26 vector 
dose, second dose 
with adenovirus 5 
vector 21 days to 3 
months after the first 
dose 

Fatigue (70%), 
headache (64%), muscle 
pain (61%), joint pain 
(46%), chills, nausea 
and vomiting 

Cansino 
biologics Ad5-
based COVID-19 
vaccine 

Replication of 
incompetent 
adenovirus vector 

Single intramuscular 
dose 

Redness, fatigue, fever, 
nausea, headaches and 
muscle pains 

Table 1. Available vaccinations for COVID-19. Adapted from (Chinta et al., 2023). 
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2. OBJECTIVES 
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This work is divided into two main parts, one exploring the effects PPRHs against 

undruggable cancer targets, and a second centered in the usage of the PPRHs 

both as a tool for the diagnosis of COVID-19 and as a therapeutic agent against 

the viral infection caused by SARS-CoV-2. Therefore, we set up these two main 

goals: 

 

1. To study the effects of PPRHs as a gene silencing tool against the 

undruggable cancer targets KRAS and MYC. 

 

- To identify G-quadruplex forming sequences in the KRAS gene, to target 

their complementary regions with PPRHs and to inhibit the expression of 

this oncogene.   

 

- To determine the modulatory effects of the complementary G4 forming 

sequences in cancer cells overexpressing MYC.  

 

- To evaluate the combinatorial effect of the most effective PPRHs targeting 

KRAS and MYC.  

 

2. To determine the PPRH properties to detect SARS-CoV-2 and to use 

them as a therapeutic tool. 

 

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

CoV-2.  

 

- To explore the therapeutic properties of PPRHs to decrease SARS-CoV-2 

proliferation in VERO-E6 cells. 

 

- To test the protective effect of PPRHs targeting SARS-CoV-2 RNA in 

transgenic mice bearing the humanized ACE2 receptor. 
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3. MATERIALS AND METHODS 
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Materials and methods are already described within the articles 

presented in the “Results” section of this thesis. However, additional materials 

or methodologies that are not included in the manuscripts are described within 

this section. 

 

3.1 General design of PPRHs 

 

To find polypurine sequences capable of binding to the polypyrimidine-

specific region in a target gene, we employed the Triplex-Forming 

Oligonucleotide Target Sequence Search software (TFO searching tool). This 

software was developed at the MD Anderson Cancer Center, University of 

Texas, Houston, TX, USA (Gaddis et al., 2006). 

 

The design of the specific molecules was guided by specific criteria to ensure 

the best PPRH properties: 

 

− A length per arm of the PPRH ranging between 20-25 nt.  

− A minimum G content of 40-45 %. 

− A maximum of 3 pyrimidine interruptions within the purine stretch. 

− A four-thymidine connector between the two arms of the PPRH. 

 

 

All these design considerations are crucial to ensure stability and effectiveness 

of the PPRHs in their intended applications.  

 

Then, the selected PPRHs were analyzed by the software contained in 

the QGRS mapper to check for putative G-quadruplex forming sequences 

(G4FS). This tool uses an algorithm to recognize and depict possible G-

quadruplex elements within a specific sequence providing a G-score. The 

greater the value of this score, the more likely the formation of a G-quadruplex 

structure is. We chose the polypurine sequences with the highest G-score and 

analyzed them by BLAST to ensure that they do not exhibit similarities or 

matches with unintended targets. 

 

The following PPRHs were designed: 

- Against MYC, six different PPRHs: (HpMYC-G4-PR-C, HpMYC-G4-I1-T, 

HpMYC-Pr-Distal-T, HpMYC-Pr-Prox-T, HpMYC-I1-T, HpMYC-I1_short-T 

and HpMYC-I2-C). 
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- Against KRAS, five PPRHs: (HpKRAS-PrEF-C [PPRH1], HpKRAS-PrBC-

C [PPRH 2], HpKRAS-I1-T, HpKRAS-E5-C). 

- Against SARS-CoV-2, three different PPRHs: (CC1-PPRH, CC2-PPRH 

and CC3-PPRH).  

 

A polypurine scrambled hairpin (HpSc9) was used as a negative control. 

The designed PPRHs were synthesized as non-modified oligodeoxynucleotides 

by Merck-Sigma (Haverhill, UK). Hairpins were resuspended at a concentration 

of 100 µM with Tris-EDTA buffer (1 mM EDTA and 10 mM Tris-HCl, pH 8.0) 

(Sigma-Aldrich, Madrid, Spain) and stored at -20ºC. The corresponding 

sequences for each PPRH used in this work and the negative control are shown 

in the corresponding articles.  

 

3.2 DNA-PPRH binding analyses 

 

The binding capability of MYC, KRAS and SARS-CoV-2 targeting PPRHs 

against their targets was analyzed by electrophoretic mobility shift assays 

(EMSA).  

 

Binding reactions were performed by incubation of the PPRHs using two 

approaches (i) with a polypyrimidine ssDNA probe or (ii) with a dsDNA probe. 

Both ssDNA and dsDNA had the polypyrimidine strand labeled with fluorescein 

(6-FAM) and were synthesized by Merck-Sigma (Haverhill, UK). The dsDNA was 

obtained by mixing equimolecular amounts of each single-stranded 

oligodeoxynucleotide in a 150 mM NaCl solution, hybridized at 95 ºC for 5 min, 

and cooled down to RT.   

 

Binding reactions were performed using binding buffer (5% glycerol, 100 

mM NaCl, 10 mM MgCl2, 40 mM HEPES, pH 7.2; all from Sigma-Aldrich, Madrid, 

Spain). For ssDNA binding reactions, as an unspecific competitor, tRNA was 

added, whereas for dsDNA Poly(dI:dC) (1:1 ratio for both cases) was used. The 

corresponding amounts of ssDNA and dsDNA (ranging between 100 and 200 

ng) with their corresponding PPRHs (ranging from 12.5 to 2000 ng) are shown 

in the scientific articles.  

 

Binding mixtures with ssDNA were incubated at 37ºC whereas dsDNA 

binding reactions were incubated at 65 ºC. in both cases, binding reactions were 
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incubated for 10 min without the probe and then for a 20 min period with the 

probe. As a negative control Hp-Sc9 was used.  

 

Binding products were electrophoretically resolved in 7 or 8 % 

polyacrylamide non-denaturing gels containing 5 % glycerol, 10 mM MgCl2, 50 

mM HEPES, pH 7.2 using a running buffer containing 10 mM MgCl2 and 50 mM 

HEPES (pH 7.2) and run at a fixed 190 V and 4 ºC. ImageLab software v5.2 was 

used to visualize the results (GE Healthcare, Barcelona, Spain). Specific ssDNA, 

dsDNA, PPRHs, and gel percentages are shown in the articles. 

 

3.3 RNA-PPRH binding analyses 

 

The capacity of the RNA-PPRH to bind to its target sequence in SARS-

CoV-2 regions was analyzed using EMSA assays as described in section 3.2. 

DNA-PPRH binding analyses were performed with the conditions for ssDNA 

binding reactions (at 37 ºC) using DEPC H2O.  

 

3.4 Strand displacement assays 

 
The capacity of PPRHs to bind to their dsDNA targets, displacing the 

complementary strand, and allowing G4 formation for KRAS and MYC, was 

explored by Strand Displacement Assays.  

 

We used 1.5 µg of each oligonucleotide ssDNA (single-strand 

polypyrimidine [ssPPY] labeled with FAM or single-strand polypurine [ssPPU]) 

or dsDNA labeled with FAM with increasing amounts of PPRH. dsDNA probes 

were prepared as described in section 3.2.  

 

The mixes of the oligonucleotides with the PPRHs were prepared in a 

100 mM KCl and 100 mM Tris-HCl, pH 7.4 buffer, incubated at 90ºC for 5 min in 

a water bath and slowly cooled down to RT. The resulting structures were 

resolved in non-denaturing 12 % polyacrylamide and 10 mM KCl gels in 1x TBE 

buffer at a fixed 150 V.  

 

Once electrophoresed, bands were detected under a UV light lamp. 

Then, gels were stained with 5 µM Thioflavin T (ThT) (Sigma Aldrich, Madrid, 

Spain) for 15 min with shaking and washed in water for 2 min. Images were 

taken under a UV light lamp or using the Gel DocTM EZ with the Image Lab 
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Software, Version 6.0. Target sequences for each KRAS and MYC PPRHs, 

ssDNA or dsDNA, are described in the corresponding articles.  

 

3.5 Melting Temperature Assay 

To determine melting temperatures (TMs) of MYC and KRAS, we used a 

ssPPY probe and the PPRH at a ratio of 1:1 in a final concentration of 1 µM in 

buffer solution with 100 mM NaCl, 10 mM MgCl2, and 40 mM HEPES, pH 7.2.  

 

Before performing the experiments, the mix was heated to 65 ºC for 15 

min and slowly cooled down to RT. Melting studies were performed using a V-

730BIO UV-Vis spectrophotometer (Jasco, Madrid, Spain), connected to a 

controller that increased the temperature from 10 to 90 ºC and then decreased 

it from 90 to 10 ºC at a 1 ºC/min rate. Absorbance was recorded at 260 nm in a 

1 cm pathlength quartz cuvette and monitored every 0.5 ºC. 

 

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

detection 

 

PC-3 cells (60,000) were plated in 6-well dishes and transfected 24 h 

after with different concentrations of PPRHs, described in the corresponding 

articles.  

 

Total extracts were obtained 72 or 120 h after transfection in RIPA buffer 

(1 % Igepal CA-630, 0.5 % sodium deoxycholate, 0.1 % SDS, 150 mM NaCl, 10 

mM NaF, 1 mM PMSF, 1 mM EDTA, 50 mM of Tris-HCl, pH 8.0 and containing 

Protease Inhibitor (P8340-5ML); all purchased from Sigma Aldrich, Madrid, 

Spain, with the exception of Tris-HCl, which was from PanReac AppliChem, 

Barcelona, Spain).  

 

Cell extract was centrifuged at 13,000 x g for 10 min at 4 ºC. 

Supernatants were collected and their protein level were quantified using the 

Bio-Rad protein assay based on the Bradford method using Bovine serum 

albumin (BSA) as standard (Sigma-Aldrich, Madrid, Spain). 

 

Protein extracts were electrophoresed in 4-12 % SDS-polyacrylamide 

gels and transferred to polyvinylidene difluoride (PVDF) membranes (immobilon 
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P, Milipore, Madrid, Spain) using a semi-dry electroblotter. Membranes were 

blocked using 5 % Blotto.  

 

Membranes were probed with either MYC (1:1500 dilution; ab205818, 

Abcam, Cambridge, UK) or KRAS (1:1,500 dilution; LS-C211371; LifeSpan 

BioSciences,Washington, USA) antibodies conjugated with horseradish 

peroxidase (HRP), with a primary antibody against cyclin D1 (1:100 dilution; M-

20, sc-718, Santa Cruz Biotechnology, Heidelberg, Germany), or a primary 

antibody against GAPDH (1:200 dilution; sc-47724, Santa Cruz Biotechnology, 

Heidelberg, Germany) overnight at 4 ºC with slow agitation. Cyclin D1 protein 

levels were detected using a secondary HRP-conjugated anti-rabbit antibody 

(1:1,200 dilution, P0399, Agilent Technologies, Singapore). GAPDH protein was 

detected using a secondary HRP-conjugated anti-mouse antibody (1:1,500 

dilution, sc-516102, Santa Cruz Biotechnology, Heidelberg, Germany) and used 

to normalize the results. 

 

Signals of KRAS, MYC, Cyclin D1 and GAPDH proteins were detected 

using enhanced chemiluminescence (ECL), as recommended by the 

manufacturer (Amersham, Arlington Heights, IL). ImageQuant LAS 4000 mini-

imager (GE Healthcare, Barcelona, Spain) was used to visualize the protein 

bands and quantification was performed using the ImageQuant 10.1 software or 

Image J2 2.3.0 (FIJI). 

 

3.7 Internalization of PPRHs (Flow cytometry)  

 

PC-3, MCF-7 and SW480 Cells (100,000) were plated in well-dishes in 

F12 + 10% FBS serum. The day after, cells were transfected with a 100 µl mix 

of N-[1-(1,2-Di-(9Z-octadecenoyl)-3- trimethylammoniumpropane methyl sulfate 

(DOTAP; Biontex, Germany) or 1,3-bis[(4-oleyl-1-pyridinio)methyl]benzene 

dibromide (DOPY, synthesized in house, UB) with a scrambled 6-FAM-labeled 

PPRH (HpSC9-FAM) in F12 serum-free medium. 

  

One day after transfection, cells were trypsinized, collected in PBS and 

centrifuged at 1,200 x g at 4 ºC for 5 min. Cell pellet was resuspended in 400 µL 

of PBS.   

Propidium Iodide (IP) was added to a final concentration of 5 µg/mL 

(Sigma Aldrich, Madrid, Spain). Flow cytometry analyses were performed in a 

Gallios flow cytometer (Beckman Coulter, Inc., Barcelona, Spain) at the CCiT.
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Els Drs. Carlos J. Ciudad Gómez i Verónica Noé Mata, directors de la tesi 

doctoral titulada “PPRHs against undruggable KRAS and MYC oncogenes and 

for the diagnosis and treatment of SARS-CoV-2.”. 

 

INFORMEN 

 

Del factor d’impacte de les revistes de publicació dels articles inclosos en 

aquesta tesi doctoral. 

 

Que els articles I i II són treballs en co-autoria, en què ambdós primers coautors 

han compartit els projectes i han realitzat els experiments per igual, i que no 

s’han utilitzat per la realització de cap tesi doctoral prèvia. 

 

Que l’article III està en preparació, que el doctorant n’és el primer autor i que no 

s’ha utilitzat per la realització de cap tesi doctoral prèvia.  

 

Que l’article IV és un treball en col·laboració, que el doctorand ha participat en 

la part de disseny i en els assajos de unió (assajos de canvi de mobilitat 

electroforètica), i no s’ha utilitzat per la realització de cap tesi doctoral prèvia. 

 

Que l’article V està en preparació i és un treball en col·laboració amb altres 

autors. El doctorand ha realitzat assajos de unió i no s’ha utilitzat per la 

realització de cap tesi doctoral prèvia. 
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4.1. ARTICLE I  

 

Targeting KRAS Regulation with PolyPurine Reverse Hoogsteen 

Oligonucleotides 

 

Alexandra Maria Psaras#, Simonas Valiuska#, Véronique Noé, Carlos J. 

Ciudad and Tracy A. Brooks 

 

# Both authors contributed equally to this work 

 

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

6.208) 

 

Background: The KRAS gene (Kirsten rat sarcoma viral 

oncogene homolog) is a proto-oncogene encoding a small GTPase 

protein that participates in the signaling of several growth factors. It plays 

a pivotal role in intracellular signal transduction, relaying signals from cell 

surface receptors to the nucleus (Colicelli, 2004; Cox & Der, 2010). 

However, when KRAS is mutated and becomes constitutively active, it 

can drive uncontrolled cell proliferation and tumorigenesis. KRAS 

mutational activation is widely distributed across diverse cancer types, 

exhibiting a broad range of occurrences (Prior et al., 2012; Pylayeva-

Gupta et al., 2011). However, it is particularly prominent in lung, 

colorectal and pancreatic cancers, where it is detected in over 95% of 

cases (Adjei, 2001). For many years, KRAS has been considered a 

undruggable target due to its lack of targetable pockets for possible 

drugs, its highly dynamic conformation when activated, and because the 

GDP/GTP cycle exchange is highly regulated. Although some drugs are 

being developed against KRAS, they are usually designed for rare KRAS 

mutations, and thus the development of anti-KRAS drug is required 

(Nakajima et al., 2022). KRAS contains known G-quadruplex sequences 

that form G4 structures which have a role in KRAS expression regulation. 

For this reason, KRAS G4-rich sequences have been considered 

potential targets for KRAS gene silencing (Cogoi & Xodo, 2006; D’Aria 

et al., 2020; Shalaby et al., 2013).  
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Objectives: To discover previously unknown G-quadruplex 

forming sequences (G4FS) in the KRAS gene and to develop specific 

PPRHs that can target and interact with these G4FS, along with a known 

G-quadruplex region. Our main aim was to investigate the effects and 

the therapeutic implications of these designed PPRHs on KRAS gene 

regulation. 

 

Results: A total of five different PPRHs were designed, two 

against the KRAS promoter G4mid (HpKRas-Pr-EF-C, HpKRas-Pr-BC-C, 

referred as PPRH 1 and PPRH 2, respectively) and three others against 

putative G4FS in the distal promoter (HpKRas-Pr-C), intron 1 (HpKRas-

I1-T) and exon 5 (HpKRas-E5-C). 

 

We investigated the formation of higher-order DNA structures in 

three specific regions of the KRAS gene that had not been previously 

explored. These regions are found in the distal promoter (Pr-C), an 

intronic region (I1) and an exonic region (E5). The latter region was 

confirmed to be a G4FS with a parallel topology. 

 
We verified that the interaction of the PPRHs with their 

corresponding targets displaces the complementary strand allowing the 

formation of secondary structures. 

 

 We also analyzed the cytotoxic effect of the PPRHs in ovarian 

and pancreatic cancer KRAS dependent cell lines. PPRHs displayed 

different levels of effectiveness in pancreatic and ovarian cancer cells. 

However, we consistently observed that when targeting KRAS promoter 

with PPRHs (HpKRas-Pr-C, PPRH 1 and PPRH 2), there was a 

significant inhibition of cellular growth and viability in both cancer cell 

types.  

 

KRAS transcription levels were affected in cells transfected with 

PPRHs 1 and 2. PPRH 2 was the most effective in decreasing KRAS 

transcription activity. We also analyzed the transcription modulation 

mediated by PPRH 1 and PPRH 2 with a KRAS promoter selective G4-

stabilizing compound, NSC 317605, observing synergistic activities that 

improved the transcriptional downregulation and the reduction of cell 

viability. 
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Conclusions: In this study, we have identified and integrated two 

therapeutic approaches: PPRHs and NSC 317605. These two strategies 

effectively stabilize the G-quadruplex (G4) structure present in the middle 

(G4mid) region of the KRAS promoter. As a result, transcription of the 

KRAS gene is reduced, leading to a synergistic modulation of KRAS-

dependent AsPc-1 pancreatic cancer cells viability. 
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4.1.1 Additional results to Article I  

In addition to the binding assays, we conducted melting temperature (TM) 

measurements to assess the affinity of each PPRH for its respective target 

(Table 2). We compared the differences in Tm between each PPRH with its 

target, as well as between each target with a negative control, HpSc9. HpKRAS-

Pr-C, one of the most effective PPRHs, exhibited the lowest Tm, indicating a 

lower affinity, whereas HpKRAS-PR-EF presented the strongest affinity with its 

target. 

  

 

We also extended the scope of our work to investigate the effects of the 

PPRHs on various cancer cell lines exhibiting KRAS deregulation (Figure 14). 

The most effective PPRHs in these cancer cell lines were HpKRAS-E5-C, 

HpKRAS-PR-C and HpKRAS-I1-T, reducing cell viability by more than 60%. The 

negative control did not show a significant decrease in cell viability. 

 

 

 

 

 

 

KRAS region TM (ºC) ΔTM (ºC) Complex (PPY+) 

 
I1 

71.65 
43.73 

HpKRAS-I1 

27.92 HpSc9 

 
E5  

78.2 
50.14 

HpKRAS-E5 

28.06 HpSc9 

 

PR-EF 
87.75 

59.83 
HpKRAS-Pr-EF-C (PPRH 1) 

27.92 HpSc9 

 
PR-BC  

83.78 

56.02 

HpKRAS-Pr-BC-C (PPRH 2) 

28.26 HpSc9 

 
PR-C 

 

71.40 

36.76 

HpKRAS-Pr-C 

34.64 HpSc9 

Table 2. Melting temperatures (TMs) of the different KRAS polypyrimidine 
single-stranded targets (PPY) with their corresponding PPRHs and HpSc9. 
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Figure 14. Effect of KRAS-targeting PPRHs transfected with DOPY on the 

viability of various cancer cell lines, prostate PC-3 (A), colorectal SW-480 (B), 

neuroblastoma SH-Sy5y (C), and breast MCF-7 (D). A 100 nM of PPRHs was 

transfected with either 2.1 or 4.2 µM of Dioleoyl Pyridinium (DOPY). The effects 

of the PPRHs were assessed 120 hours after transfection through cell viability 

assays. Results were normalized to the transfection vehicle (DOPY) control. 

Experiments were conducted in triplicate with internal duplicates. Statistical 

significance was determined using one-way ANOVA with a post hoc Dunnett 

test, comparing the results against the HpSc9 control; * p<0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001. 
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4.2. ARTICLE II  

 

Targeting MYC Regulation with Polypurine Reverse Hoogsteen 

Oligonucleotides 

 

Simonas Valiuska #, Alexandra Maria Psaras#, Véronique Noé, Tracy A. 

Brooks * and Carlos J. Ciudad* 

 

# Both authors contributed equally to this work 

 

International Journal of Molecular Sciences. 2023, 24(1), 378. (Impact 

factor: 6.208) 

 

 

Background: cMYC (referred as MYC) is a proto-oncogene from 

a large family of regulator gene that encode for transcription factors, that 

acts as a critical regulator of cell proliferation, differentiation, and 

apoptosis. It actively regulates the expression of a third of human genes, 

so its tightly regulated. When MYC control systems fail, it becomes 

deregulated and can lead to a malignant formation (Conacci-Sorrell et 

al., 2014; Dang, 2012; L. Shen et al., 2015). Oncogenic MYC is 

abnormally expressed in approximately 70% of human cancers and it is 

commonly overexpressed or amplified in Burkitt’s lymphoma, 

neuroblastoma, colon, cervix, lung, pancreatic, and prostate cancers 

(Ala, 2022; Madden et al., 2021; X. Qiu et al., 2022). MYC is classically 

labeled as undruggable since the protein lacks traditional pockets or 

binding sites accessible to drug interactions, making it difficult to design 

specific inhibitors. The promoter region of the MYC gene contains GC-

rich sequences that can form G-quadruplex structures, which have been 

shown to play a regulatory role in mediating transcription downregulation. 

The presence of G-quadruplexes in MYC promoter region has generated 

interest in exploring their potential as therapeutic targets for cancer 

treatment. (Brooks & Hurley, 2010; Eddy et al., 2011; Huppert & 

Balasubramanian, 2007). 

 

Objectives: To study the effects of PPRHs targeting known G-

quadruplex forming sequences (G4FS) and other GC-rich sequences 

present within intronic and promoter regions of the MYC gene. We aimed 

to investigate the effects of different PPRHs in various cell lines with 
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deregulated MYC, including pancreatic, prostate, neuroblastoma, 

colorectal, ovarian, and breast cancers. The primary focus was to 

understand the regulatory impact of these PPRHs on MYC expression 

and to explore their potential for cancer treatment. 

 

Results: A total of six different PPRHs were designed, three 

targeting MYC promoter regions (HpMYC-G4-PR-C, HpMYC-PR-Distal-

T and HpMYC-PR-Prox-T) and intronic regions (HpMYC-I1-T, HpMYC-

I1_short-T and HpMYC-I2-C). Only HpMYC-G4-PR-C and HpMYC-I2-C 

demonstrated parallel G4 formation whereas HpMYC-Dist-T, HpMYC-

Prox-T, and HpMYC-I1-T all formed hairpin structures. 

 

We verified that the interaction of MYC PPRHs with their 

corresponding targets displaced the complementary strand, allowing the 

formation of G4 secondary structures as visualized by Thioflavin T 

staining.  

 

HpMYC-G4-PR significantly decreased promoter activity whereas 

HpMYC-PR-Prox-T increased it. We also analyzed the cytotoxic effects 

of the PPRHs transfected with DOPY in a collection of MYC-

overexpressing and -addicted cell lines, including estrogen receptor-

positive breast MCF-7, neuroblastoma SH-Sy5y, colorectal SW480, and 

prostate PC-3 cancer cells. All PPRHs tested decreased cell viability, 

HpMYC-G4-PR and HpMYC-I1T being the most effective.   

 

We conducted further analyses in pancreatic AsPC-1 and 

prostate PC-3 cancer cell lines, which exhibited a higher sensitivity to the 

tested PPRHs. Transfection of PPRHs with DOTAP resulted in a notable 

inhibition of exponential growth after 72 hours. The effects of PPRHs 

were ranked based on their impact at a 25 nM concentration, and they 

correlated with the changes observed in cell viability, HpMYC-G4-PR-C 

and HpMYC-I1-T, showed the most significant efficacy. We additionally 

explored the effects on MYC mRNA and protein expression produced by 

HpMYC-G4-PR-C and HpMYC-I1-T in PC-3 cells. Both PPRHs 

significantly decreased mRNA levels at 72 hours, and protein levels were 

significantly lowered by both PPRHs where HpMYC-I1-T was the most 

effective. Cyclin D1 levels were also decreased in these conditions. 
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Conclusions: We explored the formation of G4 structures within 

MYC gene sequences and the effects of PPRHs on these structures. We 

found that G4 structures were formed within certain MYC sequences, 

and discovered a new G4 forming structure with parallel formation in 

MYC intron 2. PPRHs targeting these sequences were able to induce 

changes in cell viability. The most effective PPRHs were HpMYC-G4-

PR-C and HpMYC-I1-T. These findings provide insights into the potential 

therapeutic applications of PPRHs directed toward G4 MYC structures 

for cancer treatment. 
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4.4. ARTICLE III (Manuscript in preparation)  

 

Combinatorial effect of KRAS and MYC targeting Polypurine 

Reverse Hoogsteen hairpins in PC-3 cancer cell lines 

 

Background: MYC and KRAS cancer targets have a tight 

relationship since MYC protein is a downstream effector of KRAS and in 

the presence of mutated KRAS, it will be constitutively expressed and 

stabilized (Kerkhoff et al., 1998; T. Lee et al., 2008), making cells 

susceptible to DNA damage and apoptosis (Shortt & Johnstone, 

2012). It is also suggested that MYC plays a crucial role in KRAS-driven 

malignancies (Eilers & Eisenman, 2008). Both oncogenes fall into the 

category of undruggable cancer targets and the interconnection between 

KRAS and MYC present significant challenges in the development of 

targeted therapies (McCormick, 2015; Whitfield et al., 2017). Disrupting 

one target without affecting the other can lead to compensatory 

mechanisms, limiting treatment efficacy and may carry risk of incomplete 

eradication of cancer. Targeting both KRAS and MYC has gained 

attention as potential solutions for cancer treatment. Such therapies may 

hold the key to achieving durable treatment responses and overcome 

resistance (Donati & Amati, 2022). In this study, we targeted KRAS 

and MYC at the same time in PC-3 prostate cancer cells using previously 

designed PPRHs against both oncogenes.   

 

Objectives: We aimed to study the combinatorial effects of PPRHs 

against KRAS and MYC. First, we wanted to select the most efficient 

PPRHs against both oncogenes. Then we proceeded to analyze several 

combinations, at the lowest concentrations possible, to test their effects 

on cell viability and expression of both oncogenes in KRAS and MYC 

mutated PC-3 prostate cancer cells. 

 

Results: We performed a dose response analysis of previously designed 

PPRHs against KRAS and MYC in PC-3 prostate cancer cells. We 

selected the most efficient PPRHs targeting each gene, HpMYC-PR-G4-

C (G4-C), HpMYC-I1-T (I1-T) which are MYC-targeting PPRHs and 

HpKRAS-PR-C (PR-C) and PPRH 2 which target KRAS regions. We 

evaluated the four possible combinations of each MYC PPRH (25 nM) 
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with KRAS PPRHs (25 nM), at a final concentration of 50 nM, and 

compared them to the treatment with each individual PPRH at 50 nM. 

 

Most PPRH combinations showed a synergic effect on PC-3 cell 

viability, with a greater cytotoxicity than individual treatments of the 

PPRHs at 50 nM. Combinations with MYC PPRH G4-C showed to be the 

most efficient in inducing PC-3 cells death.  

 

 We performed time-course experiments with the same individual 

and combination conditions to monitor KRAS and MYC mRNA 

expression changes over time. We observed an early increase in mRNA 

levels and a maximum decrease five days post-treatment.   

 

 Lastly, we explored the effect of the PPRHs in the protein levels 

of both oncogenes at 120 hours after transfection, corresponding to the 

lowest point of transcription. We observed a similar tendency as in cell 

viability, where the combinations, especially with G4-C, had the highest 

impact in reducing both oncogenes protein levels. MYC protein levels 

showed a more sensitive outcome upon PPRH transfection.  

 

Conclusions: This study shows an insight of the effect of PPRH 

combinations for in vitro simultaneous targeting of two oncogenes, KRAS 

and MYC, using as a model the PC-3 prostate cancer cell line. The 

synergy produced by these PPRHs demonstrates their potential to 

downregulate both oncogenes by using PPRH combinations at low 

concentrations. 
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4.3. ARTICLE IV 

Detection of SARS-CoV-2 Virus by Triplex Enhanced Nucleic Acid 

Detection Assay (TENADA) 

 

Anna Aviñó, Carlos Cuestas-Ayllón, Manuel Gutiérrez-Capitán, Lluisa Vilaplana, 

Valeria Grazu, Véronique Noé, Eva Balada, Antonio Baldi, Alex J. Félix, Eva 

Aubets, Simonas Valiuska, Arnau Domínguez, Raimundo Gargallo, Ramon 

Eritja, M.-Pilar Marco, César Fernández-Sánchez, Jesús Martínez de la Fuente 

and Carlos J. Ciudad 

 

International Journal of Molecular Sciences. 2022, 23(23), 15258 (Impact 

factor: 5.6) 

 

Background: SARS-CoV-2, a member of the coronaviruses family, 

exhibits a high transmission rate and results in an elevated fatality rate 

(Jackson et al., 2021) .The COVID-19 pandemics accelerated the rapid 

development and widespread adoption of various diagnostic techniques. 

The urgency to contain the viral spread and to rapidly detect cases drove 

researchers, scientists, and healthcare professionals worldwide to 

innovate and generate new diagnostic methods (Rong et al., 2023). 

Among these approaches, polymerase chain reaction (PCR)-based 

assays are considered as the gold standard for virus detection because 

of their exceptional sensitivity and specificity. However, it does have 

certain limitations, including the requirement for highly purified samples, 

an expensive laboratory equipment, the need for trained specialists, and 

extended processing times (Corman et al., 2020). 

 

Objectives: We aimed to use the ability of PPRHs to form triplexes as a 

diagnostic tool for SARS-CoV-2. First, we wanted to design specific 

PPRHs against the viral RNA and to perform binding assays using the 

PPRHs as capture probes. Then we wanted to use these capture probes, 

immobilized in a biosensor, and combined with modified oligonucleotides 

reporter probes, to deliver optical and electrochemical transducer signals 

to the device which will be used for SARS-CoV-2 detection. 

 

Results: We successfully designed three specific PPRHs targeting 

SARS-CoV-2: CC1-PPRH targeting replicase, CC2-PPRH directed to 
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the N gene, and CC3-PPRH targeting spike. The PPRHs followed our 

laboratory's established criteria for PPRH designing and were 

synthesized in two versions: one in their unmodified state and the second 

one extended with an aminohexyl group at the 5'-end, referred to as 

capture probes. This modification facilitated the anchoring of the PPRHs 

onto the biosensor surface. Next, a DNA oligonucleotide or reporter 

probe capable of forming a duplex with the viral RNA was designed and 

functionalized with biotin, fluorescent labels (Cy3, TAMRA), or 

peroxidase protein attached to its 3’-end to be used for the different 

biosensors.  

 

 We verified the specificity of the PPRHs to their corresponding 

SARS-CoV-2 ssRNA and ssDNA targets, achieving successful binding 

even at very low concentrations. The dissociation constant (Kd) between 

the targets and PPRHs, which form triplex structures, was lower than for 

the probes forming duplexes. This indicates that triplex formation has the 

advantage of greater affinity and specificity compared to the 

complementary strand forming a duplex. The design and binding of the 

PPRHs allowed the development of the biosensors. 

 

We also developed PPRHs targeting additional viruses to 

broaden the scope of diagnosis and detection. Specifically, we designed 

two PPRHs for the Influenza virus A (H1N1), one targeting the 

Polymerase PB1 and one against Nuclear Export protein (NEP), and two 

PPRHs for the Human respiratory syncytial virus (HRSV). All PPRHs 

exhibited strong binding to their respective targets at low concentrations.  

 

Conclusions: The designed PPRHs targeting SARS-CoV-2, Influenza A 

and Human Respiratory syncytial virus can enhance diagnostic accuracy 

and enable precise treatments for patients with respiratory infections. 
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4.3.1 Additional results to Article IV 

 In addition to SARS-CoV-2, we targeted the H1N1 and HRSV 

viruses. Two PPRHs were designed for each viral sequence and binding 

assays were carried out (Figures 15 and 16) to determine the specific 

binding of each PPRH with its corresponding target. PPRHs bound 

specifically to their targets since we observed shifted bands in the 

experiments for both viruses. No binding was detected when the 

negative control HpSc9 was combined with H1N1 and HRSV viral 

probes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. PPRHs binding to their target sequences in the Influenza A virus 

(H1N1). The binding of HpPB1, and Hp-NEP and HpSc9 (1000 ng) to the 

complementary FAM-labeled polypyrimidine target sequence dsDNA (500 

ng) is shown. Image is representative of a minimum of three independent 

EMSA experiments. 
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Figure 16. PPRH Binding to their target sequences in the Human respiratory 

syncytial virus (HRSV). The binding of Hp-HRSV-V, Hp-HRSV-I (from 250 to 

1000 ng) and HpSc9 (1000 ng) to the complementary FAM-labeled 

polypyrimidine target sequence dsDNA (500 ng) is depicted. This image is 

representative of a minimum of three independent EMSA experiments.  
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4.5. ARTICLE V (Manuscript in preparation) 

  

Polypurine Reverse Hoogsten hairpins as a therapeutic tool for 

SARS-CoV-2 

 

Background: During COVID-19 pandemic, the main objective of the 

scientific community was to develop an effective and wide-scale 

producible vaccine to prevent the spreading of SARS-CoV-2, the 

symptoms of the disease and its impact in public health (Gupta et al., 

2021). Alternative therapeutic approaches to treat and mitigate the 

symptoms of COVID-19 have also been explored (Scavone et al., 2020). 

Many of those were antiviral drugs targeting SARS-CoV-2 to (Qiao et al., 

2023) inhibit its replication, which can be achieved by aiming different 

viral regions (Babalola et al., 2023). Other strategies were based on the 

development of therapeutic oligonucleotides such as antisense 

oligonucleotides (ASOs) (Qiao et al., 2023) small interfering RNAs 

(siRNA) (Y. R. Lee et al., 2023), (CRISPR)-based systems (Nguyen et 

al., 2020), or microRNAs (miRNA) (Ergün et al., 2023). These therapeutic 

oligonucleotides could be used to target SARS-CoV-2 sequences to 

potentially repress virus replication. In this direction, we wanted to 

explore the protective and therapeutic capabilities of PPRHs against this 

virus.  

 

Objectives: To evaluate the efficacy of PPRHs as a therapeutic 

approach for suppressing SARS-CoV-2 replication both in vitro and in 

vivo.  

 

Results: We used two previously designed PPRHs, named CC1 and 

CC3, directed against replicase and spike regions of SARS-Cov-2, 

respectively. Each PPRH interacted in a sequence-specific manner with 

their corresponding ssRNA and ssDNA targets at very low 

concentrations. 

 

 In vitro, PPRHs showed a high transfection rate in VERO-E6 

monkey kidney cells that express ACE2 receptor (Beyerstedt et al., 

2021), with an optimal concentration of 300 nM complexed with 30 µM 

DOTAP. At this nM concentration, CC1 and CC3 PPRHs were able to 

inhibit SARS-CoV-2 proliferation as compared to a scramble PPRH. CC1 



Results 

156 
 

and CC3 ASOs and parallel orientation (PO) PPRHs showed no 

inhibitory effect. 

 

Furthermore, we analyzed the effects of these PPRHs in vivo in 

K18-hACE2 transgenic mice which express the human ACE2 receptor 

(Dong et al., 2022; McCray et al., 2007). Mice treated with CC1-PPRH 

survived the viral infection, with no significant weight loss and clinical 

signs. Scramble and 80% of CC3-treated mice presented drastic weight 

loss as well as increasing clinical signs and had to be euthanized seven 

days after infection with SARS-CoV-2. 

 
Conclusions: In this work we validated both in vitro and in vivo the 

protective and therapeutic ability of PPRHs against SARS-CoV-2. While 

both CC1 and CC3 PPRHs demonstrated to be efficacious at inhibiting 

SARS-CoV-2 proliferation in vitro, only CC1 showed potent effects in 

vivo. CC1-PPRH holds promise as a valuable candidate for further 

investigations against viral infection.  
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Our research group is committed to continuously progress in the 

development of PolyPurine Reverse Hoogsteen (PPRH) hairpins. One of our 

primary goals is to advance in their potential for applications in the field of gene 

therapy. We explored the utilization of PPRHs as alternative gene silencing tools 

against G-quadruplexes of undruggable KRAS and MYC cancer targets. 

Furthermore, our plans included investigating the properties of PPRHs to 

evaluate their potential utility as diagnostical and therapeutic tools to target 

SARS-CoV-2. 

 

5.1 PPRHs as gene silencing tools  

 

PPRH hairpins are a promising class of therapeutic oligonucleotides with 

distinctive advantages, including high binding specificity and stability. Their 

ability to target DNA directly sets them apart from other oligonucleotide 

therapies, such as TFOs, ASOs or siRNAs, making them a valuable tool for 

various gene therapy applications. PPRHs have been used for different 

purposes such as gene editing, gene repair, for diagnostic/detection purposes 

and especially as a gene silencing tool (Noé et al., 2021).   

 

 Recently, our research group showed special interest in G-quadruplex 

(G4), a G-rich secondary structure widely present in the genome. These 

structures have multiple functions such as modulating gene transcription, 

blocking DNA synthesis, participating in DNA repair and telomere homeostasis 

(Huppert & Balasubramanian, 2007; Sarkies et al., 2010; Sharma et al., 2021). 

Our group has previously used PPRHs against the complementary strand of 

thymidylate synthase (TYMS) G4 forming sequence (G4FS) to facilitate the 

formation of these secondary structures and enhance gene silencing. More 

specifically, PPRHs targeted the complementary strand of a G4FS in the 5’UTR 

region of the TYMS and proved effectiveness in reducing cell viability, mRNA, 

and protein levels in PC-3 and HeLa cells (Aubets, Félix, et al., 2020).  

 

5.1.1 PPRHs targeting KRAS  

 

KRAS gene silencing has been validated as a therapeutic approach to 

treat cancer that relies on abnormal KRAS signaling (Adjei, 2001; Hu et al., 

2012). Since it is highly present in many cancers including pancreatic, colorectal, 
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lung, neuroblastoma, and ovarian cancers (Deramaudt & Rustgi, 2005; Ostrem 

& Shokat, 2016; Parikh et al., 2022; Y. Wang et al., 2013), we wanted to study 

the effects upon PPRH treatment. More specifically, our objective was to create 

an innovative approach for modifying the expression and/or activity of KRAS by 

utilizing PPRHs targeting the complementary strand of G4FS in several KRAS-

dependent cell lines, especially focusing on pancreatic and ovarian cancer cell 

lines.  

 

Many studies support the idea that G4s formed in promoter sequences 

are involved in the regulation of gene expression (Amato et al., 2018; Tian et al., 

2018). The KRAS gene sequence is rich in guanines and cytosines, especially 

its promoter. Some of these G/C stretches can form G4s that may regulate 

KRAS expression (D’Aria et al., 2020). We designed a set of five PPRHs, four 

coding and one template, directed against polypyrimidine tracts containing 

putative G4FS using QGRS mapper (Kikin et al., 2006). We have conducted a 

search for higher-order DNA structures within three previously unexplored 

regions of KRAS: one located in the distal promoter, another within an intron, 

and the third in an exon. Among these three regions, it was observed that the 

exon region had the capability to form inter-strand G4 structures. Furthermore, 

we designed PPRH molecules to target these three newly detected G-rich DNA 

regions, in addition to the previously identified G4-forming region known as G4mid 

within the proximal promoter (Morgan et al., 2016). 

 

We confirmed the sequence-specific interaction of the PPRHs with their 

target DNA by performing DNA-bindings analyses and determined their high 

affinity by melting temperatures. The scrambled PPRH showed no specificity in 

bindings assays with the different targets and very low interaction in melting 

temperatures. When coding- and template-PPRHs bind to their target, they 

induce strand displacement. Coding-PPRHs can bind directly to the mRNA, and 

template-PPRHs can disrupt RNA polymerase transcription (de Almagro et al., 

2009, 2011). When a PPRH targets the complementary strand of a G4FS, it 

could promote G4 formation leading to a downregulation of gene expression. 

Previous studies have identified the presence of several transcription factor (TF) 

binding sites within the core region of the KRAS promoter, spanning from +50 to 

-510 base pairs from the transcription start site (TSS), such as Sp1, E2F-1, 

STAT4, MAZ, WT1, or P53. Importantly, the target sequences of the PPRHs 

include binding sites for TFs like Sp1 and E2F-1. Therefore, it is feasible that the 

PPRHs have the potential to disrupt the interaction between these TFs and the 
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promoter sequence, independently of G4 formation and thus leading to a 

reduction in transcription (Morgan et al., 2016). Whether it promotes G4 

formation or disruption of transcription factor binding, PPRH targeting would 

result in a decreased proliferation of KRAS-dependent cancer cells.  

 

Here we analyzed the effects of the PPRHs mainly on pancreatic and 

ovarian cancer cells lines, but also in KRAS-deregulated prostate, colorectal, 

neuroblastoma and breast cancer cell lines, observing variations in their 

effectiveness. Nevertheless, consistent results were obtained when targeting the 

promoter region (HpKRAS-Pr-C, PPRH 1 and PPRH 2), which caused the 

highest reduction in cell viability and growth confluence. PPRH 2 targeting the 

known G4mid region was the most effective PPRH in all pancreatic and ovarian 

cell lines tested, whereas HpKRAS-Pr-C was the most potent in prostate, breast, 

neuroblastoma, and colorectal cancer cell lines. Remarkably, we found a 

synergistic effect on viability when PPRHs were combined in pancreatic AsPc-1 

cells and an additive effect in ovarian SKOV-3 cancer cells. No effect was 

observed when the scrambled PPRH, alone or in combination with KRAS-

targeting PPRHs, were incubated in KRAS-dependent cancer cells. These 

results prove the therapeutic value of KRAS-targeting PPRHs in vitro, especially 

the promoter-targeting PPRHs, which can decrease transcription and the 

binding of TF thus leading to a decreased KRAS expression.   

 

Focusing on selectively stabilizing specific G4s as a potential anti-cancer 

strategy is currently an active area of research. Many molecules have been used 

as G4-ligands and stabilizers to repress gene expression (Awadasseid et al., 

2021; D’Aria et al., 2020; Tian et al., 2018; T. Y. Wu et al., 2020). We had 

previously observed synergistic effects with PPRHs combined with other 

molecules such as Fluorouracil (5-FU) (Aubets, Félix, et al., 2020) or 

Trastuzumab (López-Aguilar et al., 2023). In this study we explored the effects 

of a G4mid-selective small molecule, NSC 317605 (Psaras et al., 2022), in 

combination with PPRHs. NSC 317605 binds to the KRAS promoter G4mid 

stabilizing the G4 structure, that leads to a downregulation of KRAS transcription 

which correlates with a decrease in cell viability in the KRAS-dependent AsPc-1 

pancreatic cancer cell line. The reduction in transcription was also observed with 

promoter-targeting PPRHs individually and in combination with NSC 317605 

which acted in a synergistic manner. Luciferase experiments provide supporting 

evidence for these transcriptional decreases.  
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 In this work, we successfully identified novel G4 structures in the KRAS 

sequence, designed new PPRHs against this oncogene and validated a small 

molecule to enhance G4 stability to modulate oncogene expression in KRAS-

dependent cancer cell lines. We demonstrated the individual and combinatorial 

potential of PPRHs and KRAS-localized G4s stabilizing molecules in different 

KRAS-mutated cancer cell lines. The combination of G4 stabilizing molecules 

with G4 targeting PPRHs emerged as a potential alternative for gene silencing 

of undruggable cancer targets. 

5.1.2 PPRHs targeting MYC 

 

For many years, MYC has been considered a challenging target for drug 

development, primarily due to several factors. These include its absence of an 

enzymatic active site, its location within the nuclear compartment, and its strong 

protein-protein interactions with partners like MAX. Although to this date, no 

specific drugs directly inhibiting MYC have been clinically-approved (C. Wang et 

al., 2021), the research is getting closer by the development of molecules like 

Omomyc  (Massó-Vallés & Soucek, 2020). This molecule interacts with MYC 

protein network inducing apoptosis in cancer but not in healthy cells, blocking 

proliferation and invasion and recruiting immune cells to the tumor (Massó-

Vallés & Soucek, 2020). While approaches like Omomyc are under 

development, parallelly, alternative strategies focusing on key elements involved 

in transcription, translation, stability, and activation have been explored to 

modulate MYC expression (H. Chen et al., 2018). MYC contains well-known G4 

structures with silencing properties (Brown et al., 2011). We considered that 

targeting these G4s with PPRHs as a powerful approach for MYC gene silencing 

and cell death in MYC-dependent cancer cells. Our laboratory had previously 

designed a PPRH targeting MYC intron 1 and tested its effects in different breast 

cancer cell lines, with a reduction of cell viability and mRNA expression of 80 

and 50%, respectively (Villalobos et al., 2015). In the present work we focused 

on the development and evaluation of a set of PPRH oligonucleotides designed 

to target the MYC gene and its associated regulatory regions.  

 

 We designed a total of six PPRHs to target various regions of the MYC 

gene, encompassing the promoter and intronic regions, both the coding (C) and 

template (T) strands, sequences complementary to G4FS, and additional 

regulatory regions. We identified putative G4FS with the QGRS mapper (Kikin 

et al., 2006). Among the PPRHs, MYC-G4-PR-C and MYC-I2-C were directed 
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towards coding strand regions that are complementary to G4 formation, whereas 

the remaining four were designed to target template strands within non-G4-

forming regions, named HpMYC-PR-Distal-T, HpMYC-PR-Prox-T HpMYC-I1-T 

and HpMYC-I1-short-T. MYC-G4-PR-C targets a complementary sequence of a 

major promoter G4 structure, called nuclease hypersensitive element (NHEIII1) 

located in the 5’UTR, (Brooks & Hurley, 2010). HpMYC-I2-C, which targets a 

newly identified G4 structure with parallel formation, is present in the coding 

strand and thus in the mRNA, and it may have a role in splicing and pre-mRNA 

processing (Dumas et al., 2021). Additional research is needed to investigate its 

biological significance. However, such investigations were outside the scope 

and objectives of the present study. 

 

All PPRHs successfully established triplex structures with their 

respective target sequences, displacing their complementary strands. PPRH 

interaction and affinity with their targets were validated by determining melting 

temperatures. The scrambled PPRH showed no interaction with the different 

MYC targets. The PPRHs strong interaction with their targets exhibited the ability 

to modulate MYC promoter activity and demonstrated significant antiproliferative 

effects across breast, neuroblastoma, colorectal, and prostate cancer cell lines. 

We observed consistent dose- and time-dependent impacts on cell viability and 

growth in PC-3 prostate cancer cells and, in previously identified PPRH-

sensitive, AsPc-1 pancreatic cancer cells.  Two lead PPRHs, HpMYC-G4-PR-C 

and HpMYC-I1-T, had a higher impact on MYC-dependent cancer cells. 

HpMYC-I1-T targets the template sequence of MYC, and thus directly interferes 

with RNA polymerase that will interrupt transcription and mRNA elongation. On 

the other hand, HpMYC-G4-PR-C targets the complementary strand of a G4FS, 

located in the promoter and containing binding sites for TF such as Sp1, CNBP, 

KLF4, KLF5 or MZF1, and/or MZF1 (Guo et al., 2009; Morales-Martinez et al., 

2019; Tsai et al., 2015), as determined by JASPAR transcription database 

(Castro-Mondragon et al., 2022). Therefore, HpMYC-G4-PR-C potentially 

promotes G4 formation and disrupts the binding of transcription factors like Sp1 

and CNBP, thereby resulting in a transcription reduction as demonstrated by the 

work of Brown and Brooks in 2011 with the G4-stabilizing compound GQC-05 

(NSC338258) (Brown et al., 2011). HpMYC-I1-T and HpMYC-G4-PR-C caused 

the inhibition of MYC transcription and translation at concentrations as low as 25 

nM.  These PPRHs impacted MYC downstream Cyclin D1, reducing its protein 

levels. Cyclin D1 overexpression is related to the formation, progression, and 
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maintenance of cancer, its downregulation could be a useful strategy for cancer 

treatment (Alao, 2007; Choi et al., 2012). 

 

Our findings validate PPRHs as a potential strategy to directly target and 

silence MYC. As we continue to unlock the full potential of PPRH-mediated MYC 

regulation in advancing this technology, future research should explore the 

potential of MYC promoter G4-stabilizing compounds and investigate other 

chemotherapeutic approaches to enhance MYC downregulation. 

 

5.1.3 Combinatorial effects of PPRHs against KRAS and MYC 

 

 Single therapy for cancer treatment can be challenging and may carry 

the risk of incomplete eradication, since this disease can be originated from 

mutations in multiple genes. Combination therapy has demonstrated a higher 

rate of success in cancer treatment compared to monotherapies. It involves two 

different therapies such as a combination of radio and immunotherapy (Bhatia 

et al., 2020; Yu et al., 2022) or the combination of therapeutic oligonucleotides 

(Xiong et al., 2021). Some combinations of therapeutic oligonucleotides against 

one single target can compete for target binding, leading to reduced activity 

(Tanudji et al., 2010). In 2023, Yanagidaira et al. observed that combinations of 

ASOs against one single target, the human superoxide dismutase 1 pre-mRNA, 

maintained their potency. One of the first clinical trials involved targeting two 

different targets, Kinesin Spindle Protein (KSP) and Vascular Endothelial Growth 

Factor (VEGF) in cancer patients, administrating a combination of two different 

siRNA against (Tabernero et al., 2013). Here we explored the effects of a 

combination of two different PPRHs targeting two oncogenes, MYC and KRAS.  

 

In this work, we considered combining the most efficient PPRHs 

previously validated against KRAS and MYC to target both oncogenes in PC-3 

prostate cancer cells that showed to be sensitive and dependent on those 

oncogenes. We selected four of the best PPRHs, two targeting MYC (I1-T and 

G4-C) and two against KRAS (PR-C and PPRH2). Combinations of these 

PPRHs had a more potent effect on cell viability compared to individual 

treatments, showing a synergistic effect, except for the combos of I1-T and PR-

C which presented slight synergism. PPRHs showed an interesting modulatory 

effect in KRAS and MYC mRNA levels over time, observing an increase at early 

times followed by a decrease that reaches the lowest mRNA levels at five days 

post-transfection. We observed similar fluctuations in mRNA levels of both 
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oncogenes where MYC mRNA expression was more sensitive to PPRH 

transfection. Our general hypothesis is that cells try to compensate the effect of 

PPRHs at early hours increasing the transcription which increases mRNA levels. 

This mechanism starts to be counteracted three days post-transfection and the 

subsequent decrease is exceeded by the PPRHs reducing both KRAS and MYC 

mRNA levels. 

 

In the same conditions, five days post-transfection, a similar pattern is 

observed in translation, where MYC protein expression was lower than KRAS. 

Like in viability experiments, combinations of MYC and KRAS-targeting PPRHs 

showed a greater effect in decreasing protein levels. Both KRAS and MYC 

intrinsically collaborate, as oncogenic KRAS makes MYC constitutively 

expressed and stabilized, making cells susceptible to apoptosis (Hashimoto et 

al., 2021; T. Lee et al., 2008; Waters et al., 2021). Some studies have reported 

that MYC is required for the initiation and progression of KRAS-mutated tumors 

and its silencing affects the growth of pancreatic cancer (Vaseva et al., 2018; 

Walz et al., 2014). This might be one possible explanation for the observed 

reduction on KRAS mRNA and protein levels upon MYC-targeting PPRH 

transfection in PC-3 cells. Although combinations of MYC and KRAS-targeting 

PPRHs have a synergic effect on cell viability, it seems that the main driving 

force for the modulation of both oncogenes are the PPRHs targeting MYC, while 

the effect of KRAS PPRHs seems less effective. Of the two MYC PPRHs used, 

G4-C was the most effective, especially on cell viability and protein reduction. 

This PPRH targets a complementary sequence of a G4FS, allowing G-

quadruplex formation when it binds to its target. This G4 formation has gene-

silencing properties (Psaras et al., 2021). Additionally, it has the potential to 

disrupt the binding of TF, Sp1, and CNBP. This makes G4-C able to trigger gene 

silencing either by displacing the complementary sequence, by allowing the G4 

formation or by disrupting the binding of TF.  

 

From our results, we hypothesize that although the reduction in mRNA 

levels might influence, the main driving force in decreasing cell viability is caused 

by translation downregulation provoked by PPRHs. The synergic effect of the 

combination of PPRH is confirmed to be a potent approach against the 

deregulated KRAS and MYC-dependent PC-3 prostate cancer cells. Future 

studies in different KRAS-MYC-dependent cancer cells are needed to validate 

these PPRHs. It would be interesting to perform combination therapy using 

different PPRHs against MYC to see if there is a similar synergistic effect leading 
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to lethal outcomes in cells overexpressing a single target as observed with 

combinations KRAS-targeting PPRHs. It would be also worth trying these PPRH 

combinations with G4 stabilizing molecules to enhance gene silencing of both 

oncogenes. The next step would be to try these combinations in vivo, in 

genetically engineered mice models expressing mutated MYC or KRAS 

(McFadden et al., 2016).   

 

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

  

 The COVID-19 pandemic had an unprecedented impact on global health, 

economies, and society. The generation and application of precise and easily 

accessible diagnostic instruments for detecting SARS-CoV-2 served as a 

fundamental pillar in fighting the pandemic (Alhamid et al., 2022; Rong et al., 

2023). In this study, we investigated the potential of PPRHs as a rapid diagnostic 

tool for detecting SARS-CoV-2 RNA, eliminating the necessity for PCR and 

obtaining results in less than an hour.  

 

The capability of PPRHs to selectively bind to specific targets has been 

previously examined and validated for diagnostic applications. More specifically, 

PPRHs have been employed in the development of biosensors for cancer 

detection, where they analyze the hypermethylation status of PAX-5, as well as 

in microbiological detection for the diagnosis of Pneumocystis pneumonia in 

human samples (Calvo-Lozano et al., 2020; Huertas et al., 2018). Using a similar 

approach, our laboratory collaborated with other research groups to develop a 

system based on the concept of “sandwich oligonucleotide hybridization” in 

several biosensing devices (Ranki et al., 1983). This system utilizes specially 

designed PPRH hairpins that form high-affinity triplexes with polypyrimidine 

targets from the SARS-CoV-2 genome, effectively capturing the viral genetic 

material. We named the method Triplex enhanced nucleic acid detection assay 

(TENADA). 

 

Three PPRHs denoted as CC1-PPRH, CC2-PPRH, and CC3-PPRH, 

were designed to selectively bind to the replicase, N gene, or the spike 

sequences in the SARS-CoV-2 genome, respectively. They were synthesized in 

two forms: unmodified and modified PPRHs, the latter called capture probes that 

had an aminohexyl group at the 5’-end. Additionally, duplex-forming DNA 

oligonucleotides, called reporter probes, were designed close to the binding site 

of the PPRHs, avoiding interactions between oligonucleotides. PPRHs 
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demonstrated a remarkable ability to bind specifically to their corresponding 

single stranded (ss) targets, ssRNA, and ssDNA, achieving successful binding 

at very low concentrations. The constant of dissociation (Kd) between targets 

and PPRHs forming a triplex, was lower compared to the duplex-forming probes. 

This suggests that the triplex formation is characterized by higher affinity and 

specificity compared to the complementary strand forming a duplex. Triplex 

structures can be more stable than duplex structures under certain conditions, 

especially when the target DNA contains pyrimidine-rich regions favorable for 

Hoogsteen bonding (Dalla Pozza et al., 2022). The design of the PPRHs, 

capture probes, and reporter probes, and their posterior successful bindings 

served as the foundation for the development of the biosensors. 

 

Capture probes were adapted to be immobilized at the surface of the 

biosensors, and reporter probes were functionalized with biotin, fluorescent 

labels (Cy3, TAMRA), or peroxidase protein attached to their 3’-ends, enabling 

the delivery of optical and electrochemical transducer signals in the biosensors. 

The PPRHs were used for different methods including a Fluorescent DNA 

Microarray Chip and the biosensor devices: Thermal Lateral Flow System and 

Compact Electrochemical Biosensor Platform.  

 

We also designed PPRHs targeting other viruses to extend the virus 

diagnosis or detection. Specifically, we designed two PPRHs targeting Influenza 

virus A (H1N1), one targeting the Polymerase PB1 and the Nuclear Export 

protein (NEP) and two PPRHs targeting the Human respiratory syncytial virus 

(HRSV). All PPRHs bound to their corresponding targets at low concentrations. 

Figure 17:  Schematic representation of the development of the PPRH CC1 

capturing and reporter probes for the identification of SARS-CoV-2 viral RNA. 
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These PPRHs can be used to improve diagnosis in patients with respiratory 

infections. 

 

5.3 PPRHs therapeutic properties for SARS-CoV-2 
 

 When the COVID-19 pandemic started, the development and 

deployment of therapies emerged as pivotal strategies to mitigate the impact of 

the virus. Although vaccines are usually the most used agents to prevent the 

spreading of infectious diseases, their development is time-consuming and 

undergoes many strict steps before being approved and commercialized. Out of 

273 vaccine candidates, only 108 entered the human clinical phase and just four 

of them entered phase 4 (Panahi et al., 2023).  It is important to mention that the 

vaccines used during the COVID-19 pandemic did not prevent the infection of 

the disease or the onset of symptoms. Before the development of vaccines, 

many strategies were considered and used with the goal of preventing the 

transmission of SARS-CoV-2 and reducing public health impact (Gupta et al., 

2021). Therapeutic oligonucleotides such as siRNA, ASOs and CRISPR-Cas 

systems, showed the ability to suppress SARS-CoV-2 proliferation (Cui et al., 

2022; Qiao et al., 2023; Traube et al., 2022). In this work, we explored the 

possible usage of PPRHs as a protective and therapeutic tool against SARS-

CoV-2. We selected the most successful PPRHs used for the diagnostic of 

SARS-CoV-2, CC1, and CC3 PPRHs targeting replicase and spike regions of 

the virus, respectively. We performed improved binding assays and determined 

the Kds for PPRHs with ssRNA and ssDNA targets finding that PPRHs bound to 

ssRNA with lower Kds than to ssDNA. This higher affinity of RNA-PPRH 

interactions can be influenced by various factors, including the specific binding 

site, buffer conditions, and the thermodynamics of the binding process 

(Andrzejewska et al., 2020). Both PPRHs exhibited low nanomolar affinity 

demonstrating strong interaction with their targets.  

 

When transfected 24 hours before the infection, 300 nM of CC1 and CC3 

PPRHs reduced drastically SARS-CoV-2 proliferation in vitro in monkey kidney 

VERO-E6 cells that express ACE2 receptors which is the viral entry point 

(Beyerstedt et al., 2021). Interestingly, no protective effect was seen using CC1 

and CC3 ASO, proving that the PPRHs are more effective than ASOs. These 

differences could be related to previous studies in our laboratory, demonstrating 

that PPRHs have an inhibitory effect ten times higher than ASOs (De Almagro 

et al., 2011). Studies using modified ASOs showed a decrease in SARS-CoV-2 

proliferation using 100 nM. It is worth mentioning that we used a concentration 
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of 300 nM, based on the maximum transfection rate observed in VERO-E6 cells, 

and lower concentrations might significantly reduce SARS-CoV-2 proliferation. 

Studies using modified siRNA showed a high decrease of viral proliferation in 

VERO-E6 using concentrations lower than 30 nM (Supramaniam et al., 2023). 

Parallel orientation (PO) PPRHs, which are PPRHs that have the same 

orientation as their target and thus are not supposed to bind to it, had no 

protective effect, leading to SARS-CoV-2 proliferation in VERO-E6 cells.  

 

Given that the disease provoked by SARS-CoV-2 affects especially the 

respiratory system, we explored the effects in vivo by administrating the PPRHs 

by the non-invasive intranasal method. CC1-PPRH protected K18-hACE2 mice 

from viral replication, showing no significant weight variation and clinical signs 

ensuring total survival. PPRHs were effective at very low quantities, 20 and 10 

µg, one day and four hours before the infection, respectively, followed by 

administrations of 10 µg every two days. Scramble-treated and 80% of CC3-

treated mice showed severe weight loss and increasing clinical over time. Similar 

studies using modified ASOs administrating 400 µg per dose, showed no 

variance in weight four days post-infection. After four days, only a small group 

of mice treated with ASOs survived showing no immunogenic response (C. Zhu 

et al., 2022). study following similar strategies, administrating 40 µg of modified 

siRNAs, showed a decrease of viral proliferation in mice lung seven days post-

infection, although long-term survival was not reported  (Supramaniam et al., 

2023). Previous studies comparing the immune response of siRNA and PPRHs 

demonstrated that siRNA induced immunogenicity while PPRHs produced none 

(Villalobos et al., 2014). Considering the minimal immune response triggered by 

ASOs (C. Zhu et al., 2022) and siRNAs (Supramaniam et al., 2023) along with 

the negligible impact of CC1-PPRH on mice weight and clinical symptoms, 

PPRHs might not have a high impact in mice immune response. Nevertheless, 

additional studies focusing on the immunogenic response in mice are necessary 

to validate this suggestion. 
 

PPRHs offer numerous advantages over certain therapeutic 

oligonucleotide competitors, demonstrating effectiveness at low doses. 

Additionally, they are cost-effective to synthesize due to their non-modified 

nature (De Almagro et al., 2011). This could facilitate the large-scale production 

and implementation of PPRHs in scenarios like the COVID-19 pandemic. In this 

work, CC1-PPRH showed to be a promising candidate against SARS-CoV-2 for 

this purpose. Future studies are presently underway using a higher number of 

animals (N=10) to confirm this PPRH as a therapeutic tool with protective 
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properties towards SARS-CoV-2 infection before considering it for clinical trials. 

PPRHs could be used as a measure to prevent patients at risk of developing 

SARS-CoV-2 infection and as a treatment in patients developing the disease.  
 

5.4 Conclusion remarks 
 

For many decades, patients had limited choices for cancer treatment, 

including chemotherapy, radiotherapy, or surgery as single treatments or in 

combination (Arruebo et al., 2011). Cancer therapy has witnessed significant 

advancements over the years, driven by extensive research and innovative 

strategies aimed at improving treatment efficacy and reducing adverse effects. 

Among the modern advancements are hormone therapy, anti-angiogenic 

treatments, stem cell therapies, immunotherapy, and immunotherapy based on 

dendritic cells (Charmsaz et al., 2019). Therapeutic oligonucleotides represent 

a promising frontier in cancer therapy, offering precision, adaptability, and 

potential synergy with existing treatments (Debela et al., 2021). PPRH hairpins 

represent a novel tool contributing to the ongoing quest for more effective and 

personalized cancer treatments.  
 

Presently, we extend the utility of PPRHs as a gene-silencing tool, 

focusing on the undruggable genes MYC and KRAS targeting both established 

and newly identified G4 structures within their genomes. We analyzed the effect 

of different PPRHs in both oncogenes. Furthermore, we combined the most 

efficient PPRH hairpins and found promising results. We believe that the PPRH 

combination against one or two interacting oncogenes could be a potent solution 

for future cancer therapy. 

 

We also expanded PPRHs applications not only for gene silencing but 

also as diagnostic tool for SARS-CoV-2. The biosensor devices used for SARS-

CoV-2 detection by PPRH technology could be expanded for other infections or 

diseases when pathogens like viruses, bacterium, fungus, or parasites are 

implicated. Additionally, we demonstrated the protective effect of SARS-CoV-2-

targeting PPRH in vitro and in vivo prior to the viral infection. In the experiments 

with mice infected with the SARS-Cov-2 virus, we also demonstrated that 

PPRHs can be administered as a regular treatment to stop virus progression. 

This approach could be complemented with other therapeutic drugs to reduce 

viral spread and symptoms.
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6. CONCLUSIONS  
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1. PPRHs directed against KRAS induce the formation of secondary 
structures, including G4mid and a newly discovered G4 located in exon 
5.   

 

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

 

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

 

4. MYC-targeting PPRHs have the potential to reduce growth and viability 
of cancer cells with mutated MYC. HpMYC-G4-PR-C and HpMYC-I1-T 
are the most potent PPRHs provoking cell death by downregulation of 
MYC expression. 

 

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

 

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

 

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