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Presentation 

This work is focused on the study of the stability and immunogenic properties of 

the Polypurine Reverse Hoogsteen hairpins (PPRHs), and on their use as a gene-

silencing tool.  

Our group has studied different types of gene silencing molecules, such as 

antisense oligonucleotides (aODNs) and small-interfering RNA (siRNAs), in functional 

validation experiments (Peñuelas et al. 2005; Selga et al. 2008; Mencía et al. 2010) and 

also as potential anticancer therapeutics (Rodríguez et al. 2002; Coma et al. 2004). 

However, these molecules present several drawbacks that difficult their use in human 

therapy, including: low stability, unintended side effects –specifically immunotoxicity– 

and elevated cost of synthesis. PPRHs were developed to overcome these problems 

taking advantage of the capacity of nucleic acids to form Watson-Crick and reverse 

Hoogsteen bonds at the same time.  

PPRHs are non-modified DNA molecules formed by two antiparallel polypurine 

strands linked by a pentathymidine loop that allows the formation of intramolecular 

reverse Hoogsteen bonds between both strands. Previously in our laboratory it was 

demonstrated that these hairpins bind to their polypyrimidine target in a dsDNA via 

Watson-Crick bonds, displacing the polypurine strand of the target duplex (Coma et al. 

2005). The effect of PPRHs in cells and their mechanism of action were first described 

using PPRHs designed against the template (de Almagro et al. 2009) and coding (de 

Almagro et al. 2011) strands of the DHFR gene. A PPRH against survivin was further 

validated in a xenograft tumor model, establishing the proof of principle for the use of 

PPRHs as a therapeutic tool (Rodríguez et al. 2013). Finally, to improve the PPRHs 

effect and to decrease the possible off-target effects, it was determined that PPRHs of 

30bp had greater effect than shorter PPRHs of 20bp, and that when a purine interruption 

is found in the pyrimidine target, the PPRH sequence should contain the complementary 

base in front of the interruption (Rodríguez et al. 2015). 

In this work we increased the knowledge we have about PPRHs. We were able 

to establish that PPRHs, unlike siRNAs, are very stable molecules and lack 

immunogenic potential, two features that have lagged the development of siRNAs as 

therapeutic oligonucleotides. Another element that we studied was the modification of 

the PPRH structure, since it has been shown that circular structures can provide 

advantages over linear structures. Therefore, we analyzed the efficacy of two other 
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types of PPRH: i) nicked-circle-PPRHs, a new structure in which a second loop was 

introduced to form a nearly circular sequence, and ii) PPRHs made out of RNA (RNA-

PPRHs). Additionally, to broaden the applicability of PPRHs in cancer therapy, we 

evaluated their capacity to silence genes involved in a variety of biological functions 

linked to cancer hallmarks. Finally, we also present an approach to increase the 

specificity of PPRHs that involves the use of a DNA aptamer that has been shown to 

have an effect in HER2 positve cells (Mahlknecht et al. 2013). 
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Introduction 

1.1 USE OF OLIGONUCLEOTIDES IN THERAPY 

 

The discovery of DNA double-helix structure in 1953 (Watson & Crick 1953) set a 

landmark in molecular biology. It implied that DNA replication is possible through the 

complementary nature of the two strands, corroborating that the DNA is the carrier of the 

genetic information, as stated earlier by Avery in 1944 (Avery et al. 1944). Ten years later 

Karst Hoogsteen proposed an additional model (Hoogsteen 1963) that explained the 

existence of a triple stranded structure described by Felsenfeld and Rich in 1957 

(Felsenfeld et al. 1957). These discoveries established the bases for the use of nucleic acids 

as therapeutic tools since they allowed rationalizing the design of molecules following a 

set of pairing rules. The use of nucleic acids as disruptors of genetic flow was first 

described in 1978, when Zamecnik and Stephenson reported that a 13 nucleotide-long 

oligodeoxynucleotide complementary to a target sequence in Rous sarcoma virus RNA 

inhibited its viral replication and protein translation in vitro (Zamecnik & Stephenson 

1978). In their report, they foresaw the profound implication of this discovery, and even 

proposed the term “hybridon” to designate an oligonucleotide of specific sequence that acts 

by competitive hybridization. Today we refer to these molecules as antisense 

oligonucleotides (aODN). 

 

Significant advances in organic chemistry occurred in parallel, which made 

possible the synthesis of relatively short fragments of oligonucleotides. Since the late 70s 

several other discoveries, such as the chemical modifications on internucleotide linkages, 

the automated DNA-synthesis, the description of the RNA interference pathway, or the 

discovery of aptamers, have remarkably amplified and pushed forward the field of 

antisense and antigene therapy. Finally, in the year 2001 the Human Project presented its 

preliminary results of the human genome sequence (International Human Genome 

Sequencing Consortium. Lander et al. 2001). This opened the possibility to rationally 

design DNA and RNA molecules able to specifically target sequences within the genome. 

The full genomic sequence was completed and published in April 2003. Figure 1 depicts 

the evolution of therapeutic oligonucleotides. 
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Figure 1. History of oligonucleotide therapeutics. Basic biology and chemistry discoveries are in black 
boxes and clinical applications are in orange boxes. Adapted from Lundin et al. 2015.  

 

1.1.1 GENE SILENCING OLIGONUCLEOTIDES  

Nowadays, several types of oligonucleotides can be used to inhibit the expression 

of a given gene. They act at different levels on the flow of genetic information, allowing 

for the following classification: 

- Oligonucleotides inhibiting the transcription process: directed against the DNA, 

are also named antigene oligonucleotides. In this category we find the Triplex 

Forming Oligonucleotides (TFOs). 

- Oligonucleotides inhibiting the translation process: directed against the mRNA. 

These include antisense oligonucleotides (aODN), small interfering RNAs 

(siRNAs), microRNAs (miRNAs) and ribozymes.  
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- Oligonucleotides acting at the protein level: are able to bind to the proteins and 

block their activity. Aptamers are included in this category, as well as decoy 

oligonucleotides for transcription factors (TFs) (Hosoya 1999) 

 

Other oligonucleotides called antagomirs are used to silence endogenous 

microRNAs, therefore although they modulate gene expression, they are not silencing 

oligonucleotides. 

 

1.1.1.1 TFOs 

TFOs are single stranded DNA molecules that bind to the major groove of the 

double-stranded DNA, forming a triplex structure. They bind in a sequence specific 

manner to polypurine stretches by Hoogsteen or reverse Hoogsteen hydrogen bonds. There 

are three types of TFOs that vary in their composition and orientation relative to the target 

strand (figure 2): 

- Pyrimidine TFOs (T,C-TFOs): parallel to the purine target sequence and form 

Hoogsteen bonds. Triplets obtained are T·A*T and C·G*C+.  

- Purine TFOs (G,A-TFOs): antiparallel relative to the purine target sequence and 

form reverse Hoogsteen bonds. Triplexes obtained are T·A*A and C·G*G. 

- Mix TFOs (G,T-TFOs): can be parallel, forming Hoogsteen bonds, or 

antiparallel, forming reverse Hoogsteen bonds, creating the triplets T·A*T and 

C·G*G. 

 

Figure 2. Orientation of the triple helix motifs. Obtained from Duca et al. 2008.  

9



Introduction 

TFOs are capable of inhibiting gene transcription either by blocking the binding of 

TFs or by distorting the normal double helical structure (Hartman et al. 1992), and thus 

inhibiting the activity of the RNA polymerase. The dissociation constants for TFOs are 

comparable to those of the TFs (Praseuth et al. 1999), and they can compete with them for 

the binding to the dsDNA. It has also been reported that the binding of the TFOs can 

trigger the DNA repair mechanisms, which can be exploited for site-directed correction of 

point mutations (Culver et al. 1999; Faruqi et al. 2000; Kalish et al. 2005). 

It is reasonable to think that the presence of polypurine-polypyrimidine sequences 

in the target DNA would be a limitation. However, triple-helix target sites (TTS) are over-

represented in the human genome, especially at regulatory regions such as promoters. It is 

suggested that even if TTS are not directly targeted by TFs, they may be important for 

gene functionality by acting as spacing fragment to help the correct positioning of 

transcription factors (Goni 2004; Goñi et al. 2006). It has been reported that an 

intramolecular triplex modulates transcription in the human c-MYC promoter 

(Belotserkovskii et al. 2007). Nevertheless, the use of TFOs is limited by the low stability 

of the triple-helical structure. 

 

1.1.1.2 Antisense oligodeoxynucleotides 

Antisense oligonucleotides are ssDNA molecules, typically of 20 nucleotides in 

length. They are designed to bind a target mRNA sequence through Watson-Crick bonds to 

modulate protein translation. aODNs can be separated into two broad classes depending on 

their mechanism of action: 

 

- RNase H-dependent oligonucleotides (also called gapmers): have a 

phosphorothioate backbone with flanks that are modified in the 2′-position of the 

residues (highlighted in red in figure 3A). The unmodified ‘gap’ in the aODN–

mRNA duplex is recognized by ribonuclease H (RNase H), which degrades the 

mRNA. Since RNase H has to recognize the duplex, nucleotides can be 

chemically modified to a limited degree.   
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- Steric-blocking oligonucleotides: physically prevent or inhibit the progression of 

splicing (splice-switching oligonucleotide; SSO) or the translational machinery 

(figure 3B). The SSO approach is being investigated to restore the normal reading 

frame of dystrophin in Duchenne muscular dystrophy, a change that results in the 

production of a shorter but functional protein. 

According to the desired application of the aODN, and to favor its effect, several 

modifications can be introduced in the sequence. These are directed to increase the 

resistance of aODN to nucleases or to improve the uptake of the aODN by the cells. In 

1998 the first aODN drug, formiversen, was registered as a treatment for cytomegalovirus-

induced retinitis in immunocompromised patients with AIDS and more recently, in 2013, 

the cholesterol-reducing antisense oligonucleotide mipomersen was approved. 

 

 
Figure 3 Mechanisms of action of the aODNs. A. RNase H-dependant oligonucleotides B. Steric blocking 
oligonucleotides include exon skipping and SSOs. A chemically modified, RNA-blocking oligonucleotide 
targeted to a splice site in pre-mRNA prevents the proper assembly of the spliceosome or translational 
machinery. Adapted from (Kole et al. 2012). 

	  

1.1.1.3 siRNAs 

siRNAs are double-stranded RNA oligonucleotides of 21-22 bases in length with a 

3’ overhang of two bases. One of the strands is called the antisense (or guide) strand, while 

the other one is the sense (or passenger) strand. siRNAs are the substrate of the natural 

intracellular protein complex called RNAi induced silencing complex (RISC). Within the 
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RISC, the siRNA is unwound and the sense 

strand is discarded. The antisense or guide 

strand binds to mRNA and when it is fully 

complementary to its target, the 

endonuclease argonaute 2 (AGO2) — a 

component of RISC — cleaves the mRNA 

10 nucleotides downstream from the 5′ end 

of the antisense strand (figure 4). In 

animals, this mechanism was first 

demonstrated in the nematode C. elegans 

(Fire et al. 1998), when the delivery of 

exogenous double-stranded RNA (dsRNA) 

effectively decreased the mRNA levels of 

the target gene (unc22, an abundant but 

nonessential myofilament protein). The 

RNA interference (RNAi) process is a gene 

silencing mechanism that is conserved in 

eukaryotes. Its primary functions are the 

regulation of gene expression and the defense against virus and other exogenous genetic 

elements. Since the RISC complex is located in the cytoplasm, siRNAs only target mature 

RNA. 

 

1.1.1.4 Ribozymes 

Ribozymes derive from catalytic RNAs found in virus, bacteria and some 

eukaryotes. They are ssRNA molecules that catalyze the cleavage and formation of 

covalent bonds in RNA strands at specific sites. These sites can be located in an external 

RNA (trans-cleavage) or in an RNA linked to the ribozyme (cis- or self-cleavage). The 

catalytic domains of the different ribozymes are highly conserved and they hydrolyze the 

target RNA upon recognition of their specific target sequence. Cleavage occurs by 

nucleophilic attack of the 2′-OH group onto the neighboring phosphorus (Müller 2015). 

The "hammerhead" ribozyme motif has been deeply studied in gene therapy to treat cancer 

and viral infections, such as HIV, hepatitis B and C.	  Other synthetic ribozymes have been 

Figure 4 Synthetic double-stranded siRNA is 
complexed with components of the RNA 
interference pathway, dicer, AGO2, and other 
proteins, to form RISC. RISC binds to a targeted 
mRNA via the unwound guide strand of siRNA, 
allowing AGO2 to degrade the RNA. Obtained 
from Kole et al. 2012. 
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developed, such as the X-motif ribozyme or the DNA-based 10-23 deoxyribozyme (figure 

5). 

 

 

 	  

	  

 

Figure 5. The natural hammerhead ribozyme as well as the engineered X-motif ribozyme 
and 10–23 deoxyribozyme motifs catalyze RNA cleavage. Base pairing between the RNA 
target and the substrate-binding arms of ribozymes can be designed to target different 
RNA sequences. Target RNA (black), the ribozymes (red) and deoxyribozyme (blue). 
Obtained from (Breaker 2004) 
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1.1.2 OTHER THERAPEUTIC OLIGONUCLEOTIDES 

 Oligonucleotides are capable of interacting with other macromolecules in the cell. 

A clear example of these interactions are TFs, which bind to promoter sequences in genes. 

Additionally, ssDNA sequences fold within themselves and acquire specific tertiary 

structures that enable the DNA to interact with various molecular targets. These 

characteristics can be exploited to design other therapeutic oligonucleotides that do not act 

by Watson-Crick or Hoogsteen binding. 

 

1.1.2.1 Aptamers 

 Aptamers are DNA or RNA sequences that have been evolved in vitro to bind to a 

desired target –protein or small molecule– after an iterative process called “Systematic 

evolution of ligands by exponential enrichment” (SELEX), shown in figure 6A. The Gold 

and Szostak laboratories described this process simultaneously in 1990 (Tuerk & Gold 

1990; Ellington & Szostak 1990). Aptamers are a class of nucleic acid-based molecules 

with therapeutic potential. Indeed, in 2004 the aptamer pegaptanib (Macugen), a selective 

vascular endothelial growth factor (VEGF) antagonist, was accepted for the treatment of 

age-related macular degeneration.  

 

Figure 6. Obtaining aptamers. A. The SELEX process begins by confronting the target to a library of ssDNA 
or ssRNA. The unbound sequences are removed while the bound sequences are amplified by PCR. The process 
is repeated until one sequence is selected. B. Cell SELEX follows the same process, but the oligonucleotides 
library is confronted to the target cell, and a counter selection step is added to reduce unespecificities.	  
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Like antibodies, the action of aptamers depends on their tertiary structure. 

Therefore changes in the sequence or chemical modifications may alter their activity so 

any modifications should be introduced during the SELEX procedure. This restricts 

chemical modifications of the starting nucleotides to those accepted by the polymerase 

used in the PCR step. Because of their capacity to bind efficiently to specific targets, 

several aptamers have been developed for their use in cancer research taking advantage of 

the particularities of cancer cells, such as the overexpression of some membrane proteins. 

Whole living cells are also employable as selection targets. This technology is called Cell-

SELEX (figure 6B), and it has the advantage that the aptamers recognize the native 

conformation of the target molecule on living cells. In this way, cell surface proteins 

would be targets even when their purification in native conformation is difficult. In 

addition, cell-specific aptamers can be obtained without any knowledge about cell surface 

molecules on the target cells. Aptamers have been conjugated to drugs (Ray et al. 2012; 

Thiel et al. 2012), photosensitizers (Ferreira et al. 2008) and liposomes (Song et al. 2015), 

and can also be used for diagnostic purpose (Shigdar et al. 2013). 

 

1.1.2.2 Decoys and circular oligonucleotides 

 Proteins such as TFs recognize and bind to certain sequences in DNA. Therefore, 

they are able to bind to the same sequence in a double-stranded decoy oligonucleotide. 

Decoy oligonucleotides are used to lure TFs away from their binding sites in DNA and a 

variety of therapeutic applications have been suggested, ranging from cancer (Ahn et al. 

2003), graft rejection after a transplant (Suzuki et al. 2012), to viral replication inhibition 

(Nakaya et al. 1997). Any modifications introduced to improve nuclease resistance must 

not prevent recognition by the protein. Partial protection against exonucleases may be 

achieved by modifying the ends of the decoy or by using circular oligonucleotides (figure 

7) with self-complementary sequences giving a dumb-bell configuration (Deng et al. 

2013). 

	  

Figure 7. Example of a DNA decoy against the SP1 factor. The underlined sequences 
correspond to the binding site of the TF SP1. Obtained from Deng et al. 2013.	  
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DNA decoys are not the only circular oligonucleotides that have been described. It 

has been described that circular oligonucleotides can also be designed to form triple helical 

structures (Kool. 1991). In his report, Kool designed a circular oligonucleotide that was 

formed by parallel pyrimidine sequences. In that case, the internal hydrogen bonds 

corresponded to Hoogsteen bonds. The target sequence was a polypurine stretch that was 

able to bind to the circular oligonucleotide by Watson-Crick bonds, obtaining T·A*T and 

C·G*C+ triplets. It was also shown that the circular oligonucleotide had an increased 

resistance to nucleases, and a higher binding selectivity to its DNA target.  
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1.1.3 PPRHs  

 PPRHs are non-modified DNA molecules formed by two antiparallel polypurine 

strands linked by a pentathymidine loop that allows the formation of intramolecular 

reverse-Hoogsteen bonds between both strands. These hairpins bind to polypyrimidine 

stretches in the DNA via Watson-Crick bonds, while maintaining the hairpin structure (fig. 

8). It was demonstrated that upon binding their polypyrimidine target in a dsDNA, PPRHs 

were able to displace the polypurine strand of the target duplex (Coma et al. 2005).  

	  
Figure 8. Schematic representation of the triplex formed upon PPRH binding to the target sequence (A). 
Formation of the Watson-Crick (WC) and reverse Hoogsteen bonds (r-H) between two adenines (B) and two 
guanines (C). 
  

Because the polypyrimidine domains are located in both strands of the DNA 

PPRHs can be designed to target both strands of genomic DNA. PPRHs directed against 

the template strand of the DNA are called template-PPRHs, while the ones targeting the 

coding strand of the DNA are called coding-PPRHs, which are also able to bind 

transcribed mRNA, since it has the same sequence and orientation than the coding strand 

of the DNA. Therefore, PPRHs can act as antigene and antisense oligonucleotides 

depending on the strand they target. The mechanism of action of PPRHs, shown in figure 

9, depends on the location of their target. Previous works in the laboratory demonstrated 

that template-PPRHs inhibit transcription (de Almagro et al. 2009) whereas a coding-

PPRH directed against a polypyrimidine region in intron 3 of DHFR pre-mRNA produced 

a splicing alteration by preventing the binding of the splicing factor U2AF65 (de Almagro 

et al. 2011). This produced the accumulation of the immature mRNA, leading to a decrease 

in DHFR protein levels. Subsequently, we demonstrated that two PPRHs directed against 

the template or coding strand of the survivin promoter sequence decreased the binding of 

transcription factors Sp1 and GATA-3, respectively. Moreover, the in vivo administration 
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of the coding-PPRH against the promoter region of survivin was able to delay tumor 

growth in a prostate xenograft mouse model, establishing the proof of principle for their 

use as a therapeutic tool (Rodríguez et al. 2013). To improve the use of the PPRHs and 

decrease their possible off-target effects, we studied two main points conferring specificity 

to the PPRHs: their length and purine interruptions found in the target sequence. We 

compared the effect of three PPRHs that differed in length (20, 25 and 30 bp) and that were 

directed against the same sequence of the telomerase gene, and determined that increasing 

the PPRH length, produced a greater effect. It has been calculated that a sequence of 17 

nucleotides is long enough to be unique in the genome. Indeed, the PPRHs that are 

normally designed in our laboratory are at least 20 bp in length, which ensures good target 

specificity. The second issue to consider is that we normally find 1-3 purine interruptions 

within the polypyrimidine target. When the PPRHs were first developed it was found that 

adenines could be used as wild cards to place in front of the interruptions, and indeed this 

strategy was useful. However, we recently determined that by placing in the PPRH the 

complementary base in front of the purine interruption, the binding capacity as well as its 

cytotoxic activity were increased (Rodríguez et al. 2015). 

 

 
Figure 9. Mechanism of action of the template-PPRHs and the coding-PPRHs. While acting at different 
levels, both types of PPRHs are capable of decreasing the expression of the target genes. 
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1.2 ADVANTAGES AND DISADVANTAGES OF USING OLIGONUCLEOTIDES 

IN THERAPY  

The continuous interest on nucleic acids as antigene or antisense therapeutic agents 

comes from the fact that the same rational design principle can be used to treat many 

diseases. If only three nucleic acid-based molecules have been cleared for therapeutic use it 

is because there are two major impediments that have not been totally solved: i) achieving 

a high-enough concentration of drug near the target, this is dependent on the stability of the 

oligonucleotides and on their pharmacokinetics (PK), and ii) averting the unintended 

effects caused by the activation of the immune response.  

 

1.2.1 Delivery and stability 

The in vivo administration of silencing molecules is substantially complex. To be 

efficacious, the gene silencing molecules must reach the target cells within a specific 

organ: they have to escape blood exonucleases, endonucleases, and ribonucleases. To 

avoid this degradation and enhance the stability of oligonucleotides chemical modifications 

in the 2’ position of the pentose sugar are introduced. Once in the blood stream 

oligonucleotides must go across the blood vessel, the interstitial space, and extracellular 

matrix. Then they have to enter the cell membrane, which presents limited permeability to 

negatively charged molecules, and escape from the endosome to find their target 

sequences, either mRNA or DNA. 

 

Different types of vectors have been developed to facilitate the systemic 

administration of gene silencing molecules and their subsequent uptake by the cells. These 

vectors can be divided into viral and non-viral vectors. Despite the advantages of viral 

vectors, like great transfection efficiency and the broad types of cells that can be 

transduced, they present important drawbacks in terms of immune response activation and 

possible unintended gene integration in the host’s genome, causing insertional 

mutagenesis. Non viral vectors constitute a valid alternative in gene therapy, even if they 

are less efficient in delivering the oligonucleotides into the cells, they are safer and easier 

to synthesize than viral vectors. There are several non-viral systems to introduce 

oligonucleotides into the cells, like electroporation, injections of naked DNA or 
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biobalistics. However, cationic liposomes and polymers are the most used and studied 

vehicles.  

 

- Cationic liposomes: lipids that have an amphipahtic structure that allows 

electrostatic interactions to be formed between the negative charges of the 

oligonucleotide and the positive charges of the lipids, this complex is called 

lipoplex. To this end, several lipids have been tested, including among many 

others: mixture of dioleoyl phosphatidylethanolamine (DOPE); N-(2,3-

dioleyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTAP); and 3β-(N-

(N',N'-dimethylaminoethane)-carbamoyl)cholesterol (DC-Chol). (Omidi et al. 

2013). The advantages of this approach are i) the simplicity to formulate the 

lipoplex, ii) the stability of the formulation and protection against nucleases, 

and iii) the applicability of the method for delivery to different types of solid 

tumors.  

 

- Cationic polymers: they have the capacity to condense the oligonucleotides 

forming poliplexes. There are different cationic polymers that have been 

studied, among these polyehtyleneimine (PEI), polylisines, and poly(lactic-co-

glycolic acid) (PLGA) have been widely studied. Perhaps of these, PEI is the 

most widely used polymer. The ratio between negative phosphate charges of the 

DNA and the positive nitrogen charges (N/P ratio) is very important for optimal 

condensation and transfection, and also to avoid unintended toxic effects. 

Indeed, in our laboratory we have successfully used a linear PEI (jetPEI®) in a 

subcutaneous prostate xenograft model in mice (Rodríguez et al. 2013). 

 

These non-viral vectors can be functionalized with imaging molecules (fluorescent 

dyes, quantum dots) or targeting molecules such as antibodies or aptamers, to form 

nanoparticles (NP), and can be conjugated to other polymers like, polyethylene glycol 

(PEG), to improve their pharmacokinetic properties. In this sense, NP with sizes ranging 

100-250 nm (Li et al. 2012) are big enough to avoid being cleared by the kidneys, where 

the glomerulus have pores sizes of 40-60 nm, or by the liver where the sinusoidal 

endothelium has pores ranging 70-150 nm (Seymour 1992), and small enough to 
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extravasate from the tumor microvasculature (100-1000 nm) (Adiseshaiah et al. 2009; 

Hobbs et al. 1998). This, together with a poor lymphatic drainage, produces an enhanced 

permeability and retention effect (EPR), which is responsible for the accumulation of 

macromolecules or nanoparticles in the tumors. 

  

1.2.2 Immunogenicity 

The second drawback for using oligonucleotides as therapeutic agents is the 

unintended activation of the immune response. One strategy in which mammalian host 

cells respond to infectious agents is by recognizing the foreign nucleic acids, which is 

achieved by the Pattern Recognition Receptors (PRRs). These receptors detect highly 

conserved microbial products named pathogen associated molecular patterns (PAMPs) and 

upon activation trigger the innate immune response, which leads to increased levels of 

proinflammatory cytokines (type I interferon’s (IFN), TNF-α, IL-6, pro-IL-1β and pro-IL-

18). PRRs are localized in compartments within certain cellular niches, such as the cell 

membrane, endosomes or cytoplasm. Three types of PRRs have been identified as nucleic 

acid-sensing PRRs: endosomal TLRs, cytoplasmic retinoic acid inducible gene (RIG-I)-

like receptors (RLRs) and cytoplasmic DNA sensors, which activate the inflammasome.  

 

The first and best-documented group of PRRs is the family of Toll-like-receptors 

(TLRs), which detects a variety of PAMPs, such as lipids, proteins, lipoproteins, and 

nucleic acids (Brown et al. 2011; Yoneyama & Fujita 2010). To date, 10 human TLRs 

have been identified, and each TLR has a specific set of ligands that it can detect. The 

TLRs responsible for detecting nucleic acids are: i) TLR3 that detects dsRNA sequences, 

expressed predominantly in the intracellular compartments of dendritic cells (DCs) and 

macrophages ii) TLR7 and TLR8 that recognize ssRNA, located in DCs and, in the case of 

TLR8, in macrophages and iii) TLR9 implicated in the detection of CpG-containing DNA, 

and predominantly expressed in the endosomal compartment of DCs and B cells. TLR 

signaling is dependent upon the recruitment of adaptor molecules to activate downstream 

kinases and transcription factors, such as interferon regulatory factors 3 and 7 (IRF3/7) and 

NF-κB, that regulate the production of type I IFNs and inflammatory cytokines, 

respectively.  
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In addition to TLR3, host cells can detect dsRNA of actively replicating viruses via 

RLRs, which are cytosolic RNA helicases that activate interferon regulatory factor 3 and 7 

(IRF3/7), and nuclear factor-κB (NF-κB) (Yoneyama & Fujita 2010). The RLR family is 

comprised of RIG-I, melanoma differentiation-associated gene 5, (MDA5), and laboratory 

of genetics and physiology 2 (LGP2). RLRs are ubiquitously expressed in most cell types.  

  

The counterpart of RLRs, which sense exogenous RNA, are the cytosolic sensors 

that detect microbial DNA. Two distinct pathways are activated upon recognition by 

cytosolic DNA detectors. The first involves the inflammasome-dependant activation of 

caspase-1. The second pathway leads to the transcription of type I IFN and 

proinflammatory genes via a Tank-binding kinase 1 (TBK1)/IRF3-dependent pathway 

(Ishii et al. 2006; Stetson & Medzhitov 2006). 

 

The inflammasome is a multiprotein complex formed by a cytosolic DNA sensor, 

an adaptor protein called ASC, and pro-caspase-1. The cytosolic sensors can be of two 

different families of proteins: i) NOD-like receptors (NLR), from which NLRP3 and 

NLRP4 are the best-studied sensors, and ii) pyrin and HIN200 domain-containing 

(PYHIN) receptors, which include absent in melanoma 2 (AIM2), and IFN inducible 

protein 16 (IFI16). Interestingly, some of these sensors detect the DNA in an indirect way, 

sensing changes in the cellular milieu or membrane perturbations associated with viral 

entry. This has been suggested that for the NLRP3 inflammasome (Barlan et al. 2011). On 

the contrary, AIM2 and IFI16 act as direct sensors for cytoplasmic DNA.  

 

Upon activation of these sensors, the other components of the inflammasome are 

recruited to provoke the proteolysis of pro-caspase-1 into caspase-1, which ultimately leads 

to the processing of pro-IL-1β and pro-IL-18 into their active forms. This cascade 

culminates in cell death by pyroptosis, in the secretion of IFN-γ and natural killer cells 

activation. 

 

Type I IFN production is another consequence of cytosolic DNA sensing, although 

the molecular bases of this response are less clear. It has been established that a signaling 

pathway consisting of stimulator of type I IFN gene (STING)–TBK1–IRF3 is essential for 
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type I IFN responses to DNA. The involvement of TBK1 is not surprising since it was 

originally characterized as the kinase activating IRF3 in TLR and RLR pathways 

(Fitzgerald et al. 2003; McWhirter et al. 2004). This means that IRF3 phosphorylation is a 

key element in the transcription of type I IFN (Atianand & Fitzgerald 2013).  

 

 

 
Figure 10. Schematic representation of the pathways studied in this thesis. The left side of the panel 
represents the TLR pathway, while the right side represents the inflammasome activation.  

 	  

Therefore, the activation of the innate immune system by nucleic acids converges 

in the activation of transcription factors, such as IRF3/7 and NF-κB, that will produce a 

generalized increase in transcription of type I IFN and several other proinflammatory 

cytokines: IL-6, TNFα, pro-IL-1β and pro-IL-18, as well as triggering the formation of the 

inflammasome (figure 10). 
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1.2.3 Chemical modifications 

Chemical modifications can improve the pharmacokinetic (PK) and pharmacodynamic 

(PD) properties of therapeutic oligonucleotides, and to decrease their unintended 

immunogenic effects. These modifications include changes in the sugar, base or backbone 

(figure 11). Common modifications to sugar moieties include replacing of the 2’-position 

hydrogen by 2′-O-methyl, 2′-fluoro, 2′-amine, or the introduction of locked nucleic acids 

(LNA). Base modifications aim to substitute the positions that are exposed to solvents in the 

major groove (i.e., the 4-position and 5-position of pyrimidines and the 6-position and 7-

position of purines) (Herdewijn 2000). Among well-known base modifications, 5-

methylcytosine (mC) ameliorates the pH restrictions on TFOs in the pyrimidine motif. 

Backbone modifications include 

introducing phosphorothioate 

bonds, which have increased 

nuclease resistance and are 

capable of activating RNase H 

activity, or replacing the 

phosphate-ribose backbone by a 

polyamide one (PNA). A 

common denominator in 

therapeutic oligonucleotides is 

the use of phosphorothioate 

backbones and 2’-modifications.  
 

Figure 11. Some chemical 
modifications. (A) Base modifications. 
(B) sugar modifications and (C) 
backbone modifications. mC: 
methylcytosine; pU: 5-propynyl-
uridine; pC: propynyl-cytosine; 2’-
OMe: 2’-O-methyl; 2’-AE: 2’-
aminoehtyl; LNA: locked nucleic acid; 
ENA: O2’,O4’-ethylene-linked nucleic 
acid; PNA: peptide nucleic acid. 
Obtained from Duca et al. 2008.	  
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1.3 CANCER AND RELEVANT TARGETS 

 

Cancer is a disease characterized by an uncontrolled and aberrant proliferation of 

cells. It is the result of an acquired self-sufficiency that allows the cells to ignore the 

normal division, differentiation or death signals. Cancer development is a multistep 

process that requires genetic alterations to transform normal cells into malignant cells, 

acquiring during this transition a succession of hallmark capabilities that enables them to 

survive, proliferate and disseminate (Hanahan & Weinberg 2000). These hallmarks are 

common in most and perhaps all types of cancers and are listed in figure 12. Cells also 

require enabling characteristics, such as genome instability and an inflammatory state 

present in pre-malignant states that contribute and facilitate the succession of alterations 

that may start tumorigenesis (Hanahan & Weinberg 2011).  

 
Figure 12. Illustration encompassing the enabling characteristics and the eight acquired capabilities of cancer 
cells, as well as the representation of the different cell types constituting solid tumors, all of which contribute 
to the tumorigenic process. Adapted from Hanahan and Weinberg, 2011. 

	  

The cells forming a tumor are heterogeneous and have an important genetic 

diversity. This was evidenced by sequencing the genomes of cancer cells from different 
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sectors of the same tumor (Yachida et al. 2010). These subpopulations have different 

degrees of differentiation, vascularization, proliferation and invasive capacity. This is of 

high clinical importance because almost all current therapeutic regimens predominantly 

target the rapidly proliferating cells. The cell types that contribute differently to the biology 

of the tumors are: cancer stem cells (CSC), which can self-renew and drive tumorigenesis, 

endothelial cells, pericytes, immune inflammatory cells and cancer-associated fibroblasts. 

These cells create a microenvironment that is propitious for tumor growth. An additional 

layer of complexity to cancer is metastasis, and the fact that mutations found in a primary 

tumor may vary from the mutations found in the corresponding metastatic disease, as 

evidenced by analyzing the PIK3CA mutations of primary breast cancer tumors and the 

metastatic lesions (Dupont Jensen et al. 2011). Circulating tumor cells (CTCs) also show a 

high heterogeneity, and cell-to-cell variations have been reported even within a single 

blood draw (Powell et al. 2012). 

 

The understanding of signaling pathways that are altered in cancer cells, together 

with the possibility of building biological association networks (BANs), allows to 

comprehend the operative network within these cells, and to pinpoint important genes in 

cancer development, progression or drug-resistance (Selga et al. 2009), ultimately leading 

to a more rationalized understanding of cancer, and therefore, of its treatment.  

 

1.3.1 Target genes with therapeutic applications 

The target genes chosen in this work encompass a variety of biological functions: 

antiapoptotic genes, topoisomerases, protein kinases, and transcription factors. They are 

essential for cell viability or are involved in anti-apoptotic activity. Therefore, inhibiting 

these genes results in cell death, opening the possibility to use them to eliminate cancer 

cells.  

 

1.3.1.1 BCL2 

B-cell CLL/lymphoma 2 (BCL2) is an integral outer mitochondrial membrane 

protein, member of a family of proteins that control apoptosis. This control depends on the 

balance between pro-apoptotic proteins –BAX, BAK and BOK– and anti-apoptotic 
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proteins –BCL2, BCL-XL, BCLW and MCL-1. BCL2 blocks apoptosis by regulating the 

mitochondrial permeability since it prevents the formation of pores in the mitochondria, by 

inhibiting BAX. This allows the release of cytochrome-c, ultimately activating the cascade 

of caspases that lead to apoptosis.  

 

The translocation of this gene is involved in the appearance of cancer, such as 

follicular lymphoma, breast cancer and melanoma. The overexpression of BCL2 

contributes to cancer progression and it is also related to the appearance of the multi-drug 

resistance phenotype (Azmi et al. 2011; Miyashita & Reed 1993). Regarding solid tumors, 

BCL2 is overexpressed in 30%–60% of prostate cancers at diagnosis and in nearly 100% 

of castration-resistant prostate cancer (Hall et al. 2013) and its content has been related to 

increased resistance to gemcitabine (Bold et al. 1999). Antisense oligonucleotides 

(oblimersen), antibodies, peptides, and small molecules against BCL2 are under 

development. Even though partially successful, none of these approaches has been proven 

to be useful in the clinic because they present problems of specificity, side effects, short 

half-life, and delivery. 

 

1.3.1.2 TOP1  

Topoisomerase-1 (TOP1) is an enzyme that controls DNA topology. During 

transcription or DNA replication, the dsDNA needs to unwind, producing additional 

torsions in the regions flanking the DNA. To avoid these tensions, topoisomerase-1 

catalyzes the transient breaking and rejoining of a single strand of DNA, which allows the 

strands to pass through one another. Topoisomerase-1 is a clinically validated target; TOP1 

inhibitors, such as camptothecin (CPT) and its derivatives (irinotecan and topotecan), have 

been used as anticancer therapy since the late 90s. The rationale of these drugs is based on 

the stabilization of TOP1–DNA cleavage complexes, leading to persisting single-stranded 

DNA breaks that convert into cytotoxic DNA double-strand breaks during DNA synthesis. 

The cytotoxicity of these drugs is dependent on the expression of TOPI, which is 

overexpressed in tumors, relative to the corresponding normal tissue (Giovanella et al. 

1989) and during DNA replication (Goldwasser et al. 1996; Mross et al. 2004). 
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1.3.1.3 MTOR 

Mammalian target of rapamycin (mTOR) is a 289 kDa serine/threonine protein 

kinase that belongs to the phosphatidylinositol 3-kinase-related kinase (PIKK) family. 

PIKK family members regulate cell cycle progression and cell cycle checkpoints that 

govern cellular responses to DNA damage and DNA recombination (Mita et al. 2003). 

mTOR is a central modulator of cell growth and plays a critical role in transducing 

proliferative signals mediated by the PI3K/AKT/mTOR signaling pathway in response to 

nutrient availability and growth factor stimuli (Tokunaga et al. 2008; Wullschleger et al. 

2006). The PI3K/AKT/mTOR pathway is a prosurvival pathway that is constitutively 

activated in many types of cancer. It plays an important role in cancer development, 

progression, and therapeutic resistance.  

 

1.3.1.4 MDM2  

Murine double minute 2 (MDM2) is a negative regulator of the tumor suppressor 

protein p53, which is the most frequently mutated gene in human cancer (Vogelstein et al. 

2000). Releasing p53 from MDM2 has been suggested as a mechanism for cancer therapy 

(Lane et al. 2010), especially in cancer types with wild-type p53 and overexpressed 

MDM2. In 2004, Nutlins, MDM2 inhibitors, were identified and studies with these 

compounds have strengthened the idea that p53 activation might represent an alternative to 

chemotherapy (Vassilev 2004). It has been shown that Nutlins, especially Nutlin-3, are 

able to induce cell cycle arrest, apoptosis, and growth inhibition of human tumor 

xenografts in mice models (Vassilev et al. 2004) and to produce a synergistic effect when 

used in combination with the chemotherapeutic drugs used for the treatment of 

hematological malignancies (Gu et al. 2008) and pancreatic cancer (Conradt et al. 2013). 

 

1.3.1.5 MYC  

MYC is a transcription factor involved in many biological processes, including cell 

growth, cell cycle progression, metabolism, and survival. MYC alteration is observed in a 

wide range of tissue types including breast, lung, and prostate cancer and it is one of the 

most frequently amplified oncogene in human cancers: up to 30% of all cancers present 

overexpression of MYC, which also correlates with poor prognosis. It has been established 
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that MYC overexpression is essential for tumor initiation and maintenance (Li et al. 2014) 

and its overactivation frequently results in the dependence of tumor survival on high levels 

of MYC, also called MYC addiction. The direct inhibition of MYC through small 

molecules has not been accomplished: as a transcription factor, MYC represents a 

challenging target since it functions via protein-protein interactions and lacks enzymatic 

activity. Therefore, MYC is considered the prototype of an undruggable target. 

 

1.3.1.6 DHFR 

 The dihydrofolate reductase (DHFR) enzyme converts dihydrofolate (DHF) into 

tetrahydrofolate (THF). THF acts as a methyl group transporter, which is required for the 

de novo synthesis of purines, thymidylate, and glycine. Therefore, DHFR enzyme is 

involved in DNA replication during cell division. During the last 65 years the use of 

antifolates have been very important for the treatment of infectious and inflammatory 

diseases, as well as for cancer. Methotrexate is one of such antifolates, and it has been used 

for the treatment of osteosarcoma, Non-Hodgkin lymphoma and breast, head and neck, and 

bladder cancer (Assaraf 2007). Combination therapies of methotrexate, oxiplatinum and 5-

fluoruracil have been tested in colon cancer (Guglielmi et al. 2004; Zampino et al. 2006). 
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Objectives 

The main objectives of this thesis were to study the properties of the PPRHs and to validate 

their use as gene silencing molecules in several cancer cell lines. To do so we established 

the following goals:  

1. To determine the stability and immunogenic potential of PPRHs. This objective is 

subdivided as follows: 

 

− To study the stability of PPRHs and siRNAs in different types of serum, as 

well as in cells. 

− To study the activation of the TLR and inflammasome pathways upon 

incubation with PPRHs and siRNAs. 

 

2. To evaluate the activity of other structures of PPRHs, specifically nicked-circular-

PPRHs and RNA-PPRHs 

 

3. To validate the use of PPRHs as silencing tools for a set of cancer-relevant genes, 

such as BCL2, MTOR, TOP1, MDM2 or MYC, in different cell types.  

 

4. To study the applicability of DNA aptamers as targeting and enhancing molecules 

for PPRHs. 
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Materials and methods 

Methods are described within the articles presented in the “Results” section of 

this thesis. However, methods that are considered innovative are described in more 

detail, as well as the biologic material used in this work.  

 

3.1 Materials 

  

3.1.1 Cell lines 

All cell lines used were derived from human solid tumors, except for the THP-1 

cell line, which is of hematopoietic origin. They were obtained from the ATCC 

repository, and are specified in Table 1. 

CELL LINE CELL TYPE 

HCT-116 Colorectal carcinoma 

MCF7 Breast adenocarcinoma 

MDA-MB-231 Breast adenocarcinoma 

MDA-MB-468 Breast adenocarcinoma 

MiaPaCa-2 Pancreas carcinoma 

PC3 Prostate adenocarcinoma 

SKBR3 Breast adenocarcinoma 

THP-1 Acute monocytic leukemia 

THP-1 iGLuc Acute monocytic leukemia stably transduced 

with iGLuc reporter vector. 

Table 1 Cell lines used in the experiments including information about cell type.  

 

3.1.2 Culture media 

All cell lines were grown in Ham’s F-12 medium supplemented with sodium 

bicarbonate (14mM, Applichem), Penicillin G sodium salt (100U/mL, Sigma-Aldrich), 

streptomycin (100mg/L, Sigma-Aldrich) and 7% fetal bovine serum (FBS, GIBCO, 

Invitrogen). Cells were incubated at 37°C and 5% of CO2. Trypsinization to expand 
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cells was performed using 0.05% Trypsin (Sigma-Aldrich) in PBS 1X (154mM NaCl, 

3.88mM H2NaPO4, 6.1mM HNaPO4, pH 7.4).  

 The experiments in which dhfr was targeted a selective Ham’s F-12, lacking the 

final products of the DHFR enzymatic activity glycine, hypoxantine (H) and thymidine 

(T) medium was used (-GHT medium, Gibco). As selective medium it can also be used 

MEM or RPMI from Gibco, since they do not contain either H or T. Those media are 

supplemented with serum that has been dialyzed against PBS to eliminate small 

molecular compounds such as H and T that could be present in the serum.  

 

3.1.3 PPRHs  

The nomenclature of PPRHs is as follows: 

• Hp: PPRH hairpin 

• Target gene: d for dhfr; Bcl for bcl2; Tor for mtor; Top for top1; Mdm for 

mdm2; Myc for c-myc; LacZ for lacZ (E. coli); s for survivin;  

• Target region within the gene: I for intron; E for exon; Pr for promoter. The 

number after these letters represent the position of the exon or intron within the 

gene (E1: exon one; I7: intron seven) 

• Type of PPRH: B for blunted; T for template; C for coding.  

• Negative controls: Sc for scrambled PPRHs that do not have targets in the 

genome; WC for PPRHs that form intramolecular Watson-Crick bonds. 

• Nc: nicked-circle. 
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The structure of the PPRHs is shown; the 5’ and 3’ ends are indicated. In the case of 

ncPPRH-in and ncPPRH-out the black bar corresponds to the nick present in the 

sequences. 
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3.1.4 siRNAs 

Both the sense and antisense strand are indicated. For sequences obtained commercially, 

the reference is provided. The orientation for all sequences is 5’  3’. 

siRNAs used in immunogenicity studies 

siLUC Anti UAAGGCUAUGAAGAGAUACTT 
Sense GUAUCUCUUCAUAGCCUUATT 

siRNA-A Santa Cruz Biotechnology. Ref: sc-37003 
siRNA-B Santa Cruz Biotechnology. Ref: sc-44230 

 

Fluorescence-labeled siRNA used in uptake and/or stability experiments 

F-siRNA Anti GCGCAACCGGACGAAUGCUTT 
Sense F-AGCAUUCGUCCGGUUGCGCTT 

 

 

3.1.5 Aptamers 

Sequence orientation is 5’  3’. Bold letters represent the linker between the aptamer 

and the PPRH. Underscored letters represent the scrambled oligoncucleotides from the 

original ApHER2(t) aptamer. 

 

Aptamers 

ApHER2(t) GCAGCGGTGTGGGGGCAGCGGTGTGGGGGCAGC
GGTGTGGGG 

ApHER2(t)-5T-HpdI3-B 
 

GCAGCGGTGTGGGGGCAGCGGTGTGGGGGCAGC
GGTGTGGGGTTTTTGGAGGAGGGAGAGGGAGG
AGTTTTTGAGGAGGGAGAGGGAGGAGG 

ApHER2(t)Sc-5T-HpdI3-B GACGGCGGTTGGGGGCCGAGGTGTGGGGGCAGC
GGTGTGGGGTTTTTGGAGGAGGGAGAGGGAGG
AGTTTTTGAGGAGGGAGAGGGAGGAGG 
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3.1.6 Primers 

Primer sequences (5′  3′ forward, reverse) used for the RT-real time PCR 

Primers sequences 
INF-α TTATCCAGGCTGTGGGTCT, GCAAGCCCAGAAGTATCTGC 

INF-β TGGAGAAGCACAACAGGAG, AACCTTTCGAAGCCTTTGCT; 

IL-6 CATTTGTGGTTGGGTCAGG, AGTGAGGAACAAGCCAGAGC; 

TNF-α GCCAGAGGGCTGATTAGAG, TCAGCCTCTTCTCCTTCCTG; 

IL-1β GTGGCAATGAGGATGACTTGTTC, TAGTGGTGGTCGGAGATTCGTA 

IL-18 CCTCAGACCTTCCAGATCGC, TTCCAGGTTTTCATCATCTTCAGC 

APRT GCAGCTGGTTGAGCAGCGGAT, AGAGTGGGGCCTGGCAGCTTC. 

 

3.1.7 Other sequences 

Sequences used in EMSA. The underlined letters correspond to the target sequence of 
HpdI3-B 

Sequences used as probes in EMSA 

Target seq fwd strand  CATTCTCTTGATTGCCTCCTCCCTCTCCCTCCTC 

Target seq rev strand GAGGAGGGAGAGGGAGGAGGCAATCAAGAGAATG 

 

 

3.1.8 Plasmid vectors 

Vectors carrying the LUC gene allow studying the eukaryotic transcription by 

determining the enzymatic activity of the luciferase oxidative enzyme.  

−  pGL3-Basic (Promega): it is a vector that lacks promoter and enhancer 

sequences. It allows studying different promoters by placing them upstream 

the translation site of the luciferase gene. This vector contains the 

ampicillin resistance gene. 
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−  pGL3-for5: construct obtained by cloning 1593 bp of the SP1 promoter into 

pGL3-Basic vector, between the position -1612 and -20 of the translation 

start site. Fragments were obtained by digesting with the restriction 

enzymes XhoI and NheI (Nicolas et al. 2001). 

 

−  pSilencer 2.1-U6 Neo-NR / pSilencer-NR (Thermo Fisher Scientific): this 

vector is generally used for the expression of siRNA, but was used here as 

the starting empty vector to generate a construct to express PPRHs 

intracellularly. It contains the antibiotic resistance gene (neomycin) to 

enable selection of transfected cells, and also the ampicilin resistance gene. 

It features the human RNA polymerase III promoter (U6). The DNA 

sequences that will produce a hairpin siRNA after transcription are cloned 

downstream the U6 promoter. In this case a non-related control sequence 

was used; the sequence contains an interal XhoI restriction site.  

 

−  pSilencer-HpdI3-B: This construct was obtained by cloning the dsDNA 

sequence encoding for HpdI3-B into the pSilencer-NR vector described 

above. It contains an internal restriction site for XhoI enzyme. 
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3.2 Methods 

3.2.1 Design of PPRHs 

PPRHs were designed using the Triplex-Forming Oligonucleotide Target 

Sequence Search tool, available at http://spi.mdanderson.org/tfo/. This software finds 

the polypurine tracks present in a gene, allowing us to determine the sequence of the 

polypyrimidine targets. The search of the targets began by introducing the name of the 

gene of interest, together with other parameters that can be selected by the user, such as 

maximum number of interruption or the %G. The software provides a list of polypurine 

sequences within the gene, and the strand (forward or reverse), genic (promoter, exon or 

intron) and genomic locations. An example of this tool output is shown in figure 13. 

This sequence allowed us to design the PPRHs following the WC and reverse 

Hoogsteen base pairing rules. 

 

	  

Figure 13. Results obtained in the Triplex-Forming Oligonucleotide Target Sequence Search tool when 
looking for polypurine stretches within the human dhfr gene. 

	  

Sequences of at least 20nt were chosen to design the PPRHs. If purine 

interruptions (up to 3) were present in the pyrimidine target sequence, when designing 

the PPRHs those positions were substituted by either an adenine or the complementary 
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pyrimidine. The specificity of the chosen polypurine tracks was evaluated by BLAST 

analyses. 

PPRHs were synthesized as non-modified oligodeoxynucleotides by Sigma-

Aldrich (Madrid, Spain), including desalted purification. They were dissolved at 1 mM 

(stock solution) in sterile RNase-free Tris-EDTA buffer (1 mM EDTA and 10 mM Tris, 

pH 8.0) and stored at -20°C until use.  

 

3.2.2 Stability in Fetal Calf Serum, Mouse Serum, and Human Serum.  

 

Fluorescence-labeled oligonucleotides, were used to assess the half-lives of both 

PPRHs and siRNA in FCS, mouse and human serum. To do so, a determined amount of 

the specific oligonucleotide was incubated with 100% serum at 37 °C in a water-bath. 

At different periods of time (0, 5, 15, 30, 60, 120, 180, 240, 300, and 360 min) aliquots 

of 150 ng of oligonucleotide were withdrawn, and serum was inactivated by the 

addition of 1 µL of 0.5 M EDTA (pH 8.01). Then, samples were treated with proteinase 

K (0.5 µg/µL, Gibco) and 1% SDS and incubated for 2 h at 60 °C at 400 rpm in a 

Thermo-mixer Compact (Eppendorf, Hamburg, Germany) to remove serum proteins. 

The samples were resolved by gel electrophoresis, and the fluorescence associated with 

each band was quantified using the ImageQuant software.  

 

For stability experiments of the different types of PPRHs bound to their target, a 

determined amount of the different F-PPRHs, F-PPRH-D, F-nicked-circle-PPRH-in, 

and F-nicked- circle-PPRH-out (150 ng/point) was incubated with a 5-fold mass excess 

of the target sequence in binding buffer (10 mM MgCl2, 100 mM NaCl and 50 mM 

HEPES, pH 7.2) in 20 µL reactions for 30 min at 37 °C. An equal volume of FCS was 

then added to the binding reaction, and the different mixes were incubated in a water-

bath at 37 °C for up to 120 min. At different periods of time (0, 60, and 120) aliquots of 

150 ng of the labeled PPRHs were withdrawn and serum was inactivated by the addition 

of 1 µL of 0.5 M EDTA (pH 8.01). Samples were treated with proteinase K (0.5 µg/µL) 

and 1% SDS and incubated for 30 min in a Thermo-mixer Compact at 60 °C at 400 

rpm. The samples were resolved by gel electrophoresis, and the fluorescence associated 

to each band was quantified using the ImageQuant software.  
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3.2.3 PPRHs and siRNA Half-Life in Cells. 

 

PC3 cells (150 000) were plated in 35-mm dishes in 2 mL of Ham’s F-12 

medium and transfected with 30 nM of either F-PPRH or F-siRNA. Twenty-four hours 

after transfection, cells were washed once with PBS and incubated for different periods 

of time, ranging from 6 to 72 h, in Ham’s F-12 medium. Then cells were collected in 2 

mL Eppendorf tubes and centrifuged at 800g at 4 °C in a micro-centrifuge. The 

supernatant was removed and the pellet was washed in 1 mL of ice-cold PBS, 

centrifugation was repeated, and the cells resuspended in 500 µL of PBS and propidium 

iodide (5 µg/mL). The fluorescence of the cells was analyzed in a cytometer XL-

Coulter.  

 

3.2.4 Determination of the immune response 

 

To determine the immune response of THP-1 cells to PPRHs we studied the 

mRNA levels of several proinflammatory cytokines, including INF-α, INF-β, TNF-α, 

IL-6, IL-1β and IL-18. In the case of IL-1β, Western blot was also performed to analyze 

the protein levels. The levels of TFs NF-κB and IRF3, as well as the phosphorylation of 

the latter, were determined by western blot. Finally, the levels and activity of the 

proteolytic enzyme caspase-1 were determined by Western blot, and by a novel 

luciferase-based reporter system (Bartok et al. 2013), respectively. These 

determinations allowed us to study the TLR pathway and the inflammasome activation 

  

3.2.4.1 mRNA determination 

mRNA levels of the proinflammatory cytokines were determined by RT-real 

time PCR. Reverse transcription was performed using 1µg of RNA obtained from THP-

1 cells extracted by the Trizol method (Invitrogen, Madrid, Spain). Complementary 

DNA was synthesized in a total volume of 20 µl by mixing the RNA, 125 ng of random 

hexamers (Roche), in the presence of 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, 

20 units of RNasin (Promega), 0.5 mM dNTPs (AppliChem), 200 units of M-MLV 

reverse transcriptase (Invitrogen) and 50 mM Tris-HCl buffer, pH 8.3. The reaction 

mixture was incubated at 37°C for 60 min. The cDNA product was used for subsequent 

Real-time PCR amplification using the OneStep Plus TM Real-Time PCR System 
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(Applied Biosystems). mRNA levels were determined with SYBR-Green (Applied 

Biosystems, Life Technologies SA, Madrid, Spain) and specific designed primers. 

APRT was used as endogenous control. The primer sequences have been described in 

section 3.1.7 of this thesis. Results were analyzed following the ΔΔCt method. 

  

3.2.4.2 Western blot 

THP-1 cells (106) were plated in a 6-well dish (800 µL) and transfected with 30 

nM and 100 nM of either nonspecific PPRHs (HptI8-sc, HpsPr-sc and HpLacZ) or 

nonspecific siRNAs (siLUC, siRNA-A and siRNA-B). After 4 or 9 h of transfection, 

cells were collected and centrifuged for 5 min at 800g at 4 °C. Cells were resuspended 

in 30 µL of RIPA buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl pH 7.4 (all 

from Applichem, Barcelona, Spain), 1% Igepal CA-630, 0.5 mM PMSF, Protease 

inhibitor cocktail, 1 mM NaF (all from Sigma-Aldrich). Cell lysate was kept on ice for 

30 min with vortexing every 10 min. Cell debris was removed by centrifugation at 

15000g at 4 °C for 10 min. Five microliters of the extract was used to determine the 

protein concentration using the Bradford assay (Bio-Rad). Vehicles and the 

immunogenic cocktail LPS-ATP (0.1 µg/mL and 2 mM, respectively) were also 

analyzed. Activation with LPS-ATP was used as catalyzer 2, 4, or 7 h before harvesting 

cells as indicated in the figure legends. Whole cell extracts (100 µg) were resolved in 

15% SDS-polyacrylamide gels and transferred to PVDF membranes (Immobilon P, 

Millipore) using a semidry electro- blotter. The blocking solution was 5% Blotto and 

when detecting phosphorylated IRF3, 5% BSA was used. Membranes were probed 

overnight at 4 °C with primary antibodies against IRF3 (1:200 dilution; sc-33641), NF-

κB (1:200 dilution; sc-109), interleukine-1β (1:50 dilution; sc-7884), caspase-1 (1:200 

dilution; sc-515), tubulin (1:200 dilution; sc-487) (all from Santa-Cruz Biotechnology 

Inc.), and p-IRF3 (1:1000 dilution; Cell Signaling, 4961S). Signals were detected by 

secondary horseradish peroxidase-conjugated antibody, either antirabbit (1:5000; Dako, 

Denmark) or antimouse (1:2500 dilution, sc-2005 Santa Cruz Biotechnology Inc.) and 

enhanced chemiluminescence using the ECL method, as recommended by the 

manufacturer (GE Healthcare). Chemiluminescence was detected with ImageQuant 

LAS 4000 mini technology (GE Healthcare).  
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3.2.4.3 Caspase-1 proteolytic activity determination 

THP-1 iGLuc cells (2 × 105) were plated in 96-well dishes in 200 µL of culture 

medium. Cells were allowed to attach and then transfected with 30 nM and 100 nM of 

either nonspecific PPRHs (HptI8-sc, HpsPr-sc, and HpLacZ) or nonspecific siRNAs 

(siLUC, siRNA-A and siRNA-B), as described in the Oligonucleotides Transfection 

section, in a final volume of 50 µL. The supernatants (SN) were recovered 16 h after 

treatment. Equal volumes (15 µL) of the supernatants were mixed with distilled water 

containing 4.4 µM Coelenterazine (P.j.k. GmbH. Kleinblittersdorf, Germany) and light 

production (RLU) was determined in a GlomaxTM 20/20 Luminometer (Promega). 

Each condition was analyzed in three different experiments. Vehicles and the positive 

controls LPS-ATP (0.1 µg/mL and 2 mM, respectively) and dsDNA > 100 bp (250 bp) 

were also assessed for proteolytic activity. RLUs were corrected by total protein 

concentration, which was determined using the Bio-Rad protein assay reagent Bradford 

according to the manufacturer’s protocol.  

 

3.2.5 In silico studies 

The secondary structure of the aptamers was predicted using the mfold server 

(the RNA Institute. College of Arts and Sciences University of Albany; 

http://mfold.rna.albany.edu/?q=mfold/DNA-Folding-Form) (Zuker 2003) which 

predicts minimum free energy structures and base pair probabilities from single RNA or 

DNA sequences. The DNA Folding Form was chosen and the parameters of the ionic 

conditions were changed to 140 mM Na+ and 10 mM Mg2+ for the structural prediction.  

 

3.2.6 Confocal microspcopy 

Cells (300,000) were plated on cover-slips placed inside 35 mm dishes 24 h 

before the transfection with ApHER2(t)-F. After 24 h of the transfection cells were 

washed once with fresh F12 medium and incubated with Wheat Germ Agglutinin, 

Alexa Fluor® 555 Conjugate (Life Technologies, Madrid, Spain) at 4°C for 30 min. 

Cells were washed twice with PBS 1X for 5 min at RT and fixed with 

paraformaldehyde 4% for 10 min, two more washes with PBS 1X were performed. 

Cover-slips were mounted on slides using mowiol (Calbiochem, Madrid, Spain) and 

were kept protected from light at RT overnight. Confocal laser scanning microscopy 

was performed using a Leica TCS-SP2. 

50



Materials and methods 

3.2.7 Luciferase experiments 

Luciferase assays were performed to study the transcriptional activity of the 

transcription factor Sp1. We designed three PPRHs against Sp1, specifically against the 

coding strand of the promoter sequence (HpSP1Pr-C), the template strand of the exon2-

intron2 boundary (HpSP1E2I2-T), and the template strand of intron three (HpSP1I3-T). 

SKBR3 cells (250,000) were plated in 6-well dishes, in a final volume of 800 µL. After 

24 h, the three PPRHs and the negative control were transfected using DOTAP. This 

consisted in mixing the appropriate amount of PPRH and DOTAP (Biontex, München, 

Germany), considering a 1:100 molar ratio (PPRH:DOTAP), for 20 minutes in a 

volume of 200 µl of medium at room temperature, followed by the addition of the 

mixture to the cells in a total volume of 1 mL. The final concentration of the PPRHs 

was 100 nM. After 48 h the medium was removed and 1 mL of fresh medium was 

added to each well to transfect 1µg of the plasmids pGL3-Basic and pGL3-for5. This 

transfection was performed with Fugene 6 (Promega, Madrid, Spain). For each 

experimental point, Fugene 6 was incubated for 5 min with serum and antibiotic-free 

medium, followed by the addition of plasmid DNA and incubated for 20 minutes. The 

volume for each reaction was 100 µl. The ratio transfection reagent:plasmid was of 3:1 

(µL of transfection reagent:µg of plasmid). Luciferase activity was determined 30 h 

after plasmid transfection. Cell extracts were prepared by lysing the cells with 200 µL 

of luciferase Lysis Buffer (2 mM DTT, 2 mM EDTA, 10% glycerol, 1% Triton X100, 

25 mM Tris–Phosphate pH 7.8), which was prepared immediately before use. The 

lysate was centrifuged at 12,000 g for 2 min (4 ºC) to pellet the cell debris, and the 

supernatants were transferred to a new eppendorf. The extract (25 µL) was added to 25 

µL of the luciferase assay substrate (Promega, Madrid, Spain) at room temperature. 

Luminescence of the samples was measured immediately after mixture in the 

GlomaxTM (Promega, Madrid, Spain) 20/20 Luminometer, in which the light 

production (relative luminescence units; RLU) was measured with 5 s integration during 

10 s. Three different experiments were performed for each transfection. Luciferase 

results were corrected by total protein concentration, which was determined with the 

Bio-Rad protein assay reagent Bradford (Bio-Rad, Barcelona, Spain) according to the 

manufacturer’s protocol. 
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4.1 ARTICLE I:  

Stability and Immunogenicity Properties of the Gene-Silencing  Polypurine 
Reverse Hoogsteen Hairpins 

Xenia Villalobos, Laura Rodríguez, Jeanne Prévot, Carlota Oleaga,  Carlos J. Ciudad, 
and Véronique Noé 

Mol. Pharmaceutics 2014, 11, 254−264 (Impact factor: 4.384) 

 

Background  

PPRHs are DNA-based silencing molecules, formed by two polypurine domains 

that are linked by a five-thymidine loop. PPRHs form intramolecular reverse Hoogsteen 

bonds and are capable of binding to a polypirimidine target sequence by Watson-Crick 

bonds. PPRHs are designed against pyrimidine stretches present mainly in regulatory 

regions of genes, and upon binding cause a decrease in gene expression. There are two 

types of PPRHs depending on the location of their target sequence: template or coding 

PPRHs. Additionally, PPRHs can be designed to bind polypyrimidine stretches in 

different gene regions –promoter, intron or exon. Previously in our group, both types of 

PPRHs against DHFR were proved to decrease viability of breast cancer cells by means 

of decreasing DHFR levels (de Almagro et al. 2009; de Almagro et al. 2011). More 

recently we performed in vivo studies in a subcutaneous xenograft tumor model of PC3 

prostate cancer cells and established the proof of concept of PPRHs as gene silencing 

tools in cancer therapy (Rodríguez et al. 2013).  

Objectives  

The aim of this work was to compare the stability and immunogenic properties 

between PPRHs and siRNAs, and to test other structures (i.e. nicked-circular PPRHs) to 

improve the over-all performance of PPRHs.  

Results  

To perform the stability experiments we used two different fluorescent PPRH 

sequences and one fluorescent siRNA sequence. The experiments were performed by 

incubating the different oligonucleotides for different periods of time in mouse, human, 
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and fetal calf serum, and in PC3 cells. This revealed that the half-life of PPRHs is much 

longer than that of siRNAs in all cases.  

To determine if the binding affinity and efficacy of the PPRHs could be 

improved, we designed PPRHs with a circular structure, containing two pentathymidine 

loops, which we named nicked-circle-PPRHs (ncPPRHs). These PPRHs have a nick in 

one of the strands: ncPPRH-out has the nick in the strand of the hairpin that does not 

bind the dsDNA target sequence, while in the ncPPRH-in the nick is located in the 

strand of the hairpin that binds the target. By means of binding assays, we determined 

that the usage of PPRHs with a nicked-circular structure increased the binding affinity 

to their target sequence and their half-life in FCS when bound to the target.  

To compare the possible inherent immunogenic activity of regular PPRHs (DNA 

polymer molecules) with that of siRNAs (ribonucleic acid polymer molecules), a 

monocytic cell line (THP-1 cells) was transfected with either nonspecific PPRHs 

(HptI8-sc, HpsPr-sc, and HpLacZ) or a siRNAs (siLUC, siRNA-A, and siRNA-B). Two 

pathways involved in innate immune response were studied: the toll-like receptor 

pathway and the inflammasome activation. We determined that the levels of the 

transcription factors IRF3 and its phosphorylated form,	   as well as NF-κB were 

increased by siRNAs but not by PPRHs; that the expression levels of several 

proinflammatory cytokines including IL-6, TNF-α, IFN-α, IFN-β, IL-1β, and IL-18 

were not significantly increased by PPRHs; and that the cleavage and activation of the 

proteolytic enzyme caspase-1 was not triggered by PPRHs. These determinations 

indicated that PPRHs, unlike siRNAs, do not activate the innate inflammatory response.  

Conclusions: 

In summary, PPRHs as DNA molecules present substantial advantages over 

siRNAs such as high stability, low immunogenicity, and versatility of design since they 

can be directed against different gene regions such as promoter, introns, and exons. In 

addition, it is not necessary to introduce chemical modifications in the DNA synthesis, 

making PPRHs 10 times less expensive than siRNAs.  
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Stability and Immunogenicity Properties of the Gene-Silencing
Polypurine Reverse Hoogsteen Hairpins
Xenia Villalobos, Laura Rodríguez, Jeanne Prev́ot, Carlota Oleaga, Carlos J. Ciudad, and Veŕonique Noe*́

Department of Biochemistry and Molecular Biology, School of Pharmacy, University of Barcelona, Av. Diagonal 643,
E-08028 Barcelona, Spain

ABSTRACT: Gene silencing by either small-interference RNAs (siRNA)
or antisense oligodeoxynucleotides (aODN) is widely used in biomedical
research. However, their use as therapeutic agents is hindered by two
important limitations: their low stability and the activation of the innate
immune response. Recently, we developed a new type of molecule to
decrease gene expression named polypurine reverse Hoogsteen hairpins
(PPRHs) that bind to polypyrimidine targets in the DNA. Herein, stability
experiments performed in mouse, human, and fetal calf serum and in PC3
cells revealed that the half-life of PPRHs is much longer than that of siRNAs
in all cases. Usage of PPRHs with a nicked-circular structure increased the
binding affinity to their target sequence and their half-life in FCS when bound to the target. Regarding the innate immune
response, we determined that the levels of the transcription factors IRF3 and its phosphorylated form, as well as NF-κB were
increased by siRNAs and not by PPRHs; that the expression levels of several proinflammatory cytokines including IL-6, TNF-α,
IFN-α, IFN-ß, IL-1ß, and IL-18 were not significantly increased by PPRHs; and that the cleavage and activation of the proteolytic
enzyme caspase-1 was not triggered by PPRHs. These determinations indicated that PPRHs, unlike siRNAs, do not activate the
innate inflammatory response.

KEYWORDS: gene silencing, PPRH, stability, immunogenicity, TLR, inflammasome, nucleic acid

■ INTRODUCTION

The silencing of gene expression by nucleic acids has become a
common and useful tool for laboratory research. There are
different molecules used in vitro as gene modulating tools, such
as antisense oligodeoxynucleotides (aODN) or the prevailing
small-interference RNAs (siRNA). However, the use of these
molecules as therapeutic agents must overcome two major
hurdles: (i) a low stability, which implies a short half-life1 and
(ii) the activation of the immune response, especially by
siRNAs.2,3 In order to be efficacious, the molecules must reach
their target organ after passing several physiological barriers.
This is particularly difficult since they are easily degraded by
nucleases present in the serum. Moreover, upon recognition by
the pattern recognition receptors (PRR), nucleic acids trigger
the innate immune response: they activate the toll-like receptor-
dependent pathway, leading to increased levels of proinflammatory
cytokines (type I interferons, TNF-α, IL-6, pro-IL-1β, and pro-
IL-18).4 On the other hand, nucleic acids are capable of
activating the inflammasome, a multiprotein complex that
cleaves procaspase-1 to its active form, which is needed for
the posttranslational activation of IL-1β and IL-18.5

Recently, we developed a new type of silencing molecule
called polypurine reverse Hoogsteen hairpins (PPRHs). PPRHs
are nonmodified DNA molecules formed by two antiparallel
polypurine strands linked by a pentathymidine loop that allows
the formation of intramolecular reverse-Hoogsteen bonds
between both strands. These hairpins bind to polypyrimidine
stretches in the DNA via Watson−Crick bonds while maintaining

the hairpin structure. We described the ability of PPRHs to bind
both the template6 and coding7 strands of the dsDNA, forming
a triplex structure that knocks down the expression of genes.
Template PPRHs bind to the template strand of the DNA and
inhibit transcription. On the other hand, coding PPRHs bind to
the coding sequence of the DNA and can also bind to transcribed
RNA. We demonstrated that a coding PPRH directed against a
polypyrimidine region in intron 3 of the dhf r mRNA produced a
splicing alteration by preventing the binding of the splicing factor
U2AF65.7

Therefore, the aim of this study was to compare the
properties between PPRHs and siRNAs in terms of stability,
determining their half-life in three different types of serum and
in PC3 cells, and in terms of immunogenicity by analyzing the
activation of the toll-like receptor and the inflammasome
pathways. Also, we explored the characteristics of nicked-circle-
PPRHs (ncPPRH), which increase both their binding and
stability properties. We conclude that PPRHs outdo siRNAs in
terms of stability and immunogenicity.

■ MATERIALS AND METHODS

Oligonucleotides. PPRHs and primers were synthesized
as nonmodified oligodeoxynucleotides by Sigma-Aldrich
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(Madrid, Spain). They were dissolved at 100 μM (stock
solution) in sterile RNase-free Tris-EDTA buffer (1 mM EDTA
and 10 mM Tris, pH 8.0) and stored at −20 °C until use.
F-siRNA was synthesized by Sigma-Aldrich (Madrid, Spain)
and siLUC by Thermo (Barcelona, Spain). Control siRNA-A
(ref sc-37007) and siRNA-B (ref sc-44230) were acquired from
Santa-Cruz Biotechonolgy Inc. (Heidelberg, Germany). The
Triplex-Forming Oligonucleotide Target Sequence Search tool
was used as starting point for the design of PPRHs (http://spi.
mdanderson.org/tfo/). The specificity of the chosen polypurine
tracks was checked by BLAST analyses.8 The template-PPRH
against dhfr intron 3 was designed as described.6 The nicked-
circle-PPRH-in and the nicked-circle-PPRH-out were designed
so that the nick in the PPRH is placed in front of the middle of
the target sequence, and upon binding they acquire a circular
shape. Table 2 describes all oligonucleotides names and sequences
used in this work.
Cell Culture. Human acute monocytic leukemia THP-1,

prostate cancer PC-3, and breast cancer SKBR3 cell lines were
used throughout the study. The cell line THP-1, iGLuc C1,
stably transduced with the reporter iGLuc (pro-IL-1b-GLuc-
Flag) used to determine the proteolytic activity of caspase-1
was kindly provided by Dr. Hornung.9 Cell lines were routinely
grown in Ham’s F-12 medium supplemented with 7% fetal calf
serum (FCS, both from Gibco) at 37 °C in a 5% CO2 controlled
humidified atmosphere.
Stability in Fetal Calf Serum, Mouse Serum, and Human

Serum. Two PPRHs, F-PPRH-D against the dhfr gene and
F-PPRH-S against the survivin gene, as well as F-siRNA against
survivin gene, all labeled with fuorescein were used to assess
their half-lives in FCS, mouse and human serum. A determined
amount of the specific oligonucleotide was incubated with
100% serum at 37 °C in a water-bath. At different periods of
time (0, 5, 15, 30, 60, 120, 180, 240, 300, and 360 min) aliquots
of 150 ng of oligonucleotide were withdrawn, and serum
was inactivated by the addition of 1 μL of 0.5 M EDTA
(pH = 8.01). Then, samples were treated with proteinase K
(0.5 μg/μL, Gibco) and 1% SDS and incubated for 2 h at 60 °C
at 400 rpm in a Thermo-mixer Compact (Eppendorf, Hamburg,
Germany). The samples were resolved by gel electrophoresis,
and the fluorescence associated with each band was quantified
using the ImageQuant software.
For stability experiments of the different types of PPRHs

bound to their target, a determined amount of the different
F-PPRHs, F-PPRH-D, F-nicked-circle-PPRH-in, and F-nicked-
circle-PPRH-out (150 ng/point) was incubated with a 5-fold
mass excess of the target sequence in binding buffer (10 mM
MgCl2, 100 mM NaCl and 50 mM HEPES, pH 7.2) in 20 μL
reactions for 30 min at 37 °C. An equal volume of FCS was
then added to the binding reaction, and the different mixes
were incubated in a water-bath at 37 °C for up to 120 min. At
different periods of time (0, 60, and 120) aliquots of 150 ng of
the labeled PPRHs were withdrawn and serum was inactivated
by the addition of 1 μL of 0.5 M EDTA (pH = 8.01). Samples
were treated with proteinase K (0.5 μg/μL) and 1% SDS and
incubated for 30 min in a Thermo-mixer Compact at 60 °C at
400 rpm. The samples were resolved by gel electrophoresis, and
the fluorescence associated to each band was quantified using
the ImageQuant software.
Oligonucleotides Transfection. In all cases, PPRHs were

lipofected using DOTAP (Roche, Mannheim, Germany) in a
molar ratio of 1:100 (PPRH/DOTAP). siRNAs were transfected

using MetafectenePRO (Biontex, Martinsried/Planegg, Germany)
following the specifications of the manufacturer.

PPRHs and siRNA Half-Life in Cells. PC3 cells (150 000)
were plated in 35-mm dishes in 2 mL of HAM’s F-12 medium
and transfected with 30 nM of either F-PPRH or F-siRNA as
described in the Oligonucleotides Transfection section. Twenty-
four hours after transfection, cells were washed once with PBS
and incubated for different periods of time, ranging from 6 to
72 h, in Ham’s F-12 medium. Then cells were collected in 2 mL
Eppendorf tubes and centrifuged at 800g at 4 °C in a micro-
centrifuge. The supernatant was removed and the pellet was
washed in 1 mL of ice-cold PBS 1×, centrifugation was repeated,
and the cells resuspended in 500 μL of PBS and propidium
iodide (5 μg/mL). The fluorescence of the cells was analyzed in
a cytometer XL-Coulter.

RT Real-Time PCR. Reverse transcription was performed
using 1 μg of RNA obtained from THP-1 cells extracted by the
Trizol method (Invitrogen, Madrid, Spain). This was followed
by real-time PCR performed according to Oleaga et al.10 except
for the use of the OneStep Plus Real-Time PCR System (Applied
Biosystems) and of APRT mRNA as endogenous control. The
primer sequences (5′-3′ forward, reverse) used were

INF-α: TTATCCAGGCTGTGGGTCT, GCAAGC-
CCAGAAGTATCTGC;
INF-β: TGGAGAAGCACAACAGGAG, AACCTT-
TCGAAGCCTTTGCT;
IL-6: CATTTGTGGTTGGGTCAGG, AGTGAG-
GAACAAGCCAGAGC;
TNF-α: GCCAGAGGGCTGATTAGAG, TCAGCCT-
CTTCTCCTTCCTG;
IL-1β : GTGGCAATGAGGATGACTTGTTC,
TAGTGGTGGTCGGAGATTCGTA;
IL-18: CCTCAGACCTTCCAGATCGC, TTCCAGG-
TTTTCATCATCTTCAGC and
APRT : GCAGCTGGTTGAGCAGCGGAT ,
AGAGTGGGGCCTGGCAGCTTC.

Results were analyzed following the ΔΔCt method.
Western Blot. THP-1 cells (106) were plated in a 6-well

dish (800 μL) and transfected with 30 nM and 100 nM of
either nonspecific PPRHs (HptI8-sc, HpsPr-sc and HpLacZ) or
nonspecific siRNAs (siLUC, siRNA-A and siRNA-B) as
described in the Oligonucleotides Transfection section. After
4 or 9 h of transfection, cells were collected and centrifuged
for 5 min at 800g at 4 °C. Cells were resuspended in 30 μL of
RIPA buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl
pH 7.4 (all from Applichem, Barcelona, Spain), 1% Igepal
CA-630, 0.5 mM PMSF, Protease inhibitor cocktail, 1 mM NaF
(all from Sigma-Aldrich). Cell lysate was kept on ice for 30 min
with vortexing every 10 min. Cell debris was removed by
centrifugation at 15000g at 4 °C for 10 min. Five microliters of
the extract was used to determine the protein concentration
using the Bradford assay (Bio-Rad). Vehicles and the immuno-
genic cocktail LPS-ATP (0.1 μg/mL and 2 mM, respectively)
were also analyzed. Activation with LPS-ATP was used as
catalyzer 2, 4, or 7 h before harvesting cells as indicated in the
figure legends. Whole cell extracts (100 μg) were resolved in
15% SDS-polyacrylamide gels and transferred to PVDF
membranes (Immobilon P, Millipore) using a semidry electro-
blotter. The blocking solution was 5% Blotto and when
detecting phosphorylated IRF3, 5% BSA was used. Membranes
were probed overnight at 4 °C with primary antibodies against
IRF3 (1:200 dilution; sc-33641), NF-κB (1:200 dilution; sc-109),
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interleukine-1β (1:50 dilution; sc-7884), caspase-1 (1:200
dilution; sc-515), tubulin (1:200 dilution; sc-487) (all from
Santa-Cruz Biotechnology Inc.), and p-IRF3 (1:1000 dilution;
Cell Signaling, 4961S). Signals were detected by secondary
horseradish peroxidase-conjugated antibody, either antirabbit
(1:5000; Dako, Denmark) or antimouse (1:2500 dilution,
sc-2005 Santa Cruz Biotechnology Inc.) and enhanced
chemiluminescence using the ECL method, as recommended
by the manufacturer (Amersham). Chemiluminescence was
detected with ImageQuant LAS 4000 mini technology (GE
Healthcare).

Caspase-1 Proteolytic Activity Determination. THP-1
iGLuc cells (2 × 105) were plated in 96-well dishes in 200 μL
of culture medium. The cells were allowed to attach and then
transfected with 30 nM and 100 nM of either nonspecific
PPRHs (HptI8-sc, HpsPr-sc, and HpLacZ) or nonspecific
siRNAs (siLUC, siRNA-A and siRNA-B), as described in the
Oligonucleotides Transfection section, in a final volume of 50 μL.
The supernatants (SN) were recovered 16 h after treatment.
Equal volumes (15 μL) of the supernatants were mixed with
distilled water containing 4.4 μM Coelenterazine (P.j.k. GmbH.
Kleinblittersdorf, Germany) and light production (RLU) was
determined in a GlomaxTM 20/20 Luminometer (Promega).
Each condition was analyzed in three different experiments.
Vehicles and the positive controls LPS-ATP (0.1 μg/mL and
2 mM, respectively) and dsDNA > 100 bp (250 bp) were also
assessed for proteolytic activity. RLUs were corrected by total
protein concentration using the Bio-Rad protein assay reagent
Bradford according to the manufacturer’s protocol.

Binding Experiments. Preparation of Polypurine/Poly-
pyrimidine Duplexes. The polypurine/polypirimidine duplexes
to be targeted by the PPRHs were formed by mixing 25 μg
of each single-stranded oligodeoxynucleotide (Target seq
fwd strand and Target seq rev strand) in 150 mM NaCl.

Table 1. F-PPRH and F-siRNA Half-Life (h) in Different
Sera and in PC3 Cellsa

t1/2 (h)

FCS mouse serum human serum cell

F-PPRH-D 11.6 19.3 28.9 69
F-PPRH-S 9.1 24.8 11.6 ND
F-siRNA 1.1 2.9 3.9 30

aComparison between PPRHs and siRNA stability in FCS, mouse and
human serum, as well as in cultured PC3 cells. Results represent the
half-life (t1/2) of the nucleic acid molecule in hours.

Table 2. Oligonucleotides Used in This Study
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After incubation at 90 °C for 5 min, samples were allowed to
cool down slowly to room temperature. Duplexes were purified
in nondenaturing 20% polyacrylamide gels and quantified by
their absorbance at 260 nm.
Oligodeoxynucleotide Labeling. One hundred nanograms

of double-stranded oligodeoxynucleotide was 5′-end labeled
with [γ-32P]ATP by T4 polynucleotide kinase (New England
Bio-Laboratories) in a 10-μL reaction mixture, according to the
manufacturer’s protocol. After incubation at 37 °C for 1 h,
90 μL of TE buffer (1 mM EDTA, 10 mM Tris, pH 8.0) were
added to the reaction mixture, which was filtered through a
Sephadex G-25 spin column to eliminate the unincorporated
[γ-32P]ATP.
Electrophoretic Mobility Shift Assay. Triplex formation was

analyzed by incubating radiolabeled double-stranded DNA
targets in the presence or absence of unlabeled PPRHs (10 nM,
30 nM, and 100 nM) in a buffer containing 10 mM MgCl2,
100 mM NaCl and 50 mM HEPES, pH 7.2. Binding reactions
(20 μL) were incubated 30 min at 37 °C before the electro-
phoresis, which was performed on nondenaturing 12% poly-
acrylamide gels containing 10 mM MgCl2, 5% glycerol, and
50 mM HEPES, pH 7.2. Gels were run for 3−4 h at 180 V
at 4 °C, dried, and analyzed on a Storm 840 PhosphorImager
(Molecular Dynamics). Quantification was performed using the
ImageQuant 5.2 software (GE Healthcare).
Cell Survival Experiments (MTT). SKBR3 cells (10 000)

were plated in 35-mm dishes in −GHT medium. Seven days

after PPRHs transfection, 0.63 mM 3-(4,5-dimethylthiazol-2-yl)-
2,5- diphenyltetrazolium bromide and 100 μM sodium succinate
(both from Sigma-Aldrich; final concentration) were added to
the culture medium and allowed to react for 3 h at 37 °C before
the addition of the solubilization reagent (0.57% acetic acid and
10% SDS in DMSO). Cell viability was measured at 570 nm in a
WPA S2100 diode array spectrophotometer. The results were
expressed as the percentage of cell survival relative to the control
(untreated cells).

Statistical Methods. Values are expressed as the mean ±
SE. Data were evaluated by unpaired Student’s t test when
analyzing the difference between two conditions, control and
treated. The analyses were performed using the software PASW
Statistics v18.0.0. Differences with p-values <0.05 were taken as
statistically significant.

■ RESULTS

Stability of PPRHs vs siRNA in Serum and in Cultured
Cells. Fluorescein-labeled PPRHs (F-PPRH-D and F-PPRH-S)
or fluorescein-labeled siRNA (F-siRNA) were used to assess
their stability in different types of serum. At different times
after the incubation with the fluorescent molecules, samples
were withdrawn and analyzed for integrity by electrophoresis
and subsequently quantified. The half-lives of the PPRHs and
siRNA in the different sera or in cells are shown in Table 1. In
all cases, F-PPRHs half-lives were longer than that of F-siRNA
(Figure 1a−c). To determine if a difference in stability was

Figure 1. Half-life of siRNAs and PPRHs in fetal calf serum, mouse and human serum and prostate cancer PC3 cells. Fluorescein-labeled PPRHs
(F-PPRH-D, ⧫ and F-PPRH-S, ◊) or siRNA (F-siRNA: □) (1650 ng) were incubated with different sera: FCS (a), mouse serum (b), and human
serum (c) in a final volume of 71.5 μL. At the different times shown in the graphs, aliquots of 6.5 μL/point corresponding to 150 ng of
oligonucleotide were withdrawn. The decay was determined by quantifying the remaining fluorescence using the Image Quant 5.2 software after gel
electrophoresis. In (d), the labeled oligonucleotides were transfected into PC3 cells for 24 h (t = 0) when the medium was renewed, and then the
fluorescence intensity was determined at different times in a flow cytometer. Values represent the mean ± SE of at least three independent
experiments. t1/2 was calculated from the regression line from the semilogarithmic plot when y = 50.
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maintained in a cellular environment, we transfected F-PPRH-
D and F-siRNA into PC3 cells, and, after an incubation period
of 24 h, the oligonucleotides were allowed to decay for up to
72 h. Under these conditions, the half-life of F-PPRH-D was
2.3 times higher than that of F-siRNA (Figure 1d).
Innate Immune Response Evaluation upon Nucleic

Acid Molecules Incubation. To compare the possible inherent
immunogenic activity of PPRHs (DNA polymer molecules) with
that of siRNAs (ribonucleic acid polymer molecules), a monocytic
cell line (THP-1 cells) was transfected with either nonspecific
PPRHs (HptI8-sc, HpsPr-sc, and HpLacZ) or a siRNAs (siLUC,
siRNA-A, and siRNA-B). Two pathways involved in innate
immune response were studied: the toll-like receptor pathway and
the inflammasome activation.
Toll-Like Receptor Pathway. We analyzed the TLR pathway

effectors IRF3 and NF-κB 4 h after transfection of HptI8-sc and
siLUC, which was the optimal time to detect their expression.
The PPRH molecule did not induce the protein levels of IRF3
nor NF-κB as opposed to siRNA transfection that induced
2.5 times the levels of IRF3 (Figure 2a) and 2 times the levels
of NF-κB (Figure 2b). Phosphorylation of IRF-3 was also

determined upon transfection of three different siRNAs and
three PPRHs. An increase of the phosphorylated protein was
observed when siRNAs were transfected (Figure 2c). More-
over, upon siRNAs transfection a substantial increase in mRNA
expression levels of IL-6 (Figure 3a), TNF-α (Figure 3b),
and IFN-β (Figure 3d) were observed at 100 nM, in contrast
with the slight increases measured after PPRHs incubation.
The difference in the stimulation of IFN-α after the PPRHs or
siRNAs transfection was lower (Figure 3c). As expected,
treatment with LPS-ATP (Sigma-Aldrich, Madrid, Spain), used
as positive control, caused a significant increase in IL-1β
(Figure 4a) and TNF-α (Figure 3b).11,12 Likewise, transfection
of a dsDNA longer than 100 bp (250bp) caused an increase in
IL-6 of 6.2 fold, TNF-α of 5.4 fold, and IFN-β of 12.1 fold.13

The immune response produced by the transfecting reagents
themselves was also analyzed. Cationic liposomes, such as
DOTAP, can cause some degree of toxicity, and the surface
charge may play a role in this toxicity14). Therefore, when the
transfecting agent is complexed with the nucleic acid (PPRH)
the surface charge is changed, which could explain the observed
decrease in inflammatory response. MetafectenePro (MTF)
was the transfecting agent used for siRNA. In fact, MTF always
caused a higher immune response than DTP, and that is the
reason by which we always compared the effect of the nucleic
acids with their respective transfecting reagent.

Inflammasome Activation. The mRNA levels of IL-1β and
IL18 were determined by RT-qPCR 24 h after transfecting
three different PPRHs and three siRNAs. All siRNAs provoked
an increase in IL-1β, ranging between 5- and 8-fold, whereas
only one PPRH molecule increased it by 2-fold (Figure 4a).
None of them induced the expression of IL-18 (Figure 4b).
Moreover, we determined the protein levels of pro-IL-1β and
procaspase-1 by Western blot after transfection of HptI8-sc and
siLUC. The siRNA molecule caused a 2.5 increase in pro-IL-1β
levels, whereas the PPRH induced a slight 1.5 increase in this
cytokine levels (Figure 4c). Under these conditions, neither the
siRNA nor the PPRH caused a significant increase in
procaspase-1 levels. Nevertheless, the cleavage of procaspase-
1 to caspase-1, which is mediated by the inflammasome, was
clearly induced upon transfection of the siRNA, but not upon
PPRH transfection (Figure 5a). Since active IL-1β is secreted to
the medium once it has been cleaved by caspase-1, we analyzed
caspase-1 proteolytic activity through a novel pro-interleukin
(IL)-1β−Gaussia luciferase (iGLuc) reporter system developed
by Bartok et al, 2013,9 in which the formation of pro-IL-1β-
GLuc protein aggregates renders GLuc enzyme inactive.
Cleavage of pro-IL-1β by caspase-1 releases GLuc, which can
then be secreted to the medium, resulting in a strong gain in
luciferase activity (Figure 5b). We transfected THP-1 iGLuc
cells with 30 nM and 100 nM of either three different siRNAs
or three PPRHs and analyzed the luciferase activity in cells
supernatants. As shown in Figure 5c, the proteolytic activity of
caspase-1 of cells transfected with 100 nM of the siRNAs was
induced on average 2.3 times, whereas the PPRHs did not
induce caspase-1 proteolytic activity.

Nicked-circle-PPRHs. To determine if the binding affinity
and efficacy of the PPRHs could be improved, we designed
PPRHs with a circular structure, containing two pentathymi-
dine loops, which we named nicked-circle-PPRHs (ncPPRHs).
These PPRHs have a nick in one of the strands: ncPPRH-out
has the nick in the strand of the hairpin that does not bind the
dsDNA target sequence, while in the ncPPRH-in the nick is
located in the strand of the hairpin that binds the target

Figure 2. Effectors of the toll-like receptor pathway. PPRH (HptI8-Sc;
gray bars) or siRNA (siLUC; black bars) (100 nM) were transfected
into THP-1 cells. Cells were collected 4 h after transfection for
quantification of IRF3 (a) or NF-κB (b). When determining NF-κB,
LPS-ATP (0.1 μg/mL and 2 mM, respectively) was added 2 h before
harvesting the cells. In (c) 100 nM of three PPRHs (HptI8-sc, HpsPr-
sc, and HpLacZ) and three siRNAs (siLUC, siRNA-A, and siRNA-B)
were transfected into THP-1 cells. Cells were collected 4 h after
transfection for quantification of phospho-IRF3. LPS-ATP (0.1 μg/mL
and 2 mM, respectively), a dsDNA > 100 bp (250 bp) (100 nM) and
unspecific DNA (salmon sperm DNA; 100 nM) were used as positive
controls. Western blots were performed with 100 μg of total extracts
and were normalized to tubulin levels, or total protein loading. Values
are expressed relative to the control. A representative image of the
Western analyses is shown. *p < 0.05, **p < 0.01, ***p < 0.001
compared with the corresponding control.
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sequence in the dsDNA (Figure 6a). We compared the binding
capacity of a regular PPRH with both ncPPRHs by EMSA. We
quantified the formation of the triplex after incubation of the
radiolabeled dsDNA target with increasing amounts (10, 30,
and 100 nM strand concentration) of unlabeled ncPPRH-in,
ncPPRH-out or regular PPRH. As shown in Figure 6b, the
binding capacity of all PPRHs increased in a dose-dependent
manner. However, the bands corresponding to both ncPPRHs
were better defined than those corresponding to the regular
PPRH. When using 100 nM of PPRHs, the binding capacity of
both ncPPRHs is increased by a 50% relative to the regular
PPRH (Figure 6c).
The efficacy of the ncPPRHs compared with the regular

PPRH was determined by MTT assays in human breast cancer
SKBR3 cells using the dihydrofolate reductase (dhf r) gene as
the target. All PPRHs were designed to bind to dhf r intron 3,
so binding of the PPRHs to that DNA region should result
in a decreased cell growth when cells are incubated in selective
−GHT medium, which lacks the final products of DHFR

activity: glycine, hypoxanthine, and thymidine. The PPRHs
were transfected at a 100nM concentration into the cells and
cell survival was determined 7 days later. All three PPRHs had a
similar cytotoxic activity (Figure 7a), inhibiting cell viability by
60−70%. It has to be noted, though, that when bound to their
target sequence, the stability to degradation of the nicked-
circle-PPRHs was higher than the regular PPRH given their
structure. Specifically, ncPPRH-in half-life was increased by
a 10% and that of the ncPPRH-out was increased by a 50%
(Figure 7b). The stability to degradation in serum between
regular and ncPPRH-out in the absence of target was similar:
693 min for ncPPRHout vs 696 min for PPRH (Figure 7c).
Therefore, the higher stability of the ncPPRH takes place only
when bound to the target due to their almost circular structure,
as compared with the open structure of the regular PPRH.

■ DISCUSSION

In this work, we studied the properties of PPRHs in terms of
stability and immunogenicity and compared them with those

Figure 3. Targets of the toll-like receptor patway. Three different PPRHs (HptI8-Sc, HpsPr-sc, and HpLacZ) and three different siRNAs (siLUC,
siRNA-A, and siRNA-B) (30 nM and 100 nM) were transfected into THP-1 cells, and the expression levels of the pro-inflammatory cytokines IL-6
(a), TNF-α (b), IFN-α (c), and IFN-β (d) were determined by RT-qPCR. LPS-ATP (0.1 μg/mL and 2 mM, respectively) and a dsDNA of 250 bp
(100 nM) were used as positive controls. The effect on cytokine expression of the transfection agents DTP (DOTAP) and MTF (MetafectenePRO)
was also assessed. mRNA levels were normalized to APRT. Values represent the mean ± SE of three independent experiments and are expressed
relative to the control. *p < 0.05, **p < 0.01 compared with the corresponding control.
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shown by siRNAs. The relevance of comparing the stability of
these two silencing molecules is that regardless their different
mechanisms of action, an increased stability of the PPRHs will
extend their biological effects. The first environment to which
silencing oligonucleotides are exposed is blood, where several
nucleases exert their action: DNase I15 and RNase A families16

are the predominant enzymes to degrade circulating oligo-
nucleotides; therefore, nuclease-resistant oligonucleotides are
necessary to enable their systemic distribution. Particular
attention has been paid to the stability of siRNAs since their
rapid degradation is a serious drawback to their use as
therapeutic agents. The reported half-life for unmodified siRNAs
in serum ranges from several minutes to 1 h,17−19 depending
on the experimental conditions. Notably, the siRNAs sequence
can impact on their own stability: regions rich in UpA clusters,
which have low thermal stability, are most susceptible toward
RNase A degradation,16 especially when they are located toward

the end of the strands.20 Phosphate modifications at the 3′-end
and the inclusion of 2′-protected nucleosides at internal sites
are necessary to provide protection against exonucleases and
endonucleases, respectively.
DNase I recognizes the B form of dsDNA and degrades it by

single-stranded nicking mechanisms in the presence of Mg2+, or
by double-stranded cutting, in the presence of Mn2+ or Mg2+

and Ca2+.15,21 The rate of hydrolysis of this enzyme depends
strongly on the oligonucleotide conformation and sequence:
extended A−T or G−G sites are quite resistant to degradation,22

as seen in G-rich anti-HIV oligonucleotides23 and in aptamers
against nucleolin.24 The longer half-life of the PPRHs, around
10 h, could be explained by the nature of its structure since
they are double-stranded DNA molecules, protected by the
pentathymidine loop on one side and intramolecularly linked
by reverse Hoogsteen bonds. We studied two different PPRHs
and determined that their half-lives are much longer compared

Figure 4. IL-1β and IL-18 expression upon incubation with oligonucleotides. Three different PPRHs (HptI8-Sc, HpsPr-sc, and HpLacZ) and three
different siRNAs (siLUC, siRNA-A, and siRNA-B) (30 nM and 100 nM) were transfected into THP-1 cells. The expression levels of IL-1β (a) and
IL-18 (b) were determined by RT-qPCR after 24 h of transfection following the same procedure as in Figure 3. For protein quantification of pro-IL-
1β levels, cells were harvested 9 h after HptI8-sc and siLUC transfection (c). Western blots were performed with 100 μg of total extracts and were
normalized to tubulin levels. (d) Target genes for the NF-κB transcription factors. Values represent the mean ± SE of three different experiments
and are expressed relative to the control (white bars). *p < 0.05 and **p < 0.01 compared with the corresponding control.
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to the siRNA. It is known that bound TFOs by Hoogsteen
bonds to dsDNA confer protection against DNase I.25 We have
demonstrated that PPRHs half-life inside the cell is also superior
to that of siRNAs.
A major concern about the use of siRNAs is the unintended

activation of the immune response. The innate immune system
can sense microbial pathogens through the presence of their
genomes. This recognition, mediated by the PRRs, is based in
two key aspects: (i) recognition of patterns that are not naturally
occurring in the human cell, such as dsRNA or unmethylated
cytosine-phosphate-guanosine (CpG)-rich DNA and (ii)
sensing of nucleic acids in cellular compartments that are
normally free of these molecules (i.e., the cytoplasm). Several
PRRs participate in the recognition of nucleic acids patterns;
from them the toll-like receptor family has been best
characterized. TLR3, TLR7/TLR8, and TLR9 are located in
the endolysosomes of dendritic cells and macrophages and are

responsible for the recognition of dsRNA, ssRNA, and CpG-rich
DNA, respectively. Upon detection and binding of nonself
genetic material, these TLRs trigger the phosphorylation and
nuclear translocation of transcription factors, such as IRF3,
which controls the expression of type 1 interferons, and NF-κB,
which controls the expression of the proinflammatory cytokines
IL-6, TNFα, IL-1β, and IL-18. Data suggest that siRNAs are
recognized in a sequence-independent and sequence-dependent
manner,25−27 with immunostimulatory sequences appearing
very frequently in conventionally designed siRNAs.26 Our
results on the immunostimulatory effect of siRNAs are in agree-
ment with previous results,26−28 in which siRNAs activate the
innate immune response through the TLR pathway, as shown
by the increase of IL-6, TNF-α, and IFNβ expression levels.
PPRHs on the other hand did not have an immunostimulatory
effect, probably because they are relatively short DNA
molecules, less than 100 bases in length, and usually around
50 nucleotides. It is well established that TLR9 recognizes
unmethylated CpG-rich DNA, which is characteristic of bacterial
DNA and a potent inductor of innate immune response.29

PPRHs are unmethylated oligonucleotides rich in adenines
and guanines, and thus cannot possess the unmethylated CpG
sequences. This may allow them to escape from TLR9 recogni-
tion and avert the innate immune activation. Other families of

Figure 5. Inflammasome-dependent caspase-1 activation and caspase-
1-mediated IL-1β cleavage. PPRH (HptI8-Sc; gray bars) or siRNA
(siLUC; black bars) (100 nM) were transfected into THP-1 cells.
Cells were collected 9 h after transfection for protein cleavage
detection of caspase-1 (a); a representative Western blot, performed
with 100 μg of total extracts and normalized to tubulin, is shown at the
top of the figure. (b) Schematic representation of the iGLuc reporter
system. (c) caspase-1 proteolytic activity was determined in cells
supernatants 16 h after transfection with three PPRHs (HptI8-sc,
HpsPr-sc, and HpLacZ) or three siRNAs (siLUC, siRNA-A, and
siRNA-B) (30 nM and 100 nM) into THP-1 iGLuc C1 cells. Values
represent the mean ± SE of three different experiments and are
expressed relative to control. *p < 0.05 and **p < 0.01 compared with
the corresponding control.

Figure 6. Binding of ncPPRH-in, ncPPRH-out, and PPRH to the
dsDNA target sequence. (a) Schematic representation of the design of
the different types of PPRHs. Reverse Hoogsteen bonds are
represented by stars. (b) Binding assays were performed incubating
increasing concentrations (10, 30, and 100 nM) of ncPPRH-in,
ncPPRH-out, and PPRH with 20 000 cpm of [γ-32P]-target duplex.
The image was obtained using a Storm 840 PhosphorImager
(Molecular Dynamics). (c) The intensity of the bindings was
quantified using the Image Quant 5.2 software. ncPPRH-in (black
bars), ncPPRH-out (gray bars), and PPRH (white bars).
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receptors recognize nucleic acids in the cytoplasm: NLR-family
proteins recognize many ligands, including nucleic acids. The
dsRNA is sensed specifically by RIG-1 and PKR, while DAI and
AIM2 recognize dsDNA. These receptors trigger a series of
pathways that also culminate in the expression and activation of
proinflammatory cytokines. The inflammasome is a multiprotein
complex that, upon binding of its ligand, mediates the pro-
teolysis of procaspase-1 to the active caspase-1, which leads to
the post-transcriptional activation of IL-1β and IL-18, and to
pyroptosis. Some of these receptors such as AIM2 do not
discriminate between self and nonself DNA, so the fact that
PPRHs do not induce the inflammasome response is an
interesting finding. Moreover, pro-IL-1β and -IL-18 are limiting
factors in this pathway,30 and their transcription depends on
NF-κB. In this regard, PPRHs have a double advantage over
siRNAs: (i) they do not induce the levels of NF-κB and hence
the levels of pro-IL-1ß nor -IL-18, and (ii) they most likely do
not promote the assembly of the inflammasome since they do
not activate the proteolytic activity of caspase-1.
We also demonstrate that slight modifications to the core

design of the PPRHs can improve their properties. Circular
structures, not exclusively nucleic acids, can have advantages
over noncyclic molecules of similar structure.31 Among these
advantages are a tighter binding affinity, a greater specificity
for binding a particular intended target and, in the case of
oligonucleotides, resistance to degradation by nucleases,32 all of
which are interesting properties for our purposes. By designing

the nicked-circle-PPRHs, we aimed to preorganize the PPRHs
into their functional conformation to increase the binding
affinity to their dsDNA target sequence and to protect the
PPRHs against nucleases, specifically once the PPRHs were
bound to their targets. It has to be noted that the binding
between the PPRHs and the dsDNA target sequence requires
Mg2+, which increases DNase I activity. Therefore, the stability
to degradation of the PPRHs in this condition is shorter than
when no binding is required. As expected, the half-life of both
ncPPRHs, when bound to their target, was longer than the
regular PPRH, even when the stability to degradation of the
regular PPRH and the ncPPRH-out by themselves was similar.
Therefore, the higher stability of the ncPPRH takes place
only when it is bound to the target due to their almost circular
structure, as compared with the open structure of the regular
PPRH. Interestingly, ncPPRH-in half-life when bound to the
target is shorter than that of ncPPRH-out. It is worth noting
that PPRHs bind to their target sequence through WC bonds;
once the ncPPRH-in is bound to its target, the strand that is
forming WC bonds has a nick, and this could render the
ncPPRH-in more vulnerable to the attack of endonucleases
present in the serum. On the other hand, ncPPRH-out is
forming a perfectly matched triplex, and since serum contains
very active endonucleases but less rapidly acting exonucleases,33

the stability of the ncPPRH-out is enhanced.
In summary, PPRHs as DNA molecules present substantial

advantages as a new silencing tool such as high stability, low

Figure 7. Effects and stability of PPRH-D, ncPPRH-in, and ncPPRH-out. (a) Comparison of the effect of PPRH-D, ncPPRH-in, and ncPPRH-out
on cell viability at a concentration of 100 nM. SKBR3 cells (10 000) were transfected in 35-mm well plates with the different PPRHs using 10 μM
DOTAP. One week after treatment, the MTT assays were performed. (b) 150 ng/point of either fluorescein-labeled PPRH (F-PPRH: ■), ncPPRH-
in (F-ncPPRH-in: ○), or ncPPRH-out (F-ncPPRH-out: ●) were bound to their target sequence in 20 μL binding reactions for 30 min at 37 °C.
After this time 20 μL of FCS was added to the different PPRHs binding reactions. At the different times shown in the graphs, aliquots were
withdrawn and serum was inactivated. In (c) F-PPRH-D and F-ncPPRH-out were incubated in FCS following the procedure described in Figure 1.
The decay was determined by quantifying the remaining fluorescence using the Image Quant software after gel electrophoresis. Values represent the
mean ± SE of three different experiments and are expressed relative to control. *p < 0.05 compared with the corresponding control.
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immunogenicity, and versatility of design since they can be
directed against different gene regions such as promoter,
introns, and exons, providing various mechanisms to knock
down gene expression. In fact, we have incorporated the use of
PPRHs as a silencing tool on a regular basis.10,34,35 In addition,
it is not necessary to introduce chemical modifications in the
DNA synthesis, making PPRHs 10 times less expensive than
siRNAs. Thus, we wish to put forward the use of PPRHs as a
new silencing tool. We believe that developing new approaches,
and not only modifying the existent molecules, could broaden
the therapeutic scope of gene silencing.
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Results 

4.1.1 Additional results to article I. 

Reverse Hoogsteen bonds can be formed between purines of desoxyribonucleic 

acid and of ribonucleic acid. Therefore, we analyzed the capacity of a PPRH made out 

of RNA (RNA-PPRH) to form triple-helix structures and to decrease cell survival. 

 

4.1.1.1 Binding of a RNA-PPRH to its target duplex 

We performed binding experiments to determine if an RNA-PPRH targeting the 

dhfr gene was able to bind to its dsDNA target. To do so, we radiolabelled the target 

duplex with [32P] and incubated it with growing concentrations of the RNA-PPRH. It 

can be seen that upon incubation with the RNA-PPRH a shifted band appears, and that 

its intensity increases with the concentration of RNA-PPRH used (figure 14A). 

	  

Figure 14. Binding assays showing the triplex formation of an RNA-PPRH with its target DNA. A. The 
RNA-PPRH was incubated with the radiolabelled target to determine its binding capacity. The formation 
of the triples between the RNA-PPRH and the polypyrimidine (Ppy) sequence is marked by an arrow. B. 
The radiolabelled RNA-PPRH was incubated with the target duplex. Then, competition with cold RNA-
PPRH was performed, observing a reversal of the shifted band. 

	  

The specificity of this binding was confirmed performing competition 

experiments, in which a radiolaballed RNA-PPRH was incubated with a fixed 

concentration (100 nM) of target duplex and with growing concentrations of cold RNA-

PPRH. In this case, it can be seen that the shifted band corresponding to the RNA-

PPRH/polypyrimidine strand triplex disappears as the concentration of cold RNA-PPRH 

increases (figure 14B).  
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4.1.1.2 Effect of an RNA-PPRH on cell viability 

After determining that an RNA-PPRH was able to bind to a dsDNA target, we 

performed cell survival experiments with an RNA-PPRH directed against the dhfr gene. To 

do this, we used a vector that contains the dsDNA sequence encoding for the HpdI3-B 

(which targets intron 3 of the dhfr gene) into the pSilencer vector. Upon transfection the 

sequence corresponding to the PPRH is transcribed, producing the RNA-PPRH 

intracellularly. We transfected the plasmid into SKBR3 cells and determined the cell 

survival after 7 days. The transient transfection of 300 ng or 500 ng of this plasmid 

induced a decrease in cell viability in SKBR3 cells of 50% and 80%, respectively. A 

plasmid containing a non-related sequence was used as a negative control, and in this case 

upon transfection the cell viability only decreased a 20% (figure 15). 

	  

Figure 15. SKBR3 cells survival upon pSilencer-HpdI3-B transfection. SKBR3 cells (10 000) were 
plated and Increasing amounts of the pSilencer-HpdI3-B vector were transfected using Fugene ® 6. MTT 
assay were performed 6 days after transfection to determine cell viability.  
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4.2 ARTICLE II:  

Effect of Polypurine Reverse Hoogsteen Hairpins on Relevant Cancer Target 

Genes in Different Human Cell Lines 

Xenia Villalobos, Laura Rodríguez, Anna Solé, Carolina Lliberós,  Núria Mencia, 
Carlos J. Ciudad, and Véronique Noé 
 
Nucleic Acid Therapeutics 2015 Aug;25(4):198-208. (Impact factor: 2.929) 

 

Background: 

In previous studies we demonstrated that PPRHs are capable of silencing cancer-

related target genes, such as DHFR (de Almagro et al. 2009; de Almagro et al. 2011) 

survivin (Rodríguez et al. 2013) and telomerase (TERT) (Rodríguez et al. 2015). 

Several genes have been described as relevant for cancer. These include the 

antiapoptotic protein BCL2, the enzyme Topoisomerase-1 (TOP1), which is a clinically 

validated target, the protein kinase mTOR, the protooncogene MDM2, and the 

transcription factor MYC. These targets are usually overexpressed either by gene 

amplification or by over- activation in tumors. Therefore, we designed PPRHs against 

the above-mentioned genes: BCL2, TOP1, MTOR, MDM2 and MYC, and tested them 

for mRNA levels, cytotoxicity, and apoptosis in prostate, pancreas, colon, and breast 

cancer cell lines.   

Objectives: 

The aim of this study was to demonstrate the general applicability of PPRHs as 

silencing tools in cancer therapy. Therefore, we tested several PPRHs directed against 

an array of relevant genes in different cancer cell lines. 

Results: 

All PPRHs were effective, yet the most remarkable results in decreasing cell 

survival and mRNA levels and in increasing apoptosis were obtained with those against 

BCL2 in prostate, colon, and pancreatic cancer cells. Additionally, we cotransfected two 

PPRHs directed against two different BCL2 regions, exon 1 (HpBcl2E1-C) and 

promoter (HpBcl2Pr-C) to evaluate possible additive or synergistic effects. When 

cotransfecting at low concentrations (12.5 nM each, 25nM in total) a greater effect was 
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observed than when cotransfecting 25 nM of each PPRH separately. For higher 

concentrations we did not observe any improvement since the PPRHs by themselves 

were very effective, especially HpBcl2E1-C. Also, 3 out of 4 PPRHs designed against 

MTOR were highly effective in HCT 116 cells. Additionally, in this case we performed 

time-course experiments in which we observed that short incubations of 8 h after 

transfection already produced a 50% decrease in HCT 116 cells survival. In the case of 

TOP1, MDM2, and MYC, their corresponding PPRHs produced a strong effect in 

decreasing cell viability and mRNA levels and increasing apoptosis in the three breast 

cancer cell lines used. The negative controls used did not have a significant effect on 

survival, apoptosis or target mRNA expression in any case.  

Conclusions: 

The results presented in this article confirm that the PPRH technology is broadly 

useful to silence the expression of genes related in cancer. Regardless of the gene or cell 

line tested, PPRHs were able to decrease cell survival and mRNA expression levels, and 

to increase apoptosis, to a greater or lesser extent.  
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Original Article

Effect of Polypurine Reverse Hoogsteen Hairpins on Relevant
Cancer Target Genes in Different Human Cell Lines

Xenia Villalobos, Laura Rodrı́guez, Anna Solé, Carolina Lliberós,
Núria Mencia, Carlos J. Ciudad, and Véronique Noé

We studied the ability of polypurine reverse Hoogsteen hairpins (PPRHs) to silence a variety of relevant cancer-
related genes in several human cell lines. PPRHs are hairpins formed by two antiparallel polypurine strands
bound by intramolecular Hoogsteen bonds linked by a pentathymidine loop. These hairpins are able to bind to
their target DNA sequence through Watson–Crick bonds producing specific silencing of gene expression. We
designed PPRHs against the following genes: BCL2, TOP1, mTOR, MDM2, and MYC and tested them for
mRNA levels, cytotoxicity, and apoptosis in prostate, pancreas, colon, and breast cancer cell lines. Even though
all PPRHs were effective, the most remarkable results were obtained with those against BCL2 and mammalian
target of rapamycin (mTOR) in decreasing cell survival and mRNA levels and increasing apoptosis in prostate,
colon, and pancreatic cancer cells. In the case of TOP1, MDM2, and MYC, their corresponding PPRHs
produced a strong effect in decreasing cell viability and mRNA levels and increasing apoptosis in breast cancer
cells. Thus, we confirm that the PPRH technology is broadly useful to silence the expression of cancer-related
genes as demonstrated using target genes involved in metabolism (DHFR), proliferation (mTOR), DNA to-
pology (TOP1), lifespan and senescence (telomerase), apoptosis (survivin, BCL2), transcription factors (MYC),
and proto-oncogenes (MDM2).

Introduction

Gene silencing has become an essential technique for
molecular biology validation and therapeutics. Up until

now, RNA-targeting approaches such as antisense oligo-
deoxynucleotides (aODNs) and small interfering RNAs
(siRNAs) have been used, and recently, protein-based ap-
proaches [zinc-finger nucleases (ZFN), TALENs, and
CRISPR/Cas9] have emerged [1,2,3–5]. As an additional
tool, we developed a new type of silencing molecules called
polypurine reverse Hoogsteen hairpins (PPRHs). These
molecules have the advantages of increased stability and low
immunogenicity compared to siRNAs [6].

PPRHs are nonmodified DNA molecules formed by two
antiparallel polypurine strands linked by a pentathymidine
loop that allows the formation of intramolecular reverse-
Hoogsteen bonds between both strands, acquiring a hairpin
structure. The hairpins bind by Watson–Crick bonds to
polypyrimidine stretches in the DNA, which can be located in
the promoter, exonic, and intronic regions. We described the
ability of PPRHs to bind both the template [7] and coding [8]
strands of the dsDNA, forming a triplex structure that knocks
down the expression of the target genes. Template-PPRHs
bind to the template strand of the DNA, whereas coding-
PPRHs bind to the coding sequence of the DNA and can also

bind to transcribed RNA. The mechanism of action of PPRHs
depends on the location of their target; we demonstrated that
a coding-PPRH directed against a polypyrimidine region in
intron 3 of DHFR pre-mRNA produced a splicing alteration
by preventing the binding of the splicing factor U2AF65. On
the other hand, two PPRHs directed against the template or
coding strand of the survivin promoter sequence decreased
the binding of transcription factors Sp1 and GATA-3, re-
spectively. The in vivo administration of the coding-PPRH
against the promoter region of the survivin gene was able to
delay tumor growth in a prostate xenograft mouse model [9].

Several genes have been described as relevant for cancer.
These include the antiapoptotic protein BCL2, the proto-
oncogene MDM2, the transcription factor MYC, the enzyme
Topoisomerase-1 (TOP1), which is a clinically validated
target, and the protein kinase mTOR. These targets are usu-
ally overexpressed either by gene amplification or by over-
activation in tumors [10–16].

The aim of this study was to demonstrate the general ap-
plicability of PPRHs as silencing tools in cancer therapy.
Therefore, we tested several PPRHs directed against an array
of relevant genes in different cancer cell lines, including
pancreatic cancer MIA PaCa-2 cells, colon cancer HCT 116
cells, prostate cancer PC-3 cells, and breast cancer cell lines
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MCF7, MDA-MB-468, and SKBR3. The ability of the de-
signed PPRHs to decrease cell survival of the different cell
lines by causing apoptosis and their effect on the mRNA
levels of the targets were evaluated.

Materials and Methods

Oligonucleotides

PPRHs and primers were synthesized as nonmodified oli-
godeoxynucleotides by Sigma-Aldrich. They were dissolved
at 1 mM (stock solution) in a sterile RNase-free Tris-EDTA
buffer (1 mM EDTA and 10 mM Tris, pH 8.0) and stored at -
20�C until use. PPRHs were designed using the Triplex-
Forming Oligonucleotide Target Sequence Search tool
available at http://spi.mdanderson.org/tfo/ to find the poly-
purine tracks present in a gene and, thus, the polypyrimidine
targets. If purine interruptions (up to three) were present in
the pyrimidine target sequence, when designing the PPRHs
those positions were substituted by either an adenine or the
complementary pyrimidine. The specificity of the chosen
polypurine tracks was evaluated by BLAST analyses.

Two types of negative controls were used for every tar-
geted gene: (1) sequences that form intramolecular Watson–
Crick bonds (Hp-WC), instead of reverse Hoogsteen bonds,
thus preventing the formation of an additional W:C bond to
the target DNA, and consequently triplex formation [7,8] and
(2) scrambled sequences that do not bind to the target (Hp-
Sc). For the initial screening of the study, we used several
PPRHs for either BCL2 or mTOR. Then, we used the same
scrambled PPRH to corroborate that an oligonucleotide with
a hairpin conformation did not affect cellular viability. For
the rest of the genes, Topoisomerase, MDM2, and Myc, we
decided to use specific scrambled PPRHs for each gene
containing a similar G/A polypurine content. Therefore,
globally we used a collection of different negative controls.
Table 1 describes all oligonucleotide names and sequences
used in this work.

Cell culture

Pancreatic cancer MIA PaCa-2, prostate cancer PC-3,
colon cancer HCT 116, and breast cancer SKBR3, MCF7,
and MDA-MB-468 cell lines were used throughout the study.
Cell lines were routinely grown in Ham’s F-12 medium
supplemented with 7% fetal calf serum (both from Gibco) at
37�C in a 5% CO2-controlled humidified atmosphere.

Transfection of PPRHs

Cells were plated the day before transfection, which con-
sisted in mixing the appropriate amount of PPRH and N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-
sulfate (DOTAP; Roche or Biontex) for 20 min in a volume
of 200mL of medium at room temperature, followed by the
addition of the mixture to the cells in a total volume of 1 mL.
When transfecting the PPRHs at 100 nM (final concentra-
tion), DOTAP was used at 10mM; for lower concentrations of
PPRH, DOTAP was used at 5 mM.

Cellular uptake of PPRHs

One hundred fifty thousand cells were plated in 50-mm
dishes with 2 mL complete F-12 medium and transfected with

100 nM of a fluorescent-labeled PPRH and DOTAP (10mM).
Twenty-four hours after transfection, cells were collected,
centrifuged at 800g at 4�C for 5 min, and washed once in
phosphate-buffered saline (PBS). The pellet was resuspended
in 500mL PBS plus propidium iodide (PI, final concentration
5 mg/mL; Sigma-Aldrich). Cells were kept on ice for no
longer than 30 min before flow cytometry analysis was per-
formed in a Coulter XL cytometer (Beckman Coulter, Inc.).

RNA extraction

At the end of the experiments, total RNA was extracted
from cells using either Ultraspec (Biotecx) or TRIzol (Life
Technologies) following the manufacturer’s specifications.
Quantification of RNA was conducted measuring its absor-
bance at 260 nm using a NanoDrop ND-1000 spectropho-
tometer (Thermo Scientific).

RNA determination

cDNA was synthesized by reverse transcription in a 20mL
reaction mixture containing 1 mg of total RNA, 125 ng of
random hexamers (Roche), 10 mM dithiothreitol, 20 U of
RNasin (Promega), 0.5 mM of each dNTP (AppliChem),
4 mL of buffer (5·), and 200 U of Moloney murine leukemia
virus reverse transcriptase (Invitrogen). The reaction was
incubated at 37�C for 1 h. Three microliters of the cDNA
mixture was used for real-time PCR amplification using
StepOnePlus� Real-Time PCR Systems (Applied Biosys-
tems, Life-Technologies) with specific primers for each gene
to be determined.

In the case of BCL2 and mammalian target of rapamycin
(mTOR), RNA levels were determined using the assays-
on-demand (HS00608023_M1) and (HS00234508_M1),
respectively, and HS00975725_M1 for adenine phosphor-
ibosyltransferase (APRT) as the endogenous control (all from
Applied Biosystems). The reaction was performed following
the manufacturer’s recommendations. For MDM2, MYC,
and TOP1, mRNA levels were determined by SYBR-Green
reverse transcription quantitative-PCR and the pair of prim-
ers listed in Table 2, using APRT as an endogenous control.
Fold changes in gene expression were calculated using the
standard DDCt method.

Cell survival experiments (MTT)

Cells were plated in six-well dishes in the Ham’s F-12
medium. Six days after PPRH transfection, 0.63 mM of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
and 100mM of sodium succinate (both from Sigma-Aldrich)
were added to the culture medium and allowed to react for 3 h
at 37�C before the addition of the solubilization reagent
(0.57% acetic acid and 10% SDS in DMSO). Cell viability
was measured at 570 nm in a WPA S2100 Diode Array
Spectrophotometer. The results were expressed as the per-
centage of cell survival relative to the control (untreated
cells).

Apoptosis

Apoptosis was determined by measuring the activity of
caspase-3 and caspase-7 with the Caspase-Glo� 3/7 Assay
(Promega). Cells (5,000) were plated in 96-well plates in the
F12 medium. After 24 h, 100 nM of each PPRH was
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transfected using 10 mM of DOTAP (final concentration) in a
volume of 50 mL, and 24 h after transfection, 50 mL of the
Caspase-Glo 3/7 reagent was added. Luminescence was
measured after 1 h using a Modulus� Microplate lumin-
ometer (Turner Biosystems; Promega). The F12 medium
was considered the blank control and untreated cells the
background. In the case of SKBR3, MCF7, and MDA-MB-

468 cells, apoptosis was also determined by the rhodamine
method: cells (120,000) were plated in 50-mm dishes with
2 mL of complete F-12 medium and transfected with 100 nM
of each PPRH. Twenty-four hours after treatment, rhoda-
mine (final concentration 5 mg/mL) (Sigma-Aldrich) was
added for 30 min, the cells were collected, centrifuged at
800g at 4�C for 5 min, and washed once in PBS. The pellet

Table 1. Polypurine Reverse Hoogsteen Hairpins Used in This Study

Name Sequence (5¢/3¢) Location Type

HpBcl2Pr-C GGAGAGGGGAGGGGAGAAGGAGGTTTTTGGAGGAAGAGGGGAGGGGA
GAGG

Promoter +
- 378

HpBcl2E1-C GAGGGGAGAGGGAGAAAAAATTTTTAAAAAAGAGGGAGAGGGGAG Exon 1 +
+ 65

HpBcl2I2-T GAAGGGGGAAGAAGAGAGAGAAGAGAGAGATTTTTAGAGAGAGAAGA
GAGAGAAGAAGGGGGAAG

Intron 2 +
+ 32279

HpBcl2I2-C GGGGAGGAGGAAAAGAAGGAAGGAAGAGGTTTTTGGAGAAGGAAG
GAAGAAAAGGAGGAGGGG

Intron 2 +
+ 112542

HpBcl2E1-WC CTCCCCTCTCCCTCTTTTTTTTTTTAAAAAAGAGGGAGAGGGGAG - -
HpTorPr-C GGGAGCGAGGGAAGGAGGGTTTTTGGGAGGAAGGGAGCGAGGG Promoter +

- 3137
HpTorE5-C GGAAGAAGAAGGAAGGGAAGTTTTTGAAGGGAAGGAAGAAGAAGG Exon 5 +

149614
HpTor-T GATGGTGGAGAAAGGAAGAGAGGGTTTTTGGGAGAGAAGGAAA

GAGGTGGTAG
Intron 15 +
126405

HpTorI17-C GGGAAAGGGGAGGGAAAAAAGATTTTTAGAAAAAAGGGAGGG
GAAAGGG

Intron 17 +
124527

HpTorPr-WC CCCTCCTTCCCTCGCTCCCTTTTTGGGAGGAAGGGAGCGAGGG Promoter -
- 3137

Hp-Sc1 AAGAGAAAAAGAGAAAGAAGAGAGGGTTTTTGGGAGAGAAGAAAGA
GAAAAAGAGAA

- -

HpTopI2-T GGAGAGGAGGAGGGAGAAAATTTTTAAAAGAGGGAGGAGGAGAGG Intron 2 +
+ 2363

HpTopI2-WC CCTCACCTCCTCCCTCTTTTTTTTTAAAAGAGGGAGGAGGAGAGG Intron 2 -
+ 2363

Hp-Sc2 AGAGGAGAGAAGGAAGGAGGTTTTTGGAGGAAGGAAGAGAGGAGA - -
HpMdmI7-T GGGAAGGAAAGAAGAAGGGAGTTTTT GAGGGAAGAAGAAAGGAAGGG Intron 7 +

+ 17644
HpMdmI7-WC CCCTTCCTGTCTTCTGCCCGCTTTTT GAGGGAAGAAGAAAGGAAGGG Intron 7 -

+ 17644
Hp-Sc3 GAGAAGAGGAAGAGAGGAAGGTTTTTGGAAGGAGAGAAGGAGAAGAG - -
HpMycI1-T GGGAAAAAGGGAGAAGGAAGAGGAGAGGGAAGAATTTTTAAGAAGG

GAGAGGAGAAGGAAGAGGGAAAAAGGG
Intron 1 +
+ 745

HpMycI1-WC CCCTTTTTCCCTCTTCCTTCTCCTCTCCCTTCTTTTTTTAAGAAGGGAGAG
GAGAAGGAAGAGGGAAAAAGGG

Intron 1 -
+ 745

Hp-Sc4 AGAGAAGAGGAAGAGAGGAAAGAGAGGAAGAGGATTTTTAGGAGAAG
GAGAGAAAGGAGAGAAGGAGAAGAGA

- -

Name, sequence, gene location, and type: specific (+) or negative control (-) of the PPRHs used in this study. Letters in bold indicate the
bases placed opposite the purine interruptions present in the pyrimidine target, either adenine substitutions or the complementary
pyrimidine.

Table 2. Primers Used for Reverse Transcription Quantitative-PCR

FWD primer (5¢-3¢) REV primers (5¢-3¢) Amplicon (bp)

MDM2 CAGCTTCGGAACAAGAGACC GTCCGATGATTCCTGCTGAT 293
MYC TTCGGGTAGTGGAAAACCAG CCTCCTCGTCGCAGTAGAAA 120
TOP1 GAGAAGGACCGGGAAAAGTC TATTTTTGCATCCCCAGAGG 186
APRT GCAGCTGGTTGAGCAGCGGAT AGAGTGGGGCCTGGCAGCTTC 272

Sequence of the primers used for determining MDM2, MYC, and TOP1 RNA levels and amplicon length.
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was resuspended in 500 mL of PBS with PI (final concen-
tration 5 mg/mL; (Sigma-Aldrich). Flow cytometry analyses
were performed in a Coulter XL cytometer, and data were
analyzed using the software Summit v4.3. The percentage of
Rho-negative and IP-negative cells corresponded to the
apoptotic population.

Statistical methods

Values are expressed as the mean – SE. Data were evalu-
ated by unpaired Student’s t-test when analyzing the differ-
ence between two conditions, control and treated. The
analyses were performed using the software IBM SPSS
Statistics v20. Differences with P values < 0.05 were taken as
statistically significant.

Results and Discussion

The goal of this work was to evaluate whether PPRHs
could be used as silencing agents against different targets in
cell lines corresponding to several cancer types to expand the
usage of PPRHs in cancer therapy and prove their general
applicability. For this purpose, we chose an array of thera-
peutically interesting genes to act as reporter genes for the
silencing activity of the PPRHs. The chosen target genes
encompass a variety of biological functions: antiapoptotic
genes, topoisomerases, protein kinases, and transcription
factors. We were able to design PPRHs directed against
polypyrimidine stretches of every gene to be targeted; three
of these stretches were located in introns (MYC, MDM2,
TOP1), one in a promoter region (mTOR), and one in an

exonic sequence (BCL2), which were tested in a variety of
cell lines (HCT 116, PC-3, MIA PaCa-2, SKBR3, MCF7, and
MDA-MB-468).

The transfection efficiency was determined through uptake
experiments performed by transfecting 100 nM of fluorescent
PPRHs with 10mM DOTAP in the different cell lines. In
Table 3 it can be seen that the percentage of fluorescent cells
in all cell lines was very high, although the mean intensity
varied among them.

The results obtained for each PPRH are presented and
discussed below.

BCL2 protein

BCL2 is an antiapoptotic protein, the overexpression of
which in multiple cell lines contributes to cancer progression
and it is also related to resistance to chemotherapy [17].
Regarding solid tumors, BCL2 is overexpressed in 30%–60%
of prostate cancers at diagnosis and in nearly 100% of
castration-resistant prostate cancer [12] and its content has
been related to increased resistance to gemcitabine [18].
Antisense oligonucleotides (oblimersen), antibodies, pep-
tides, and small molecules against BCL2 are under devel-
opment. Even though partially successful, none of these
approaches has been proven to be useful in the clinic because
they present problems of specificity, side effects, short half-
life, and delivery [17].

We performed an initial screening of four PPRHs against
different target sequences within the BCL2 gene (Fig. 1); the
screening consisted in determining the cell survival of three
different cell lines (MIA PaCa-2, PC-3, and HCT 116) after
transfecting the PPRHs at different concentrations (30 and
100 nM). In Fig. 2, it can be observed that not all PPRHs were
equally effective and, in this case, the most effective PPRH
was HpBcl2E1-C, directed against the coding strand of
exon 1, which was able to decrease survival by 90%–95% in
all cell lines at a concentration of 100 nM. As negative con-
trols, HpBcl2E1-WC and Hp-Sc1 were used; these did not
cause a significant decrease of survival in any cell line.

We explored whether a combination of two different
PPRHs was able to increase their efficiency. As seen in Fig.
3a, when cotransfecting HpBcl2E1-C and HpBcl2Pr-C at low
concentrations (12.5 nM each, 25 nM in total), their effect
was greater than when transfecting 25 nM of each PPRH
separately. For higher concentrations, we did not observe any
improvement since the PPRHs by themselves, especially

Table 3. Transfection Efficiency

of the Different Cell Lines

Cell line % Positive cells Mean fluorescence

MIA PaCa2 85.05 – 6.3 57 – 24.8
PC3 90.2 – 2.9 555.3 – 166.7
HCT 116 90.8 – 8.2 241 – 81
SKBR3 89.8 – 4.5 434.5 – 49.5
MCF7 81.95 – 16.1 762.5 – 117
MDA-MB-468 95.8 – 3.6 498.4 – 103.5

Percentage of fluorescent cells and the raw mean fluorescence
24 h after transfection. Cells were incubated with 100 nM fluores-
cent PPRHs for 24 h. Fluorescence was determined by flow
cytometry.

FIG. 1. Scheme representing the target sequences of the polypurine reverse Hoogsteen hairpins (PPRHs) against the BCL2
gene. Four PPRHs were designed for the BCL2 gene directed against the promoter (HpBcl2Pr-C), exon 1 within the 5¢UTR
(HpBcl2E1-C) and two other PPRHs against intron 2, one template (HpBcl2I2-T) and one coding (HpBcl2I2-C). The
nomenclature used was Hp (Hairpin), Bcl2 (BCL2), Pr (promoter), I (intron), and E (exon). The numbering below
the PPRHs corresponds to the target sequence start referred to the transcriptional start site of the gene. The arrows indicate
the length of each gene element.

4 VILLALOBOS ET AL.
Results

76



FIG. 2. Initial screening of PPRHs
against BCL2. Ten thousand MIA
PaCa-2 (-, black bars), PC-3 (-,
gray), and HCT 116 (,, white) cells
were plated and transfected the fol-
lowing day with either 30 or 100 nM
of the different PPRHs. MTT assays
to determine cell survival were per-
formed 6 days after transfection. Data
are the mean – SE values of at least
three experiments. As negative con-
trols HpBcl2-WC and Hp-Sc1 at
100 nM were used.

FIG. 3. Effect of HpBcl2E1-C on
cell viability, BCL2 mRNA levels,
and apoptosis. (a) MTT assays to
determine survival of PC-3 (-, gray)
cells were performed 6 days after
transfecting different concentrations
of HpBcl2E1-C and HpBcl2Pr-C. (b)
Total RNA was extracted from MIA
PaCa-2 (-, black bars), PC-3, and
HCT 116 (,, white) cells (60,000)
24 h after the transfection with the
different PPRHs at a concentration of
100 nM. (c) MIA PaCa-2, PC-3, and
HCT 116 cells were transfected with
100 nM of either HpBcl2E1-C or the
negative controls HpBcl2-WC and
Hp-Sc1. Apoptosis was determined
by the activity of caspase-3 and caspase-
7 after 24 h of transfection. All results are
expressed as change in relative light
units (RLU) relative to control. Data are
the mean – SE values of at least three
experiments. *P < 0.05, **P < 0.01,
***P < 0.005 compared with control.
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HpBcl2E1-C, are very efficient. The subsequent mRNA de-
terminations were performed for HpBcl2E1-C. This reduc-
tion in cell survival was accompanied by a twofold decrease
in BCL2 mRNA levels in MIA PaCa-2 and PC3 cells and by a
1.4-fold decrease in HCT 116 cells (Fig. 3b) when HpBcl2E1-
C was transfected, but not when the negative controls were
used. It has been reported [19] that a twofold decrease in
BCL2 caused a decrease in tumor growth. Since BCL2 acts as
an antiapoptotic protein, we studied whether the decrease in
cell survival was due to an increase in apoptosis. We trans-
fected HpBcl2E1-C into the different cell lines, and after a
24-h incubation, we determined the activity of caspase-3 and
caspase-7 with the Caspase-Glo 3/7 Assay. Apoptosis was
increased 2.2-, 2-, and 7.8-fold in MIA PaCa-2, PC-3, and
HCT 116 cells, respectively (Fig. 3c).

Topoisomerase-1

Topoisomerase-1 is a clinically validated target; TOP1
inhibitors, such as camptothecin (CPT) and its derivatives
(irinotecan and topotecan), have been used as anticancer
therapy since the late 90s. The cytotoxicity of these drugs is
dependent on the expression of topoisomerase I, which is
overexpressed in tumors, relative to the corresponding nor-
mal tissue [20] and during DNA replication [21,22]. We
examined if silencing the expression of this gene using a

specific PPRH led to decreased survival as well. The target
sequence for the PPRH against TOP1 (HpTopI2-T) is located
in the template strand of intron 2. Our results showed that
inhibition of TOP1 produced a decrease in cell survival of
95%, 60%, and 85% in SKBR3, MCF7, and MDA-MB-468
cell lines, respectively (Fig. 4a). The negative controls
HpTopI2-WC and Hp-Sc2 produced a slight decrease in cell
survival, between 20% and 40% depending on the cell line,
but this decrease did not reach significance. The decrease in
cell survival when the specific PPRH was transfected was
paralleled by a decrease in TOP1 mRNA levels of 1.8-, 2-,
and 1.4-fold in SKBR3, MCF7, and MDA-MB-468 cells,
respectively (Fig. 4b). HpTopI2-T at 100 nM caused a 4.2-
fold increase in apoptosis measured by the caspase 3/7
method in MDA-MB-468 cells, while in SKBR3 cells, apo-
ptosis was not detected (Fig. 4c). Since MCF7 cells do not
express caspase-3, the apoptosis produced by HpTopI2-T
was measured by the rhodamine method in the three cell
lines, observing an increase of apoptotic cells in all these cell
lines (Fig. 4d).

Mammalian target of rapamycin

mTOR is a 289 kDa serine/threonine protein kinase. mTOR
is a central modulator of cell growth and plays a critical role in
transducing proliferative signals mediated by the PI3K/AKT/

FIG. 4. Effect of HpTopI2-T on cell viability, TOP1 mRNA levels, and apoptosis. (a) SKBR3 (-, black bars), MCF7
(-, gray), and MDA-MB-468 (,, white) cells (30,000) were plated in six-well dishes and transfected with HpTopI2-T and
the negative controls HpTopI2-WC and Hp-Sc2 at 100 nM. MTT assays to determine the cell survival were performed 6
days after transfection. (b) RNA was extracted from SKBR3, MCF7, and MDA-MB-468 cells (30,000) 48 h after the
transfection with HpTopI2-T, HpTopI2-WC, and Hp-Sc2 at 100 nM. (c) Apoptosis in SKBR3 and MDA-MB-468 cells was
measured with the Caspase-Glo� 3/7 Assay. All results are expressed as change in RLU relative to the control. (d)
Apoptosis in SKBR3, MCF7, and MDA-MB-468 cells (120,000) determined by the rhodamine method. Rho123-negative
and IP-negative cells were considered as apoptotic cells. Data are the mean – SE values of at least three experiments.
*P < 0.05, **P < 0.01, ***P < 0.005, compared with control.
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mTOR signaling pathway in response to nutrient availability
and growth factor stimuli [23,24]. The PI3K/AKT/mTOR
pathway is a prosurvival pathway that is constitutively acti-
vated in many types of cancer. It plays an important role in
cancer development, progression, and therapeutic resistance.

We designed four PPRHs against the mTOR gene, one
against a polypyrimidine stretch in the template strand of
intron 15 and three against different regions of the coding
strand: promoter, exon 5, and intron 17. After the initial
screening in HCT 116 cells (Fig. 5a), we determined that the
PPRH against the promoter region (HpTorPr-C) was the
most effective, causing a decrease on cell survival higher
than 90%. We incubated cells for different periods of time
before renewing the culture medium to determine the time
dependency, observing that short incubations already had a
strong effect on cell survival. Figure 5b shows that incu-
bations as short as 24 h with 100 nM of HpTorPr-C produced
a 70% decrease in cell survival; cell survival further de-
creased as the incubation time with the PPRH increased. We
corroborated the effect of HpTorPr-C by determining
mTOR mRNA levels, which decreased 1.6-fold (Fig. 5c)
48 h after transfecting the specific PPRH. The negative
controls, HpTorPr-WC and Hp-Sc1, did not produce a sig-

nificant decrease in cell survival or in mRNA levels.
Apoptosis measured by the caspase 3/7 method increased
fourfold after 24 h of treatment with HpTorPr-C (Fig. 5d)
compared with the slight effect observed by the transfection
agent DOTAP or the negative controls. These results con-
firm the efficacy of HpTorPr-C in disrupting the PI3K/AKT/
mTOR pathway in HCT 116 cells.

MDM2 regulator

MDM2 is a negative regulator of the tumor suppressor
protein p53, which is the most frequently mutated gene in
human cancer [25]. Releasing p53 from MDM2 has been
suggested as a mechanism for cancer therapy [26], especially
in cancer types with wild-type p53 and overexpressed
MDM2. In 2004, Nutlins, MDM2 inhibitors, were identified
and studies with these compounds have strengthened the idea
that p53 activation might represent an alternative to chemo-
therapy [27]. A way of mimicking the activation of p53
through inhibition of MDM2 is by silencing the expression of
MDM2. We designed a template-PPRH that targets intron 7
of the MDM2 gene. Transfection of this PPRH led to a
decrease in cell survival of 50%, 60%, and 85% in SKBR3,

FIG. 5. Screening of PPRHs against mammalian target of rapamycin (mTOR), time course, and effect of HpTorPr-C on
mTOR mRNA levels, and apoptosis. (a) HCT 116 cells (5,000) were plated in six-well dishes and transfected with
100 nM of four different PPRHs (HpTor-B, HpTorPr-C, HpTorI17-C, HpTorE5-C). MTT assays to determine cell
survival were performed 6 days after transfection. (b) Time course of HpTorPr-C on cell viability was performed by
renewing the medium after 8, 24, 48, or 144 h of the transfection. The negative controls HpTorPr-WC and Hp-Sc1 were
transfected at 100 nM for 144 h. MTT assays of all time points were performed 6 days after the initial transfection. (c)
Total RNA was extracted from HCT 116 cells (60,000) 48 h after the transfection with either HpTorPr-C or the negative
controls HpTorPr-WC and Hp-Sc1 at a concentration of 100 nM. (d) HCT 116 cells (5,000) were plated in 96-well dishes
and transfected with 100 nM of either HpTorPr-C or the negative controls HpTorPr-WC and Hp-Sc1. Apoptosis was
measured by the activity of caspase-3 and -7 after 24 h of transfection. All results are expressed as change in RLU relative
to control. Data are the mean – SE values of at least three experiments. *P < 0.05, **P < 0.01, ***P < 0.005, compared
with control.
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MCF7, and MDA-MB-468 cells, respectively (Fig. 6a); the
negative controls HpMdmI7-WC and Hp-Sc3 did not cause
any relevant effect on cell survival. A decrease in MDM2
mRNA levels was also evident achieving a 2.3-, 1.5-, and 2.7-
fold decrease depending on the cell line (Fig. 6b). Regarding
apoptosis, it increased 2.6-fold in SKBR3 cells and 4.7-fold
in MDA-MB-468 cells (Fig. 6c) as measured by the caspase
3/7 method, whereas the negative controls did not have any
significant effect. Rhodamine determination showed that the
percentage of apoptotic cells greatly increased in the three
cell lines (Fig. 6d).

Interestingly, our results show that releasing p53 from
MDM2 significantly reduces survival of the three cell lines,
regardless of their p53 status; SKBR3 cells and MDA-MB-468
cells contain a mutated version of p53, while MCF7 cells con-
tain wild-type p53. In this sense, our results are in agreement
with Wang and collaborators [28] who described that silencing
of MDM2, using antisense oligonucleotides, in MCF7 and
MDA-MB-468 cell lines had significant antitumor activity, both
in vitro and in vivo. It is possible that silencing MDM2 using the
PPRH technology is an alternative way to cause cell death
through p53-dependent and p53-independent mechanisms.

MYC transcription factor

MYC is a transcription factor involved in many biological
processes, including cell growth, cell cycle progression, me-

tabolism, and survival. It has been established that MYC
overexpression is essential for tumor initiation and mainte-
nance [29] and its overactivation frequently results in the
dependence of tumor survival on high levels of MYC, also
called MYC addiction. The direct inhibition of MYC
through small molecules has not been accomplished; as a
transcription factor, MYC represents a challenging target
since it functions through protein–protein interactions and
lacks enzymatic activity. Therefore, MYC is considered the
prototype of an undruggable target. The template-PPRH
HpMycI1-T targets intron 1 of the MYC gene.

Our results showed that silencing of MYC using HpMy-
cI1-T produced a decrease in cell viability in all the breast
cancer cell lines used: 85% in SKBR3 cells, 80% in MCF7
cells, and 95% in MDA-MB-468 cells (Fig. 7a). The negative
control HpMycI1-WC had a slight effect on cell survival that
can be due to the binding of the negative control to the target,
because it shares the target-binding sequence with the spe-
cific PPRH (HpMycI1-T). The decrease in cell viability was
accompanied by a decrease in the levels of mRNA of 2.5-,
2.1-, and 1.4-fold in SKBR3, MCF7, and MDA-MB-468
cells, respectively (Fig. 7b). Apoptosis by the caspase 3/7
method was increased after transfection with HpMycI1-T in
MDA-MB-468 cells (6.2-fold) and in SKBR3 cells (2-fold)
(Fig. 7c). Rhodamine determination showed that the per-
centage of apoptotic cells greatly increased in the three cell
lines. The negative controls did not produce an important

FIG. 6. Effect of HpMmdI7-T on cell viability, MDM2 mRNA levels, and apoptosis. (a) SKBR3 (-, black bars), MCF7
(-, gray), and MDA-MB-468 (,, white) cells (30,000) were plated in six-well dishes and transfected with HpMdmI7-T
and the negative controls HpMdmI7-WC and Hp-Sc3 at 100 nM. MTT assays to determine the cell survival were performed
6 days after transfection. (b) Total RNA was extracted from SKBR3, MCF7, and MDA-MB-468 cells (30,000) 48 h after the
transfection with either HpMdmI7-T or the negative controls HpMdmI7-WC and Hp-Sc3 100 nM. (c) Apoptosis in SKBR3
and MDA-MB-468 cells was measured with the Caspase-Glo 3/7 Assay. All results are expressed as change in RLU relative
to the control. (d) Apoptosis in SKBR3, MCF7, and MDA-MB-468 cells (120,000) determined by the rhodamine method.
Rho123-negative and IP-negative cells were considered as apoptotic cells. Data are the mean – SE values of at least three
experiments. **P < 0.01, ***P < 0.005, compared with control.
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increase in apoptosis. It is interesting to note that the triple-
negative cell line MDA-MB-468 was affected in greater
measure by the inhibition of MYC, despite maintaining rel-
atively high MYC mRNA levels, compared to the other cell
lines. On the other hand, HER2+ cells (SKBR3) showed a
substantial decrease in cell survival, in line with the observed
decrease on mRNA levels and increase in apoptosis. These
results are in agreement with Kang and collaborators [30],
who found that HER2+ cell proliferation is dependent on
MYC function. Finally, MCF7 cells also showed decreased
survival and decreased MYC mRNA levels. It is possible that
for each cell line, there is a specific threshold level of MYC
required to maintain cell proliferation [29,31]. These results
show that PPRHs could represent a valid alternative for
nondruggable targets.

Taking these results into account, PPRHs could be in-
cluded in the group of oligonucleotides with therapeutic
potential, together with the triplex forming oligonucleotides
(TFOs), aODNs, and siRNAs. All of them have in common
the silencing of gene expression. It is important to note that
although PPRHs share with TFOs the formation of triplex
structures, there are differences in their binding properties;
while the TFOs bind to the double-stranded DNA by Hoogs-
teen bonds, PPRHs bind intramolecularly by reverse Hoogs-
teen bonds and to the double-stranded DNA by Watson and
Crick bonds. Previously, we studied the differences of both

PPRHs and TFOs [32] and determined two important features:
(1) PPRHs have a higher binding affinity to the dsDNA target
and (2) PPRHs have a higher biological activity than TFOs.
Therefore, for the purpose of inhibiting gene expression, we
showed that PPRHs offer advantages over TFOs. Moreover,
previous results [6] indicate that PPRHs, while working at a
similar range of concentrations [7], have advantages over
siRNAs in terms of stability, lack of immunogenicity, and
economy and no off-target effects were found for PPRHs [8,9].
Another silencing approach is based on pyrrole–imidazole
polyamides, oligomers that bind to the minor groove of the
DNA targeting short sequences of DNA of around 6 bp
[33,34]. In comparison, PPRHs cover a 19–25 nucleotide re-
gion, which would confer a greater specificity.

Regarding the potential target sites for PPRHs, triplex target
sites are generally found in regulatory regions, specifically in
promoters, introns, and to a lesser extent in exons. It has been
described that these regions are overrepresented in promoters,
although they are not necessarily the binding sites for tran-
scription factors [35], PPRHs not only bind to transcription
factors binding sites but also other regions in the promoter and
within both intronic and exonic sequences. Moreover, PRRHs
have the ability to bind to transcribed mRNA.

Other approaches are protein based with different degrees of
complexity; these include ZFN, TALENs, and CRISPR-Cas9,
and their initial goal was the editing of the genome. Their

FIG. 7. Effect of HpMycI1-T on cell viability, MYC mRNA levels, and apoptosis. (a) SKBR3 (-, black bars),
MCF7 (-, gray), and MDA-MB-468 (,, white) cells (30,000) were plated in six-well dishes and transfected with
HpMycI1-T or the negative controls HpMycI1-WC and Hp-Sc4 at 100 nM. MTT assays to determine the cell survival
were performed 6 days after transfection. (b) Total RNA was extracted from SKBR3, MCF7, and MDA-MB-468 cells
(30,000) 48 h after the transfection with 100 nM of either HpMycI1-T or the negative controls HpMycI1-WC and Hp-
Sc4. (c) Apoptosis in SKBR3 and MDA-MB-468 cells was measured with the Caspase-Glo 3/7 Assay. All results are
expressed as change in RLU relative to the control. (d) Apoptosis in SKBR3, MCF7, and MDA-MB-468 cells
(120,000) determined by the rhodamine method. Rho123-negative and IP-negative cells were considered as apoptotic
cells. Data are the mean – SE values of at least three experiments. *P < 0.05, **P < 0.01, ***P < 0.005, compared with
control.
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mechanism of action is based on the introduction of double-
strand breaks and its subsequent repair through homology-
directed repair or nonhomologous end joining, where the latter
can cause unwanted insertions or deletions [36]. Even if these
methods are considered very robust platforms for genome
editing, they present several drawbacks, including potential
off-target DNA cleavage and unwanted cytotoxic activity [37],
which are labor- and time-consuming [38,39], and they face
the additional complications linked to viral gene therapy [40].

Another concern for these strategies could be the immune
response triggered by the peptides from editing nucleases or by
the large amounts of virus necessary for the in vivo delivery. In
contrast, PPRHs are easy to design and to synthesize, since
they are just like a regular unmodified oligonucleotide of about
50 bases and can be directly used without further manipula-
tion, avoiding engineering issues. PPRHs can be labeled in
their primary synthesis with fluorophores or biotin and can also
be fused to targeting or delivering agents, such as aptamers and
antibodies. Moreover, several PPRH-binding sites can be
found per targeted gene allowing for combination therapy.
Finally, PPRHs can bind not only to DNA but also to RNA.

We have previously studied the in vivo efficiency of the
PPRHs [9] using a subcutaneous xenograft tumor model of
prostate cancer. Using two different types of administration,
intratumoral and intravenous, a PPRH against survivin pro-
moter (HpsPr-C) was able to delay the tumor growth, without
affecting mice weight. We determined the decrease in the
levels of survivin and a lower degree of blood vessel for-
mation. Altogether, PPRHs constitute an innovative and
promising technology in the area of gene silencing.

Conclusions

The results presented in this work confirm that the PPRH
technology is broadly useful to silence the expression of
genes with a special emphasis in genes related to cancer.
Regardless of the gene or cell line tested, PPRHs were able to
decrease cell survival, mRNA expression levels, and apo-
ptosis to a greater or lesser extent. Thus, we have extended
the number of PPRHs used in cancer therapy, now spanning
metabolism (DHFR [7]), proliferation (mTOR), DNA-to-
pology (TOP1), lifespan and senescence (Telomerase [7]),
apoptosis (Survivin [9], BCL2), transcription factors (MYC),
and proto-oncogenes (MDM2).
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Results 

4.2.1 Additional results to article II 

 

4.2.1.1 Effect of a PPRH designed against transcription factor Sp1 

Once it was demonstrated that the PPRHs are useful against a collection of 

genes related to cancer, we decided to study the effect that PPRHs designed against the 

transcription factor Sp1 had on its transcriptional activity. Therefore we designed three 

PPRHs against the promoter region (HpSP1Pr-C), against exon 2 - intron 2 boundary 

(HpSP1E2I2-T), and against intron 3 (HpSP1I3-T). We performed cell survival 

experiments in SKBR3 cells to validate these PPRHs. All PPRHs were effective in 

decreasing cell survival, yet the best results were obtained with HpSP1Pr-C, which 

decreased it a 93%. 

	  

Figure 16. Effect of the PPRHs designed against Sp1 on cell viability, cells (30,000) were plated in six-
well dishes and transfected with the different PPRHs at 100 nM. MTT assays to determine the cell 
survival were performed 6 days after transfection. 

 

Sp1 is a gene that autoregulates its expression, therefore to study the effect that 

the Sp1-specific PPRHs had on the transcriptional activity of Sp1 we used a reporter 

vector (pGL3-for5) that contains the luciferase gene under the control of the Sp1 

promoter sequence. 
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We transfected SKBR3 cells with the specific PPRHs to decrease the 

endogenous Sp1 levels, after 48 h the transfection of the reporter vector was performed, 

and 30 h later the luciferase activity was determined.  

	  

Figure 17.  Sp1 promoter activity in SKBR3 cells upon transfection of PPRHs directed against Sp1. 
SKBR3 cells (250 000) were plated in 35 mm well plates. PPRHs were transfected 24 h later, after 48 h 
of this the reporter gene was transfected. Luciferase activity was evaluated 30 h later.  

 

Figure 15 shows that upon transfection of the reporter vector there was a 44-fold 

increase of luciferase activity relative to the pGL3-Basic vector. When 100 nM of 

HpSP1I3-T, HpSP1E2I2-T and HpSP1Pr-C were transfected the luciferase activity 

relative to the pGL3-Basic vector was considerably lower: 18-, 15- and 7-fold, 

respectively. The transfection of an unspecific PPRH had a slight effect on the promoter 

activity, which was 28-fold higher than pGL3-Basic vector. However, the HpSP1Pr-C 

was 4 times more effective than the negative control.  
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4.3 ARTICLE III:  

Effect of a chimeric PPRH-aptamer in human breast cancer cells 

Xenia Villalobos, Carlos J. Ciudad, and Véronique Noé 

 
Submitted to Nucleic Acid Therapeutics (Impact factor: 2.929). 
 

Background: 

When administered systematically oligonucleotides present a poor cellular 

uptake. This remains a barrier for their use as therapeutic molecules. In 1990 a new type 

of nucleic acid-based molecules were described. Aptamers are DNA or RNA sequences 

that have been evolved in vitro to bind to a desired target –either protein or small 

molecules– after a reiterative process called SELEX. Because of their capacity to bind 

efficiently to specific targets, and following the idea of using antibodies as targeting 

agents, several aptamers have been developed for their use in cancer research taking 

advantage of the particularities of the cancer cells, such as the overexpression of several 

membrane proteins. The fusion of aODNs to antibodies has already been explored in 

our laboratory, as well as the use of aptamers as targeting agents for siRNAs.  

Objectives: 

Out aim was to potentiate the effect of a PPRH against the DHFR gene fusing it 

to an aptamer directed to the membrane protein HER2. Using this approach we assayed 

the specificity and effect of the chimeric oligonucleotide in breast cancer cell lines with 

different HER2 status: SKBR3 cells, which overexpress HER2, MCF7 cells, with a 

normal expression of HER2, and MDA-MB-231 cells, which are negative for this 

receptor. 

Results: 

We studied the effect of a chimera formed by the fusion of an aptamer 

recognizing the HER2 membrane protein (ApHER2(t)) to a PPRH designed to silence 

the DHFR gene (HpdI3-B). We determined that the fusion of both molecules 

(ApHER2(t)-5T-HpdI3-B) did not alter the structural prediction of the aptamer, or 

compromised the capacity of the PPRH to bind to its target sequence. We studied the 
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uptake of 100 nM of the fluorescent ApHER2(t)-F incubating the cells without any 

transfection reagent. We determined that, after 24 h of incubation, the percentage of 

FITC positive cells increased nonspecifically in the three cell lines. When DOTAP was 

used to transfect ApHER2(t)-F, there was a high degree of internalization since the 

mean fluoresence intensity increased 12-fold in SKBR3 cells, 20-fold in MCF7 cells, 

and 28-fold in MDA-MB-231 cells, relative to the values obtained in the absence of 

DOTAP. It is interesting to note that MCF7 and MDA-MB-231 cells were able to 

internalize more oligonucleotide than SKBR3 cells.  

We determined the cytotoxic effect of 100 nM HpdI3-B, ApHER2(t) or 

ApHER2(t)-5T-HpdI3-B after their transfection into SKBR3, MCF7, and MDA-MB-

231 cells with increasing concentrations of the cationic liposome DOTAP. In all cell 

lines the effect of all three molecules increased with DOTAP in a dose dependent 

manner. In the case of SKBR3 cells, survival upon transfection of ApHER2(t)-5T-

HpdI3-B with 10µM   DOTAP, was 35% and 20% lower than when transfected with 

HpdI3-B and ApHER2(t), respectively. This was not the case for MCF7 or MDA-MB-

231 cells. We performed dose response experiments to calculate the IC50 of HpdI3-B, 

ApHER2(t), ApHER2(t)-5T-HpdI3-B, and the control ApHER2(t)Sc-5T-HpdI3-B in 

the three cell lines. While the IC50 of HpdI3-B was similar in the three cell lines, that of 

ApHER2(t) was slightly lower in SKBR3. The IC50 of ApHER2(t)-5T-HpdI3-B in 

MCF7 and MDA-MB-231 cells was 2- and 4-fold higher, respectively,  compared to 

that in SKBR3 cells. This indicates that the ApHER2(t)-5T-HpdI3-B was more effective 

in the cell line overexpressing HER2 than in the other cell lines studied. The control 

scrambled oligonucleotide ApHER2(t)Sc-5T-HpdI3-B did not cause a relevant effect in 

any cell line. 

 

Conclusions: 

To be internalized the oligonucleotides tested need to be transfected using the 

cationic liposome DOTAP. The internalization rate of the transfected oligonucleotides 

is lower in SKBR3 cells than in MCF7 or MDA-MB-231cells. However, in SKBR3 

cells transfection of ApHER2(t)-5T-HpdI3-B produces a higher cytotoxic effect 

compared to the two molecules separately. In the case of MCF7 and MDA-MB-231 

cells, a higher transfection rate does not translate into a higher cytotoxic effect of 

ApHER2(t)-5T-HpdI3-B.  
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Abstract  

Research on nucleic acids as therapeutic agents has increased considerably since the 

description of several types of nucleic acid-based molecules such as Triplex Forming 

Oligonucleotides, antisense oligonucleotides, siRNAs, aptamers and more recently 

PPRHs. PPRHs are polypurine hairpins that produce specific gene silencing by binding 

to polypyrimidine targets in the DNA. In this work we studied the effect of a chimera 

formed by the fusion of an aptamer recognizing the HER2 membrane protein to a PPRH 

designed to silence the DHFR gene. We determined that the fusion of both molecules 

did not alter the structural prediction of the aptamer, nor compromised the capacity of 

the PPRH to bind to its target sequence. We tested the internalization and target-

dependent cytotoxicity of the aptamer and the chimeric molecule in three breast cancer 

cell lines with different HER2 expression status: SKBR3 cells, overexpressing HER2, 

MCF7 cells, with a normal expression of this protein and MDA-MB-231 cells which do 

not express HER2. Survival of SKBR3 cells upon transfection of the chimeric molecule 

was much lower than that of MCF7 cells or MDA-MB-231, despite the lower 

internalization rate of the former. These determinations indicated that the fusion of both 

molecules was specific and more effective than the two molecules separately. 
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Introduction 

 

In the last years nucleic acids have emerged as promising therapeutic agents. 

Since the description of Triplex Forming Oligonucleotides (TFO) [1] and antisense 

oligonucleotides (aODN) [2] several advances have been made, which resulted in the 

approval of the first DNA-based drug (fomivirsen) in 1998. More recently, in 2013, the 

cholesterol-reducing antisense oligonucleotide mipomersen was approved and other 

antisense therapies are in preclinical or early clinical phases [3]. Still, systemic 

administration of nucleic acid drugs for gene silencing purposes faces several 

difficulties, especially in finding the balance to maintain their effect while decreasing 

nuclease degradation and immunotoxicity.  

Recently, we developed a novel DNA-based silencing molecule, called 

Polypurine Reverse Hoogsteen hairpins (PPRHs), capable of specifically inhibiting the 

expression of target genes [4,5]. These molecules have the advantages of increased 

stability and low immunogenicity compared to siRNAs [6]. PPRHs are non-modified 

DNA molecules formed by two antiparallel polypurine strands linked by a 

pentathymidine loop that allows the formation of intramolecular reverse-Hoogsteen 

bonds between both strands, acquiring a hairpin structure. The hairpins bind by 

Watson-Crick bonds to a specific polypyrimidine sequence within the target gene 

forming a triplex structure that knocks down its expression. The target sequence can be 

located either in the template or the coding strand of the dsDNA. Template-PPRHs [7] 

bind to the template strand of the DNA whereas coding-PPRHs bind to the coding 

sequence of the DNA, and can also bind to transcribed RNA.  

The mechanism of action of PPRHs depends on the location of their target 

within the gene: we demonstrated that a coding-PPRH directed against a 
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polypyrimidine region in intron 3 of DHFR pre-mRNA produced a splicing alteration 

[8]. Also, two PPRHs directed against the template or coding strand of the survivin 

promoter sequence decreased the binding of transcription factors Sp1 and GATA-3, 

respectively. The in vivo administration of the coding-PPRH against the promoter 

region of survivin was able to delay tumor growth in a prostate xenograft mouse model 

[9]. 

 Aptamers are another class of nucleic acid-based molecules with therapeutic 

potential. Indeed, in 2004 the aptamer pegaptanib (Macugen), a selective vascular 

endothelial growth factor (VEGF) antagonist [10], was accepted for the treatment of 

age-related macular degeneration. Aptamers are DNA or RNA sequences that have 

been evolved in vitro to bind to a desired target –protein or small molecule– after a 

reiterative process called SELEX [11, 12]. Because of their capacity to bind efficiently 

to specific targets, and following the idea of using antibodies as targeting agents, 

several aptamers have been developed for their use in cancer research [13-16] taking 

advantage of the particularities of cancer cells, such as the overexpression of several 

membrane proteins.  

Herein our objective was to potentiate the effect of a PPRH against the DHFR 

gene fusing it to an aptamer against the membrane protein HER2 [17]. Using this 

approach we assayed the specificity and effect of the chimeric oligonucleotide on the 

cytotoxicity caused in breast cancer cell lines with different HER2 status: SKBR3 cells, 

which overexpress HER2, MCF7 cells, with a normal expression of HER2 and MDA-

MB-231 which do not express HER2. 
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Materials and methods 

 

Oligonucleotides 

Oligonucleotides were synthesized as non-modified oligodeoxynucleotides by Sigma-

Aldrich (Madrid, Spain). They were dissolved in sterile RNase-free Tris-EDTA buffer 

(1 mM EDTA and 10 mM Tris, pH 8.0) and stored at -20°C until use. The Triplex-

Forming Oligonucleotide Target Sequence Search tool (http://spi.mdanderson.org/tfo/) 

was used as starting point for the design of PPRHs. This software finds the polypurine 

tracks present in a gene and thus the polypyrimidine targets. The specificity of the 

chosen polypurine tracks is checked by BLAST analyses [18]. The template-PPRH 

against DHFR intron 3 was previously described [7]. The sequence of the DNA aptamer 

against HER2 was obtained from Mahlknecht et al, 2013 [17]. To design the chimeric 

oligonucleotide ApHER2(t)-5T-HpdI3-B we added a five thymidine linker between the 

sequences of ApHER2(t) and HpdI3-B. As a negative control for ApHER2(t)-5T-

HpdI3-B we designed an oligonucleotide with a scrambled ApHER2(t) sequence. This 

molecule, named ApHER2(t)Sc-5T-HpdI3-B had the same length and DNA base 

content than ApHER2(t)-5T-HpdI3-B. Table 1 describes all oligonucleotides names and 

sequences used in this work. 

 

In silico studies 

The secondary structures of the original aptamer ApHER2(t) and the chimeric 

oligonucleotide ApHER2(t)-5T-HpdI3-B were predicted using the mfold server (The 

RNA Institute. College of Arts and Sciences University of Albany; 

http://mfold.rna.albany.edu/?q=mfold/DNA-Folding-Form) [19] which predicts 
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minimum free energy structures and base pair probabilities from single RNA or DNA 

sequences. The DNA Folding Form was chosen and the parameters of the ionic 

conditions were changed to 140 mM Na+ and 10 mM Mg2+ for the structural prediction. 

 

Binding experiments 

Preparation of Polypurine/Polypyrimidine Duplexes. The polypurine/polypirimidine 

duplexes to be targeted by the PPRHs were formed by mixing 25 µg of each single-

stranded oligodeoxynucleotide (Target seq fwd strand and Target seq rev strand) in 

150mM NaCl. After incubation at 90 °C for 5 min, samples were allowed to cool down 

slowly to room temperature. Duplexes were purified in non-denaturing 20% 

polyacrylamide gels and quantified by their absorbance at 260 nm. 

 

Oligodeoxynucleotide Labeling. One hundred ng of double-stranded 

oligodeoxynucleotide was 5′-end labeled with [γ-32P]ATP by T4 polynucleotide kinase 

(New England Bio-Labs) in a 10-µl reaction mixture, according to the manufacturer's 

protocol. After incubation at 37 °C for 1 h, 90 µl of TE buffer (1 mM EDTA, 10 mM 

Tris, pH 8.0) were added to the reaction mixture, which was filtered through a Sephadex 

G-25 spin column to eliminate the unincorporated [γ-32P]ATP. 

 

Electrophoretic Mobility Shift Assay. Triplex formation was analyzed by incubating 

radiolabeled double-stranded DNA targets in the presence or absence of unlabeled 

HpdI3-B and ApHER2(t)-5T-HpdI3-B (10, 30, 100 and 300 nM) in a buffer containing 

10 mM MgCl2, 100 mM NaCl and 50 mM HEPES, pH 7.2. Binding reactions (20 µl) 

were incubated 30 min at 37 °C before the electrophoresis, which was performed on 

non-denaturing 12% polyacrylamide gels containing 10 mM MgCl2, 5% glycerol, and 
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50 mM HEPES, pH 7.2. Gels were run for 3-4 h at 180 V at 4 °C, dried, and analyzed 

on a Storm 840 PhosphorImager (Molecular Dynamics). 

 

Cell culture 

Human breast cancer SKBR3, MCF7 and MDA-MB-231 cell lines were used 

throughout the study. Cell lines were routinely grown in Ham’s F12 medium 

supplemented with 7% Fetal Calf Serum (FCS, both from Gibco), at 37°C in a 5% CO2 

controlled humidified atmosphere. Cell survival experiments were performed in Ham’s 

F12 medium lacking the final products of the DHFR activity: glycine, hypoxanthine and 

thymidine (-GHT medium), containing 7% of dialyzed FCS.  

 

Western blot 

SKBR3, MCF7 and MDA-MB-231 cells were harvested from 100 mm culture dishes 

and centrifuged for 5 min at 800 x g at 4°C. Cell pellets were washed once in PBS 1X 

and resuspended in 40 µL of RIPA buffer (150mM NaCl, 5mM EDTA, 50mM Tris-HCl 

pH 7.4 (all from Applichem, Barcelona, Spain); 1% Igepal CA-630, 0.5mM PMSF, 

Protease inhibitor cocktail, 1 mM NaF (all from Sigma-Aldrich). Cell lysates were kept 

on ice for 30 min with vortexing every 10 min. Cell debris was removed by 

centrifugation at 15,000 ×  g at 4°C for 10 min. Five µl of the extracts was used to 

determine the protein concentration using the Bradford assay (Bio-Rad). Whole cell 

extracts (100 µg) were resolved in 7% SDS-polyacrylamide gels and transferred to 

PVDF membranes (Immobilon P, Millipore) using a semidry electroblotter. Membranes 

were blocked for one hour with Blotto 5% and probed overnight at 4°C with a primary 

antibody against HER2 (1:100 Calbiochem). Signals were detected by secondary 

horseradish peroxidase-conjugated anti-mouse (1:2000 dilution, sc-2005 Santa Cruz 
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Biotechnology Inc.) antibody, and enhanced chemiluminescence using the ECL method, 

as recommended by the manufacturer (GE Healthcare). Chemiluminescence was 

detected with ImageQuant LAS 4000 Mini technology (GE Healthcare).  

 

Transfection of PPRHs 

Cells were plated the day before transfection which consisted in mixing the appropriate 

amount of oligonucleotide and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-

trimethylammonium methylsulfate (DOTAP) (Biontex, München, Germany) for 20 

minutes in a volume of 200 µl of medium at room temperature, followed by the addition 

of the mixture to the cells in a total volume of 1 mL. 

 

Cellular uptake of oligonucleotides 

FITC-labelled ApHER2(t)-F and ApHER2(t)-5T-HpdI3-BF were transfected into 

SKBR3, MCF7 and MDA-MB-231 cells to determine their uptake. Cells (150,000) 

were plated in 55 mm dishes in a final volume of 1.8 mL of F12 medium and 

transfected with 100 nM of the oligonucleotides either with or without 10 µM DOTAP. 

After 24 h of the transfection, cells were collected and washed twice in PBS. The pellet 

was resuspended in 500µL PBS and stained with propidium iodide (5µg/mL) (Sigma-

Aldrich, Madrid, Spain) to analyze them on a Beckman Coulter Epics XL cytometer. 

 

Confocal microspcopy 

Cells (300,000) were plated on cover-slips placed inside 35 mm dishes 24 h before the 

transfection with ApHER2(t)-F. After 24 h of the transfection cells were washed once 

with fresh F12 medium and incubated with Wheat Germ Agglutinin (WGA), Alexa 

Fluor® 555 Conjugate (Life Technologies, Madrid, Spain) at 4°C for 30 min. Cells 
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were washed twice with PBS for 5 min at RT and fixed with paraformaldehyde 4% for 

10 min, two more washes with PBS were performed. Cover-slips were mounted on 

slides using mowiol (Calbiochem, Madrid, Spain) and were kept protected from light at 

RT overnight. Confocal laser scanning microscopy was performed using a Leica TCS-

SP2. 

 

Cell survival experiments  (MTT) 

Cells were plated in 6-well dishes in Ham’s F12 –GHT medium. Six days after 

transfection of the oligonucleotides, 0.63 mM of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide and 100 µM of sodium succinate (both from Sigma-

Aldrich) were added to the culture medium and allowed to react for 3 hours at 37°C 

before the addition of the solubilization reagent (0.57% acetic acid and 10% SDS in 

DMSO). Cell viability was measured at 570 nm in a WPA S2100 Diode Array 

Spectrophotometer. The results were expressed as the percentage of cell survival 

relative to the control (untreated cells).  
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In silico studies  

The mfold studies showed that the secondary structures generated for the aptamer 

ApHER2(t) (Fig. 1A) and the chimeric oligonucleotide ApHER2(t)-5T-HpdI3-B (Fig. 

1B) have a negative ΔG of -5.43, which indicates high stability. In both cases we 

observed the formation of a stem-loop near the 5’ end of the molecules. Most 

importantly, the addition of the PPRH sequence to the 3’ end of the aptamer did not 

alter the secondary structure of the latter. The PPRH apparently did not form any stable 

intramolecular secondary structure.  

 

Binding of PPRHs and aptamer-PPRH to the target sequence 

To determine if the addition of the sequence corresponding to the aptamer compromised 

the binding affinity of the PPRH to its target duplex, we studied the binding capacity of 

HpdI3-B and that of the chimeric oligonucleotide ApHER2(t)-5T-HpdI3-B by EMSA. 

As shown in Fig. 2, the incubation of the radiolabelled target duplex with different 

concentrations of HpdI3-B or ApHER2(t)-5T-HpdI3-B gave rise to the appearance of 

different shifted bands, indicated by arrows. The band with the lowest mobility 

corresponded to the binding of the chimeric aptamer-PPRH.  The intensity of the shifted 

band increased in a dose dependent manner for both molecules. This indicated that the 

PPRH was still able to bind to its target even in the presence of the aptamer. We 

calculated the Kd for both HpdI3-B and ApHER2(t)-5T-HpdI3-B obtaining values of 

385 and 714 nM, respectively. 
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HER2 expression and internalization of oligonucleotides in the absence or in the 

presence of DOTAP. 

As a control for the expression level of HER2 in the different cells lines, we performed 

WB analyses that showed that SKBR3 cells expressed high amounts of this protein 

whereas MCF cells had a basal expression and MDA-MB-231 cells were negative for 

this receptor (figure 3A) 

The cellular uptake of HpdI3-BF and ApHER2(t)-F in SKBR3, MCF7 and MDA-MB-

231 cells was determined using flow cytometry. Figures 3B show the overlay of the 

histograms obtained for the three cell lines. We measured the percentage of fluorescent 

cells and their mean fluorescence intensity 24 h after incubation with ApHER2(t)-F and 

HpdI3-BF, and also upon transfection of ApHER2(t)-F using DOTAP (Table 2). As 

shown in figure 3B, when cells were treated with 100 nM ApHER2(t)-F the percentage 

of FITC positive cells increased in the three cell lines. However, after treating the cells 

with fluorescent HpdI3-BF the percentage of FITC-positive cells also increased in all 

lines, indicating that the presence of a fluorescent molecule produced a slight increase 

in cell fluorescence. On the other hand, when DOTAP was used to transfect 

ApHER2(t)-F, there was a high degree of internalization since the mean intensity 

increased 12-fold in SKBR3 cells, 20-fold in MCF7 cells, and 28-fold in MDA-MB-231 

cells, relative to the values obtained in the absence of DOTAP. It is interesting to note 

that MCF7 and MDA-MB-231 cells were able to internalize more oligonucleotide than 

SKBR3 cells. 

Confocal microscopy in the two cell lines expressing HER2 also showed that the 

aptamer molecule was only internalized in the presence of DOTAP (figure 4A and B). 
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Cell survival 

We determined the cytotoxic effect of 100 nM HpdI3-B, ApHER2(t) or ApHER2(t)-5T-

HpdI3-B after their transfection into SKBR3, MCF7, and MDA-MB-231 cells with 

increasing concentrations of the cationic liposome DOTAP. In all cell lines the effect of 

all three molecules increased with DOTAP in a dose dependent manner. In the case of 

SKBR3 cells, survival upon transfection of ApHER2(t)-5T-HpdI3-B with 10µM   

DOTAP, was 35% and 20% lower than when transfected with HpdI3-B and 

ApHER2(t), respectively (Fig. 5A). This was not the case for MCF7 (Fig. 5B), in which 

cell viability after transfection with ApHER2(t)-5T-HpdI3-B was not decreased with 

respect to the transfection of either HpdI3-B or ApHER2(t). In the case of MDA-MB-

231 cells ApHER2(t) and ApHER2(t)-5T-HpdI3-B did not have a notable effect on cell 

survival (Fig. 5C). 

We compared the effect of the chimeric ApHER2(t)-5T-HpdI3-B with that of a control 

oligonucleotide, ApHER2(t)Sc-5T-HpdI3-B, which contained a scrambled sequence of 

the aptamer. Figure 6 shows that the survival of SKBR3 (6A) cells decreased abruptly 

as the concentration of ApHER2(t)-5T-HpdI3-B increased. This tendency was kept in 

MCF7 (6B) cells, but not in the MDA-MB-231 cell line (6C).  These results are at 

variance with those obtained after transfecting the scrambled ApHER2(t)Sc-5T-HpdI3-

B, since no specific effect was observed. In the three cell lines, transfecting 100 nM of 

this control molecule only caused a 20% decrease in cell survival. 

We performed dose response experiments to calculate the IC50 of HpdI3-B, 

ApHER2(t), ApHER2(t)-5T-HpdI3-B, and the control ApHER2(t)Sc-5T-HpdI3-B in 

the three cell lines (Fig. 7). While the IC50 of HpdI3-B was similar in the three cell 

lines, that of ApHER2(t) was slightly lower in SKBR3. Interestingly enough, the IC50 

of ApHER2(t)-5T-HpdI3-B in MCF7 and MDA-MB-231 cells was 2- and 4-fold higher, 
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respectively, compared to that in SKBR3 cells. (Table inset in Fig. 7). This indicates 

that the ApHER2(t)-5T-HpdI3-B was more effective in the cell line overexpressing 

HER2 than in the other cell lines studied. The control scrambled oligonucleotide 

ApHER2(t)Sc-5T-HpdI3-B did not cause a relevant effect in any cell line.  
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Discussion 

 

The use of a DNA-based therapy can offer a wide span of combinatorial choices 

for the treatment of cancer. Not only could it be possible to silence a specific gene, but 

also to target specific cells, for instance with aptamers capable of recognizing 

membrane proteins. In this work we analyzed the effects of fusing a gene silencing 

PPRH, specifically designed against intron 3 of the DHFR gene, together with an 

aptamer recognizing the HER2 receptor [17], thus creating a bifunctional 

oligonucleotide that could be effective in a specific cell line, such as SKBR3. Through 

in silico studies we were able to determine that the aptamer maintained its secondary 

structure when fused to the HpdI3-B through a 5-thymidine linker. Apparently, the 

sequence corresponding to the PPRH did not acquire a hairpin structure, but one should 

take into account that the mfold server only considers the canonical Watson and Crick 

bonds, and the Wobble G-U bonds in the case of RNA. That means that the hairpin 

structure cannot be predicted, since Reverse-Hoogsteen bonds energy parameters are 

not included. However, the PPRH, in the context of the chimeric ApHER2(t)-5T-

HpdI3-B molecule maintained its capability to bind to the dsDNA target sequence, as 

demonstrated by binding assays. The Kd of ApHER2(t)-5T-HpdI3-B was twice that of 

HpdI3-B demonstrating that even if the affinity of the PPRH for its target was decreased 

by the presence of the fused aptamer, it still can bind to the DNA target. 

Regarding the internalization of the aptamer ApHER2(t), the fluorescence 

intensity upon incubation with the aptamer increased in a similar extent in all the cell 

lines. This effect was rather unspecific since incubation with the PPRH-F gave the same 

degree of fluorescence. However, when DOTAP was used to transfect the 

oligonucleotide, the internalized fluorescence increased considerably in the three cell 
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lines. It is interesting to point out that upon transfection with DOTAP, MDA-MB-231 

and MCF7 cells internalized more fluorescent molecules than SKBR3 cells, thus 

indicating that MCF7 and MDA-MB-231 cells have a higher internalization rate. 

Confocal experiments confirmed that there was not internalization of the aptamer unless 

DOTAP was used. 

  Regarding the cytotoxicity produced by the oligonucleotides in all cell lines, the 

effect increased in a DOTAP concentration dependent manner, confirming the need of a 

transfection reagent to optimize the internalization of all molecules tested. Interestingly, 

when we performed the dose-response experiments with HpdI3-B, ApHER2(t) and 

ApHER2(t)-5T-HpdI3-B, the cytotoxicity in SKBR3 cells transfected with the chimeric 

aptamer-PPRH was higher than that of MCF7 and MDA-MB-231 cells, despite the 

higher internalization of the latter meaning that there was a specific effect of the PPRH 

fused to the aptamer directed against the HER2 epitope. It is noteworthy that in SKBR3 

cells the IC50 of the chimeric ApHER2(t)-5T-HpdI3-B was remarkably low compared 

to those of the PPRH or aptamer alone, whereas in MCF7 and MDA-MB-231 this effect 

was not observed.  

It has been described that, upon binding, some antibodies are able to induce 

ubiquitination of HER2 and its subsequent degradation [20]. Aptamers can produce the 

same effect [21; 22]. In fact, the original article describing ApHER2(t) concludes that 

its biological activity relates to the ability to crosslink and sort HER2 to lysosomal 

degradation. Cytoplasmic overexpression of HER2 in breast cancer also occurs and 

there are molecules, such as lapatinib, which are used to target the intracellular domain 

of  HER2.  Therefore, upon transfection, ApHER2(t) and ApHER2(t)-5T-HpdI3-B 

might bind to cytoplasmic HER2, sort it to the mentioned degradation pathway and 

produce cell death. Our results show that the overexpression of HER2 in SKBR3 cells 
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does not promote the internalization of ApHER2(t) or ApHER2(t)-5T-HpdI3-B. 

Nevertheless, when DOTAP is used and the aptamer or chimera are internalized, a 

cytotoxic specific effect is observed in the HER2 overexpressing cell line, and the effect 

of the chimera is greater than those effected by the PPRH or the aptamer by themselves.  

Aptamers offer promising opportunities to improve the current oligonucleotide-

based therapies. The SELEX process allows selecting aptamers with high affinities for 

their targets. The affinities are often comparable to those observed for antibodies, with 

Kd values in the low nanomolar to picomolar range. Additionally, aptamers present 

several advantages over antibodies: their obtention is not dependent on animals, they 

have lower batch-to-batch variation, and more stability to temperature variations than 

antibodies, specially if they are DNA aptamers. [23,24].  

 

Conclusion  
The results presented in this work confirm that the usage of an aptamer against 

HER2 fused to a PPRH molecule improve the cytotoxic effect compared to the two 

molecules separately in SKBR3 cells, while this behavior is not observed in MCF7 or 

MDA-MB-231 cells. This effect depends on the internalization facilitated by the 

cationic liposome DOTAP. Therefore, although a selective delivery of the PPRH was 

not achieved, a specific activity of the chimeric molecule ApHER2(t)-5T-HpdI3-B was 

observed in HER2-overexpressing cells. Methods enabling the internalization of the 

aptamer-PPRHs molecules upon binding to their membrane receptor should be further 

investigated to allow for specific targeting and delivery without the need of a 

transfecting reagent. 
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Table 1  - Oligonucleotides used in this study 

 

 

 

 

 

 

 

 

 

 

Name and sequence of the oligonucleotides used in this study. The underlined 
sequence represents the polypyrimidine target of HpdI3-B. Letters in bold indicate 
the thymidine linker between the aptamers and HpdI3-B. 

 

 

Table 2 - Uptake experiments in SKBR3, MCF7 and MDA-MB-231 cells 

  CNT HpdI3-BF ApHER2(t)-F ApHER2(t)-F + DTP 

% FITC + 9,0 44,6 56,7 99,2 
SKBR3 

Mean 5,10 10,2 11,2 136,6 

% FITC + 5,4 82,4 78,7 99,0 
MCF7 

Mean 5,5 38,4 29,6 575,0 

% FITC + 6,3 80,0 87,9 99,4 
MDA-MB-231 

Mean 11,0 81,1 120,9 3365,6 

The percentage of FITC positive (+) cells and the mean fluorescence intensity were 
calculated for the three cell lines SKBR3, MCF7 and MDA-MB-231 upon incubation 
with 100 nM HpdI3-BF and ApHER2(t)-F or transfection with 100 nM ApHER2(t)-F 
using 10 µM DOTAP. 

 

	  

	  

	  

Name Sequence (5’   3’) 

Target seq fwd strand CATTCTCTTGATTGCCTCCTCCCTCTCCCTCCTC 

Target seq rev strand GAGGAGGGAGAGGGAGGAGGCAATCAAGAGAATG 

HpdI3-B 
 

GGAGGAGGGAGAGGGAGGAGTTTTTGAGGAGGGA
GAGGGAGGAGG 

ApHER2(t) GCAGCGGTGTGGGGGCAGCGGTGTGGGGGCAGCG
GTGTGGGG 

ApHER2(t)-5T-HpdI3-B 

 

GCAGCGGTGTGGGGGCAGCGGTGTGGGGGCAGCG
GTGTGGGGTTTTTGGAGGAGGGAGAGGGAGGAGT
TTTTGAGGAGGGAGAGGGAGGAGG 

ApHER2(t)Sc-5T-HpdI3-B GACGGCGGTTGGGGGCCGAGGTGTGGGGGCAGCG
GTGTGGGGTTTTTGGAGGAGGGAGAGGGAGGAGT
TTTTGAGGAGGGAGAGGGAGGAGG 
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Figure legends 

 

Figure 1. Structure predictions of HpdI3-B (A) and ApHER2(t)-5T-HpdI3-B (B) using 

the mfold software. 

 

Figure 2. Binding between HpdI3-B and ApHER2(t)-5T-HpdI3-B to the target duplex. 

Lane 1 corresponds to the radiolabelled (*) target alone, lanes 2 - 5 correspond to the 

incubation of the target with the indicated increasing concentrations of HpdI3-B, and 

lanes 6 - 9 correspond to the incubation of the target with increasing concentrations of 

ApHER2(t)-5T-HpdI3-B. Arrows indicate the shifted band corresponding to the binding 

between the HpdI3-B and the chimera with the target DNA. 

 

Figure 3. A) HER2 protein expression. Whole protein extracts from SKBR3, MCF7 

and MDA-MB-231 cells were subjected to Western analyses using specific anti-HER2 

antibody (Calbiochem). Tubulin was used as reference.  B) Uptake analyses by flow 

cytometry. Cells were incubated with 100 nM fluorescent HpdI3-BF (orange) or 100 

nM fluorescent ApHER2(t)-F in the absence (bright green) or the presence (dark green) 

of 10 µM DOTAP. The background autofluorescence of cells is shown in the black 

histogram. Histograms show the fluorescence detected using either SKBR3, MCF7 or 

MDA-MB-231 cells. 

 

Figure 4.  Uptake analyses by confocal microscopy. SKBR3 (A) and MCF7 (B) cells 

were incubated with 100 nM ApHER2(t)-F in the absence and in the presence of 10 µM  

DOTAP. Confocal fluorescent scanning was performed after 24 hour of incubation and 

labelling with Wheat Germ Agglutinin (WGA), Alexa Fluor® 555 Conjugate. Results 
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from control cells are shown in the upper panels. The uptake of the fluorescent aptamer 

ApHER2(t)-F without DOTAP  and with 10 µM DOTAP  are shown in the center and 

lower panels, respectively.  

  

Figure 5. Cell survival upon transfection of 100 nM of HpdI3-B (, black bars), 

ApHER2(t) (, grey) or ApHER2(t)-5T-HpdI3-B (☐, white) in SKBR3 (A), MCF7 (B) 

and MDA-MB-231 cells (C) with the indicated increasing concentrations of DOTAP. 

MTT assays to determine cell survival were performed 6 days after transfection. 

 

Figure 6.  Cell viability of SKBR3 (A), MCF7 (B) and MDA-MB-231 (C) cells upon 

transfection of the indicated increasing concentrations of the ApHER2(t)-5T-HpdI3-B 

chimera () and the negative control ApHER2(t)Sc-5T-HpdI3-B (☐). MTT assays to 

determine cell survival were performed 6 days after transfecting 30 and 50 nM of the 

oligonucleotides with 5 µM DOTAP, and 100 nM of the oligonucleotides with 10 µM 

DOTAP. 

 

Figure 7. IC50 of the oligonucleotides in the different cell lines. The effect on cell 

survival of the indicated increasing concentrations of HpdI3-B (black solid line), 

ApHER2(t) (grey solid line), ApHER2(t)-5T-HpdI3-B (black dashed line) and 

ApHER2(t)Sc-5T-HpdI3-B (grey dashed line) was used to calculate the corresponding 

IC50 values. MTT assays to determine cell survival in SKBR3 (A), MCF7 (B) and 

MDA-MB-231 (C) cells were performed 6 days after transfecting 30 and 50 nM of the 

oligonucleotides with 5 µM DOTAP and 100 nM of the oligonucleotides with 10 µM 

DOTAP. 
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Discussion 

A long-term objective of our laboratory is to prove that PPRHs can be 

considered as an additional type of gene silencing molecule. To achieve this, several 

steps have to be taken; these started demonstrating that PPRHs can bind to dsDNA, 

displacing the polypyrimidine strand of the duplex, followed by the confirmation that 

PPRHs can bind to both strands in the DNA, and finishing by establishing the proof of 

principle that PPRHs can be used in vivo.  

 

5.1 Delivery and stability 

In this work we add new insight to the knowledge of PPRHs. We studied the 

properties of PPRHs in terms of stability and immunogenicity and compared them with 

those shown by siRNAs. The relevance of comparing the stability of these two silencing 

molecules is that regardless their different mechanisms of action, an increased stability 

of the PPRHs will extend their biological effects. We determined the stability of both 

types of molecules in three different types of serum, as well as intracellularly, using 

fluorescent oligonucleotides.  

The primary routes of administration of oligonucleotides for systemic 

applications are either intravenous (IV) infusion or subcutaneous (SC) injection.  After 

these, oligonucleotides are rapidly absorbed from the injection site into the circulation 

with peak plasma concentrations reached within 3 to 4 h (Geary et al. 2015). At this 

point, if no vehicle is used (gymnotic administration), the clearance of the 

oligonucleotides depends on their metabolism by blood nucleases, their renal filtration, 

and their accumulation in tissues. Therefore, the bioavailability of DNA-based 

molecules depends in great measure on their chemical properties. It has been clearly 

established that unmodified oligonucleotides, PNAs, morpholinos, and oligonucleotides 

that lack charge exhibit more rapid clearance from blood primarily due to either 

metabolism in blood (specially unmodified oligonucleotides) or excretion in urine 

(Dirin & Winkler 2013; Amantana & Iversen 2005). In contrast, oligonucleotides 

containing a phosphorothioate backbone are extensively bound to plasma proteins 

(≥85%), especially to albumin, with relatively low affinity (Kd approximately 150 µM). 

This prevents loss of the oligonucleotide to renal filtration and facilitates uptake in 

tissues (Geary et al. 2015). Thus, appropriate and balanced plasma protein binding is 

required for optimal delivery to tissues and cells systemically. Either too tightly bound 

or not bound enough result in inefficient distribution properties.   
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PPRHs are unmodified DNA molecules; therefore one could speculate that their 

PK would be similar to that of unmodified aODNs. In this case, DNase I and 3’-

exonuclease are the primary enzymes to degrade circulating deoxyribonucleotides. 

DNase I recognizes the B form of dsDNA and degrades it by single-stranded nicking 

mechanisms in the presence of Mg2+, or by double-stranded cutting, in the presence of 

Mn2+ or Mg2+ and Ca2+ (Pan et al. 1998; Blume et al. 1999). The rate of hydrolysis of 

this enzyme depends strongly on the oligonucleotide conformation and sequence: 

extended A−T or G−G sites are quite resistant to degradation (Fujihara et al. 2012), as 

seen in G-rich anti-HIV oligonucleotides (Bishop et al. 1996) and in aptamers against 

nucleolin (Bates et al. 2010).  

In the case of siRNAs, ribonucleases belonging to the RNase A family 

(Haupenthal et al. 2006) are the predominant nucleases to degrade circulating 

ribonucleotides. The reported half-life for unmodified siRNAs in serum ranges from 

several minutes to 1 h (Bartlett & Davis 2007; Layzer et al. 2004; Dykxhoorn et al. 

2006), depending on the experimental conditions. In in vivo rat experiments plasma 

half-life was estimated to be less than 8 minutes (Thompson et al. 2012). Notably, the 

siRNAs sequence can have an impact on their own stability: regions rich in UpA 

clusters, which have low thermal stability, are most susceptible toward RNase A 

degradation (Haupenthal et al. 2006) especially when they are located toward the end of 

the strands (Turner et al. 2007).  

We studied two different PPRHs and determined that their half-lives were much 

longer compared to the siRNA. The half-life of the PPRHs was between 7 and 10 times 

longer than that of the siRNA, depending on the type of serum, and twice as longer 

when transfected to PC3 cells. This extended half-life of the PPRHs could be explained 

by the nature of their structure. PPRHs are double-stranded DNA molecules, protected 

by the pentathymidine loop on one side and intramolecularly linked by reverse 

Hoogsteen bonds. This means that PPRHs are not a standard double-stranded DNA. 

Because this susceptibility to be degraded is a serious drawback to use 

oligonucleotides as therapeutic agents, the higher stability of the PPRHs, even without 

chemical modifications, is a remarkable advantage. Normally, nuclease-resistant 

oligonucleotides are necessary to enable their systemic distribution. Phosphate 

modifications at the 3′-end and the inclusion of 2′-protected nucleosides at internal sites 
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of the ribose are necessary to provide protection against exonucleases and 

endonucleases, respectively. Nevertheless, these modifications can have unintended 

consequences, such as the activation of the Complement system or the prolongation of 

clotting times (Henry et al. 2014). Also, they increase the complexity of synthesis and 

the cost of the oligonucleotides. 

Despite the rapid plasma clearance, non-modified oligonucleotides distribute 

broadly into most tissues with the exception of the central nervous system, but they 

accumulate markedly in the kidneys and liver, followed by bone marrow, adipocytes 

and lymph nodes. This is attributable to the reticuloendothelial system (RES) absorbing 

a significant part of the administered oligonucleotide. Specifically, scavenger receptors 

in liver (Kupffer cells), bone marrow (fibroblasts) and kidney are suggested to be 

contributing to the elimination of oligonucleotides from blood by phagocytosis. In the 

case of the liver, this results from the abundant presence of phagocytic Kupffer cells, 

together with the high blood flow received and, importantly, the existence of a 

fenestrated vasculature with an average 70 – 150 nm pore diameter between endothelial 

cells (Moreno & Pêgo 2014). 

If “naked” PPRHs were to be administered as anti-cancer therapy, it is probable 

that very high amounts should be used, because oligonucleotides tend to accumulate in 

organs rather than in tumor tissue. Additionally, there could be a large heterogeneity in 

the distribution of PPRHs, not only between tumors, but due to the tumors nature, also 

within the same tumor. Solid tumors possess specific microvasculature characteristics 

that promote the EPR (Jang et al. 2003), responsible for the accumulation of 

macromolecules or nanoparticles in them. Furthermore, tumors present a usually high 

interstitial fluid pressure (IFP), which makes drug accessibility even more difficult. All 

this, together with a dense structure of extracellular matrix, would ultimately lead to 

some cancer cells within the tumor to evade the anti-cancer action of the PPRHs (Netti 

et al. 2000). 

Therefore, vehicles capable of bypassing these characteristics are necessary for 

optimal PPRHs delivery. In this sense, PPRHs have the advantage of being very stable 

molecules, even without a delivery vehicle. In order to be effective, a delivery vehicle 

needs to: i) protect the PPRH from extracellular and intracellular degradation, until it 

reaches its target, ii) achieve a prolonged circulation time in order to be accumulated in 
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the location of interest, iii) efficiently interact with the cellular membrane to promote 

uptake, iv) promote escape from endocytic vesicles, and v) dissociate from the active 

nucleic-acid in order for it to function. Cationic lipids generally used with nucleic acids 

comprise DOPE or DOTAP. Cationic polymers have been also used. These have a vast 

chemical diversity and are easy to functionalize. Some examples of polymeric systems 

that have been used are poly(L-Lysine) (Stewart et al. 1996) and poly(ethylene imine) 

(Seong et al. 2006). However, some issues regarding efficiency and toxicity have 

justified the development of other polymers based on natural and biodegradable 

compounds such as chitosan (Sadio et al. 2014) or protamine. It is also worth 

mentioning the delivery systems based on inorganic nanoparticles, an emerging field, of 

which gold nanoparticles and carbon nanotubes are very promising (Safari & Zarnegar 

2014).  

Regarding size, the smaller the particle (10 – 20 nm) the better the intratumoral 

diffusion (Goodman et al. 2007), however the EPR effect is more pronounced for 

bigger particles (10 – 200nm). Also, bigger sizes tend to be cleared by the RES, 

although modifying the surface of the NP with other polymers like poly(ethylene 

glycol) (van Vlerken et al. 2007) can prevent this drawback.  

 

5.2 Immunogenicity 

A major concern about the use of siRNAs, and of therapeutic oligonucleotides in 

general, is the unintended activation of the immune response. Immune activation by 

oligonucleotides has previously led to misinterpretation of data, especially when 

inhibition of tumor growth was not primarily due to the antisense mechanism but to the 

immunostimulatory properties of the oligonucleotides (Moreno & Pêgo 2014). Herein, 

the immune response to both, PPRHs and siRNAs, was evaluated in the monocytic cell 

line THP-1 by monitoring the TLR and the inflammasome pathways.  

The innate immune system can sense microbial pathogens through the presence 

of their genomes. This recognition, mediated by the PRRs, is based in two key aspects: 

(i) recognition of patterns that are not naturally occurring in the human cell, such as 

dsRNA or unmethylated cytosine-phosphate-guanosine (CpG)-rich DNA and (ii) 

sensing of nucleic acids in cellular compartments that are normally free of these 

molecules (i.e., the cytoplasm). Several PRRs participate in the recognition of nucleic 
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acids patterns; from them the toll-like receptor family has been best characterized. 

TLR3, TLR7/TLR8, and TLR9 are located in the endolysosomes of dendritic cells and 

macrophages and are responsible for the recognition of dsRNA, ssRNA, and CpG-rich 

DNA, respectively. Upon detection and binding of non-self genetic material, these 

TLRs trigger the phosphorylation and nuclear translocation of transcription factors, such 

as IRF3, which controls the expression of type 1 interferons, and NF-κB, which controls 

the expression of the proinflammatory cytokines IL-6, TNFα, IL-1β, and IL-18, among 

others. Data suggest that siRNAs are recognized in a sequence-independent and 

sequence-dependent manner (Blume et al. 1999; Judge et al. 2005; Sioud 2005), with 

immunostimulatory sequences appearing very frequently in conventionally designed 

siRNAs (Judge et al. 2005). The size of RNAs is also important for activation of the 

immune system. Hornung et al. 2005 observed that 12-nt ssRNAs containing the 

immunostimulatory motif (GUCCUUCAA) were poor inducers of IFN-α in pDCs but 

that increasing their size to 16 nt or 19 nt completely restored cytokine induction. Our 

results on the immunostimulatory effect of siRNAs are in agreement with previous 

results (Judge et al. 2005; Sioud 2005; Hornung et al. 2005), in which siRNAs activate 

the innate immune response through the TLR pathway, as shown by the increase of IL-

6, TNF-α, and IFNβ expression levels.  

PPRHs on the other hand did not have an immunostimulatory effect, probably 

because they are relatively short DNA molecules, less than 100 bases in length, and 

usually around 50 nucleotides. It is well established that TLR9 recognizes unmethylated 

CpG-rich DNA, which is characteristic of bacterial DNA and a potent inductor of innate 

immune response (Hanagata 2012). In fact, peripheral blood mononuclear cells 

(PBMCs) from human and nonhuman primates respond to at least two structurally 

distinct types of oligonucleotides: D-ODN and K-ODN. A critical feature of these is 

their expression of at least one unmethylated CpG motif. PPRHs are unmethylated 

oligonucleotides rich in adenines and guanines, and thus cannot possess the 

unmethylated CpG sequences. This may allow them to escape TLR9 recognition and 

avert the innate immune activation. Other families of receptors recognize nucleic acids 

in the cytoplasm: NLR-family proteins recognize many ligands, including nucleic acids. 

The dsRNA is sensed specifically by RIG-1 and PKR, while DAI and AIM2 recognize 

dsDNA. These receptors trigger a series of pathways that also culminate in the 

expression and activation of proinflammatory cytokines.  
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The inflammasome is a multiprotein complex that, upon binding of its ligand, 

mediates the proteolysis of procaspase-1 to the active caspase-1, which leads to the 

post-transcriptional activation of IL-1β and IL-18, and to pyroptosis, a form of 

programmed cell death in which immune cells die upon recognition of danger signals. 

Some of these receptors such as AIM2 do not discriminate between self and nonself 

DNA, so the fact that PPRHs do not induce the inflammasome response is an interesting 

finding. Moreover, pro-IL-1β and -IL-18 are limiting factors in this pathway (Davis et 

al. 2011), and their transcription depends on NF-κB. In this regard, PPRHs have a 

double advantage over siRNAs: (i) they do not induce the levels of NF-κB and hence 

the levels of pro-IL-1ß nor -IL-18, and (ii) they most likely do not promote the 

assembly of the inflammasome since they do not activate the proteolytic activity of 

caspase-1.  

The innate immune response limits the early spread of infectious organisms 

while promoting the development of adaptive immunity. Therefore, a thorough 

evaluation of the PPRHs effect on PBMCs obtained from human samples could provide 

further insight into the PPRHs effect on innate immunity in humans. The immune 

response is a very complex system that possesses several layers of defense. In this 

sense, acquired immunity, especially towards the delivery vehicle, and the activation of 

the complement system need to be evaluated to complete the immunotoxic profile of 

PPRHs.   

In addition to the stability and immunogenic advantages of PPRHs over siRNAs, 

there are other aspects worth considering. For example PPRHs do not use the 

intracellular RNA-processing pathways, whereas high concentrations of siRNA can 

saturate the RNAi machinery, leading to a global perturbation of miRNA-mediated 

regulation (Khan et al. 2009). In mice, oversaturation of miRNA pathways with shRNA 

is fatal (Grimm et al. 2006). 

 

5.3 Improving the structure of PPRHs 

We also evaluated the properties of a novel design of PPRH: the nicked-circular-

PPRHs, since it has been described that circular structures can offer advantages over 

their linear counterparts, such as tighter binding affinity, a greater specificity for 

binding a particular intended target and, in the case of oligonucleotides, resistance to 
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degradation by nucleases (Kool 1991; Prakash & Kool 1992), all of which are 

interesting properties for our purposes. By designing the nicked-circle-PPRHs, we 

aimed to pre-organize the PPRHs into their functional conformation to increase the 

binding affinity to their dsDNA target sequence and to protect the PPRHs against 

nucleases, specifically once the PPRHs were bound to their targets. It has to be noted 

that the binding between the PPRHs and the dsDNA target sequence requires Mg2+, 

which increases DNase I activity. Therefore, the stability to degradation of the PPRHs 

in this condition is shorter than when no binding is required. As expected, the half-life 

of both ncPPRHs, when bound to their target, was longer than the regular PPRH, even 

when the stability to degradation of the regular PPRH and the ncPPRH-out by 

themselves was similar. Therefore, the higher stability of the ncPPRH takes place only 

when it is bound to the target due to their almost circular structure, as compared with 

the open structure of the regular PPRH. In this sense, it is known that TFOs bound to 

dsDNA by Hoogsteen bonds confer protection against DNase I (Blume et al. 1999). 

Interestingly, ncPPRH-in half-life when bound to the target is shorter than that of 

ncPPRH-out. It is worth noting that PPRHs bind to their target sequence through WC 

bonds; once the ncPPRH-in is bound to its target, the strand that is forming WC bonds 

has a nick, and this could render the ncPPRH-in more vulnerable to the attack of 

endonucleases present in the serum. On the other hand, ncPPRH-out is forming a 

perfectly matched triplex, which enhances its stability.  

The fact that PPRHs are easily modifiable makes them very versatile molecules, 

and other modifications of these molecules have been tested. For example, a design 

called wedge-PPRH (Rodríguez et al. 2015) increased the cytotoxic effect of a PPRH 

directed against the survivin promoter. Wedge-PPRHs are able to lock the strand 

displacement produced by the PPRH. This is possible by extending the 5’ end of the 

PPRH with the sequence complementary to the displaced polypurine strand. Therefore, 

wedge-PPRHs are able to bind to both strands of the target DNA at the same time. The 

idea of using oligonucleotides capable of binding to both strands of the DNA has also 

been explored by other groups. For example, Eman and collaborators have developed an 

LNA-based molecule, called Zorro-LNA that can target both strands of a target 

sequence (Zaghloul et al. 2011). However, as previously stated, the fact that PPRHs do 

not need to be modified surely adds to the interest of these molecules.  
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5.4 RNA-PPRHs 

 Reverse Hoogsteen bonds can also be formed between RNA sequences. To 

expand the use of PPRHs as silencing tools we designed PPRHs made out of RNA, 

RNA-PPRH. We were able to determine that an RNA-PPRH was also capable of 

binding specifically to a dsDNA sequence in vitro, and of forming a triplex structure. 

Moreover, using a vector containing the sequence that encodes for an RNA-PPRH 

targeting the DHFR gene, we determined that this particular RNA-PPRH is active 

intracellularly. Further experiments to determine DHFR mRNA and protein levels after 

plasmid transfection should be performed to validate the activity of RNA-PPRHs. This 

approach could also be used in others targets, but also these results open up the 

possibility of developing RNA-PPRHs systems to silence target genes in a more 

regulated manner. This could be achieved, for instance, by cloning the sequence that 

encodes for a given PPRH into an inducible promoter, and controlling the expression of 

the functional RNA-PPRH, in a similar way to the inducible shRNA systems that are 

available commercially. 

 

5.5 Validation of PPRHs 

One of the objectives of this work was to evaluate if PPRHs could be used as 

gene silencing agents against different targets in cell lines corresponding to several 

cancer types. In this way we could expand the usage of PPRHs in cancer therapy and 

prove their general applicability. For this purpose, we chose an array of therapeutically 

interesting genes to act as reporter genes for the silencing activity of the PPRHs. The 

chosen target genes encompass a variety of biological functions: antiapoptotic genes, 

topoisomerases, protein kinases, and transcription factors. Additionally, these targets are 

usually overexpressed either by gene amplification or by over-activation in tumors We 

were able to design PPRHs directed against polypyrimidine stretches of every gene to 

be targeted; three of these stretches were located in introns (c-myc, mdm2, top1), one in 

a promoter region (mtor), and one in an exonic sequence (bcl2), which were tested in a 

variety of cell lines (HCT 116, PC-3, MIA PaCa-2, SKBR3, MCF7, and MDA-MB-

468).  

All PPRHs were effective, yet the most remarkable results in decreasing cell 

survival and mRNA levels and increasing apoptosis were obtained with those against 
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bcl2 in PC3, MIA PaCa-2 and HCT 116 cell lines. Also, 3 out of 4 PPRHs designed 

against mtor were highly effective in HCT 116 cells. Additionally, when targeting mtor 

we performed time-course experiments, in which we observed that short incubations of 

8 h after transfection already produced a 50% decrease in HCT 116 cells survival. In the 

case of TOP1, MDM2, and MYC, their corresponding PPRHs produced a strong effect 

in decreasing cell viability and mRNA levels and increasing apoptosis in the three 

breast cancer cell lines used.  

We have determined that PPRHs produce a 40 - 70% decrease in the mRNA 

target levels, and that this decrease is enough to reduce cell survival significantly. We 

were interested in studying the effect of using PPRHs directed against a TF since it was 

possible to study if the function of the TF upon PPRH transfection was affected, even if 

a complete decrease of the mRNA levels was not achieved. Using three different 

PPRHs designed against Sp1 we were able to determine that the PPRH that targets the 

promoter sequence of Sp1 had a higher cytotoxic activity and that its transfection 

correlates with a decrease on Sp1 promoter activity, therefore affecting the expression 

of the genes under the control of this TF at the transcriptional level. 

PPRHs, TFOs, aODNs, and siRNAs have in common the silencing of gene 

expression. It is important to note that although PPRHs share with TFOs the formation 

of triplex structures, there are differences in their binding properties; while the TFOs 

bind to the double-stranded DNA by Hoogsteen bonds, PPRHs bind intramolecularly by 

reverse Hoogsteen bonds and to the dsDNA by Watson-Crick bonds. Previously, we 

studied the differences of both PPRHs and TFOs (Rodríguez et al. 2015) and 

determined two important features: i) PPRHs have a higher binding affinity to the 

dsDNA target, and ii) PPRHs have a higher biological activity than TFOs. Therefore, 

for the purpose of inhibiting gene expression, we showed that PPRHs offer advantages 

over TFOs. Moreover, the results presented in this thesis indicate that PPRHs, while 

working at a similar range of concentrations (de Almagro et al. 2009) have advantages 

over siRNAs in terms of stability, lack of immunogenicity, and economy, while no off-

target effects have been found (de Almagro et al. 2011; Rodríguez et al. 2013). 

There are other gene silencing approaches being developed. One of them is 

based on pyrrole–imidazole polyamides, oligomers that bind to the minor groove of the 

DNA targeting short sequences of DNA of around 6 bp (Matsuda et al. 2006; Yang et 
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al. 2013).  In comparison, PPRHs cover a 19–25 nucleotide region, which would confer 

a greater specificity. Regarding the potential target sites for PPRHs, TTS are generally 

found in regulatory regions, specifically in promoters, introns, and to a lesser extent in 

exons. It has been described that even if these regions are overrepresented in promoters, 

they are not necessarily the binding sites for transcription factors (Goñi et al. 2006). 

PPRHs not only bind to transcription factors binding sites but also to other regions in 

the promoter and to both intronic and exonic sequences. Moreover, PPRHs have the 

ability to bind to transcribed mRNA.  

Recently, protein-based approaches with different degrees of complexity have 

come forward; these include ZFN, TALENs, and CRISPR-Cas9, and their initial goal 

was the editing of the genome. Their mechanism of action is based on the introduction 

of double-strand breaks and its subsequent repair through homology-directed repair or 

non-homologous end joining, where the latter can cause unwanted insertions or 

deletions (Lin et al. 2014). Even if these methods are considered very robust platforms 

for genome editing, they present several drawbacks, including potential off-target DNA 

cleavage and unwanted cytotoxic activity (Fu et al. 2013), they are labor- and time-

consuming (Mussolino et al. 2011; Wijshake et al. 2014), and they face the additional 

complications linked to viral gene therapy (Cox et al. 2015). Another concern for these 

strategies could be the immune response triggered by the peptides from editing 

nucleases or by the large amounts of virus necessary for the in vivo delivery. In contrast, 

PPRHs are easy to design and to synthesize, since they are just like regular unmodified 

oligonucleotides of about 50 bases and can be directly used without further 

manipulation, avoiding engineering issues. PPRHs can be labeled in their primary 

synthesis with fluorophores or biotin and can also be fused to targeting or delivering 

agents, such as aptamers and antibodies. Moreover, several PPRH-binding sites can be 

found per targeted gene allowing for combination therapy. We have previously studied 

the in vivo efficiency of the PPRHs (Rodríguez et al. 2013) using a subcutaneous 

xenograft tumor model of prostate cancer. Using two different types of administration, 

intratumoral and intravenous, a PPRH against survivin promoter (HpsPr-C) was able to 

delay the tumor growth, without affecting mice weight. We determined the decrease in 

the levels of survivin and a lower degree of blood vessel formation.  
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5.6 Use of aptamers 

Delivery of PPRHs is a relevant topic for their further development. We began 

addressing this issue by using aptamers as targeting molecules. In this work we 

analyzed the effects of fusing a gene silencing PPRH, specifically designed against 

intron 3 of the DHFR gene (HpdI3-B), to an aptamer recognizing the HER2 receptor 

(ApHER2(t)). It has been described that upon binding to its target protein, this aptamer 

is internalized and promotes the degradation of HER2, ultimately leading to cell death 

(Mahlknecht et al. 2013). By fusing both molecules with 5-thymidine linker, our aim 

was to create a bifunctional oligonucleotide (ApHER2(t)-5T-HpdI3-B) that could be 

effective in a specific cell line, such as SKBR3, which overexpresses HER2 protein.  

We began by performing the structural prediction of the aptamer through in 

silico studies, and determined that the aptamer maintained its secondary structure even 

when it was fused to the PPRH by a 5-thymidine linker. It is worth mentioning that the 

expected hairpin structure of the PPRH could not be predicted because the server used, 

mfold, only considers the canonical Watson-Crick bonds, and the Wobble G-U bonds 

(in the case of RNA sequences) when performing the structural prediction. Therefore, 

the PPRH sequence is shown as a circle. However, we determined that upon fusing both 

molecules, the PPRH domain of the chimeric molecule maintained the capacity to bind 

to its dsDNA target sequence. This was proved performing EMSA, in which we 

compared the binding of both molecules, HpdI3-B and ApHER2(t)-5T-HpdI3-B, to the 

target duplex and calculated their Kd: 385 nM for HpdI3-B, and 714 nM in the case of 

ApHER2(t)-5T-HpdI3-B.   

To determine if the uptake of a fluorescent ApHER2(t) varied in the different 

cell lines, we performed flow cytometry analyses. We concluded that, when no 

transfection agent was used, the fluorescence intensity upon incubation with the 

aptamer increased in a similar extent in the three cell lines. We believe that this effect 

was unspecific since incubation with a fluorescent PPRH produced the same effect. 

However, when DOTAP was used to transfect ApHER2(t)-F, the internalized 

fluorescence increased considerably in the three cell lines. It is interesting to point out 

that upon transfection with DOTAP, MDA-MB-231 and MCF7 cells internalized more 

fluorescent molecules than SKBR3 cells, thus indicating that MCF7 and MDA-MB-231 
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cells have a higher internalization rate. Confocal experiments confirmed that there was 

not internalization of the aptamer unless DOTAP was used. 

We performed cell survival experiments in the three cell lines and determined 

that the cationic liposome DOTAP is necessary for the molecules to produce an effect 

on cell survival. In fact, we observed that the cytotoxic effect of the oligonucleotides 

increased in a DOTAP-concentration dependent manner. Interestingly, when we 

performed the dose-response experiments with HpdI3-B, ApHER2(t) and ApHER2(t)-

5T-HpdI3-B, the cytotoxicity in SKBR3 cells transfected with the chimeric aptamer-

PPRH was higher than that of MCF7 and MDA-MB-231 cells, despite the higher 

internalization of the latter, meaning that there was a specific effect of the PPRH fused 

to the aptamer directed against the HER2 epitope. It is noteworthy that in SKBR3 cells 

the IC50 of the chimeric ApHER2(t)-5T-HpdI3-B was remarkably low compared to 

those of the PPRH or aptamer alone, whereas in MCF7 and MDA-MB-231 this effect 

was not observed. Moreover, when a scrambled chimeric sequence was transfected to 

all cell lines, there was no cytotoxic effect, confirming the specificity of ApHER2(t)-

5T-HpdI3-B. We believe that the overexpression of HER2 in SKBR3 cells, even if it 

does not facilitates the internalization of ApHER2(t)-5T-HpdI3-B, could be playing a 

role in the cytotoxic effect of this chimeric molecule. However, methods enabling the 

internalization of the chimeric molecules should be further investigated to allow for 

specific targeting and delivery without the need of a transfecting reagent. 

Aptamers offer promising opportunities to improve current oligonucleotide-

based therapies. The SELEX process allows selecting aptamers with high affinities for 

their targets, which are comparable to those shown by antibodies. But aptamers present 

some advantages over the latter: obtaining them is independent of animal use, they have 

lower batch-to-batch variation, and more stability to temperature changes, especially if 

they are DNA aptamers. 

 

5.7 Concluding remarks 

In summary, PPRHs as DNA molecules present substantial advantages as a new 

silencing tool such as high stability, low immunogenicity, and versatility of design since 

they can be directed against different gene regions such as promoter, introns, and exons, 

providing various mechanisms to knock down gene expression. In fact, we have 
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incorporated the use of PPRHs as a silencing tool on a regular basis (Oleaga et al. 2012; 

Mencia et al. 2011; Barros et al. 2013). In addition, it is not necessary to introduce 

chemical modifications in the DNA synthesis, making PPRHs 10 times less expensive 

than siRNAs. Moreover, the results presented in this work confirm that the PPRH 

technology is broadly useful to silence the expression of genes, and we made a special 

emphasis in genes related to cancer. Regardless of the gene or cell line tested, PPRHs 

were able to decrease cell survival and mRNA expression levels, and to increase 

apoptosis. Thus, we have extended the number of PPRHs used in cancer therapy, now 

spanning metabolism (DHFR), proliferation (mTOR), DNA-topology (TOP1), lifespan 

and senescence (Telomerase), apoptosis (Survivin, BCL2), transcription factors (Sp1, 

MYC), and proto-oncogenes (MDM2). Additionally, PPRHs can be functionalized with 

targeting molecules to increase the specificity of their action. Therefore, we wish to put 

forward the use of PPRHs as a new silencing tool. We believe that developing new 

approaches, and not only modifying the existent molecules, could broaden the 

therapeutic scope of gene silencing. 

Clearly oligonucleotide therapeutics has come a long way. Since the first report 

of a DNA sequence being used as disruptor of genetic flow, many landmarks have been 

set. Although some limitations are still present, chief among them an inefficient 

delivery to tumors, the development of therapeutic oligonucleotides is likely to 

continue, supported in part by the improvement in nucleotides chemistry and 

nanomaterials.
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Conclusions 

 

1. PPRHs can be designed in a straightforward way, they work at the nanomolar 

range, and do not need to be modified in their synthesis, offering economical 

advantages over siRNAs. 

 

2. The stability of PPRHs is higher than that of siRNAs, as evidenced by the longer 

half-life of the former in different types of serum and in PC3 cells. 

 

3. PPRHs do not induce the levels of NF-κB and IRF3, or the phosphorylation of 

the latter, when transfected to THP-1 cells. Also, PPRHs do not increase the 

expression levels of the proinflammatory cytokines IL-6, INF-α, INF-β, TNF-α, 

IL-1β or IL-18, all of which are involved in the Toll-like Receptor pathway. 

 

4. PPRHs do not trigger the formation of the inflammasome complex, as confirmed 

by the lack of caspase-1 cleavage activity in THP-1 iGLuc cells transfected with 

different PPRHs.  

 

5. Nicked-circle-PPRHs have a better binding capacity in vitro than regular 

PPRHs. They maintain the cytotoxic effect and when bound to their target they 

are more stable than regular PPRHs. 

 

6. RNA-PPRHs are able to bind to a dsDNA target and form a triplex structure. 

The transfection of a vector containing the sequence that encodes for an RNA-

PPRH targeting the DHFR gene allows for the intracellular transcription and 

activity of the RNA-PPRH. 

 

7. PPRHs have the capacity to decrease the mRNA expression levels of several 

target genes (BCL2, TOP1, MTOR, MDM2, and MYC) in a variety of cancer cell 

lines. 

 

8. PPRHs are able to decrease the survival of several tumor cell lines (HCT 116, 

MCF7, MDA-MB-468, MIA PaCa2, PC3 and SKBR3) and to increase apoptosis 

when genes involved in cancer are targeted.  

 

137



Conclusions 

9. PPRHs targeting TFs, such as Sp1, can exert their action by decreasing the 

transcriptional activity on their target genes. 

 

10. PPRHs can be used as in vitro tools to validate genes involved in cancer. 

Additionally, because of their gene silencing capacity, in the future PPRHs 

could be considered as therapeutic oligonucleotides if they target genes related 

to cancer progression or resistance to drugs.  

 

11. The fusion of the aptamer ApHER2(t), directed against HER2, to the HpdI3-B 

PPRH, directed against DHFR, in a single chimeric oligonucleotide does not 

prevent the binding of HpdI3-B to its target sequence.  

  

12. In SKBR3 cells, the cytotoxic effect of the chimeric ApHER2(t)-5T-HpdI3-B 

molecule is greater than that of the two molecules (HpdI3-B and ApHER2(t)) 

separately. The effect of the evaluated oligonucleotides is facilitated with the 

presence of DOTAP. 

 

13. The effect of the chimeric ApHER2(t)-5T-HpdI3-B oligonucleotide is higher in 

SKBR3 cells, which overexpress HER2 protein; moderate in MCF7 cells which 

have a normal expression of HER2; and negligible in the HER2 negative cell 

line MDA-MB-231.   
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I have collaborated in the performance of experiments related to PPRHs 

development that led to the following publications: 
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Polypurine Reverse Hoogsteen hairpins as a gene therapy tool against surviving in 
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Polypurine reverse Hoogsteen hairpins as a gene therapy tool against
survivin in human prostate cancer PC3 cells in vitro and in vivo

Laura Rodrı́guez a, Xenia Villalobos a, Sheila Dakhel b, Laura Padilla b, Rosa Hervas b,
Jose Luis Hernández b, Carlos J. Ciudad a,*, Véronique Noé a

a Department of Biochemistry and Molecular Biology, School of Pharmacy, University of Barcelona, 08028 Barcelona, Spain
b Biomed Division of LEITAT Technological Center, 08028 Barcelona, Spain

1. Introduction

Nowadays, modulation of gene expression by nucleic acids has
become a routine tool for laboratory research. Different molecules
are used as gene modulating tools, such as antisense oligonucleo-
tides (aODNs) or small-interference RNAs (siRNAs). In addition, we
have recently described the development of a new type of
molecules named polypurine reverse Hoogsteen hairpins (PPRHs),
capable of decreasing gene expression.

PPRHs are non-modified DNA molecules formed by two
antiparallel polypurine stretches linked by a five-thymidine loop

[1,2]. The intramolecular linkage consists of reverse Hoogsteen
bonds between adenines and guanines. Then, PPRHs bind to
their polypyrimidine target sequence by Watson–Crick bonds
forming a triplex structure and displacing the fourth strand of the
dsDNA [2].

To design a PPRH, it is essential to find polypyrimidine/
polypurine stretches within the gene sequence. These sequences
are more common in the genome than it was predicted by
random models [3]; they are mostly located in non-coding
sequences, including promoters and introns, although they can
also be found in coding regions at low frequency. The target
sequences do not have to be pure stretches of polypyrimidines
and may contain a small number of purine interruptions, since
the usage of adenines as a wild card in the PPRH overcomes the
instability caused by the interruptions, thus maintaining a
functional binding to the target [4].

In previous studies, we described two types of PPRHs with
the ability to bind to a target sequence located either in the
template DNA strand, Template-PPRHs [4] or in the coding DNA
strand, Coding-PPRHs [5]. Each of these molecules is able,
through different mechanisms, to decrease gene expression. On
the one hand, Template-PPRHs interfere with the transcription
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A B S T R A C T

As a new approach for gene therapy, we recently developed a new type of molecule called polypurine

reverse Hoogsteen hairpins (PPRHs). We decided to explore the in vitro and in vivo effect of PPRHs in

cancer choosing survivin as a target since it is involved in apoptosis, mitosis and angiogenesis, and

overexpressed in different tumors. We designed four PPRHs against the survivin gene, one of them

directed against the template strand and three against different regions of the coding strand. These

PPRHs were tested in PC3 prostate cancer cells in an in vitro screening of cell viability and apoptosis.

PPRHs against the promoter sequence were the most effective and caused a decrease in survivin mRNA

and protein levels. We confirmed the binding between the selected PPRHs and their target sequences in

the survivin gene. In addition we determined that both the template- and the coding-PPRH targeting the

survivin promoter were interfering with the binding of transcription factors Sp1 and GATA-3,

respectively. Finally, we conducted two in vivo efficacy assays using the Coding-PPRH against the survivin

promoter and performing two routes of administration, namely intratumoral and intravenous, in a

subcutaneous xenograft tumor model of PC3 prostate cancer cells. The results showed that the chosen

Coding-PPRH proved to be effective in decreasing tumor volume, and reduced the levels of survivin

protein and the formation of blood vessels. These findings represent the preclinical proof of principle of

PPRHs as a new silencing tool for cancer gene therapy.

� 2013 Elsevier Inc. All rights reserved.
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tatic cancer; DOTAP, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium

methylsulfate; EMSA, electrophoretic mobility shift assay; MTT, (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NE, nuclear extract;

PPRHs, Polypurine Reverse Hoogsteen hairpins.
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process, thus decreasing the mRNA and protein levels of the
target gene. On the other hand, Coding-PPRHs are able to bind,
not only to the coding strand of the DNA but also to the mRNA,
because both have the same sequence and orientation. A
Coding-PPRH against an intron sequence of the dhfr gene caused
a splicing alteration by preventing the binding of U2AF65, a pre-
mRNA splicing factor, ultimately decreasing gene expression [5].
We proved the efficacy of different Template-PPRHs against
genes related to proliferation in breast cancer: dhfr, telomerase

and survivin [4].
We decided to further explore the in vitro and in vivo effects of

PPRHs against survivin, since it is an anti-apoptotic protein, also
involved in mitosis and angiogenesis [6]. Survivin is overexpressed
in different tumors, such as prostate [7], lung [8], breast [9], colon
[10,11] stomach [12], esophagus [13], pancreas [14], bladder [15],
uterus [16], ovary [17], large-cell non-Hodgkin’s lymphoma [18],
leukemias [19], neuroblastoma [20], melanoma [21] and non-
melanoma skin cancers [22]. However, survivin levels are
undetectable in most differentiated normal tissues, with the
exception of thymus [7], CD34+ bone-marrow-derived stem cells
at low levels [23], and the basal colonic epithelium [24]. Moreover,
survivin expression correlates to shorter survival [8–10,13,17,18],
resistance to chemotherapy [13,25], worse disease progression
[18,20], and higher rates of recurrence [15]. All of the above
reasons make survivin a good anticancer target and prognosis
marker [26].

We focused on prostate cancer, the second cause of death
related to cancer in men in the Western world. Given that the
treatment options for this disease are limited and barely
effective, targeted-therapy has been under development [27].
Examples of this type of therapy are either small molecules or
antibodies against tyrosine kinase receptors, such as IGF-1R,
EGFR and FGFR or against genes involved in important hallmarks
for cancer, such as anti-apoptotic (survivin) or proangiogenic
proteins (VEGFR) [27].

Survivin is considered a good target to inhibit in prostate cancer
for its association with androgen resistance and with aggressive
phenotypes. In fact, several Phase-II clinical trials using either
small-molecule inhibitors – YM155 – or antisense therapy –
LY2181308 – have been conducted for castration-resistant
prostatic cancer (CRPC), after showing apoptosis in prostate
cancer cell lines and in xenografts [11,28]. However, these two
molecules showed modest or lack of activity in Phase II clinical
trials, and are currently under investigation in combination with
docetaxel [29,30].

Therefore, the aim of this work was to assess the efficacy of
PPRHs as a preclinical proof of principle for its application as a new
gene therapy approach using a subcutaneous xenograft tumor
model of PC3 prostate cancer cells.

2. Materials and methods

2.1. Design and usage of PPRHs

Both Template and Coding-PPRHs were used in these experi-
ments. To find polypyrimidine sequences in the target gene, we
used the Triplex-Forming Oligonucleotide Target Sequence Search
software (spi.mdanderson.org/tfo/, M.D. Anderson Cancer Center,
Houston, TX). Once we had selected proper candidates, BLAST
analyses were performed to confirm specificity of the designed
PPRHs and the ones with less unintended targets were chosen.
PPRHs were synthesized as non-modified oligodeoxynucleotides
by Sigma-Aldrich (Madrid, Spain) (0.05 mmol scale). Lyophilized
PPRHs were resuspended in sterile Tris-EDTA buffer (1 mM EDTA
and 10 mM Tris, pH 8.0; AppliChem, Barcelona, Spain) and stored
at �20 8C.

2.2. Preparation of polypurine/polypyrimidine duplexes

The duplexes to be targeted by the hairpins were formed by
mixing 25 mg of each single-stranded (ss) polypurine and
polypyrimidine oligodeoxynucleotides with 150 mM NaCl (Appli-
Chem, Barcelona, Spain) and incubated at 90 8C for 5 min as
described in de Almagro et al. [4].

2.3. Oligodeoxynucleotide labeling

One hundred nanograms of PPRHs or double stranded (ds)
oligodeoxynucleotides was 50-end-labeled with T4 polynucleotide
kinase (New England Biolabs, Beverly, MA) and [g-32P]ATP
(3000 Ci/mmol, Perkin Elmer, Madrid, Spain) as described in de
Almagro et al. [4].

2.4. DNA–PPRH binding analysis

Binding of PPRHs to their target sequence was analyzed using
two approaches: (a) by incubation of the radiolabeled PPRHs
(20,000 cpm) in the presence or absence of unlabelled ds target
sequence, or (b) by incubation of the radiolabeled ds target
sequence with the unlabelled PPRH. In both cases, a buffer
containing 10 mM MgCl2, 100 mM NaCl, and 50 mM HEPES, pH 7.2
was used (AppliChem, Barcelona, Spain). Binding reactions (20 ml)
were incubated for 30 min at 37 8C before electrophoresis, which
was performed on non denaturing 12% polyacrylamide gels (PAGE)
containing 10 mM MgCl2, 5% glycerol, and 50 mM HEPES, pH 7.2
(AppliChem, Barcelona, Spain). Gels were electrophoresed for 3–
4 h at 10 V/cm at 4 8C, dried, exposed to Europium plates OVN and
analyzed using a Storm 840 Phosphorimager (Molecular Dynamics,
Sunnyvale, CA). Binding specificity was tested by addition of 1 mg
of poly-dI-dC (Sigma-Aldrich, Madrid, Spain) to the binding
reaction.

2.5. Electrophoretic mobility shift assay (EMSA)

To analyze the binding of transcription factors to the target
sequences of the chosen PPRHs within the survivin promoter, EMSA
was performed using HeLa nuclear extracts. HeLa cells were
harvested by trypsinization, centrifuged at 800 � g for 5 min and
resuspended in hypotonic buffer (15 mM NaCl, 60 mM KCl, 0.5 mM
EDTA, 1 mM PMSF, 1 mM b-mercaptoethanol and 15 mM Tris–HCl,
pH 8.0; AppliChem, Barcelona, Spain) for 5 min. Then, cells were
centrifuged again at 800 � g for 5 min and washed with hypotonic
buffer containing 0.05% Triton (Sigma-Aldrich, Madrid, Spain) to
lysate the cells. After centrifugation for 5 min at 1200 � g, nuclei
were washed with hypotonic buffer once more without triton, and
resuspended in hypotonic buffer containing a final concentration
of 360 mM KCl (AppliChem, Barcelona, Spain). Sample tubes were
rotated (12 rpm) with a 458 inclination at 4 8C for 45 min. Finally,
nuclear extracts were separated from chromatin after centrifuga-
tion at 100,000 � g for 30 min.

The radiolabeled ds target sequences (20,000 cpm) were
incubated in 20 ml reaction mixtures also containing 1 mg Herring
Sperm DNA (Invitrogen, Barcelona, Spain) as unspecific competi-
tor, 2 mg nuclear extract protein, 5% glycerol, 4 mM MgCI2, 60 mM
KCl and 25 mM Tris–HCl, pH 8.0 (AppliChem, Barcelona, Spain).
After a pre-incubation of 15 min, the probe was added for 15 more
minutes. Then samples were resolved by gel electrophoresis (5%
polyacrylamide/bisacrylamide, 5% glycerol, 1 mM EDTA and
45 mM Tris-borate, pH 8.0; AppliChem, Barcelona, Spain). In
competition experiments, ds DNA consensus sequences (Sp1: 50-
ATTCGATCGGGGCGGGGCGAGC-30; GATA: 50-CACTTGATAACA-
GAAAGTGATAACTCT-30; non-related: 50-AGGAACTCGCGTCC-
CAGCCA-30) for the putative transcription factors determined by
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the MATCHTM software, as well as the different PPRHs, were
added in excess (ranging between 10- and 200-fold relative
to the radiolabeled probe) to the reaction mixture. In the
supershift assays, 2 mg of rabbit polyclonal antibodies against
either Sp1 (PEP-2X) or Sp3 (D-20X), GATA-2 (H-116X) or GATA-3
(H-48X) (Santa Cruz Biotechnology, Heidelberg, Germany), was
added to the reaction mixture 15 min before the electrophoresis.
The dried gel was exposed to Europium plates OVN and analyzed
using a Storm 840 Phosphorimager (Molecular Dynamics, GE
Healthcare Life Sciences, Barcelona, Spain).

2.6. Cell culture

PC3 prostate adenocarcinoma cells (ECACC) and HeLa cervical
cancer cells (ATCC) were grown in Ham’s F-12 medium supple-
mented with 7% fetal bovine serum (FBS, GIBCO, Invitrogen,
Barcelona, Spain) and incubated at 37 8C in a humidified 5% CO2

atmosphere. Human Umbilical Vein Endothelial Cells (HUVECs,
Lonza, Barcelona, Spain) were cultured in Endothelial cell Basal
Medium EBM (Lonza, Barcelona, Spain), supplemented with hEGF,
hydrocortisone, brain bovine extract and gentamicine (EGM,
Lonza, Barcelona, Spain), and 10% FCS (Invitrogen, Barcelona,
Spain). 4T1 breast cancer and CT26 colon cancer cell lines (ECACC),
both from mouse, used as negative controls, were also cultured in
F-12 medium and 7% FBS.

2.7. Transfection

Cells were plated in 35-mm-diameter dishes. The transfection
procedure consisted in mixing the appropriate amount of PPRH
and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methylsulfate (DOTAP) (Roche, Barcelona, Spain) for 15 min at
room temperature, followed by the addition of the mixture to the
cells.

2.8. MTT assay

Cells (10,000) were plated in 35-mm-diameter dishes in F12
medium. After 6 days, 0.63 mM of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide and 18.4 mM of sodium succi-
nate (both from Sigma-Aldrich, Madrid, Spain) were added to the
culture medium and incubated for 3 h at 37 8C. After incubation,
the medium was removed and the solubilization reagent (0.57%
acetic acid and 10% sodium dodecyl sulfate in dimethyl sulfoxide)
(Sigma-Aldrich, Madrid, Spain) was added. Cell viability was
measured at 570 nm in a WPA S2100 Diode Array spectrophotom-
eter (Biochrom Ltd., Cambridge, UK).

2.9. mRNA analysis

Total RNA from 60,000 PC3 cells was extracted using
Trizol (Life Technologies, Madrid, Spain) following the manu-
facturer’s specifications. Quantification of RNA was conducted
measuring its absorbance (260 nm) at 25 8C using a Nanodrop
ND-1000 spectrophotometer (Thermo Scientific, Wilmington,
DE).

2.10. Reverse transcription

cDNA was synthesized in a 20 ml reaction mixture containing
500 ng of total RNA, 12.5 ng of random hexamers (Roche,
Barcelona, Spain), 10 mM dithiothreitol, 20 units of RNasin
(Promega, Madrid, Spain), 0.5 mM each dNTP (AppliChem,
Barcelona, Spain), 4 ml of buffer (5�), and 200 units of Moloney
murine leukemia virus reverse transcriptase (RT) (Invitrogen,
Barcelona, Spain). The reaction was incubated at 37 8C for 1 h.

3 ml of the cDNA mixture was used for Real-Time PCR
amplification.

2.11. Real-timePCR

The StepOnePlusTM Real-Time PCR Systems (Applied Biosys-
tems, Barcelona, Spain) was used to perform these experiments.
Survivin (BIRC5) (HS04194392_S1), adenine phosphoribosyl-
transferase (APRT) (HS00975725_M1) and 18S rRNA
(HS99999901_S1) mRNA Taqman probes were used (Applied
Biosystems). The final volume of the reaction was 20 ml,
containing 1� TaqMan Universal PCR Mastermix (Applied
Biosystems, Barcelona, Spain), 1� TaqMan probe (Applied
Biosystems, Barcelona, Spain) and 3 ml of cDNA and H2O mQ.
PCR cycling conditions were 10 min denaturation at 95 8C,
followed by 40 cycles of 15 s at 95 8C and 1 min at 60 8C. The
mRNA amount of the target gene was calculated using the DDCT

method, where CT is the threshold cycle that corresponds to the
cycle where the amount of amplified mRNA reaches the threshold
of fluorescence. APRT and 18S mRNA levels were used as
endogenous controls. To analyze the off-target effects of PPRHs
we used TaqMan probes for the following unrelated genes: APOA1
(HS00163641_M1), Bcl2 (HS00608023_M1), DHFR
(HS00758822_S1), S100A4 (HS00243202_M1) and PDK1
(HS01561850_M1).

2.12. Western analysis

Cells (60,000) were plated in 35-mm-diameter dishes and
treated with PPRHs at 100 nM. At different times after transfec-
tion (3, 6, 9 h) total protein extracts were obtained and Western
blot analyses were performed to detect the levels of survivin
protein.

Cells were collected by tripsinization and after a PBS wash, RIPA
buffer (50 Tris–HCl pH 7,4, 1% Igepal CA630, 1 mM EDTA, 150 mM
NaCl, supplemented with 100 mg/ml of PMSF and Protease
Inhibitor Mixture by Sigma-Aldrich, Madrid, Spain) was added
to lyse the cells. The extracts were maintained at 4 8C for 30 min,
vortexing every 10 min. Cell debris was removed by centrifugation
(13,500g for 10 min). The Bio-Rad protein assay (Bio-Rad,
Barcelona, Spain), based on the Bradford method, was used to
determine the protein concentrations using bovine serum albumin
as a standard (Sigma-Aldrich, Madrid, Spain).

Total protein cell extracts (100 mg) were electrophoresed on
SDS-polyacrylamide gels (15%/7%), and transferred to a polyvi-
nylidene fluoride membrane (Immobilon P, Millipore, Madrid,
Spain) using a semidry electroblotter. The membranes were
probed with antibodies against survivin (1/250 dilution;
614701, Biolegends, San Diego, CAand AF886, R&D systems,
Minneapolis, MN) and tubulin (1/800 dilution; CP06, Calbiochem,
Merck, Darmstadt, Germany). Signals were detected by secondary
HRP-conjugated antibodies: anti-rabbit (1:2500 dilution; P0399,
Dako, Denmark) for survivin, anti-mouse (1/5000 dilution; sc-
2005, Santa Cruz Biotechnology, Heidelberg, Germany) for tubulin
and enhanced chemiluminiscence using ECLTM Prime Western
Blotting Detection Reagent, as recommended by the manufacturer
(GE Healthcare, Barcelona, Spain). Tubulin and total protein
loading were both used to normalize the results. Quantification
was performed using ImageQuant LAS 4000 Mini (GE Healthcare,
Barcelona, Spain).

2.13. Cellular uptake of PPRHs

200,000 cells were plated in 55-mm dishes with 2 ml complete
F-12 medium and treated with different concentrations of FITC
PPRH (HpdI3-F). 24 h after transfection, cells were collected,
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centrifuged at 800 � g at 4 8C for 5 min, and washed once in PBS.
The pellet was resuspended in 500 ml PBS plus Propidium iodide
(PI) (final concentration 5 mg/ml) (Sigma-Aldrich, Madrid, Spain).
Cells were kept on ice for no longer than 30 min before flow
cytometry analysis performed in a Coulter XL cytometer. Different
ratios of PPRH:DOTAP were tested to determine the most
appropriate to ensure internalization of the molecule.

2.14. Apoptosis

Apoptosis was determined by two different methodologies:
Rhodamine method and Caspase 3/7 assay.

Rhodamine method: PC3 cells (120,000) were plated in 55-mm
dishes with 2 ml complete F-12 medium and treated with 100 nM
of each PPRH. 24 h after treatment, Rhodamine (final concentration
5 ng/ml) (Sigma-Aldrich, Madrid, Spain) was added for 30 min and
the cells were collected as previously described for the cellular
uptake experiments. Flow-cytometry data were analyzed using the
software Summit v4.3. The percentage of Rho-negative, IP-
negative cells, corresponded to the apoptotic population.

Caspase-Glo 3/7 assay: 5,000 cells (PC3, HUVEC, 4T1 and CT26)
were plated in a 96-well plate in 50 ml F12-complete medium.
After 24 h, 100 nM of each PPRH was transfected, and 24 h after
transfection, 50 ml of Caspase-Glo 3/7 reagent (Promega, Madrid,
Spain) was added. After 1 h of incubation, luminiscence was
measured using a ModulusTM Microplate luminometer (Turner
Biosystems, Promega, Madrid, Spain). F12-complete medium and
the reagent were considered the blank control and untreated cells
as background.

2.15. In vivo studies

Tumor growth studies were performed on female athymic mice
of 5 weeks old (Hsd:Athymic Nude-Foxn1nu). Mice were purchased
from Harlan Interfauna Iberica S.L. (Barcelona, Spain) and
maintained in the facilities of the PCB-UB. In vivo procedures
were approved by the institutional ethical committee and by the
local authorities according to the Catalonian and Spanish guide-
lines governing experimental animal care.

Human PC3 cell line growing in exponential phase was used to
implant xenografts in mice. 2 � 106 cells were subcutaneously
injected in the right dorso-lateral side of these mice. Tumor growth
was measured using calipers twice a week and its volume was
calculated using the formula: volume = (D � d2)/2, in which D is
the longest axis of the tumor and d is the shortest.

Those animals with a tumor of approximately 100 mm3 were
selected to conduct the experiments, using a minimum of 10
animals for the intratumoral administration and 6 for the
intravenous one.

Mice were administered with either a scramble PPRH (Hps-Sc) or
with the anti-survivin PPRH (HpsPr-C) using as a vehicle in vivo-
jetPEI1 (Polyplus transfection, France) at a N/P ratio of 8 in a buffer
containing 5% glucose. Two types of administration were used:
Intratumoral administration of 10 mg of PPRH (volume of adminis-
tration 20 ml) and intravenous administration (via tail vein) of 50 mg
of PPRH (volume of administration 200 ml). In both cases, the
administration of PPRHs and the measurement of body weight and
tumor volume were performed twice a week. Treatments were
continued for 3 weeks, after which animals were killed.

2.16. Immunodetection of survivin in tumor samples

At the end of the in vivo intratumoral experiment, subcutaneous
tumors from PC3 cells were processed for survivin detection, both by
Western Blot and Immunofluorescence in histological sections. For
protein extraction from tumor samples, frozen tissue was disrupted

in ice cold Cell Lysis Buffer (150 mM NaCl, 1% IGEPAL CA630, 5 mM
EDTA, 100 mg/ml PMSF, 1 mM Na3VO4, 1 mM NaF and 50 mM Tris–
HCL, pH 7.4) (AppliChem, Barcelona, Spain) with the aid of a mixer.
After centrifugation, protein concentration was determined with the
Bradford Reagent. Total extracts (60 mg) were solved in SDS-
polyacrylamide gels using the same conditions as described in
section 2.12. The following antibodies were used: rabbit polyclonal
antibody anti-survivin (1:2000 dilution, AF886, R&D systems,
Minneapolis, MN); monoclonal anti-beta actin peroxidase conjugate
(1:25,000 dilution, A3854, Sigma-Aldrich, Madrid, Spain); goat anti-
rabbit (1:25,000 dilution, A0545, Sigma-Aldrich, Madrid, Spain) was
used as secondary antibodies. For immunofluorescence detection,
five micrometer-thick sections from the tumor blocks were
deparaffinised, rehydrated in grade alcohols and processed. Briefly,
antigen retrieval was performed in a microwave oven for 15 min in
10 mM sodium citrate pH 6.0 with 0.05% Tween-20 (AppliChem,
Barcelona, Spain). The slides were incubated in 5% normal goat
serum for 60 min to prevent nonspecific staining. Then, they were
incubated OVN at 4 8C with rabbit polyclonal anti-human survivin
(5 mg/ml, AF886, R&D systems, Minneapolis, MN). Thereafter the
sections were incubated with Alexa Fluor 488 goat anti-rabbit IgG
(H + L) (Invitrogen, Barcelona, Spain) at 2 mg/ml in PBS 1� for
60 min. The slides were kept in a dark environment, washed three
times with PBS 1� for 5 min each and mounted with mounting
solution (Mowiol, Sigma-Aldrich, Madrid, Spain). Five pictures per
tumor were taken using a Leica DM IRBE microscope.

2.17. Immunohistochemical CD31 staining

At the end of the in vivo intratumoral experiment, subcutaneous
tumors from PC3 cells were OCT (Tissue-Tek1, Sakura, Barcelona,
Spain) embedded and frozen. One cryosection (5 mm) correspond-
ing to 3 tumors of each group were analyzed. Sections were fixed in
acetone/chloroform (1:1) at �20 8C for 5 min, dried overnight at
room temperature, washed with PBS and treated for 10 min at 4 8C
in a dark chamber with H2O2 (0.03%) in PBS. Then, sections were
washed with PBS and blocked for 20 min using PBS-BSA (2%) plus
rabbit serum (5%) (Vector, Burlingame, CA) and with Avidin-biotin
blocking solution (Dako, Denmark) for 10 min at 4 8C. Samples
were incubated for 1 h at room temperature with the monoclonal
rat anti-mouse primary antibody directed against CD31 (dil 1:200,
BD PharMingen, Belgium) diluted in blocking buffer. Afterwards,
sections were incubated with a polyclonal biotinylated anti-rat
antibody as secondary antibody (dil 1:500, Vector, Burlingame, CA)
for 30 min at room temperature and then the ABC reagent (Pierce,
Rockford, IL) was added for 30 min at room temperature. Finally,
sections were incubated with NovaRed (Vector, Burlingame, CA)
for 20 min at 4 8C and mounted using DPX non-aqueous mounting
medium (Sigma-Aldrich, Madrid, Spain). Angiogenesis quantifica-
tion was measured using two criteria:

M.V.D (v.p./mm2) = 106 � (sum of vessels of each tumor (image
A + image B + . . .image N))/(area of one tumor in mm2(area
A + area B + . . . + area N))
A.A.(fractional area of vessels) = (area of vessels of each tumor
(image A + image B + . . .image N))/(area of one tumor in
mm2(area A + area B + . . . + area N))

More than 10 pictures per slice, depending on the size of
tumors, were taken and analyzed using the NIH ImageJ imaging
software.

2.18. Statistical analysis

The in vitro data are presented as the mean � SE values.
Statistical analysis was performed using Student’s t test using SPSS
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(Chicago, IL) version 20 software for Mac OS X (Apple Computer,
Cupertino, CA). In the in vivo experiments comparison between
groups were performed using the two-tailed nonparametric Mann
Whitney U test. Results were considered significant if p < 0.05 (*),
p < 0.01 (**), or p < 0.005 (***).

3. Results

3.1. Design of PPRHs

We designed four PPRHs against the survivin gene, one of them
directed against the template strand and three against different
regions of the coding strand. We selected polypyrimidine stretches in
the promoter, intron 1 and 30UTR of the gene (Fig. 1). All the sequences
have 2 or 3 purine interruptions and therefore adenines were
included in the PPRHs at those positions to maintain the binding to
the target sequence [4]. The PPRH sequences are listed in Table 1. As
negative controls we used a PPRH with a scrambled sequence (Hps-
Sc) and a PPRH with intramolecular Watson–Crick bonds instead of
Hoogsteen bonds (Hps-WC), which is not able to form triplexes.

3.2. Cellular uptake of PPRHs in PC3 cells

The demonstration of the cellular uptake of PPRHs in PC3 cells
was carried out using flow cytometry. Specifically, we measured
the percentage of fluorescent cells and their mean fluorescence
intensity 24 h after transfection with a fluorescent PPRH (Fig. 2).
Given the intrinsic apoptotic effect of the PPRHs against survivin,
we decided to use a fluorescent PPRH designed against the
dihydrofolate reductase (dhfr) gene (HpdI3-F) for the uptake
experiments, previously tested in SKBR3 cells [4]. This model is
useful for this purpose because the incubation of the cells in F12-
complete medium -containing the final products of the DHFR
enzyme-avoids PPRHs cytotoxicity.

As shown in Fig. 2, 90–95% of cells were FITC-positive at the
concentrations tested (100 nM and 1 mM). Surprisingly, the mean
fluorescence was 5-times higher at 100 nM than at 1 mM. This can
be explained because the best PPRH:DOTAP ratio was 1:100 [4],

achieved by mixing 100 nM of PPRH and a fixed concentration of
10 mM of DOTAP which is the maximum concentration of vehicle
with no toxicity; when using 1 mM PPRHs this ratio was not longer
maintained. Therefore, the chosen concentration to conduct
further experiments was 100 nM.

3.3. Effects of PPRHs on cell viability

To compare the effects of PPRHs against different regions of the
survivin gene in PC3 cells, dose response studies were performed.
The resulting cell viabilities are shown in Fig. 3A. The two PPRHs
designed against the promoter – HpsPr-T and HpsPr-C – caused the
greatest effect at 100 nM with more than 90% decrease in viability.
HpsI1-C was highly cytotoxic at 30 nM although its effect was
partially reversed at 100 nM; and HpsE4-C showed the lowest
effect. We also determined the cytotoxicity caused by the negative
controls �Hps-WC and Hps-Sc- observing 101.9% and 83.3%
survival, respectively, at the maximum concentration assayed.
PPRHs were also tested in HeLa cells, to demonstrate that they are
effective in other cancer cell lines and to validate the usage of HeLa
nuclear extracts to conduct further mechanism analyses (Fig. 3B).
Furthermore, the two most cytotoxic PPRHs against survivin were
assayed in normal, non-tumoral cells (HUVEC), which do not
express the survivin protein (Fig. 3C). We did not observed a
decrease in survival in this cell line at 100 nM, indicating that these
PPRHs are harmless to cells whose proliferation is not related with
survivin expression. We also tested both PPRHs in murine cell lines,
namely, CT26 (colorectal cancer) and 4T1 (breast cancer) which
express murine survivin and have been used as a model to test the
antitumor effect of dominant-negative mutants of survivin [31,32].
These cell lines were not sensitive to PPRHs designed against the
human survivin promoter (Fig. 3C).

3.4. Effects of PPRHs on apoptosis

To associate the effect of PPRHs with survivin gene function, we
measured the apoptotic effect of the PPRHs at 100 nM after 24 h of
incubation using two different methodologies, the rhodamine

Fig. 1. Scheme representing the target sequences of the PPRHs used against the survivin gene. Four PPRHs were designed against the survivin gene. Two were directed toward the

promoter, one template (HpsPr-B) and one Coding (HpsPr-C), and two other coding-PPRHs against intron 1 (HpsI1-C) and the 30UTR within exon 4 (HpsE4-C). Nomenclature

used was Hp (Hairpin), s (survivin), Pr (promoter), I (intron), E (exon). The numbering below the PPRHs corresponds to the start of the target sequence location in the gene

referred to the transcriptional start site. The arrows indicate the length of each gene element.

Table 1
PPRH sequences.

Name Sequence (50–30) Location

HpsPr-T GGGGAGGGAGGGGAGGGGGAAAGAAATTTTTAAAGAAAGGGGGAGGGGAGGGAGGGG Promoter �1009

HpsPr-C AGGGGAGGGAAGGAGAGAAGTTTTTGAAGAGAGGAAGGGAGGGGA Promoter �525

HpsI1-C GGGGAAAAAGAAGGGAGGGGAGGTTTTTGGAGGGGAGGGAAGAAAAAGGGG Intron 1 +413

HpsE4-C AAGAAAGGGAGGAGGGAGAATTTTTAAGAGGGAGGAGGGAAAGAA 30UTR +10413

Hps-WC CCCCTCCCTCCCCTCCCCCTTTCTTTTTTTTAAAGAAAGGGGGAGGGGAGGGAGGGG

Hps-Sc AAGAGAAAAAGAGAAAGAAGAGAGGGTTTTTGGGAGAGAAGAAAGAGAAAAAGAGAA

HpdI3-F [F]GGAGGAGGGAGAGGGAGGAGTTTTTGAGGAGGGAGAGGGAGGAGG

List of the PPRHs sequences used in this study, including their target location in the survivin gene. T, template; C, coding; WC and Sc, negative controls; F, fluorescent.
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method (Fig. 4A) and the caspase-3 activity assay (Fig. 4B). The
concentration chosen caused the greatest effect on cell viability.
HpsPr-C produced the highest apoptotic effect, provoking
apoptosis in 50% of the cell population as determined by flow
cytometry and inducing a 1.65-fold increase in caspase-3
activity. Surprisingly, HpsPr-T caused a smaller but significant
effect than HpsPr-C in apoptosis, even though the decrease in
viability was almost as high as that provoked by HpsPr-C
(Fig. 4C). The apoptosis produced by HpsE4-C and HpsI1-C
was lower than that of HpsPr-C in accordance to the lower
decrease in cell viability. The apoptotic levels produced by the
most effective PPRHs (HpsPr-T and HpsPr-C) were determined
by a caspase-3 assay in control cells (HUVEC, 4T1 and CT26)
and no significant changes relative to untreated cells were
observed.

3.5. Effects of PPRHs on survivin mRNA levels

Given that both PPRHs against the survivin promoter sequence
were the most effective in decreasing cell viability, we further
explored the ability of those PPRHs to decrease survivin expression.
Both, HpsPr-T and HpsPr-C were able to decrease survivin mRNA
levels up to 2-fold (Fig. 5A). The different controls (Hps-Sc and Hps-
WC) did not affect survivin mRNA levels.

We checked for off-target effects of HpsPr-T and HpsPr-C at a
100 nM, by determining mRNA levels of a set of 5 non-related
genes. As shown in Table 2, there was no decrease in the mRNA
levels of these genes. We further confirmed the lack of expression

of survivin at the mRNA and protein levels in HUVEC cells (Fig. 5B
and C), in which no cytotoxicity was observed when using these
PPRHs (Fig. 3C).

3.6. Effects of PPRHs on survivin protein levels

Survivin protein levels were also determined in PC3 cells
following incubation with 100 nM of either HpsPr-T or HpsPr-C
during different periods of time. The Template-PPRH induced a 5-fold
decrease in survivin protein levels at 9 h (Fig. 6A), whereas the
Coding-PPRH reached only a 2-fold decrease 6 h after transfection
(Fig. 6B).

3.7. Binding of PPRHs to their target sequences

The binding between the selected PPRHs and their target
sequences was analyzed either by labelling the double-stranded
target sequence or the PPRH themselves.

When labelling the target sequences, we observed a maximum
binding of 48% of HpsPr-T and 6% of HpsPr-C at the highest
concentration of PPRH used (Fig. 7A). When labelling the PPRHs,
we also observed their binding to the target sequences, 50% for the
HpsPr-T and 18% for the HpsPr-C, respectively, when using 1 mM of
the target sequences (Fig. 7B). As seen in Fig. 7B, HpsPr-C presented
different electrophoretic structures and to ensure that those
conformations belonged to a unique molecular species, the
samples were run in a denaturing PAGE obtaining a single band
in each case (data not shown).

Fig. 2. Uptake of PPRHs in PC3 cells. Cells were incubated with 100 nM and 1 mM of fluorescent-PPRH with DOTAP for 24 h and uptake was measured by flow cytometry. (A)

Percentage of fluorescent cells determined as FITC-positive and IP-negative cells. Data represent the mean � SE of four experiments. ***p < 0.005. (B) Mean intensity of

fluorescence of FITC-positive cells. Data represent the mean � SE of three experiments. *p < 0.05. (C) Representative image showing an overlay of control cells and cells treated with

100 nM of fluorescent-PPRH. DOTAP was used at the maximum concentration of 10 mM, resulting in a PPRH:DOTAP ratio of 1:100 and 1:10 for the concentrations of 100 nM and

1 mM of PPRH, respectively.
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3.8. EMSA analyses

The targets of the two PPRHs that worked more efficiently are
located within the survivin promoter; the target sequence for
HpsPr-T is located at �1009 and the one for HpsPr-C at �525,
both relative to the transcriptional initiation site. To study the
mechanism of action of these PPRHs, we started analyzing the
putative transcription factors that might bind to the target
sequences of the PPRHs. We performed an in silico search using
the MATCHTM software applying a cut-off of 0.95 for both,
matrix similarity and core similarity. After literature mining of
the found transcription factors, we decided to further explore
the role of Sp1 when using HpsPr-T [33] and GATA when using
HpsPr-C [34], because of their well-characterized implication in
cancer. Moreover, these two transcriptions factors had the
highest core similarity and matrix similarity for the target
sequence of the corresponding PPRH (1.0 and 1.0 for Sp1 and 1.0
and 0.979 for GATA). Next, we performed EMSA analyses using
HeLa nuclear extracts and radiolabeled probes for the double-
stranded target sequences of the two PPRHs. The binding pattern
for each target sequence is shown in the corresponding lane 2 of
Fig. 8A and B.

In both cases, incubation of the radiolabeled target sequence
with an excess (100�) of the respective PPRH induced a decrease
in the intensity of the binding pattern of nuclear proteins.
Incubation with HpsPr-T produced a 52% decrease in the binding
(Fig. 8A, lane 3). Incubation with HpsPr-C produced a decrease of
15% that induced a visible release of the free probe (Fig. 8B, lane 3).
These results indicated that the specific PPRHs and proteins
present in the nuclear extract were competing for the binding to

the probe. To identify these proteins, we performed competition
assays using the consensus binding sequences for either Sp1 [33]
or GATA [35].

In the case of the template-PPRH (HpsPr-T), three bands were
identified using competition (Fig. 8A, lanes 4 and 5) and super-
shift assays (Fig. 8A, lanes 6 and 7). We observed a decrease in the
intensity of three bands in the EMSA in the presence of the Sp1/3-
consensus binding sequence as a competitor. When using a 5-
fold excess of the Sp1/3-consensus sequence, the band corre-
sponding to Sp1 decreased by 98%, and those corresponding to
Sp3 by 85% and 72% (Fig. 8A, lane 4). Using specific antibodies
against Sp1 and Sp3 we determined that the upper band
corresponded to the binding of Sp1 (Fig. 8A, lane 6), and that
two lower bands corresponded to the binding of Sp3 (Fig. 8A, lane
7). Interestingly, the band in-between the two Sp3 bands
increased its intensity after the incubation with the antibodies
against Sp1 or Sp3, but was decreased in the presence of the Sp1/
3 consensus binding sequence. This band might correspond to a
factor whose binding sequence overlaps with that for Sp1/3;
then, when these two factors are sequestered by antibodies, that
other factor – probably Pax4 according to the in silico analysis –
has a better access to the probe.

In the case of the coding-PPRH (HpsPr-C), a prominent band was
observed when incubating the target sequence with the nuclear
extract. Competition assays using the GATA consensus sequence
were performed confirming the in silico prediction (Fig. 8B, lanes 4
and 5). While the GATA consensus sequence at 5 and 50-fold excess
produced a decrease in the intensity of the band of 74% and 92%,
respectively (Fig. 8B, lanes 4 and 5), the non-related sequence did
not cause a significant change in intensity (Fig. 8B, lane 6).

Fig. 3. Effect of PPRHs against survivin on cell viability. MTT assays to determine cell survival were performed 6 days after transfection. (A) Dose response of the four designed

PPRHs against the survivin gene in PC3 cells. DOTAP was used at 5 mM to transfect the PPRHs at 10 and 30 nM, and at 10 mM when transfecting 100 nM PPRH. (B) Cell viability

upon transfection of 100 nM PPRHs in HeLa cells. (C) Cell viability upon transfection of 100 nM of PPRHs against the promoter sequence in HUVEC, 4T1 and CT26. Data are

mean � SE values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.
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Fig. 4. Effect of PPRHs on apoptosis. PC3 cells were transfected with 100 nM of HpsPr-T, HpsPr-C, HpsE4-C and HpsI1-C against the survivin gene and two negative controls

�Hps-Sc and Hps-WC. 24 h after transfection, apoptosis was measured by two methods. (A) Rhodamine method: Cells Rho123-negative and IP-negative were considered as

apoptotic cells. Data represent the mean � SE of at least three experiments. *p < 0.05. (B) Caspase-3/7 assay: Fold change in RLU relative to DOTAP. (C) Representative flow

cytometer histograms displaying the cell population treated with 100 nM HpsPr-C and the control sample.

Fig. 5. Survivin mRNA levels. (A) RNA was extracted from PC3 cells treated with increasing concentrations of either HpsPr-T for 72 h or HpsPr-C for 24 h. mRNA levels were

determined using qRT-PCR and referred to the levels of endogenous controls. Data represent the mean � SE of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005. (B)

Survivin mRNA levels were analyzed in HUVEC cells and referred to the mRNA levels in PC3 cells. (C) Representative image of a Western blot showing comparatively survivin protein

levels in PC3 and HUVEC cell lines.
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Table 2
Off-target effects.

Survivin APOA1 Bcl2 DHFR PDK1 S100A4

CONTROL 1 1 1 1 1 1

HpsPr-T 0.37 � 0.08 1.39 � 0.16 1.27 � 0.22 0.93 � 0.06 1.38 � 0.25 1.26 � 0.62

HpsPr-C 0.54 � 0.07 1.06 � 0.13 1.05 � 0.15 0.90 � 0.04 0.89 � 0.11 0.93 � 0.13

mRNA levels of unrelated genes were determined by qRT-PCR after incubation with 100 nM of PPRHs (HpsPr-T and HpsPr-C) against the survivin gene.

Fig. 7. PPRHs binding to their target sequence. (A) Binding of increasing concentrations of the Template-PPRH (HpsPr-T) or the Coding-PPRH (HpsPr-C) after incubation with

their radiolabelled ds-target sequences (20,000 cpm). (B) Binding of the radiolabelled Template-PPRH (HpsPr-T) or the radiolabelled Coding-PPRH (HpsPr-C) after incubation

with increasing concentrations of their ds-target sequences. 1 mg of poly-dI-dC as non-specific DNA was added to all the binding reactions. * indicates the radiolabelled

probes. Binding experiments were performed at least three times. Quantification was performed by phosphorimaging and referred to the total radioactivity. The numbers

over (A) or underneath (B) the bands represent the percentage of binding referred to the control (NE).

Fig. 6. Survivin protein levels. 60,000 PC3 cells were incubated with 100 nM of either HpsPr-T (A) or HpsPr-C (B) for different periods of time. Total protein extracts were

obtained and analyzed by Western Blot. Protein levels were normalized using tubulin. Data represent the mean � SE of at least three experiments. *p < 0.05, **p < 0.01.
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Supershift assays were performed using GATA-2 and GATA-3
antibodies, the GATA family members most abundant in prostate
tissue [34]. As shown in Fig. 8C, incubation with GATA-3 antibody
produced a supershifted band indicating that this specific factor is
binding to the target sequence of HpsPr-C.

3.9. Effects of PPRHs in vivo

Two types of administration, intratumoral and intravenous,
were performed using PC3 subcutaneous xenograft tumor model
in athymic mice. Two groups were compared, one mock-injected
with a scrambled PPRH-Hps-Sc-, and the other injected with the
most effective PPRH tested in vitro, HpsPr-C (Figs. 2 and 3).
Depending upon the route of administration, the dosage of the
PPRH varied from 10 mg/injection in the case of intratumoral, and
50 mg/injection for the intravenous. Administration was per-
formed twice a week during 3 weeks and results are presented as
tumor volume.

3.9.1. Intratumoral

In the case of intratumoral administration (Fig. 9A), we
observed that the PPRH targeting survivin (HpsPr-C) produced a
delay in tumor growth compared with the scrambled PPRH. At the
end of the experiment, the mean relative tumor volume (RTV) of
the control group (scrambled-PPRH) was 663.1% with respect to
the initial volume, whereas the treated group (HpsPr-C) showed a
mean RTV of 396.6%. Taking into account all this data, we
calculated the Treatment/Control (T/C) ratio, which compares the

difference in the mean RTV or tumor weight between treated and
control groups. These values showed a statistically significant
reduction of 40% in tumor volume and almost 30% in tumor weight.
The doubling time of the control group was 7.45 days, whereas
tumors of the treated group had a doubling time of 9.43, which
translates into an absolute growth delay of almost 2 days caused by
the administration of the PPRH against survivin.

3.9.2. Intravenous

When injecting the PPRHs through the tail vein, the dosage was
increased five times to diminish problems associated with whole
body distribution or degradation in the bloodstream. As it is shown
in Fig. 9B, the PPRH against survivin was able to decrease tumor
growth in vivo, thus producing a delay in tumor growth. In fact, the
delay in tumor growth administering HpsPr-C intravenously was
higher than intratumorally. This was reflected in the RTV mean
which in the treated group was 200% inferior to the control group,
meaning a T/C ratio of 49.6%. Accordingly, the doubling time of the
tumor treated with the specific PPRH was almost 2 times higher
(19.3 vs 10.6) than that of the control group (scramble-PPRH),
which means that the cells treated with HpsPr-C took twice the
time to double.

In both types of administration, the body weight loss was
approximately 2%, indicating lack of toxicity (Fig. 9C and D).

3.9.3. Survivin protein levels and blood vessel formation

To explore the potential correlation between the inhibition of
tumor growth and the silencing of survivin, we selected tumors

Fig. 8. Binding of transcription factors to PPRH target sequences. EMSA assays were conducted using radiolabelled target sequence (20,000 cpm), Herring Sperm DNA as non-

specific competitor and HeLa nuclear extracts as the protein source. (A) Bindings obtained using radiolabelled ds-target sequence for HpsPr-T. The binding pattern using HeLa

nuclear extracts is shown in lane 2. Competition assays were performed using a 100-fold excess of HpsPr-T (lane 3) or a 5 to 50-fold excess of Sp1/3 consensus sequence (lanes

4 and 5). Supershift assays were performed four times in the presence of antibodies against Sp1 (lane 6) or Sp3 (lane 7). Shifted and supershifted (ss) bands are indicated by

arrows. (B) Bindings obtained using radiolabelled ds-target sequence for HpsPr-C. The binding pattern using HeLa nuclear extracts is shown in lane 2. Competition assays

were performed using a 100-fold excess of HpsPr-C (lane 3), a 5 to 50-fold excess of GATA consensus sequence (lanes 4 and 5) and a 50-fold excess of a non-related sequence

(lane 6). Shifted bands are indicated by arrows. (C) Supershift assays were performed four times in the presence of antibodies against GATA-2 (lane 2), GATA-3 (lane 3) and

both antibodies (lane 4). The supershifted (ss) band is indicated by an arrow.
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from the intratumoral study to perform Western blot and
immunofluorescence analyses. We measured the protein levels
of survivin in a minimum of 4 tumors from both the control and the
treated groups, from samples of the center part and in the tip of the
tumor. In both cases, we observed a decrease in survivin protein
levels, 52% in the center part and 71% in the tip of the tumor,
respectively (Fig. 10A). In addition, we determined survivin
expression by immunofluorescence analysis in histological sec-
tions, observing a decrease in expression in tumors treated with
HpsPr-C, as shown in Fig. 10B.

We also investigated the role of survivin in angiogenesis by
performing histological analyses of murine CD31 staining for three
tumor samples from each group to evaluate blood vessel
formation. A representative image is shown in Fig. 11A. Quantifi-
cation of microvessel density and the fraction area of the vessels
revealed a decrease in the vasculature, with a T/C ratio of 25%, for
both microvessel density (Fig. 11B) and fractional area of vessels
(Fig. 11C).

4. Discussion

The objectives of this work were to get further knowledge of
the effects of PPRHs as new silencing tools and their possibilities to
be used as therapeutic agents in in vivo approaches. As a model we
inhibited the survivin gene, since its overexpression in cells
promotes the evasion of apoptosis, one of the six hallmarks of
cancer [36]. Survivin has been used as a suitable target in several
experimental settings to decrease cell proliferation using antisense
oligonucleotides [37], siRNAs [6,38] or small molecules [29,39,40].
Since we had previously described PPRHs as an alternative gene

silencing tool in breast cancer cells (SKBR3, MCF7) [4,5], we
decided to design a set of four PPRHs, three Coding- and one
Template-PPRH against survivin to test the efficacy of PPRHs in
prostate cancer cells (PC3) in vitro and in vivo.

A conclusion of this work is that after comparing the PPRHs
against different regions of the survivin gene, those against its
promoter sequence (HpsPr-T and HpsPr-C) were the most
effective in decreasing cell viability in PC3 cells. We previously
described the ability of a template-PPRH against the dhfr gene to
decrease mRNA and protein levels. In this work, we corroborate
the action of a template-PPRH against another target, survivin. In
addition, we observed that the coding-PPRH, HpsPr-C, was also
able to decrease mRNA and protein levels of the targeted protein.
This was unforeseen since a coding-PPRH against intron 3 of the
dhfr gene was able to decrease viability without showing a great
decrease in mRNA levels [5]. The difference between those two
coding-PPRHs  is the location of their target sequences, one in an
intron (HpdI3-A-TA) and the other within the promoter (HpsPr-C).
The effect of the PPRH against dhfr intron 3 was due to its
interference with the binding of the splicing factor U2AF65, thus
altering the splicing process [5]. PPRHs against the survivin

promoter worked through a different mechanism by inhibiting
transcription, thus decreasing gene expression. Specifically, we
demonstrated that these PPRHs decreased the binding of
transcription factors, such as Sp1 (using HpsPr-T) and GATA
(using HpsPr-C), which have binding sites within the PPRHs target
sequences. Other authors have proved that both Sp1 and Sp3
regulate the survivin promoter via several Sp1-boxes [33,41] and
that degradation of Sp1 is related to a decrease in survivin

expression [42]. Regarding GATA transcription factors, although

Fig. 9. PPRH effect on tumor growth and body weight in a PC3 subcutaneous xenograft tumor model. (A) Progression of tumor volume throughout time when Hps-Sc (negative

control) or HpsPr-C were administered by i.t. route twice a week (1001000). Tumor volume is represented as the mean � SE; *p < 0.05. (B) Progression of tumor volume

throughout time when Hps-Sc (negative control) or HpsPr-C were administered by i.v. route twice a week (1001000). Tumor volume is represented as the mean � SE; **p < 0.01. (C)

and (D) Evolution of body weight of the animals throughout time corresponding to the intratumoral and intravenous administrations, respectively. Data represent the mean � SE.
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they are mainly expressed in hematopoietic cells, GATA-2 and -3
are the predominant family members expressed in the prostate
tissue [34] that might be playing a role in survivin expression in
this tissue. From our work, we can conclude that prevention of the
binding of GATA-3 to the survivin promoter by HpsPr-C might
cause a decrease in survivin expression.

There are different Sp1- and GATA-binding sites within
the survivin promoter. However, upon comparison by multiple
alignment analysis of those binding sites, only the core of
the binding site is conserved, while the flanking sequences are
different enough so that the PPRH will be specific only for its
target sequence. In fact, the promoters of the genes selected to
study off-target effects all presented binding sites for both GATA
and Sp1 and none of those genes were downregulated by the
treatment (Table 2).

Regarding the in vitro effects, our observations corroborate the
extensively reported involvement of survivin in the mitochondrial
apoptotic pathway and how the decrease in its levels produces an
increase in apoptosis [11,37,39]. To decrease mRNA and protein
levels of survivin as a therapeutic approach, several molecules
have been used such as aODNs [6,37], locked nucleic acids (LNAs)
[43], siRNAs[6] and small molecules like the Ras inhibitor
farnesylthiosalicylic acid (FTS) [39], YM155 [29] or FL118 [40].
However, the LNA SPC3042 and FL118 presented lack of specificity,
by down-regulating or modulating other genes in the IAP or Bcl-2
family [40,43], while others required higher dosages to induce a
proper effect, ranging from 200 nM to 1 mM [6,37,38] or even
higher (75 mM) when using FTS [39].

As an alternative, we present PPRHs, a new gene silencing tool
that work at nanomolar concentrations, a lower range compared to

aODNs, and similar to the concentrations of siRNAs used in in vitro

experiments [6]. We observed a maximum decrease in viability at
100 nM for each one of the PPRHs against the survivin promoter
sequence. This concentration assured the optimal PPRH uptake in
PC3 cells when transfected with DOTAP. Other advantages of
PPRHs are their high stability, without the need of modifying
residues, and their low cost [4]. To prove their specificity and
possible toxicities, we tested our best PPRHs (HpsPr-T and HpsPr-
C) in human normal cells. Other authors have used HUVEC cells as
normal cells [44,45]. In our case, this cell line was an ideal negative
control because it does not express survivin and, in consequence,
treatment with the selected PPRHs at 100 nM is innocuous. In
addition, the species selectivity of these PPRHs against human
survivin was tested in murine cancer cell lines, where no decrease
in viability was observed due to the difference in the survivin

sequences. To further discard off-target effects, we studied the
expression of several genes after treatment with either HpsPr-T or
HpsPr-C, not observing decreases in their mRNA levels. It is worth
noting that Bcl-2 was one of those genes, thus proving that survivin

silencing produced apoptosis by itself and not by changing the
expression levels of another gene with a similar antiapoptotic
function. However, we cannot dismiss other off-target effects due
to the binding of the PPRH to unintended targets.

We aimed to explore the usage of PPRHs in vivo using a
subcutaneous xenograft tumor model of prostate cancer. Using
two different types of administration, intratumoral and intrave-
nous, the coding-PPRH against survivin promoter was able to
decrease the volume of the tumor, demonstrating the efficacy of
this PPRH in this model. The delay in tumor growth caused by
the administration of HpsPr-C may be related to the decrease in

Fig. 10. Survivin protein levels after intratumoral administration of PPRHs. (A) Quantification of survivin protein levels in the tip and the center of tumors after administration of

either Hps-Sc or HpsPr-C. Total protein extracts were obtained and analyzed by Western Blot. Protein levels were normalized using actin. Data represent the mean � SE of at

least four tumors. *p < 0.05, ***p < 0.005. (B) Representative image of the immunofluorescent analysis of tumors after the administration of either Hps-Sc or HpsPr-C. The negative

control corresponds to the fluorescence background given by Alexa Fluor 488. Original magnification: 40�.
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the levels of survivin and to a lower degree of blood vessel
formation.

The reason for including the intravenous injection as a second
route of administration was to overcome the possible drawbacks of
the intratumoral administration such as aggressiveness – thus
causing loss of tumor structure and alterations in the measure-
ment- and poor-distribution within the tumor – because of the
high interstitial fluid pressure and the stiffness of the extracellular
matrix [46].

In an aging society with growing life expectancy, diseases such
as prostate cancer are going to increase its incidence and effective
therapeutic approaches are needed. Up until now, treatment
options are limited to surveillance in early stage, surgery or
radiotherapy when a radical treatment is needed, hormone
therapy in HRPC and chemotherapy in case of metastasis [27].
Currently, different targeted-directed therapies against survivin

are undergoing clinical trials, such as small molecules – YM155 –
and antisense oligonucleotide LY2181308, proving that inhibition
of survivin is a cutting-edge target for anticancer treatments.
However, YM155 have showed modest activity and therefore
combination therapies have been suggested for new trials [29].
LY2181308 inhibited growth in subcutaneous xenografted tumors
[11], but showed no significant increase in toxicity in Phase II
clinical trials in combination with docetaxel in castrate-resistant
prostate cancer [30]. Our results are encouraging, but it is
important to note that pre-clinical models, such as xenografts,
are far from useful to extrapolate results to humans, so there is
need to improve the models and test in other organisms.

In summary, this work represents the preclinical proof of
principle for the in vivo application of PPRHs, opening the
possibility to use this technology as a new therapeutic approach.
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Improved Design of PPRHs for Gene Silencing
Laura Rodríguez, Xenia Villalobos, Anna Sole,́ Carolina Lliberoś, Carlos J. Ciudad, and Veŕonique Noe*́

Department of Biochemistry and Molecular Biology, School of Pharmacy, University of Barcelona, 08028 Barcelona, Spain

ABSTRACT: Nowadays, the modulation of gene expression by nucleic acids has
become a routine tool in biomedical research for target validation and it is also used to
develop new therapeutic approaches. Recently, we developed the so-called polypurine
reverse Hoogsteen hairpins (PPRHs) that show high stability and a low immunogenic
profile and we demonstrated their efficacy both in vitro and in vivo. In this work, we
explored different characteristics of PPRHs to improve their usage as a tool for gene
silencing. We studied the role of PPRH length in the range from 20 to 30 nucleotides.
We also proved their higher affinity of binding and efficacy on cell viability compared
to nonmodified TFOs. To overcome possible off-target effects, we tested wild-type
PPRHs, which proved to be capable of binding to their target sequence with more
affinity, displaying a higher stability of binding and a higher effect in terms of cell
viability. Moreover, we developed a brand new molecule called Wedge-PPRH with the
ability to lock the ds-DNA into the displaced structure and proved its efficacy in
prostate and breast cancer cell lines.

KEYWORDS: gene silencing, PPRH, wild-type, Wedge-PPRH, nucleic acid

■ INTRODUCTION

In 1957, Felsenfeld described the existence of triple-stranded
nucleic acids1 and K. Hoogsteen justified triplex formation with
the finding of Hoogsteen bonds.2 These discoveries prompted
the development of a gene-silencing tool called triplex forming
oligonucleotides (TFOs), capable of binding to the purine strand
in the major groove of the double helix by hydrogen bonds. The
study of their mechanism of action concluded that TFOs
interfered with the transcription process.3−5 Purine TFOs have
several advantages over pyrimidine TFOs because they bind to
their target sequence in a pH-independent manner, with higher
affinity and faster kinetics.6 Kool and colleagues found out that
purine sequences in a hairpin or a circular structure could form
triplexes with their single-stranded pyrimidine target sequence
with a higher binding affinity.7

All these studies led us to develop the polypurine reverse
Hoogsteen hairpins (PPRHs), which are composed of two
antiparallel polypurine domains, which form intramolecular
reverse-Hoogsteen bonds linked by a five-thymidine loop,
therefore forming a hairpin structure. PPRHs are capable of
binding to polypyrimidine stretches in the DNA, causing strand
displacement.8 Template-PPRHs are directed against the
template strand and cause inhibition of transcription.9 Coding
PPRHs are directed against the coding strand and can also bind
to the mRNA. Depending on the location of the target sequence,
either in introns or promoters, PPRHs act through different
mechanisms. A coding-PPRH against an intronic sequence in the
dhfr gene caused a splicing alteration by preventing the binding
of the splicing factor U2AF65 to its target sequence.10 PPRHs
against promoter sequences, both a template-PPRH (HpsPr-T)
and a coding-PPRH (HpsPr-C) directed against two different
regions of the survivin promoter, prevented the binding of
transcription factors specific for the corresponding target

sequences -Sp1, Sp3 and GATA-3-, causing a decrease in survivin
expression.11

The main limitation for the design of either TFOs or PPRHs
would be the presence of polypurine/polypyrimidine stretches.
However, their rate of occurrence in the genome has been proved
to be higher than predicted by random models,12,13 which opens
the possibility to design sequence-specific molecules against
genes that play important roles in cancer, such as survivin or
TERT.
We have previously studied the role of survivin in cancer using

siRNAs andODNs,14 andmore recently, we used PPRHs against
survivin to validate this new technology both in vitro and in vivo.
This approach allowed us to confirm their efficacy in terms of
decrease in mRNA and protein levels, resulting in a decrease in
cell viability and increase in apoptosis in vitro. Using a
xenografted model of prostate cancer we proved that the
administration of a PPRH against a promoter sequence in the
survivin gene caused a reduction in tumor growth, through the
decrease in survivin levels and in blood vessel formation, thus
establishing the proof of principle for PPRHs usage in vivo.11

We have also studied important properties of PPRHs and
concluded that they are less immunogenic and much more stable
than siRNAs.15 Even though these advantages make PPRHs an
attractive tool for gene silencing, there is room for improvement.
The aim of this work was to further improve PPRHs in terms

of affinity and specificity and to compare them with nonmodified
TFOs. To do so, we studied the influence of length and
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pyrimidine interruptions within the PPRHs and developed the
Wedge-PPRH, a brand new molecule based on PPRHs.

■ MATERIALS AND METHODS
Design and Usage of PPRHs. PPRHs of different length

against an intronic sequence of the telomerase gene (Table 1) and

PPRHs and nonmodified TFOs against promoter sequences of
the survivin gene (Table 2) were used in these experiments. The
Triplex-Forming Oligonucleotide Target Sequence Search
software (M.D. Anderson Cancer Center, Houston, TX)
(www.spi.mdanderson.org/tfo/) was used to find polypurine
sequences and BLAST software was carried out to confirm the
specificity of the designed molecules. The nomenclature used in
this study was: Hp for PPRH hairpin; s for survivin; t for TERT;
Pr for promoter; I10 for intron 10; T for template-PPRH; C for
coding-PPRH; and WT for wild type. Wedge-PPRHs were
designed by extending the 5′ end of HpsPr-T WT, with a
pyrimidine sequence complementary to the upper strand that is
displaced by the PPRH (Table 3). PPRHs were synthesized as
nonmodified oligodeoxynucleotides by Sigma-Aldrich (Madrid,
Spain) (0.05 μmol scale; DESALT-unmodified and desalted).
Lyophilized PPRHs were resuspended in sterile Tris-EDTA
buffer (1 mMEDTA and 10 mMTris, pH 8.0) and stored at−20
°C.
Preparation of Polypurine/Polypyrimidine Duplexes.

The duplexes to be targeted by the hairpins corresponded to the
intronic sequence within the TERT gene (Table 1) and two
promoter sequences of the survivin gene (Table 2). The single-
strandedmolecules were purchased from Sigma and resuspended
in Tris-EDTA buffer. To make the duplexes, 25 μg of each single-
stranded (ss) polypurine and polypyrimidine oligodeoxynucleo-
tides were incubated with 150 mM NaCl at 90 °C for 5 min as
described by de Almagro et al.9

Oligodeoxynucleotide Labeling. One hundred nano-
grams of PPRHs or double stranded (ds) oligodeoxynucleotides
were 5′-end-labeled with T4 polynucleotide kinase (New
England Biolabs, Beverly, MA) and [γ-32P]ATP as described
by de Almagro et al.9

PPRH and TFODNABindingAnalyses.Binding studies for
PPRHs and TFOs were performed using radiolabeled ds-target
sequences (20 000 cpm). The radiolabeled sequences were
incubated with increasing concentrations (0.1 μM, 1 μM, and 10
μM) of each PPRH or TFO in a buffer containing 10mMMgCl2,
100 mMNaCl, and 50mMHEPES, pH 7.2 and 0.5 μg of poly dI-
dC (Sigma-Aldrich) as a nonspecific competitor. Binding
reactions (20 μL) were preincubated for 5 min at 65 °C,
followed by 30 min at 37 °C and then, loaded in nondenaturing
12% polyacrylamide gels (PAGE) containing 10 mMMgCl2, 5%
glycerol and 50 mMHEPES, pH 7.2. Electrophoresis was carried

Table 1. DNA Oligonucleotides Sequences and PPRHs of
Different Lengths against the Telomerase Gene

PPRH hairpins against the template strand of intron 10 of the
telomerase gene (TERT target): HptI10-T, 30 nt carrying three A-
substitutions in place of the pyrimidine interruptions in each domain.
HptI10-T2, 25 nt carrying two A-substitutions and HptI10-T3, 20 nt
carrying two A-substitutions. Interruptions are marked in bold. Bullets
represent reverse-Hoogsteen bonds and lines Watson−Crick bonds.

Table 2. DNA Oligonucleotides Sequences, PPRHs, and
TFOs Directed against the Survivin Gene

*PPRH hairpins and TFO against the survivin promoter at −1009:
HpsPr-T, 26 nt carrying three A-substitutions in place of the
pyrimidine interruptions in each domain; HpsPr-T WT 26 nt carrying
the corresponding three pyrimidine interruptions in each domain;
TFO-sPr-C carrying three A-substitutions in place of the pyrimidine
interruptions. PPRH hairpins and TFO against the survivin promoter
at −525: HpsPr-C, 20 nt carrying three A-substitutions in place of the
pyrimidine interruptions in each domain; HpsPr-T WT 20 nt carrying
the corresponding three pyrimidine interruptions in each domain;
TFO-sPr-T carrying three A-substitutions in place of the pyrimidine
interruptions. Negative controls: Hps-WC is a hairpin with intra-
molecular Watson−Crick bonds; Hps-Sc is a hairpin with intra-
molecular reverse-Hoogsteen bond and no target in the genome;
TFO-Sc is a polypurine sequence and no target in the human genome.
Interruptions are marked in bold. Bullets represent reverse-Hoogsteen
bonds and lines Watson−Crick bonds.
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out for approximately 4 h at 10 V/cm at 4 °C. After drying the gel,
it was exposed to Europium plates OVN and analyzed using a
Storm 840 Phosphorimager (Molecular Dynamics, Sunnyvale,
CA).
UV Absorption Studies. Previous to the analyses, the

PPRHs in combination with their single-stranded target
sequence (0.5 μM of each strand) were incubated in a buffer
containing 100 mMNaCl and 50 mMHEPES, pH 7.2, heated to
90 °C during 5 min, cooled slowly to room temperature, and
stored at 4 °C.
Melting experiments were performed using a V-650

Spectrophotometer (Jasco, Madrid, Spain) connected to a
temperature controller that increased temperature at a rate of 1
°C/min from 10 to 90 °C. Absorbance of the samples was
measured in a 1 cm path length quartz cells.
The MeltWin 3.5 software was used to perform a

thermodynamic analysis to calculate melting temperatures
(Tm) and free energy values (ΔG) as the mean of two
independent melting experiments.
Cell Culture. PC3 prostate adenocarcinoma cells (ECACC),

SKBR3 breast adenocarcinoma cells (ATCC) and MiaPaCa-2
pancreas carcinoma cells (ATCC) were cultivated in Ham’s F-12
medium supplemented with 7% fetal bovine serum (GIBCO,
Invitrogen, Barcelona, Spain) and incubated at 37 °C in a
humidified 5% CO2 atmosphere.
Transfection. The transfection procedure consisted in

mixing the appropriate amount of either PPRH or TFO and
the transfection reagent DOTAP (Roche, Mannheim, Germany
or Biontex, Germany) for 20 min in a volume of 200 μL of
medium at room temperature, followed by the addition of the
mixture to the cells plated in 35 mm-diameter dishes in a total
volume of 1 mL.

MTT Assay. MiaPaCa 2 (5000), PC3 (10 000), or SKBR3
(10 000) cells were plated in 35 mm-diameter dishes in F12
medium and treated with the appropriate concentration of each
molecule. After 6 days, MTT assay was performed as described
by Rodriǵuez et al.11

mRNA Analyses. A total of 60 000 PC3 or MiaPaCa 2 cells
were plated in 35 mm-diameter dishes in F12 medium and total
RNA was extracted 48 or 72 h after transfection, using Ultraspec
(Biontex) or Trizol (Life Technologies, Madrid, Spain),
following the manufacturer’s specifications. Quantification of
RNA was performed measuring its absorbance (260 nm) at 25
°C using a Nanodrop ND-1000 spectrophotometer.

Reverse Transcription. cDNAwas synthesized using 1 μg of
total RNA, as described by Rodriǵuez et al.11 for TERT mRNA
levels determination.
For survivin mRNA levels, 500 ng were used in a total volume

of 20 μL of reaction containing 2 μL of Buffer 10x (500 mMTris-
HCl pH 8.3, 750 mM KCl, 30 mM MgCl2, 100 mM DTT)
(Lucigen, Middleton, Wisconsin), 12.5 ng of random hexamers
(Roche), 0.5 mM each dNTP (AppliChem, Barcelona, Spain),
20 units of NxGen RNase inhibitor (Lucigen) and 200 units of
NxGen M-MuLV reverse transcriptase (Lucigen). The reaction
was incubated at 37 °C for 1 h and 3 μL of the cDNA per sample
were used for qRT-PCR.

Real Time-PCR. The StepOnePlus Real-Time PCR Systems
(Applied Biosystems, Barcelona, Spain) was used to perform
these experiments.
SYBR was used to determine TERT mRNA levels. Primer

sequences were: TERT-Fw, 5′-GCGGAAGACAGTGGT-
GAACT-3′; TERT-Rv, 5′-AGCTGGAGTAGTCGCTCTGC-
3′; and the endogenous control, APRT-Fw, 5′-AAGGCT-
GAGCTGGAGATTCA-3′; APRT-Rv, 5′-GGTACAGGTGC-
CAGCTTCTC-3′.
The final volume of the reaction was 20 μL, containing 10 μL

of Biotools Mastermix (2X) (Biotools, Madrid, Spain), 1 μL of
SYBR (dilution 1/1000, Life technologies), 0.25 μM of each
primer, 3 μL of cDNA and H2O mQ. PCR cycling conditions
were 2 min at 50 °C, 10 min denaturation at 95 °C, followed by
35 cycles of 15 s at 95 °C and 1 min at 60 °C.
To determine survivin mRNA levels, the following TaqMan

probes were used: Survivin (BIRC5) (HS04194392_S1), and
a d e n i n e p h o s p h o r i b o s y l - t r a n s f e r a s e ( A PRT )
(HS00975725_M1) and 18S rRNA (HS99999901_S1), as
endogenous controls. The reaction contained 1x TaqMan
Universal PCR Mastermix (Applied Biosystems), 1x TaqMan
probe (Applied Biosystems), 3 μL of cDNA and H2O mQ to a
final volume of 20 μL. PCR cycling conditions were 10 min
denaturation at 95 °C, followed by 40 cycles of 15 s at 95 °C and
1 min at 60 °C.
The mRNA quantification was calculated using the ΔΔCT

method, where CT is the threshold cycle that corresponds to the
cycle where the amount of amplified mRNA reaches the
threshold of fluorescence.

■ RESULTS
Design of PPRHs. Different PPRHs were designed to assess

the effect of length, their efficacy compared with TFOs, and how
to cope with the presence of purine interruptions in the
polypyrimidine target sequence. Furthermore, we tested new
designs for improving the effectiveness of the PPRHs. The
specific design in each case is described below. To test for
specificity, we performed BLAST analyses with all PPRHs using
as a database the reference genomic sequence ofHomo sapiens. In

Table 3. Sequence of Wedge-PPRHs against the Survivin
Gene*

*Wedge-PPRH-23 is constituted of HpsPr-T WT with a 23-nt 5′
extension corresponding to the polypyrimidine sequence comple-
mentary to the coding strand of the target sequence. Wedge-PPRH-17
is constituted of HpsPr-T WT with a shorter 5′ extension of 17-nt.
Wedge-PPRH WC is constituted of Hps-WC with the same 17-nt 5′
extension as Wedge-PPRH-17. Interruptions are marked in bold.
Bullets represent reverse-Hoogsteen bonds and lines Watson−Crick
bonds.
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Figure 1. PPRHs of different length: diagram, binding to their target sequence, effect on cell viability, and TERT mRNA levels. (A) Representative
diagram of the three PPRHs designed against the same intronic sequence of the TERT gene, but with different lengths. Bullets represent reverse-
Hoogsteen bonds. Interruptions, substituted by adenines, are marked in bold. (B) HptI10-T of different lengths (lane 2 and 3, 20 nucleotides; lane 4 and
5, 25 nucleotides; and lane 6 and 7, 30 nucleotides) was incubated with the radiolabeled ds-target sequence (20 000 cpm) within intron 10 of the TERT
gene (40 nucleotides). (C) CONTROL cells are untreated MiaPaCa 2 cells. A total of 100 nM of PPRHs against the TERT gene were transfected in
MiaPaCa 2 cells. DOTAP was used at 10 μM. MTT assays to determine cell survival were performed 6 days after transfection. Data are mean ± SEM
values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005. (D) RNA was extracted from MiaPaCa 2 cells treated with increasing
concentrations of HptI10-T for 72h. mRNA levels were determined using qRT-PCR and referred to the levels of endogenous controls. Data are mean±
SEM values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.

Figure 2. Binding of template-PPRHs and TFO to their target sequence. (A) Binding of the template-PPRH either with adenines in the pyrimidine
interruptions (HpsPr-T) or the wild-type version (HpsPr-T WT) and the TFOsPr-C after incubation with increasing concentrations of their
radiolabeled ds-target sequence (20 000 cpm). Shifted bands are indicated by arrows. (B) Binding of the negative controls, either Hps-Sc or Hps-WC to
the radiolabeled ds-target sequence (20 000 cpm) for the specific PPRHs. (C) Schematic representation of the binding of the different molecules used in
this study, including HpsPr-T, HpsPr-T WT, TFOsPr-C, Hps-Sc, Hps-WC.
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all experiments, we used as negative controls either a PPRH with
a scrambled sequence (Hps-Sc) or a PPRH with intramolecular
Watson−Crick bonds instead of Hoogsteen bonds (Hps-WC),
which is not able to form triplexes with the DNA.We also used as
negative control a TFO with a scrambled sequence without
target in the human genome (TFO-Sc).
Effect of PPRHs Length on Binding to the Target, Cell

Viability and mRNA. To compare the effects of PPRHs with
different lengths, we needed to start with a gene containing a
polypurine/polypyrimidine stretch long enough to allow the
design of PPRHs with different number of nucleotides. We found
a 30 nucleotides polypyrimidine sequence within intron 10 of the
TERT gene that opened the possibility to test PPRHs
lengthening 20, 25, or 30 nucleotides against the same target
sequence (Table 1, Figure 1A). HptI10-T had 3 three pyrimidine
interruptions, whereas HptI10-T2 and HptI10-T3 had two
interruptions. For these experiments, we used PPRHs where the
pyrimidine interruptions were substituted by adenines in both
strands of the PPRH. As shown in Figure 1B the three PPRHs
tested were capable of binding to their target sequence at a
concentration as low as 1 μM. However, in terms of cell viability,
we observed that the longer the sequence, the higher the effect.
Specifically, the 20-, 25-, and 30-nucleotide PPRHs decreased cell
viability by 15%, 30%, and 60%, respectively (Figure 1C). In the
case of TERT inhibitors, reaching 60% decrease in cell viability
can be considered a notable effect because a long time is needed
for the cell to shorten the telomeres enough to enter senescence.
For that reason, inhibitors of TERT are commonly used in
combination with other drugs.16 We also determined the mRNA
levels of TERT using the longest PPRH that caused a dose-
dependent decrease, reaching 60% at 300 nM (Figure 1D).
Comparison between PPRHs and Nonmodified TFOs.

Binding to Target Sequences. For the comparative analyses, we
used PPRHs against the promoter sequence of survivin, which

have been previously validated in terms of efficacy in prostate
cancer cells and in a xenografted tumor model.11 Those PPRHs
were designed against two different sequences within the
promoter, one against a distal region, at-1009, in the template
strand of the DNA (Template-PPRH), and another against a
more proximal region, at −525, in the coding strand (Coding-
PPRH). Thus, the corresponding TFOs that would bind to the
same sequence as PPRHs were designed. PPRHs are double-
stranded molecules formed by two polypurine strands that bind
to the pyrimidine target in the DNA sequence by Watson−Crick
bonds, whereas TFOs are single-stranded polypurine molecules
that will bind to the purine strand in the DNA by reverse-
Hoogsteen bonds forming a triplex structure. Therefore, the
TFO that binds to the same region as the template-PPRH will
bind to the coding strand, and the TFO that binds to the same
region as the coding-PPRH will bind to the template strand.
PPRHs and TFOs sequences are listed in Table 2.
The binding was analyzed using the corresponding radio-

labeled ds-target sequence for each PPRH either template or
coding, shown in Figures 2 and 3.
We observed that both the Template-PPRH (HpsPr-T) and

the corresponding TFO (TFOsPr-C) were specific for their
target sequence, as indicated by the shifted bands (Figure 2A),
whereas the two negative controls, Hps-Sc and Hps-WC, did not
bind to the target sequences (Figure 2B). The template-PPRH
against the promoter sequence (HpsPr-T) was bound to the
target sequence forming a triplex structure-binding of the PPRH
to the pyrimidine target sequence- and quadruplex structure-
binding of the PPRH to the duplex, whereas the TFO formed a
single triplex structure-binding of the TFO to the duplex (Figure
2A and 2C).
Regarding the coding-PPRH, we also observed specificity of

both HpsPr-C and TFOsPr-T, as indicated by the shifted band
(Figure 3), in contrast to the two negative controls, Hps-Sc and

Figure 3. Binding of coding-PPRHs and TFO to their target sequence. (A) Binding of the coding-PPRH either with adenines in the pyrimidine
interruptions (HpsPr-C) or the wild-type version (HpsPr-C WT) and the TFOsPr-T after incubation with increasing concentrations of their
radiolabeled ds-target sequence (20 000 cpm). Shifted bands are indicated by arrows. (B) Binding of the negative controls, either Hps-Sc or Hps-WC to
the radiolabeled ds-target sequence (20 000 cpm) for the specific PPRHs. (C) Schematic representation of the binding of the different molecules used in
this study, including HpsPr-C, HpsPr-C WT, TFOsPr-T, Hps-Sc, Hps-WC.
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Hps-WC, which did not bind to the target sequence (Figure 3B).
HpsPr-C was capable of binding to its target sequence from 100
nM to 10 μM, causing strand displacement at 10 μM. On the
other hand, the TFO against the same sequence only showed
some binding at 10 μM (Figure 3A), proving that it had less
affinity to the target sequence than the coding-PPRH. In Figure
3C there is a representation of the different structures observed
in the binding assays. In this case, we only observed the triplex
structure because the PPRH was capable of displacing the purine
strand completely. The different length of their target sequences
might cause the difference of binding between the template- and
coding-PPRH. In the case of the coding-PPRH, the target
sequence is shorter, and in consequence, easier to displace.
Cell Viability.We compared the effect of PPRHs and TFOs in

two cell lines, PC3 from prostate cancer and SKBR3 from breast
cancer, upon incubation with 100 nM of the DNA molecules
(PPRH or TFO) plus 10 μM of the liposomal reagent DOTAP
(Roche). In both cell lines, there was a significant difference
between the use of PPRHs vs TFOs; both template- and coding-
PPRHs exerted a higher decrease in cell viability than the
corresponding TFOs at 100 nM, as shown in Figure 4. Negative
controls for each type of molecule -Hps-Sc and TFO-Sc- were
used at the same conditions and a rather small effect was
observed upon incubation in both cell lines, probably due to the
transfection reagent.
It was also observed that PPRHs and TFOs caused a higher

decrease in viability in PC3 than in SKBR3 cells. This could be
caused by the different transfection efficiency of DOTAP in each
cell line. PC3 cells internalize almost four times more PPRH than
SKBR3 using the same conditions of transfection, as determined
in uptake experiments using flow cytometry and fluorescently
labeled PPRHs. Using this methodology, we also compared the
uptake of fluorescently labeled PPRH and TFO, observing that
24 h after transfection, more than 90% of PC3 cells showed a
similar mean intensity of fluorescence with either molecule (data
not shown). This result indicated that the difference in effect of

PPRHs and TFOs was due to a different intrinsic efficacy rather
than a different uptake.

Comparison between PPRHs Carrying Adenines and
Wild-Type Sequences. Binding to Their Target Sequence.
Once we had compared PPRHs and nonmodified TFOs, we
wanted to improve our PPRHs in terms of efficacy and
specificity. To do so, we decided to explore the usage of wild-
type PPRHs including pyrimidine interruptions in their
sequences instead of substituting the interruptions by adenines.
We had previously stated that the best basein terms of binding
and cytotoxicityto substitute a single interruption was
adenine;9 however, it is usual to find polypurine stretches with
several interruptions that could compromise the specificity of the
molecule. We studied HpsPr-T and HpsPr-C against survivin,
both of which contained three interruptions substituted by
adenines, and their counterparts, HpsPr-T WT and HpsPr-C
WT, in which the wild-type sequence was used. PPRHs
sequences are listed in Table 2, including a scheme of the
molecules. It is important to mention the difference between the
two approaches: The A-substitution involved using two adenines
in each interruption, one in the Watson−Crick strand (that will
bind to the pyrimidine target sequence) and one in the reverse-
Hoogsteen strand (that forms the hairpin structure). In the wild-
type version, the same pyrimidine (C or T) of the interruption
was used in both strands of the PPRH.
When performing BLAST analyses using the wild-type

sequences, the first match with the lowest e-value and maximum
identity was always the target sequence within the survivin gene.
However, when using the sequences where the pyrimidines were
substituted by adenines, several sequences were found with the
same identity but higher e-value, indicating possible off-target
effects.
In the binding assays with the survivin promoter shown in

Figure 2 and 3, there was the general tendency that the wild-type
PPRHs were capable of binding to the polypyrimidine target
sequences with more affinity and at lower concentrations than
the PPRHs with adenines in front of the purine interruptions. In

Figure 4. Effect of PPRHs and TFOs against survivin on cell viability. (A) Cell viability in PC3 cells upon incubation with 100 nM of the two PPRHs
(dark gray) or the two TFOs (light gray) against the survivin gene. Negative controls -Hps-Sc and TFO-Sc(blank bars)- were tested at the same
conditions. CONTROL cells are untreated PC3 cells. (B) Cell viability in SKBR3 cells upon incubation with 100 nM of the two PPRHs (dark gray) or
the two TFOs (light gray) against the survivin gene. Negative controls -Hps-Sc and TFO-Sc(blank bars)- were tested at the same conditions.
CONTROL cells are untreated SKBR3 cells. MTT assays to determine cell survival were performed 6 days after transfection. DOTAP was used at 10
μM. Data are mean ± SEM values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.

Molecular Pharmaceutics Article

DOI: 10.1021/mp5007008
Mol. Pharmaceutics 2015, 12, 867−877

872

Appendix

176

http://dx.doi.org/10.1021/mp5007008


the case of the template-PPRH, there was a clear difference in the
binding affinity between HpsPr-T and HpsPr-T WT, only the
wild-type version bound to its target at concentrations as low as
at 1 μM, whereas the other PPRH did not generate a shifted band
up until 10 μM (Figure 2A). In the case of the coding-PPRH,
both PPRHs originated a band corresponding to the triplex at all
concentrations tested (from 0.1 to 10 μM), but the wild-type
showed five times more strand displacement upon binding
(Figure 3A).
Cell Viability Assays. To compare the effect of PPRHs with or

without pyrimidine interruptions, dose response studies in PC3
and SKBR3 were performed and the IC50 for each molecule was
calculated. The resulting cell viabilities are shown in Figure 5 and
the IC50’s in Table 4. Template and coding-PPRHs decreased cell
viability in a dose-dependent manner in both cell lines, and in all
cases, the wild-type counterpart presented a lower IC50.
Melting Experiments. Melting temperatures and −ΔG were

obtained using the MeltWin 3.5 software17 and are displayed in
Table 5. We measured the changes in absorbance at 260 nm
when increasing temperature from 10 to 90 °C; in all cases,
sigmoidal curves with a single transition corresponding to the

switch from bound complex to random coil were observed, which
corresponds to a bimolecular melting curve, previously described
in ref 18. Comparison between the PPRH containing
interruptions substituted by adenines and the wild-type counter-
part showed a clear difference of around 20 °C, the wild-type
presenting the higher temperature and the lower ΔG, meaning
these PPRHs had a higher affinity for the target sequence. It was
also clear that the longer the PPRH, the higher the melting
temperature; therefore, the template-PPRH, which is 26
nucleotides long, had a higher temperature than the coding-
PPRH that was 20 nucleotides long.

Survivin mRNA Levels. Treatment for 48 h of wild-type
PPRHs against survivin caused a decrease in its expression.
Specifically, HpsPr-T WT caused a 2.4-fold decrease and HpsPr-
C WT caused a 3-fold decrease in mRNA levels, whereas no
effect was observed with the negative control HpsPr-WC (Figure
6).

Wedge-PPRH. Design. Concurrently to the study of wild-
type PPRHs, we decided to further improve PPRHs by designing
a structure that would lock the strand displacement, which may
stabilize the PPRH-DNA complex and cause a higher effect. The
design consisted in extending the 5′ with the sequence of
polypyrimidines complementary to the polypurine strand. The

Figure 5. Effect of PPRHs against survivin on cell viability. (A) Dose response of template-PPRHs against survivin in PC3 cells. (B) Dose response of
coding-PPRHs against survivin in PC3 cells. (C) Dose response of template-PPRHs against survivin in SKBR3 cells. (D) Dose response of coding-
PPRHs against survivin in SKBR3 cells. DOTAP was used at 5 μM to transfect 10 nM and 30 nM and at 10 μM to transfect 100 nM PPRH. CONTROL
cells are untreated cells. MTT assays to determine cell survival were performed 6 days after transfection. Data are mean ± SEM values of at least three
experiments. *p < 0.05, **p < 0.01, ***p < 0.005. Light gray corresponds to the adenine version and dark gray to the wild-type version.

Table 4. IC50 Calculated for PPRHs andWedge-PPRH in PC3
and SKBR3

PC3 SKBR3

PPRH* IC50 (nM) IC50 (nM)

HpsPr-T A 46.21 346.57
HpsPr-T WT 30.14 40.77
HpsPr-C A 16.50 43.32
HpsPr-C WT 14.44 43.32
Wedge-PPRH-17 21.62 41.17

*A indicates adenines and WT wild-type.

Table 5. Melting Transition Temperatures, Tm, and Free
Energies, ΔG, at pH 7.2

complex*
Tm ± std error

(°C)
ΔG ± std error

(kcal/mol, at 37 °C)

HpsPr-T A + Ppy 54.05 ± 0.23 −12.60 ± 0.13
HpsPr-T WT + Ppy 73.47 ± 0.30 −19.81 ± 0.70
HpsPr-C A + Ppy 37.24 ± 2.42 −9.29 ± 0.53
HpsPr-C WT + Ppy 66.45 ± 0.07 −25.96 ± 2.29
*A indicates adenines and WT wild-type.
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rationale was that such PPRH could open the double strand and
the extension could bind to the coding strand, as detailed in
Figure 7B.
The Template-PPRH was selected to perform this study. We

designed two Wedge-PPRHs; one had a 5′ extension of 23 bases
complementary to the purine sequence, linked by a 5T loop to
give flexibility for the turn, and another with a shorter extension
of 17 nucleotides. As a negative control we used Wedge-PPRH
WC, which presented the 17-nucleotide complementary
sequence followed by a hairpin that formed Watson−Crick
bonds instead of reverse-Hoogsteen bonds, a useful control to
determine the importance of the PPRH in this structure. All the
sequences are listed in Table 3.

Binding to the Target Sequence. We performed binding
analyses for the three wedge structures. We observed a similar
pattern of binding between theWedge-PPRH-23 and the HpsPr-
T WT (Figure 7A compared to Figure 2A), indicating that the
presence of the 5′ extension did not prevent the binding of the
PPRH to its target sequence. Wedge-PPRH-23 formed two
bands corresponding to a triplex and a quadruplex structure
(Figure 7B). We expected to observe an additional band
(quintuplex) if the 5′ extension could bind to the displaced
polypurine strand which was not seen with theWedge-PPRH-23.
Therefore, we tested a shorter version of the Wedge-PPRH with
an extension of only 17 nucleotides, so it could hybridize to the
polypurine displaced strand. Using Wedge-PPRH-17 we
observed an additional shifted band corresponding to the
quintuplex structure (Figure 7B). Moreover, Wedge-PPRH-17
bound to the target sequence at a lower concentration (100 nM)
than when using PPRHs andWedge-PPRH-23. It is important to
note that binding with the Wedge-PPRH WC showed a low
intensity band that might correspond to the binding of the 17-
nucleotide extension to its complementary sequence, no
additional bands were observed because of the lack of PPRH
structure, indicating the importance of this structure for the
opening of the dsDNA.
To really demonstrate the identity of the quintuplex, we

performed binding experiments with both the Wedge-PPRH-17
and the duplex and competing with either the coding strand
(pPu) (Figure 8A and B), the pyrimidine strand (pPy), or the
duplex (dsT) (Figure 8B). In Figure 8A, we observed the
competition between the polypurine sequence (at 20×, lanes 3
and 6; or 50×, lanes 4 and 7) and the radiolabeled duplex (20 000
cpm) at different concentrations of Wedge-PPRH-17 (100 nM,
lanes 2−4; and 1 μM, lanes 5−7). The disappearance of the

Figure 6. Effect of wild-type PPRHs on survivinmRNA levels. RNA was
extracted from PC3 cells treated with 100 nM of HpsPr-TWT, HpsPr-C
WT and the negative control Hps-WC for 48 h. mRNA levels were
determined using qRT-PCR and referred to the levels of APRT as an
endogenous control. DOTAP was used at 8 μM. Data are mean ± SEM
values of at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.005.

Figure 7. Binding of Wedge-PPRH to its target sequence. (A) Binding of Wedge-PPRH to its radiolabeled ds-target sequence (20 000 cpm). The
mobility of the ds-target sequence is shown in lane 1. Binding of Wedge-PPRH-23 is shown in lane 2, 3, and 4. Binding of Wedge-PPRH-17 is shown in
lane 5, 6, and 7. The negative control, Wedge-PPRH WC is shown in lane 8, 9, and 10. Shifted bands are indicated by arrows. (B) Schematic
representation of the structures corresponding to the different bands observed in the electrophoresis.
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upper band, corresponding to the quintuplex, indicates its high
affinity to the polypurine sequence and that the 5′ pyrimidine

extension was binding to the displaced polypurine sequence. In
fact, when using the lowest concentration of Wedge-PPRH-17

Figure 8. Identification of the shifted bands in the binding assays with Wedge-PPRH-17. (A) Binding of Wedge-PPRH-17 to its radiolabeled ds-target
sequence (20 000 cpm). Themobility of the ds-target sequence is shown in lane 1. The binding pattern of theWedge-PPRH-17 is shown at two different
concentrations ofWedge-PPRH: 100 nM (lane 2−4) and 1 μM(lane 5−7); competition assays were performed using 20-fold (lane 3 and 6) and 50-fold
(lane 4 and 7) excess of the coding strand of the target sequence. (B) Binding ofWedge-PPRH-17 at 1 μM to its radiolabeled ds-target sequence (20 000
cpm). The mobility of the ds-target sequence is shown in lane 5. The binding pattern of the Wedge-PPRH is shown in lane 1 and competition assays
were performed using 50-fold excess of either the coding (lane 2) or the template strand (lane 3) or the ds-target sequence (lane 4).

Figure 9. Effect of Wedge-PPRH-17 on cell viability and survivinmRNA levels. (A) Effect in PC3 cells. (B) Effect in SKBR3 cells. In both cases, DOTAP
was used at 5 μMto transfect 10 nM and 30 nM, and at 10 μMto transfect 100 nMofWedge-PPRH. CONTROL cells are untreated cells. MTT assays to
determine cell survival were performed 6 days after transfection. Data are mean± SEM values of at least three experiments. *p < 0.05, **p < 0.01, ***p <
0.005. (C) Effect of HpsPr-T WT and Wedge-PPRH-17 on cell viability when scaling-up the number of PC3 cells. (D) RNA was extracted from PC3
cells treated with 100 nM of Wedge-PPRH-17 or Wedge-PPRH WC for 48 h. DOTAP was used at 8 μM. mRNA levels were determined using qRT-
PCR and referred to the levels of the endogenous control 18S. Data are mean ± SEM values of at least three experiments. *p < 0.05.
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(100 nM), the competition by pPu (20× or 50×) produced the
disappearance of the quintuplex while the quadruplex appeared.
When the Wedge-PPRH-17 was increased at 1 μM, the
competition with pPu also decreased the intensity of the band
corresponding to the quintuplex.
In Figure 8B, aside from competing the duplex with pPu (lane

2), we competed with pPy (lane 3) and the duplex (lane 4).
Competition with pPy caused a decrease in the intensity of the
bands corresponding to the triplex and quadruplex structures,
but not the quintuplex, reaffirming the quintuplex was the band
most difficult to displace because it had the highest affinity. In
lane 4, we observed the decrease of the three shifted bands
because the competition was performed with the duplex.
Cell Viability Assays and Survivin mRNA Levels.We decided

to further explore the effect of the Wedge-PPRH with the
extension of 17-nucleotides in terms of cell viability and mRNA
levels because we had shown that it was capable of forming the
locked structure.
In PC3 cells, we observed a similar effect on cell viability of the

Wedge-PPRH-17 compared to the original or wild-type-PPRHs
(Figure 9A compared to Figure 5A). However, when analyzing
the data, the Wedge-PPRH-17 presented a lower IC50 than
HpsPr-T WT (Table 4), indicating that the Wedge-PPRH-17
had a higher efficacy.Wedge-PPRHWCwas innocuous at 10 and
30 nM and caused only a slight decrease at 100 nM (Figure 9A).
In SKBR3, Wedge-PPRH-17 had a dose-dependent effect
(Figure 9B) similar to HpsPr-T WT (Figure 5D) and, as a
result, a similar IC50 was obtained (Table 4).
We performed a scale-up experiment to figure out the effect of

PPRHs when increasing the number of cells. Keeping the
concentration of either the PPRH or the Wedge-PPRH (100
nM) unchanged, we observed that there was a slight loss of effect
when increasing the number of cells, but both molecules
maintained its efficacy up to 200 000 cells. As shown in Figure
9C, Wedge-PPRH-17 maintained its efficacy significantly in a
more stable way.
Regarding mRNA levels, Wedge-PPRH-17 caused a 2-fold

decrease at 100 nM, whereas Wedge-PPRH WC did not cause a
decrease in survivin mRNA level. (Figure 9D).

■ DISCUSSION

The purpose of this study was to improve the suitability of the
polypurine reverse Hoogsteen hairpins as gene targeting tools by
exploring several characteristics. Specifically, we focused on the
following properties of PPRHs: (i) nucleotide length to define
the optimal range in their design, (ii) affinity and effect compared
with nonmodified TFOs, (iii) specificity toward the target
sequence by using wild-type-PPRHs, and (iv) development of a
new structure termed Wedge-PPRH.
PPRH Nucleotide Length. The possibility to design PPRHs

depends on the presence of polypurine/polypyrimidine
sequences in the target genes. Goñi et al.13 reported that triplex
target sequences were overrepresented in the human genome,
finding them commonly in regulatory regions. This abundance
allows the design of PPRHs against almost any gene although
each one will present different options of length for targeting.
From our study, we can conclude that whenever possible, the
longer the PPRH, the greater the effect, starting with a minimum
of 20 nucleotides. In the case of theTERT gene used in this study,
we observed binding of the PPRHs to their target from 20 to 30
nucleotides but the higher effect was obtained with the longest
one.

Comparison between PPRHs and Nonmodified TFOs.
One difference between PPRHs and TFOs is that PPRHs are
double-stranded DNA molecules whereas TFOs are single-
stranded. Because of this, their binding differs: PPRHs form
intramolecular reverse Hoogsteen bonds and bind by Watson−
Crick bonds to their polypyrimidine target sequence, TFOs form
Hoogsteen bonds with the purine strand in the double helix.
Using the same binding conditions of pH and salt composition,
and taking into account that the PPRH and the corresponding
TFO have the same sequence, we observed that PPRHs bind at
lower concentrations than TFOs to the target sequence,
indicating a higher affinity. Moreover, in terms of cell viability,
both PPRHs exerted a higher effect in PC3 and SKBR3 cells than
TFOs, indicating that PPRHs were more effective.
Kool and colleagues18 had previously shown that hairpin

structures formed by two purine domains could bind to the
pyrimidine target sequence in a cooperative fashion and with
higher affinity than the two separate strands. Thus, the existence
of the hairpin structure represents a clear advantage over single-
stranded molecules and proves that the strand that does not
interact directly with the DNA contributes to the binding. In our
work, we corroborated that the strand that allows the formation
of the intramolecular Hoogsteen bonds within the PPRH favors
its binding to the target sequence with higher affinity than TFOs.
In addition, we prove that the increase in affinity displayed by
PPRHs is reflected in a stronger effect in terms of cell viability.

Specificity of PPRHs. In the mismatches study, Tm
experiments showed that the presence of mismatches caused a
decrease in Tm, indicating less affinity for the target sequence, in
accordance with previous results from Kool.18 In the case of
HpsPr-T, 3 mismatches caused a decrease of around 17 °C in the
Tm relative to the wild-type, whereas HpsPr-C, which also
contained three mismatches, had a melting temperature of 25 °C
below its wild-type counterpart. Therefore, Tm is affected not
only by the length of the oligonucleotide but also by the presence
of mismatches, proving the wild-type version is a better choice.
Wang et al.7 also reported that the presence of a hairpin structure
stabilized the binding, then allowing for the presence of
mismatches, even though with a lower Tm.
Currently, one of the main problems of gene-silencing

technologies is the off-target effects caused by lack of specificity.
siRNAs are known to activate TLRs, leading to inflammation and
other off-target effects.19 In this regard, PPRHs avoid off-target
effects caused by activation of the immune system as opposed to
siRNAs.15

Another problem intrinsic to the siRNA pathway is that
siRNAs could bind to nontarget genes by acting as miRNAs.19

Other authors have reported that as few as 11 nucleotides are
sufficient to silence nontargeted genes, so although degradation
of siRNA is occurring, they can cause off-target effects.20

Degradation of siRNAs is meant to occur earlier than in the case
of PPRHs because their half-life is much shorter.15

In this work, we prove that wild-type PPRHs have a higher
affinity to their target sequence, and therefore, they are meant to
have less off-target effects caused by their binding to nontargeted
sequences. That is, the more interruptions substituted by
adenines, the lower the Tm and affinity, increasing the possible
off-target effects. However, up to 3 mismatches in a sequence of
20 nucleotides has proved to be effective both in vitro and in vivo
without known off-target effects.11 Avoidance of off-target effects
using the wild-type version and prevention of activation of the
immune response are appreciable advantages of PPRHs over
siRNAs.
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Wedge-PPRH. As previously stated, PPRHs are highly stable
and resistant without the need of chemical modifications, which
is another advantage over aODNs, TFOs, or siRNAs. However,
there is room for improvement in terms of binding or effect. For
this reason, we developed a new molecule called Wedge-PPRH,
which binds simultaneously to both strands of the target
sequence. Other authors have tested similar strategies based on
triplexes capable of binding to adjacent polypyrimidine and
polypurine sequences in both strands, using what they called
alternate-strand triplex formation.21,22 A Wedge-PPRH of the
adequate length had a slightly better effect than PPRHs in
decreasing cell viability and its effect was more constant as the
number of incubated cells increases. Considering that the only
difference between the Wedge-PPRH and the HpsPr-T WT is
the 5′ extension, we can conclude that the formation of the
quintuplex structure, which locks the displaced strand of the
dsDNA, contributes to the higher effect observed with the
Wedge-PPRH.
As a summary, in this work, we investigated characteristics to

improve the performance of PPRHs as a gene silencing tool and
suggest a number of criteria to take into account when designing
these molecules.
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the Quality Mention from the “Generalitat de Catalunya” 2014-
SGR96. L.R. and A.S. are recipients of FI fellowships from the
“Generalitat de Catalunya”. X.V. is recipient of APIF fellowship
fromUniversity of Barcelona. We thankMaria Tintore ́ and Sonia
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