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ABSTRACT 
 
 
 

In order of reducing the frequency of unwanted side effects of chemotherapy 
and recurrences in cancer, in the last ten years a major challenge has been the 
development of methods for the specific targeting to cancer cells. Aptamers are 
single-stranded RNAs able to form different three-dimensional structures, 
which allows them to specifically recognize their molecular targets. This 
makes aptamers attractive agents for targeted cancer therapy. Aptamers were 
first utilized for their ability to bind and inhibit the activity of their target 
protein, including extracellular ligands and cell surface proteins. More recently, 
aptamers were are also used as delivery agents. Thanks to their ability to be 
endocytosed, aptamers may specifically bring a therapeutic cargo inside the 
cells. 
In this thesis, I focused on different aspects regarding the aptamer-mediated 
targeting of cancer cells: 1) the selection of aptamers for a cancer stem cells-
targeted therapy. In fact, as widely recognized, cancer stem cells are 
responsible for tumor recurrence, repopulating the tumor after a 
chemotherapeutic treatment. 2) The formation of aptamer-microRNA chimera 
molecules in which the aptamer is the delivery vehicle for a microRNA. The 
use of microRNAs represent a challenging approach in cancer therapy because 
they are able to regulate the expression of cellular proteins modulating 
different pathways. However, to date the absence of reliable means that permit 
the specific delivery of microRNAs to the appropriate tissue represents an 
obstacle to the success of this approach. 
For the first purpose, I performed for the first time a SELEX (Systematic 
Evolution of Ligands by EXponential enrichment) method on human breast 
cancer stem cells, using in the counterselection step breast cancer differentiated 
cells. I selected putative aptamers specific for the stemness phenotype in breast 
cancer, useful to identify specific cell-surface targets, block molecular 
pathways and delivery therapeutics. For the second purpose, I selected an 
internalizing aptamer, GL21, that specifically binds to Axl receptor, 
overexpressed in many types of cancer cells. I linked this aptamer to miR-212. 
This microRNA is considered a tumour-suppressor miR because negatively 
regulates the anti-apoptotic protein PED found overexpressed in many tumors 
and involved in resistance to therapeutics. In A549 cells, TRAIL- resistant non-
small cell lung cancer cells overexpressing Axl, this chimera was able to enter 
within the cells and carry the microRNA to the processing machinery. MiR-
212, subsequently, targeted PED resulting in TRAIL sensitization.  
In conclusion, in this thesis I studied new possible applications for aptamers 
aimed at avoiding therapeutic recurrences and at delivering “therapeutic” 
RNAs, as microRNAs, to the appropriate cells. 
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1. BACKGROUND 
 
 
 
1.1 Cancer  
 
 
 
Cancer is thought to reflect a multi-step process, resulting from an 
accumulation of inherited and or acquired defects in genes involved in the 
regulation of cell proliferation. 
The development of a clinically recognizable human cancer may require the 
activation or inactivation of as many as four or five different genes. 
Changes in the expression of key proteins of the cellular signaling pathways 
are the major molecular abnormalities found in cancer. In fact, an increasing 
number of proteins involved in cell growth, including growth factors, 
receptors, intracellular mediators and transcription factors have been found to 
be altered through multiple mechanisms of oncogene activation, such as 
enhanced or ectopic expression, deletions, single point mutations and 
generation of chimeric proteins, formed by chromosomal translocations. 
Among these, many cell surface receptors with an intrinsic intracellular 
tyrosine kinase activity can act as oncogenes and cause cellular transformation 
(Kolibaba and Druker 1997). 
Therefore, as major molecular determinants of cancer cells, all these proteins 
represent primary targets in the rational approach of the cancer mechanisms. 
For this purpose, different types of molecules have been shown to be of 
potential utility for cancer diagnosis and therapy, including small chemical 
compounds, peptides, antibodies and nucleic acid ligands. 
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1.2 Aptamers 
 
 
 
For a long time nucleic acids were mainly considered as linear carriers of 
information, whereas most cell functions were ascribed to protein molecules 
possessing complex three-dimensional structure. 
It was found that single-stranded RNA molecules are able to form very 
different three-dimensional structures, which allows them to recognize 
specifically various molecular targets. They were called aptamers.  
The term aptamer is derived from the Latin word ‘‘aptus’’—which means 
fitting (Ellington and Szostak 1990) and the Greek word ‘‘meros’’ meaning 
particle. 
Aptamers are short single-stranded nucleic acid oligomers (ssDNA or RNA) 
with a specific and complex three-dimensional shape characterized by stems, 
loops, bulges, hairpins, pseudoknots, triplexes, or quadruplexes. Based on their 
three-dimensional structures, aptamers can well-fittingly bind to a wide variety 
of targets from single molecules to complex target mixtures or whole 
organisms. Binding of the aptamer to the target results from structure 
compatibility, stacking of aromatic rings, electrostatic and van derWaals 
interactions, and hydrogen bindings, or from a combination of these effects 
(Hermann and Patel 2000).  
The concept that nucleic acid ligands could modulate the activity of target 
proteins emerged from basic science studies of viruses. In the 1980s, research 
on HIV and adenovirus discovered that these viruses encode several small, 
structured RNAs that bind to viral or cellular proteins with high affinity and 
specificity. The observation that viruses utilize RNA ligands for their ends 
suggested to translational researchers in the late 1980s that RNA ligands might 
also be useful for therapeutic ends (Nimjee et al. 2005). 
Aptamers realizes their inhibiting function on a completely different 
mechanism with respect to miRNA and siRNA. Antisense, ribozymes, siRNAs, 
miRNAs recognize the target nucleic acid by complementary base pairing and, 
by activating an intracellular molecular machinery, impair the expression of the 
corresponding protein. Instead, aptamers act directly binding the target without 
interfering with its expression (Cerchia and de Franciscis 2006) (Fig.1). 
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Fig.1: Aptamer functionality. A) Schematic representation of aptamer three 
dimensional structure and functionality and B) its mechanism of action 
compared to that of other ncRNAs. 
 
 
 
Amongst drugs used for molecular targeting, monoclonal antibodies have made 
tremendous contributions in a wide range of applications. However, there are 
certain limitations associated with antibodies; monoclonal antibodies generally 
are incapable of membrane penetration due to larger size and hence are not 
ideal as carriers for targeted delivery of cytotoxic molecules inside the cells. 
Moreover, production of monoclonal antibodies is laborious, expensive, time 
consuming and suffers from batch-to-batch variations. They are also 
immunogenic, temperature sensitive, and their target binding kinetics cannot be 
easily modified. 
Aptamers, generally considered being oligonucleotides analogous to 
antibodies, rival antibodies in many ways. These short, single stranded 
DNA/RNA molecules fold to form unique tertiary structures, allowing them to 
bind to target proteins with high specificity and affinity, often leading to 
modulation of the target protein activity. Aptamers generally range in size from 
20 to 80 bases (6–26 kDa) which makes them larger than peptides but smaller 
than antibody fragments (scFv, Fab). Their small size enables them to access 
protein epitopes that might otherwise be inaccessible to bulky antibodies. It is 
also the small size, that provides aptamer a better chance of internalization than 
the antibodies, although this is possible only when it is bound to a target 
protein that undergoes internalization or the target is a cell surface receptor, to 
which it might act as a ligand. This feature allows aptamer to be used as 
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bifunctional ligands that, along with recognition, can also be employed as 
delivery vehicles. Once identified, aptamers can be chemically synthesized and 
stabilized to have a consistent structure-activity with little immunogenicity. 
These molecules are highly temperature-resistant and are stable over long term 
storage. Their targeted binding properties can be controlled and modified as 
desired, and the molecules can be derivatized easily for downstream 
applications (Fig.2). Due to these advantages, aptamers gained immediate 
attention for clinical development, and shortly after the advent of the 
technology, a substantial number of aptamers entered clinical trials for a wide 
range of applications (Dua et al 2011). 
 
 
 

 
 
Fig.2: Comparison between aptamer and antibody features. 
 
 
 
1.2.1 SELEX Method 
 
 
 
The identification of nucleic acid sequences with unique properties from a 
random pool of sequences is achieved through iterative cycles of in vitro 
selection called SELEX (Systematic Evolution of Ligands by EXponential 
enrichment). The process was independently developed in 1990 by Larry Gold 
and Jack Szostak (Ellington and Szostak 1990; Tuerk and Gold 1990). 
The starting material for the SELEX process is a DNA library obtained from 
combinatorial chemical synthesis. The library usually consists of random 
regions of 20–80 nucleotides (nt), flanked by defined constant 50 and 30 
regions, 18–20 nt long. The complexity of the library and its molecular 
diversity is characterized by the length of the random region, providing each 
individual oligonucleotide with a unique sequence. A starting complexity of 
1014–1015 is generally considered to be appropriate. A library containing 25 nt 
randomized nucleotides (425 = 1015) reaches the highest possible limit of 
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sequence diversity available for screening in a SELEX experiment. Further, all 
known single stranded oligonucleotide motifs can be built within this length. 
This suggests that libraries with short randomized regions are sufficient for a 
successful aptamer selection. Short libraries are better manageable, cost 
effective in chemical synthesis and involve lesser post-SELEX optimizations. 
However, longer randomized regions could provide greater structural 
complexity to the library and better opportunities for the identification of 
aptamers. The fixed region has a promoter region for T7/SP6 RNA polymerase 
and primers for reverse transcription (RT) and polymerase chain reaction 
(PCR). This DNA library is the basic starting material for selecting 
RNA/DNA/ ssDNA/chemically modified aptamers.  
High affinity aptamers have been successfully generated from both DNA-
SELEX and RNA-SELEX. The initial double-stranded oligonucleotide library 
is converted into single-stranded DNA (ssDNA) (in the case of DNA-SELEX) 
or transcribed to RNA via in vitro transcription (in the case of RNA-SELEX) 
(Fig.3). 
 

                 
 
Fig.3: Starting random DNA oligonucleotide library. The two fixed sequences, 
termed 1 and 2, act as primer binding sites in the PCR. Two special primers are 
needed for the PCR. The antisense primer, termed 2rc, is reverse 
complementary to the fixed sequence at 3’-end of the library. The sense primer, 
termed T7 promoter-1, is derived from the fixed sequence at the 5’-end and is 
modified by an extension containing the T7promoter sequence. 
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The pool of random single stranded molecules is allowed to adopt secondary 
structures and is then incubated with the target protein in a binding buffer at an 
appropriate temperature. In the initial binding step, only a very small fraction 
of the pool will bind to the target, which is separated from the unbound fraction 
through a suitable partitioning technique. 
The target-bound aptamers are isolated and amplified using PCR (or RT-PCR 
in the case of RNA-SELEX) to obtain an enriched pool, which is then used for 
the next round of SELEX. This repetitive selection/amplification cycle results 
in selective enrichment of sequences that physically interact with the target in 
high affinity. The enrichment efficiencies of the binders are governed by the 
stringency of selection, which can be obtained using suitable competitors 
during incubation, limiting target concentration, and by increasing the 
stringencies of the post-incubation washes. 
The progress of binder enrichment during SELEX can be monitored using 
binding assays. 
After reiterating these steps (the number of rounds of selection necessary is 
determined by both the type of library used as well as by the specific 
enrichment achieved per selection cycle), the resulting oligonucleotides are 
subjected to DNA sequencing. The sequences corresponding to the initially 
variable region of the library are screened for conserved sequences and 
structural elements indicative of potential binding sites and, subsequently, 
tested for their ability to bind specifically to the target molecule.   
Initially the SELEX method was focused on purified membrane proteins to 
identify cell surface targets, but the selection was done in not-physiological 
conditions. A modification of the traditional SELEX procedure is cell-SELEX, 
in which whole live cells are used as targets, aim at generating aptamers able to 
discriminate within the same tumor between two strictly related phenotype 
(Cerchia et al. 2009) and to discovery unknown targets that could be used as 
biomarkers. Compared with the traditional SELEX method using a single 
target protein, cell-SELEX usually requires more selection cycles (>20) and 
longer processing times for efficient enrichment of an aptamer population. 
Unlike SELEX with purified targets, cell-SELEX faces a major problem of the 
selection of ligands that recognize multiple surface proteins along with the 
target of interest. To avoid the parallel selection of aptamers for unintended 
targets, ‘Counter-SELEX’ or ‘negative selection’ is critical. It consists in a 
previous step on cells with different characteristics compared to the goal of the 
selection. Non-bound sequences from the negative step are added to the target, 
and the selection proceeds as usual. 
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1.2.2 Post-SELEX modifications 
 
 
 

Aptamers generated by the different SELEX schemes have many limitations 
for direct use in downstream applications. Natural, unmodified 
oligonucleotides, especially RNAs, are unstable in biological fluids. To protect 
RNA from digestion by nucleases, chemically modified nucleotides are 
incorporated into the oligonucleotide backbone. Various modifications at the 
20-carbon of the ribose sugar have been shown to render RNA resistant to 
nucleases. The endonucleases that target RNA in biological fluids are generally 
specific for pyrimidines; therefore, the introduction of modified pyrimidine 
residues is sufficient to stabilize it towards nucleases. The most commonly 
employed functional group modifications are 2’-F, OMe, or NH2 modifications 
of the pyrimidine nucleotides, all of which can be introduced at either the pre- 
or post-SELEX step. 
Even with extensive nucleotide modifications to hinder nuclease attack, 
aptamers can be cleared from the circulation within minutes (Hicke et al. 
2006). To increase the plasma half-lives of these molecules, it is important to 
increase aptamer size via conjugation with bulky groups. While several 
strategies have been attempted, including tagging with cholesterol (Rusconi et 
al. 2002) and attachment to liposomes (Willis et al. 1998), most efforts have 
concentrated on covalent conjugation with polyethylene glycol (PEG) 
(Farokhzad et al. 2004). PEGylation has been shown to significantly improve 
the serum half-lives of aptamers without substantially affecting their binding 
affinities. 
 
 
 
1.2.3 Internalizing Aptamers 

 
 
 

The negatively charged phosphate backbone of the nucleic acid molecule is the 
primary cause for its inadequate and inefficient cellular association, owing to 
electrostatic repulsion from the negatively charged cell surface. Moreover, 
oligonucleotides longer than 25 bases are difficult to import into cells because 
of their size and predispotition to self-hybridize (Patil et al. 2005). Though 
efforts have been made to incorporate aptamers into liposome vesicles (Mann 
and Dzau 2000) or other delivery vector systems (Chaloin et al. 2002; Good et 
al. 1997), it is highly desirable, augmenting the cell-specific aptamer selections 
described above, to select aptamers that not only recognize a cell, but also are 
endocytosed.  
In literature, are described few exceptions of internalizing aptamers, between 
these: DNA anti-PTK7 aptamer (Xiao et al. 2008) and RNA aptamers against 
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PSMA (Lupold et al. 2002), CD4 (Zhou Q et al. 2012) and HIV gp120 (Khati 
et al. 2003). 
Another published internalizing RNA aptamer is GL21. It emerged from a 
whole cell-SELEX on U87MG cells, a malignant human glioma cell line, using 
in the counter-selection step less malignant human T98G glioma cells. Cerchia 
et al. (2009) found that Gl21 aptamer is able to bind and inhibits the signaling 
of Axl receptor, belonging to the TAM family of tyrosine kinase receptors 
(RTKs) that also includes Sky (Tyro3, Dtk) and Mer. They are characterized by 
an extracellular domain consisting of two immunoglobulin-like domains 
followed by two fibronectin type 3-like domains. Axl-family members are 
activated by Growth-arrest-specific gene 6 (Gas6), a member of the vitamin K-
dependent protein family that resembles blood coagulation factors rather than 
typical growth factors (Fig.4).  
 

                         
 
Fig.4: Axl receptor and Gas6 structures. 
 
 
 
Axl overexpression has been reported in many human cancers and is associated 
with invasiveness and/or metastasis in lung (Shieh et al. 2005), prostate 
(Sainaghi et al. 2005), breast (Zhang et al. 2008), gastric (Wu  et al. 2002) and 
pancreatic cancers (Koorstra et al. 2009), renal cell carcinoma (Chung  et al. 
2003) as well as glioblastoma (Hutterer et al. 2008). Furthermore, by a 
phosphoproteomic approach based on the profiling of phosphotyrosine 
signaling, activated Axl protein was detected in ~5% primary tumors of non-
small-cell lung cancer (Rikova et al. 2007). Using a rational approach based on 
its predicted secondary structure they designed a 34-mer truncated version of 
the 92-mer original molecule, named GL21.T, which contains the active site of 
GL21 and preserves high binding affinity to the U87MG cells. Determining the 
cell type specificity, GL21.T didn’t bind other human cancer cell types 
including neuroblastoma, lung and breast without Axl receptor, while bound 
A549 cells, a non-small cell lung cancer (NSCLC) cell line, that, instead, 
presents the receptor on the cellular surface. It is also able to be endocytosed 
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into target cells, getting ~30% of cell internalization following 15-minute 
incubation and reached ~60% following 2 hours of aptamer treatment (Cerchia 
et al. 2012). 
 
 
 
1.2.4 Molecular Chimeras 

 
 
 

Instead of directly interrupting a disease process, as would do a function-
blocking aptamer, endocytosed aptamers could work as delivery agents into 
cells. They were called by Hicke et al. “escort aptamers” (Hicke and Stephens 
2000). Escort aptamers have been successfully adapted for the targeted 
delivery of active drug substances both in vitro and in vivo, including anti-
cancer drugs, toxins, enzymes, radionuclides, virus, and siRNAs. The cargoes 
are attached to the aptamers either through their assembly with functionalized 
groups linked to the aptamer and cargos, or through direct conjugation to the 
aptamer, creating a molecular chimera, as in the case of oligonucleotides (Zhou 
and Rossi 2010.).  
Aptamer-mediated targeted delivery can enhance the therapeutic efficacy and 
reduce the toxic effects of drugs.  
The three RNA aptamers above-named have been exploited for the creation of 
a molecular chimera for siRNA delivery (Fig.5). 

1) Anti-PSMA RNA aptamer-mediated RNAi 
Three independent groups have successfully employed the anti-PSMA RNA 
aptamers to specifically deliver siRNAs to target cells.  

- In Chu et al. work (2006) two biotinylated siRNAs and two aptamers 
were non-covalently assembled via a streptavidin platform. 

- Giangrande and collegues conjugated the RNA aptamer to the sense 
strand of the siRNA followed by annealing of the complementary 
siRNA sense strand to complete the chimeric molecule (McNamara et 
al. 2006). In a subsequently work they inverted sense and antisense 
strands. A 2 nucleotide (UU)-overhang and a polyethylene glycol tail 
were added to the 3’-end of the guide strand and to the 5’-end of 
passenger strand, respectively (Dassie et al. 2009).  

- Wullner et al. (2008) generated bivalent anti-PSMA aptamer-siRNA 
chimera using the siRNA itself as a linker to join the two aptamers. 

2) Anti-CD4 RNA aptamer-mediated RNAi 
In which the anti-CD4 aptamer or siRNAs were non-covalently joined via 
phi29 RNAs (ncRNA molecules of the bacteriophage phi29) containing 
complementary loop domains. Two pRNA molecules were respectively fused 
with siRNAs and the anti-CD4 aptamer. Through the interaction of right and 
left interlocking loops, the two chimeric pRNAs could precisely dimerized into 
a stable nanovector of approximately 25 nm in diameter (Guo et al. 2005). 
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3) Anti-gp120 RNA aptamer-mediated RNAi 
27-mer Dicer substrate RNA duplex and the aptamer were attached with 
complementary ‘sticky’ sequence. After a simple annealing, they formed stable 
base pairs (Zhou et al 2009). 
In this design format, one pair of complementary GC-rich sticky bridge 
sequences was chemically attached to the 3’ end of the aptamer. The 
complement to this sequence was attached to one of the two siRNA strands and 
the aptamer and siRNA were joined by Watson-Crick base pairing. A flexible 
three-carbon atom hinge (C3) was added as a spacer between the adhesive 
(sticky) sequence and the aptamer to allow spatial and structural flexibility. 
Importantly, this sticky bridge-based strategy can be used to facilitate the 
effective interchange of different siRNAs with a single aptamer, which is 
required to avoid viral resistance to the siRNA component. 
 
 

 
 
 
Fig.5: Representations of molecular chimeras: A) Anti-PSMA RNA aptamer-
mediated RNAi (Chu et al.); B) Anti-PSMA RNA aptamer-mediated RNAi 
(Dassie et al.); C) Anti-CD4 RNA aptamer-mediated RNAi; D) Anti-gp120 
RNA aptamer-mediated RNAi. 
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1.3 MicroRNAs 
 
 
 
Short non coding RNAs, as small interfering RNAs and microRNAs, for their 
ability to inhibit the expression of complementary RNA transcripts are being 
exploited as a new class of therapeutics for a variety of diseases. 
Since their discovery nearly two decades ago, microRNAs (miRNAs, miRs) 
have been one of the most investigated families of molecules. In fact, a recent 
PubMed search found nearly 18,000 miRNA-related articles in the literature 
(Nana-Sinkam and Croce 2013). 
MicroRNAs (miRNAs) are small non-protein-coding molecules that regulate 
gene expression by a post-translational repression mechanism. MiRNAs are 
members of a family of small RNAs, tipically 19-30 nucleotides, which 
includes small nuclear RNA (snRNA) involved in mRNA splicing, small 
nucleolar RNA (snoRNA) which direct modification of ribosomal RNA and 
short interfering RNA (siRNA) produced from long double-stranded RNA 
precursors. Similar to miRNA, siRNA also functions to regulate gene 
expression. 
miRNAs are endogenous RNAs highly conserved in the genomes of animals, 
plants, fungi and viruses.  In humans, miRNAs are transcribed as long primary 
transcripts (pri-miRNA) over 1 kb in size, which have a stem-loop structure, 
are capped at the 5’-end and have a 3’-poly (A) tail. Pri-miRNA transcripts 
undergo to a two steps maturation process to produce functional miRNA. The 
first step occurs in the nucleus and is facilitated by Drosha, an endonuclease 
RNAse III, and the double-stranded RNA-binding domain (dsRBD) protein 
DGCR8. Drosha cleaves both strands of the pri-miRNA transcript in a 
staggered manner, producing a stem-loop precursor molecule (pre-miRNA), 
approximately 70 nucleotides in length. 
These pre-miRNA molecules are, then, transported from the nucleus to the 
cytoplasm, a process mediated by Exportin-5, a nuclear transport receptor, and 
the nuclear protein Ran-GTP. 
The final processing step is facilitated by the RNA III enzyme Dicer and a 
dsRBD protein TRBP, which cuts both strands of the pre-miRNA at the base of 
the stem-loop. This produces a duplex molecule approximately 22 nucleotides 
long. The duplex molecule contains the single-stranded mature miRNA and a 
fragment termed miRNA*, which is derived from the opposite complementary 
arm of the pre-miRNA. The miRNA: miRNA* molecule is then incorporated 
into a large protein effector complex called the RNA-induced silencing 
complex (RISC). The RISC is activated upon unwinding of the miRNA: 
miRNA* duplex. The miRNA* strand is subsequently degraded, whilst the 
miRNA molecule guides the RISC complex to the target mRNA. It is the 
interaction of the miRNA/RISC and its target mRNA that results in gene 
regulation. 
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The interaction between a miRNA and its target is restricted to the 5’-end of 
the miRNA. Sequence complementarity between nucleotides 2-8 is vital for 
target sequence recognition. The degree of complementarity between the 3’-
UTR region of the target mRNA and this so called “seed region” in the 5’-end 
of the miRNA determines the mechanism by which the miRNA regulates the 
target. If the miRNA bears sufficient sequence complementarity (near perfect) 
to the target mRNA, then regulation is carried out by a process called RNA 
interference, in which the RISC complex is directed to cleave the target 
mRNA. 
If there is insufficient complementarity, which is generally the case in 
mammals, regulation is achieved by repression of translation, the exact 
mechanism of which is still under debate (Lynam-Lennon et al. 2009) (Fig.6). 
To date, at least six models of translational repression have been proposed: (i) 
RISC induces deadenylation which causes decrease of translational efficiency 
by blocking target mRNA circularization; (ii) RISC blocks cap function by 
interacting with either the cap or eIF4E; (iii) RISC blocks a late step in 
initiation of translation such as recruitment of 60S ribosomal subunit; (iv) 
RISC blocks a post-initiation step such as elongation and⁄or ribosome drop-off; 
(v) RISC induces proteolysis of nascent peptides during translation; or (vi) 
RISC recruits target mRNAs to processing bodies, in which mRNA is degraded 
and⁄or stored in a translationally inactive state. These models do not necessarily 
exclude each other (Kwak et al 2010). 
  
 

        
 
Fig.6: MiRNA biogenesis and mechanisms of gene expression regulation. 
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MiRNA regulation appears to be an extremely dynamic process. Since the 
perfect complementarity to the target is not required for regulation, a single 
miRNA can regulate a number of target genes and, inversely, a single gene can 
be targeted by different miRNAs. This ultimately makes the identification of 
target genes much more difficult, the result of which is that the functions of 
many miRNAs are still unknown. 
 
 
 
1.3.1 Role of microRNAs 
 
 
 
As master gene regulators, miRNAs are able to impact a variety of cellular 
pathways and functions. Since their discovery in C.elegans more than a decade 
ago (Lee et al. 1993), thousands of miRNAs have been identified to date in a 
variety of organisms. For example, over 1000 human miRNAs are reported in 
miRBase version 18 (http://mirbase.org) (Mo 2012).  
Early studies have shown that miRNAs are critical to developmental timing, 
cell death, cell proliferation, immunity and patterning of the nervous system. 
Deregulation of miRNAs can lead to a variety of human disease. Thus, it is 
critical to understand how miRNAs are regulated in normal cellular processes 
as well as during disease processes.  
The first evidence for miRNA involvement in human cancer came from a study  
by Calin et al. (2002) examining a recurring deletion (65% of patients) at 
chromosome 13q14 in the search for a tumor suppressor gene involved in 
chronic lymphocytic leukemia (CLL). In this study was found that the region 
of deletion encodes two miRNA: miR-15a and miR-16-1. Subsequent 
investigations have confirmed the involvement of these two miRNAs in the 
pathogenesis of CLL (Calin et al. 2005; Cimmino et al. 2005). 
To date, a lot of miRNAs have been characterized for their function in cancer. 
Several experiments and clinic analysis suggest that miRNAs may function as 
a novel class of oncogenes or tumor suppressor genes. Oncogenic miRNAs, 
called “oncomirs”, may promote tumor development by negatively inhibiting 
tumor suppressor genes and/or genes that control cell differentiation or 
apoptosis. On the other hand, some tumor suppressor miRNAs may prevent 
tumor development by negatively inhibiting oncogenes and/or genes that 
control cell differentiation or apoptosis. Their expression is decreased in 
cancerous cells (Zhang et al. 2007). 
The identified mechanisms for this observed alteration include impaired 
miRNA processing, chromosomal alterations, effects of environmental factors 
(e.g., cigarette smoke and infection), transcriptional enhancers or repressors, 
epigenetic regulation, and polymorphisms. 
A tumor-suppressor miRNA is miR-212.  
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It belongs to miR-132/212 family. They are two miRNAs sharing close 
sequences highly conserved among vertebrates. miR-132 and miR-212 were 
first reported to be transcribed in rats and in mice from regions in the non-
coding transcripts. Similarly to their rodent orthologues, hsa-miR-132 and hsa-
miR-212 share the same primary transcript. In addition, in human, they are 
found in an intergenic region located on chromosome 17p13.3. MiR-132 and 
miR-212 exhibit similar mature sequences and share the same seed region. 
They may therefore target the same mRNAs (Wanet et al. 2012).  
Regarding its transcriptional regulation, the miR-212/132 locus was first 
identified in neuronal cells as a target of the cAMP-response element binding 
(CREB) protein transcription factor. In non-neuronal cells the miR-212/132 
locus is under the control of the transcriptional repressor Repressor Element 1 
silencing transcription factor/neuron-restrictive silencer factor (REST/NRSF) 
(Wu and Xie  2006). 
Given their involvement in neuronal development and functions, it is not 
surprising that deregulated expression patterns of miR-132 and miR-212 have 
been associated with developmental defects as well as brain-related disorders. 
For example, a down-regulation of miR-212 has been identified in foetuses 
with anencephaly (Zhang et al. 2010)). Moreover, miR-132 and miR-212 are 
both deregulated in the prefrontal cortex of individuals affected by 
schizophrenia and bipolar disorders (Perkins et al. 2007; Kim et al. 2010). 
MiR-212 was also found to be down-regulated in Alzheimer’s disease patients, 
and its expression modulation correlates with the density of neurofibrillary 
tangles, a characteristic lesion of Alzheimer’s disease (Wang et al. 2011). In 
the last 5 years, several groups, performing miRNA expression profiling in 
diverse immune-related contexts, came to highlight the induction of miR-132 
(and miR-212) in several cell types including monocytes, macrophages, mast 
cells and lymphatic endothelial cells. So, besides their numerous roles in 
neuronal development, functions and related diseases, increasing evidences 
point towards an important involvement of miR-132 and miR-212 in mediating 
inflammatory processes. Indeed, miR-132 was recently designated as a 
‘NeurimmiR’, a class of miRNAs regulating both neuronal and immune 
functions and was suggested to function as a cross-talk between both systems 
(Soreq and Wolf  2011). 
Despite their neurimmiR functions, miR-212/132 are shown to be deregulated 
in different cancer types. For example, miR-212 down-regulation has been 
associated with the resistance/bad response to several anti-cancer treatments 
(Hatakeyama et al. 2010). Other reports suggest that miR-212 would negatively 
affect gastric cancer cells proliferation (Wada et al. 2009).  
In non-small cell lung carcinoma, miR-212 negatively regulates the anti-
apoptotic protein PED/PEA15 (Fig.7). PED (Phosphoprotein Enriched in 
Diabetes) is a death-effector-domain (DED) family member of 15 kDa found 
overexpressed in a number of different tumors including gliomas, squamous 
carcinoma, thyroid, breast, lung cancer, and B-cell chronic lymphocytic 
leukemia. It inhibits the assembly of a functional death-inducing signaling 
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complex (DISC) of death receptors following stimulation and activation of 
caspase 8. Zanca et al. (2008) found that PED is overexpressed and mediates 
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) resistance in 
non-small cell lung cancer. TRAIL is a relatively new member of the tumor 
necrosis factor (TNF) ligand family, which induces apoptosis in a variety of 
cancers. Successively, Incoronato et al. (2010) found that PED/PEA15 is 
targeted by miR-212 increasing TRAIL sensitivity. In fact, analyzing human 
tissues specimens of normal and lung cancer they found that the up-regulation 
of PED protein in lung cancer tissues was correlated with miR-212 silencing 
and in vitro with apoptosis resistance. The explanation of silencing is 
demonstrated to reside in histone modifications (Incoronato et al. 2011). 
 

                     
Fig.7: Representation of miR132/212 family structure and miR-212 targeting 
to PED. A) Predicted stem loop structures of human pre-miR-132 and pre-miR-
212. The mature miRNA sequences are indicated in red, the miRNA* 
sequences are indicated in grey and predicted hydrogen bounds are blue. B) 
Mature sequence of miR-212 and its pairing with PED/PEA15 3’UTR. 
 
 
 
1.3.2 MicroRNAs en route to the clinic 
 
 
 
In light of recent advances in the field, it is likely that we will see the transition 
of therapeutics that are based on miRNAs into the clinic in the not-so-distant 
future. 
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They are similar to protein-coding genes in that they regulate many survival-
signaling pathways, are themselves subject to mutagenesis and often have 
conflicting roles in various disease states. They differ, however, in their 
therapeutic potential. In essence, miRNA replacement therapies may do what 
protein-coding gene replacement therapies have tried to do, but with fewer 
obstacles to overcome. MiRNA are much smaller and less antigenic than their 
protein-coding counterparts and, as such, cellular delivery is possible without 
the use of potentially harmful viral-based delivery mechanisms that are needed 
for the cellular uptake of larger protein-coding genes. 
Likewise, effective tools for systemically silencing miRNAs have been 
developed, that specifically and safely target miRNAs. These antagomirs act as 
small sponges that soak-up miRNAs, resulting in subsequent miRNA 
degradation and, thus, the upregulation of predicted targets with an in vivo 
effect that can be sustained for over 3 weeks. This is in contrast to standard 
antisense miRNA targeting, which has a limited ability to suppress miRNA 
functions and often leads to toxicity. Thus far, antagomirs have proven to 
efficiently silence miRNA function with limited side effects. 
Although the initial proof-of-principle studies using miRNAs as therapeutics 
took advantage of adenoviral-based and lentiviral-based delivery methods, 
translation into clinical practice requires the development of safer delivery 
vehicles. These include packaging mature miRNAs into lipid-based 
nanoparticles (neutral or charged) that can be delivered locally to the tumor 
tissue or systemically, in which case they have been found to accumulate and 
to therapeutically regulate their targets in the lung, pancreas and prostate. 
Expanding on this, physical and chemical moieties of the particles that 
facilitate the targeted distribution and the controlled and sustained release of 
miRNA – including liposomes, polymers and dendrimer conjugates – are under 
clinical investigation. 
Certainly, we must be cautious of the possible side effects of these molecules 
in human trials, independently of the side effects that could be associated with 
the delivery agents. Even in situations in which the miRNA is delivered 
directly to the tumour, miRNA could escape from the tumor cells and become 
systemic, either through microvesicle exocytosis or secretion of miRNA-
Argonaute2 complexes. It is plausible that miRNA overexpression could lead 
to the saturation of the miRNA machinery and non-specific effects. 
Furthermore, increasing the cellular concentration of miRNAs may suppress 
lower-affinity targets that might not be targeted at endogenous miRNA levels.  
Similarly to current chemotherapies, concentration and dose schedules need to 
be evaluated for efficacy and toxicity, and the long-term effects following 
treatment must be assessed (Nana-Sinkam and Croce 2012). 
Given all these problems, fewer studies using directed miRNA targeting have 
reached clinical trial. MiR-122 is the one miRNA that has successfully reached 
clinical trials as a targeted therapy (Elmén et al. 2008). The hepatic-specific 
miR-122 has been shown to drive HCV viral load through directed targeting of 
HCV. Investigators eventually translated these largely in vitro findings to large 
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animal models, demonstrating that systemic delivery of antimiR-122 could 
reduce HCV viral load in a chimpanzee model of chronic HCV infection with 
minimal toxicity (Lanford et al. 2010). Santaris Pharma subsequently 
conducted a human phase IIa trial demonstrating safety and antiviral function 
using miravirsen (a locked nucleic acid-modified miR-122 antagonist).  
 
 
 
1.4 Breast Cancer 

 
 
 

Breast cancer is a leading cause of cancer mortality among women, second 
only to lung carcinoma, and fifth most common cause of cancer death (after 
lung cancer, stomach cancer, liver cancer, and colon cancer). 
The mammary gland is not like most vertebrate organs that are formed during 
embryogenesis and maintain their basic structure throughout adult life. In 
males, it is present in a rudimentary and generally non-functional form. In 
females, it is a highly dynamic organ that undergoes dramatic morphogenetic 
changes during puberty, pregnancy, lactation and regression. 
The adult human mammary gland consists of a branching system of ducts 
surrounded by a collagenous and fatty stroma. An inner layer of luminal 
epithelial cells lines the system of ducts and lobules and an outer layer of 
contractile myoepithelial cells surrounds the luminal cells (Clayton et al. 2004) 
(Fig.8).  
Ducts form before birth, by branching and invading the mammary fat pad. 
During puberty, ductal outgrowth rapidly increases under hormonal 
stimulation, resulting in side branching (Rudland et al. 1997; Hennighausen 
and Robinson 2001). The final differentiation stage is achieved in the 
mammary gland during pregnancy and lactation, when numerous lobulo-acinar 
structures containing the milk-secreting alveolar cells are formed through 
extensive proliferation, followed by terminal differentiation. 
 
 
 



23 

 

 
 
Fig.8: Mammary gland structure. 
 
 
 
Although the adult breast is often called ‘resting’ (outside pregnancy and 
lactation), proliferation and apoptosis occur during each menstrual cycle. 
Thymidine labeling has shown that proliferation occurs mainly in the luminal 
cells, is maximal during the second half of the cycle and declines with age 
(Potten et al. 1988). In addition, most breast cancers arise from luminal 
epithelial cells (Gusterson et al. 1982) 
Therefore, a compartment of cells with high proliferative potential and 
differentiation ability is needed in order to sustain numerous pregnancies, a 
description that fits the definition of stem cells or early progenitor cells (Dontu 
et al. 2003). 
In the 19th century, the developments in surgical procedures led to the 
establishment of the radical mastectomy that was used for almost a century, 
until the 1970s, when conservative procedures started being explored together 
with the use of radiotherapy. There is now no doubt that estrogenic hormones 
of ovarian origin promote the growth of human breast cancer. This 
confirmation prompted the search for hormones that would antagonize the 
effects of estrogen, which led to the discovery of tamoxifen in 1966. 
Tamoxifen was quickly validated, and it was also shown that the mechanism of 
action of tamoxifen is to block the activity of the estrogen receptor (ER) in 
tumor cells, therefore blocking their growth (Vivanco 2010). 
 
 
 
 
 



24 

 

1.4.1 Stem Cells and Cancer Stem Cells 
 
 
 
Stem cells, as classically defined, are cells with the ability to self-renew and to 
generate daughter cells that can differentiate down different cell lineages to 
form all the cell types that are found in the mature tissue. 
In order to maintain this ability indefinitely, they must be able to perform 
asymmetric cell divisions. Each cell, therefore, generates one that is identical to 
it as well as another which is different, in that it is more committed towards a 
certain differentiation pattern. The identical cell maintains the stem cell 
compartment through time; the distinct cell undergoes a series of divisions and 
differentiation steps that result in the generation of terminally differentiated 
cell populations. The cells in intermediate states between the stem cell and the 
terminally differentiated cell are usually referred to as progenitors, transit cells 
or transit amplifying cells. Although both stem cells and transit amplifying 
cells divide and produce similar end products (a range of differentiated 
progeny), they differ in their ability to proliferate and maintain an 
undifferentiated state for an extended period of time (Cariati and Purushotham 
2008). 
In contrast to the ‘stochastic’ model of oncogenesis, where transformation 
results from random mutations and subsequent clonal selection, experimental 
and clinical data have accumulated to support the hypothesis that cancer may 
arise from mutations in stem cell populations (Cancer Stem Cell Hypothesis) 
(Reya et al. 2001) (Fig.9). As a matter of fact, about 10 years ago, John Dick’s 
team provided evidence that leukemia growth and propagation are driven by a 
small population of leukemia cells that have the ability to perpetually self-
renew. They called this cell population as cancer stem cells (CSC) (Bonnet and 
Dick 1997). Since then, putative CSC have been isolated from many other 
tumors including breast, brain, colon, pancreas, prostate, lung and head and 
neck tumors. 

       
 
Fig.9: Schematic representation of normal differentiation and “cancer stem cell 
hypothesis”. 



25 

 

The basic arguments supporting the idea that tissue stem cells may be primary 
targets for transformation can be summarized as follows: (i) stem cells are 
long-lived, slowly dividing cells that persist in tissues long enough to 
accumulate multiple genetic alterations required for neoplastic transformation, 
while somatic cells are constantly replaced through periodic cell turnover; 
moreover, long-lived cells are exposed to genotoxic insults much longer than 
are short-lived ones; (ii) molecular pathways, which play a critical role in 
governing stem cell self-renewal (i.e. Wnt, Notch, Sonic Hedgehog, PTEN) are 
often deregulated in a number of tumors; (iii) normal stem cells and tumor cells 
share a number of phenotypic features, such as: a relatively undifferentiated 
state, the ability to self-renew, the activation of cytoprotective mechanisms (i.e. 
telomerase activity, overexpression of anti-apoptotic proteins, increased trans-
membrane molecule efflux capability) as well as a remarkable competence for 
migration (Ponti et al. 2006).  
Mutations, probably regarding dysregulation of self-renewal pathways, can hit 
normal stem cells, but also strike more developmentally advanced, although 
still immature, early progenitor cells. So cancer may derive from different 
“cells of origin” (Visvader 2011). 
This leads to expansion of this cell population that may undergo additional 
genetic and epigenetic changes. The nature of these genetic and epigenetic 
changes, the microenvironment and the type of progenitor they target, probably 
contribute to the cellular heterogeneity found in tumors (Charafe-Jauffret 
2008). 
 
 
 
1.4.2 Characterization of mammary stem cells 
 
 
 
Given the paucity of normal stem cells in adult tissues and the lack of universal 
morphologic traits, their isolation represents a major hurdle for their study. 
The purification and characterization of normal adult stem cells specific for the 
mammary gland could therefore be extremely helpful for understanding normal 
mammary development, as well as carcinogenesis. 
The existence of self-renewing, multipotent mammary stem cells was first 
suggested decades ago by the work of Daniel et al. Their studies in mice and 
rats (Daniel et al. 1971; Kim et al. 2000) demonstrated that an entire mammary 
gland can be generated from serially transplanted random fragments of 
epithelium. Generally, senescence occurred after the fourth transplant, but in 
about 25% of cases, seven and eight serial transplantations were achieved. This 
indicates that mammary stem cells are dispersed throughout the entire gland 
and have a potent, although limited, self-renewal capacity. More recently, 
Kordon and Smith (1998), using mammary epithelium marked with mouse 
mammary tumour virus (MMTV) showed that clonal dominant populations 
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were responsible for the generation of a new gland in recipient animals. Serial 
transplantation of the clonally derived outgrowth recapitulated the entire 
functional repertoire of the gland, demonstrating the existence of self-renewing 
and multipotent mammary stem cells. 
Propagation of mammary gland cells in an undifferentiated state in vitro could 
help to escape difficulties. In fact, a major advance in neural stem cell research 
was achieved when it was found that an undifferentiated multipotent 
population of neural cells can be grown in suspension as neurospheres 
(Reynolds and Weiss 1996; Weiss et al. 1996). Neurospheres were shown to 
consist of 4%–20% stem cells, the rest of the population representing 
progenitor cells in various stages of differentiation. 
Analogous to primary neural cells, Dontu et al. (2003) found that also human 
mammary epithelial cells form spherical colonies, termed “nonadherent 
mammospheres,” when cultured on nonadherent surfaces in the presence of 
growth factors and in absence of serum. They demonstrate that nonadherent 
mammospheres are enriched in cells with functional characteristics of 
stem/progenitor cells: self-renewal and multi-lineage differentiation. In fact, 
mammosphere-derived cells are able to form new spheres, containing 
multipotent cells. They have also shown that mammospheres contain cells 
capable of clonally generating functional ductal alveolar structures in 
reconstituted three-dimensional culture systems in Matrigel. When combined 
with human mammary fibroblasts they are able to reconstitute the mammary 
tree in the cleared mammary fat pad of NOD/SCID mice (Liu et al. 2005) 
(Fig.10). Successively, Ponti et al. demonstrated that also cancer stem cells are 
able to form mammospheres in vitro (Ponti et al. 2005). 
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Fig.10: Experimental design for assessing the differentiation and self-renewal 
potential of cells grown as mammospheres. A) Self-renewal is tested by 
evaluating the ability of mammosphere-derived cells to form new spheres, 
containing multipotent cells; B) Differentiation into ductal and myoepithelial 
cells is assessed on cells cultivated on collagen in the presence of serum; C) 
Differentiation into ductal, myoepithelial, and alveolar cells is tested in the 
same conditions as in b with the addition of matrigel as an overlayer; D) 
Differentiation and self-renewal is assessed combining cells with human 
mammary fibroblasts. They are able to reconstitute the mammary tree in the 
cleared mammary fat pad of NOD/SCID mice. 
 
 
 
1.4.3 Clinical implications for “Cancer Stem Cell Hypothesis” 
 
 
 
The cancer stem cell model has fundamental implications in clinic. 
Tumor response is usually defined in the clinic as the shrinkage of a tumor by 
at least 50%. However, if cancer stem cells exist, then shrinkage of tumors may 
reflect the effects of these agents on the differentiated cells in a tumor rather 
than the cancer stem cell component. This may explain why in clinical trials for 
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advanced cancers, tumor regression often does not translate into clinically 
significant increases in patient survival.  
By virtue of their fundamental importance in organogenesis, normal stem cells 
have evolved mechanisms that promote their survival and resistance to 
apoptosis, maintained by cancer stem cells. There are several molecular 
mechanisms that may account for the resistance to apoptosis. These include: (a) 
cell cycle kinetics. Many cancer stem cells are not cycling and are in G0 and 
thus resistant to cell cycle–specific chemotherapy agents. (b) DNA replication 
and repair mechanisms. Stem cells may be resistant to DNA-damaging agents 
by virtue of being able to undergo asynchronous DNA synthesis in addition to 
displaying enhanced DNA repair. (c) During asynchronous DNA synthesis, the 
parental ‘‘immortal’’ DNA strand always segregates with the stem cell and not 
the differentiating progeny. This process may be regulated by P53. This 
prevents the stem cell compartment from accumulating mutations associated 
with replication or from being affected by DNA damaging agents. (d) 
Antiapoptotic proteins. Stem cells express higher levels of antiapoptotic 
proteins, such as members of the Bcl-2 family and inhibitors of apoptosis, 
compared to differentiated cells. (e) Transporter proteins. Stem cells express 
high levels of transporter proteins, such as ABCG2 (BCRP1), as well as P-
glycoprotein (Wicha et al. 2006). 
Therefore, eradication of cancers may require the targeting and elimination of 
cancer stem cells. Thus, one must devise strategies that can selectively kill 
these cancer stem cells while sparing normal stem cells.  
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2. AIM OF THE STUDY 
 
 
 
The present work aims at investigate new possible applications for aptamers in 
targeted anti-cancer therapies. 

- AIM-1: Selection of aptamers for a cancer stem cell-targeted therapy. 
In fact, one of the limits of the conventional treatment in cancer therapy is the 
lack of efficacy to eradicate tumor cells. So, the existence of cancer stem cells 
has significant implications in cancer treatment.  
We wanted to select aptamers able to bind with high affinity and specificity 
breast cancer stem cells. 

- AIM-2: Aptamers as delivery vehicles for “therapeutic” RNAs. 
Knowing the specific surface molecule targeted, aptamers could be used to 
block specific molecular pathways or, if internalized, as delivery vehicles, 
conjugating them to “therapeutic” RNA. In particular, “therapeutic” RNAs 
could be considered microRNAs for their capability to regulate expression of 
many cellular proteins. So, we created a molecular chimera linking GL21 
aptamer, which specifically binds Axl receptor and is endocytosed within the 
cell, and miR-212. This miR negatively regulates the anti-apoptotic protein 
PED and modulates response to therapy. 
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3. MATERIALS AND METHODS 
 
 
 
3.1 Cell culture and transfection 
 
 
 
Breast cancer stem cells (BCSCs) and breast cancer differentiated cells (BCCs) 
used for SELEX method were provided by Matilde Todaro and Giorgio 
Stassi’s lab (Department of Surgical and Oncological Sciences, Cellular and 
Molecular Pathophysiology Laboratory, University of Palermo, Palermo, 
Italy). BCCs were trypsinized and counted and the same amount of BCSCs was 
dissociated to obtain single cells using trypsin 0.05% - EDTA for the SELEX 
cycle performed the day after. 
A549 cells were grown in RPMI 1640, while U87MG and MCF7 cells were 
grown in DMEM. All the cells came from American Type Culture Collection. 
Their media were supplemented with 10% heat-inactivated fetal bovine serum 
(FBS) 10%, 2mM Glutamine and 100 U/mL penicillin/streptomycin. For miRs 
transient transfection, cells were transfected using Oligofectamine (Invitrogen) 
with 100nM (final concentration) of pre-miR-212 or scrambled (Applied 
Biosystem). For siRNA-PED transient transfection, A549 were transfected 
using Lipofectamine 2000 (Invitrogen) with 100nM of si-RNA PED or an 
empty vector (Ribok, Euroclone).  
 
 
 
3.2 Whole-Cell SELEX 
 
 
 
The SELEX cycle was performed essentially as described (Fitzwater and 
Polisky 1996). Transcription was performed in the presence of 1 mM 2’-F 
pyrimidines and a mutant form of T7 RNA polymerase (2.5 u/ml T7 R&DNA 
polymerase, Epicentre Biotechnologies) was used to improve yields. 2’F-Py 
RNAs were used because of their increased resistance to degradation by seric 
nucleases. 2’F-Py RNAs (1100-500 pmol) were heated at 85°C for 5 min in 1.5 
ml of DMEM-F12 serum free, snap-cooled on ice for 2 min, and allowed to 
warm up to 37°C. Before incubation in the cells, 13.5 ml of medium were 
added to RNA to reach a final volume of 15 ml. 
Counterselection step against BCCs. To avoid selection for aptamers non-
specifically recognizing BCSCs surface, the pool was first incubated for 30 
min (up to round 8) or for 15 min (for the following rounds) at 37°C with 
1.5x106 BCCs (100-mm cell plate), and unbound sequences were recovered for 
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the selection phase. This step was meant to select sequences recognizing 
specifically the BCSCs. 
Selection step against BCSCs. The recovered sequences were incubated with 
3x106 for the first three cycles or 1.5x106 BCSCs (for the following rounds) at 
37°C in a 50 ml tube with gentle shaking. Sequences were recovered after 
several washings with 4 ml of DMEM-F12 serum free by total RNA extraction 
(Ambion). 
During the selection process, we progressively enhanced the selective pressure 
by increasing washings number (from one for the first cycle up to three for the 
last cycles) and by decreasing the incubation time (from 30 to 15 min from 
round 9). It was also increased the number of counterselection steps from one 
to two from cycle 10 and was introduced the use of 100 µg/ml polyinosine, as a 
nonspecific competitor (Sigma). 
To follow the evolution of the pool we performed a binding assay for the 
starting and final cycles. 
At the end of SELEX method, sequences of the pools were subjected to 
Illumina sequencing. The sequences have been analyzed for multiple alignment 
(ClustalW) (Thompson et al. 1997) and structural elements (MFOLD) (Zuker 
2003) indicative of potential binding sites. 
For cycles of internalization, 1.5x106 U87MG were incubated with 1000pmol 
(for the first round) and 500pmol (for the second round) and treated with 0.5 
µg/ml proteinase K (Roche). Following 30- and 15-minute treatment for the 
first and second round, respectively, the amount of RNA internalized was 
recovered. Sequences were either cloned with TOPO-TA cloning  kit 
(Invitrogen) and subjected to Illumina sequencing and analyzed. 
 
 
 
3.3 RT-PCR, mutagenic and non-mutagenic PCR for cell-SELEX method 
 
 
 
RNA extracted from each SELEX cycle was retro-transcribed using MuLV 
(Murine Leucemia Virus) reverse Transcriptase (Roche) according to the 
manufacturer’s protocol. The retro-transcription reaction was as follow: 90°C 
for 3min, 42°C for 15min and 50°C for 30min. The product was used for 
mutagenic PCR, characterized by higher concentration of MgCl2 and dNTP, 
using 0.5 U/µl of Taq DNA-polymerase (Roche) and 2µM primers: 
P10: 5’ TAATACGACTCACTATAGGGAGACAAGAATAAACGCTCAA 
P20: 5’ GCCTGTTGTGAGCCTCCTGTCGAA 
The mix was prepared by adding MgCl2 and dNTP to a final concentration of 
7.5 mM and 1mM, respectively. The reaction was as follow: 93°C for 3min, 10 
cycles of 93°C for 1 min, 53°C for 1min and 72°C for 1 min, and a final 
extension of 72°C for 5min. 
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The PCR product was, then, amplified through a non-mutagenic PCR using 0.1 
U/µl of Taq DNA-polymerase (Roche) and 200µM dNTP, not adding MgCl2 to 
that contained in the Taq Buffer. The reaction was as follow: 95°C for 3min, 8 
cycles of 95°C for 30 sec, 60°C for 1min and 72°C for 30 sec, and a final 
extension of 72°C for 5min. 
Amplified DNA was purified using Amicon Ultra Centrifugal Filters 
(Millipore). 
 
 
 
3.4 Illumina sequencing 
 
3.4.1 Illumina sequencing sample preparation 
 
 
 
The DNA pools for selection rounds 0, 3, 5, 7, 10, 12, 13, 15 were amplified 
using High Fidelity PLUS Taq (Roche) in presence of p10 and p20 primers. 
The protocol is as follows. The DNA pool was heated at 95°C for 3 min, 
followed by 10 cycles of heating at 95°C for 30 sec, annealing at 60°C for 1 
min and extending at 72°C for 30 sec and a final extension step at 72°C for 
5min. The PCR product was run on an 8% acrylamide gel and the appropriate 
band (~100bp) was excised, gel purified and DNA quantitated using a 
Nanodrop spectrophotometer (Thermo Scientific). Samples were submitted for 
ILLUMINA® NEXT GENERATION SEQUENCING (NGS) (San Raffaele 
Hospital, Milan, Italy – Unità Funzione del Genoma) where samples were 
processed by TruSeq DNA Sample Prep v2 kit (Illumina®), controlled on an 
Agilent Technologies 2100 Bioanalyzer and sequenced by Illumina MiSeq 
System. 
 
 
 
3.4.2 Illumina sequencing data processing 
 
 
 
Illumina sequencing data were pre-processed and filtered by a multiple 
sequence alignment algorithm to identify the variable region sequences. Total 
sequences of a given round were compared to total rounds to extract those 
more representative and to examine their enrichment evolution. 
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3.5 Chimeras treatment 
 
 
 
GL21-miR212 (2g) long strand, miR-212 (2g) short strand, miR-212 (1g) short 
strand were purchased from Chemgenes as 2’-fluoropyrimidine RNAs: 

- GL21-miR212 (2g) long strand: 
5’0GGAUGAUCAAUCGCCUCAAUUCGACAGGAGGCUCACGGUACCU
UGGCUCUAGACUGCUUACUUU    

- miR-212 (2g) short strand:  
5’ AGUAACAGUCUCCAGUCACGGCCACC 

- miR-212 (1g) short strand:  
5’ UAACAGUCUCCAGUCACGGCC 
while  GL21scr-miR212 long strand and GL21-miR212 (1g) long strand were 
previously amplified and, then, transcribed in presence of 2’-
fluoropyrimidines. 

- GL21scr-miR212 long strand: 
5’0GGGTTCGTACCGGGTAGGTTGGCTTGCACATAGAACGTGTCAGG
CCGTGACTGGAGACTGTTA 

- GL21-miR212 (1g) long strand:  
5’0GGGATGATCAATCGCCTCAATTCGACAGGAGGCTCACGGCCGTG
ACTGGAGACTGTTA 
The amplification was done using: 

- GL21scr-miR212 forward primer: 
 5’ TAATACGACTCACTATAGGGTTCGTACCGGGT 

- GL21-miR 212 (1g) forward primer: 
5’ TAATACGACTCACTATAGGGATGATCAATCGC 

- GL21-miR212 (1g)/GL21scr-miR212 reverse primer: 
 5’ AATAACAGTCTCCAGTCACG 
The reaction was as follow: 94°C for 4 min, 20 cycles of 94°C for 30 sec, 55°C 
for 30 sec and 72°C for 30 sec, and a final extension of 72°C for 3 min. 
Before each treatment, the RNA long strand was denatured at 98°C for 20 
minutes, the RNA short strand at 55°C for 10 minutes and annealed each other 
using Binding Buffer 10X (200 mM Hepes, pH 7.4, 1.5 M NaCl, 20 mM 
CaCl2).  
 
 
 
3.6 Binding and internalization assays 
 
 
 
Binding to BCSCs of the starting and final pools was performed in 2ml tubes in 
triplicate with 5’-[32P]-labeled RNA. 3.5x104 cells per tube were incubated 
with the pools (200 nM as final concentration) in 200 µl of DMEM-F12 serum 
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free for 15 minutes at 37°C with gentle shaking and in the presence of 100 
µg/ml polyinosine, as a nonspecific competitor (Sigma). After two washings 
with 500 µl of medium, bound sequences were recovered in 100 µl of SDS 1% 
and the amount of radioactivity recovered was counted. The background value 
obtained with the starting pool was subtracted from the value obtained with the 
final pool. 
For chimeras binding assay, A549 and MCF7 cells were plated in 24 multi-
well in triplicate. RNAs were 5’-[32P]-labeled and incubated on cells at a final 
concentration of 200nM at 37°C for 15 minutes and the amount of radioactivity 
recovered was counted. To check the endocytosis rate, after the incubation with 
radiolabeled chimeras, cells were incubated with High Salt PBS (0.5M NaCl). 
Following 5 minutes-treatment at 4°C, the amount of RNA internalized was 
recovered and counted. In both assays, results were normalized for cells 
number. 
 
 
 
3.7 Protein isolation and Western blotting 
 
 
 
Cells were washed twice in ice-cold PBS and lysed in JS buffer (50 mM 
HEPES pH 7.5 containing 150 mM NaCl, 1% Glycerol, 1% Triton 100X, 1.5 
mM MgCl2, 5 mM EGTA, 1 mM Na3VO4 and 1X protease inhibitor cocktail). 
Protein concentration was determined by the Bradford assay (BioRad) using 
bovine serum albumin as the standard and equal amounts of protein were 
analyzed by SDS-PAGE (15% acrylamide). Gels were electroblotted onto 
nitrocellulose membranes (Millipore). For immunoblot experiments, 
membranes were blocked for 1 hr with 5% non-fat dry milk in Tris Buffered 
Saline (TBS) containing 0.1% Tween-20 and incubated at 4°C over night with 
primary antibody. Detection was performed by peroxidase-conjugated 
secondary antibodies using the enhanced chemiluminescence system 
(Amersham-Pharmacia Biosciences). Primary antibodies used were: anti-PED 
(Condorelli et al. 1998), anti-Axl (R&D Systems), anti-Caspase-8 Cell 
Signalling) and anti-βactin (Sigma). 
 
 
 
3.8 RNA extraction and RealTime-PCR 
 
 
 
Total RNAs (miRNA and mRNA) were extracted using Trizol (Invitrogen) 
according to the manufacturer’s protocol. Reverse transcription of total miRNA 
was performed starting from equal amounts of total RNA/sample (1µg) using 
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miScript reverse Transcription Kit (Qiagen). Quantitative analysis of miR-212 
and RNU6B (as an internal reference) were performed by RealTime-PCR using 
specific primers (Qiagen) and miScript SYBR Green PCR Kit (Qiagen). The 
reaction for detection of miRNAs was performed as follow: 95°C for 15min, 
40 cycles of 94°C for 15sec, 55°C for 30sec and 70°C for 30sec. All reactions 
were run in triplicate. The threshold cycle (CT) is defined as the fractional 
cycle number at which the fluorescence passes the fixed threshold. For 
quantization the 2(-∆∆CT) method was used as previously described (Livak and 
Schimmgen 2001). Experiments were carried out in triplicate for each data 
point and data analysis was performed by using software (Bio-Rad). 
 
 
 
3.9 Proliferation assay and cell death quantification 
 
 
 
A549 and MCF7 cells were treated with GL21-miR212 (2g) and GL21scr-
miR212 for 3 hours and then plated in 96 multi-well plates in triplicate for 24, 
48, 72 and 96 hours. Alternatively, A549 cells were transfected with siPED 
RNA and an empty vector and plated in 96 multi-well plates in triplicate for 
24, 48 and 72 hours. Cell viability was assessed with CellTiter 96 Aqueous 
One Solution Cell Proliferation Assay (Promega). Metabolically active cells 
were detected by adding 20 µl of MTS to each well and plates analyzed in a 
Multilabel Counter (BioTek).  
For cell death quantification, cells treated were incubated with TRAIL at a 
final concentration of 50 ng/ml for 24h.  
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4. RESULTS 
 
 
 
4.1 AIM-1 
 
 
 
4.1.1 Characterization of breast cancer stem cells (BCSCs ) and breast 
cancer cells (BCCs) 
 
 
 
Stemness phenotype includes the capability to propagate in an undifferentiated 
state in non-adherent conditions as spheres, to differentiate and to express some 
stemness markers. Both BCSCs and BCCs were obtained disgregating a breast 
cancer sample from a patient undergone to surgery. A part of cells was plated 
in suspension in a medium containing growth factors, as EGF and bFGF, and 
in absence of serum observing mammospheres formation, typical of BCSCs. 
The rest of cells were, instead, plated in adherence in presence of serum 
forming a culture of primary adherent BCCs. Both types of cells were assessed 
for markers of stemness and differentiation. BCCs were analyzed by 
immunofluorescence for the expression of CK14 (differentiation marker). On 
the other hand, BCSCs were evaluated by  fluorescence-activated cell sorting 
(FACS) resulting CD24(-/low)/CD44+ (Al-Hajj et al. 2003), CK14- and 
expressing ALDH1 by immunofluorescence (Ginestier et al. 2007). Moreover, 
to evaluate differentiation property, mammospheres were disgregated and 
plated in adherence with serum obtaining a culture assessed for differentiation 
markers. Indeed, the obtained BCCs were analyzed by immonufluorescence 
showing an increase in the expression of CK8/18 and CK14 (differentiation 
markers) and a reduction of CK5 (stemness marker) (Fig.11). 
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Fig.11: In vitro propagation and characterization of BCSCs and BCCs from a 
human sample. A) BCSCs and BCCs were obtained plating cells from a breast 
tumor in suspension (with EGF and bFGF and in absence of serum) and in 
adherence (in presence of serum), respectively. BCCs resulted CK14+ 
(fluorescent red) by immuofluorescence; B) characterization of BCSCs for 
stemness markers resulting CD24(-/low)/CD44+ by FACS (right panel), 
CK14- and ALDH1+ by immunofluorescence (fluorescent green) (left panel); 
C) analysis of BSCSs capability to differentiate in BCCs. BCSCs were plated 
in adherence with serum and differentiation markers were evaluated after 2 and 
7 days. Cells showed an increase of CK8/18 (fluorescent green) and CK14 
(fluorescent red), while a reduction of CK5- (fluorescent green) by 
immunofluorescence. 
EGF=epidermal growth factor, bFGF=basic fibroblast growth factor, 
CK=cytokeratin, ALDH1= aldehyde dehydrogenase 1. 
 
 
 
4.1.2 Enrichment of selection for a complex target 
 
 
 
In order to isolate cell specific ligands for a given tumor condition, I used as 
target in the selection steps BCSCs and in the counterselection steps BCCs 
from the same patient. For the SELEX cycle it was used a library of RNAs 
formed by a central degenerated sequence of 45 nucleotides flanked by two 
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fixed regions recognized by T7-RNA Polymerase. The library is modified with 
2’Fluoro-Pyrimidines (2-F-Py) to resist to nuclease degradation. At each round, 
the selection step on BCSCs was preceded by one or two counterselection steps 
against BCCs. All the unbound sequences were, then, recovered and incubated 
on BCSCs (Fig.12).  
During the selection process, I progressively increased the selective pressure 
by changing both incubation and washing conditions (Table 1). After several 
washings of the cells with DMEM serum free, the bound RNAs was recovered 
by total RNA extraction. Sequences enriched by the selection step were 
amplified by RT-PCR followed by mutagenic PCR (in presence of high 
concentration of nucleotides and magnesium) to increase library variability and 
by in vitro transcription, before a new cycle of selection. In total I performed 
15 cycles. 
 
 

      

Fig.12: SELEX method scheme. A library of ssDNAs, formed by a 
degenerated central region of 45 nt flaked by two fixed region, was amplified 
and transcribed in presence of 2’-fluoropyrimidines (2-F-Py). The 2-F-Py RNA 
library was incubated on BCCs (counterselection step). Unbound sequences 
were, then, incubated on BCSCs. Bound sequences were recovered by RNA 
extraction and RT-PCR, amplified by mutagenic PCR to increase library 
variability and used for the next SELEX cycle. 

   



40 

 

                                     

Table 1: Conditions used for each of 15 SELEX cycles. 
 
 
 
At the end of SELEX cycles, to evaluate the enrichment of the library for the 
desired target we compared the binding capacity of the final pool (cycle 15), 
named B15, to the naive starting one (B0). For the binding assay both pools 
were 5’-[32P]-labeled and, then, incubated on BCSCs for 15 minutes at 37°C 
with gentle shaking. Finally, bound sequences were recovered and the amount 
of radioactivity counted. B15 showed a higher capacity to bind BCSCs respect 
to B0, 1.6 times more (Fig.13). So, the final pool was enriched for aptamers 
that preferentially bind to BCSCs. 
 

     
 
Fig.13: Binding assay for B15 pool on BCSCs. B0 and B15 were radiolabeled 
and incubated on BCSCs. The binding affinity of the final pool was compared 
to B0, the starting one. 
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4.1.3 Selection of the most enriched sequences 
 
 
 
In order to isolate individual aptamers that may distinguish BCSCs from BCCs, 
I performed Illumina sequencing on DNA pools for selection rounds 0, 3, 5, 7, 
10, 12, 13, 15. A total of 8 Gigabyte sequences reads were obtained from the 
sequencing experiments. To count and align sequences, we designed a multiple 
sequence alignment algorithm. The first step of the algorithm was to extract the 
raw Illumina data. The sequences were, then, size selected with a distribution 
of lengths up to 45 nucleotides, which corresponds to the random region of 
aptamers. By this algorithm, I noted that there was a tendency through the 
cycles. Indeed, the maximum enrichment was observed in the 7th cycle with a 
reduction in the following ones. 386 sequences were extracted from the 
sequencing analysis of each SELEX cycle. Among these sequences, 43 showed 
a higher enrichment index and were, therefore, analyzed for alignment and 
structure prediction. Sequences corresponding to variable regions were aligned 
using ClustalW and aptamers grouped in families based on their primary 
sequence similarity. I found a big family of 39 sequences that were divided in 2 
groups on the base of their structure prediction. Two representative aptamers of 
each group with the most elevated enrichment index were selected. They will 
be used for further analysis (Fig.14). 
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Fig.14: Analysis of enriched sequences. A) Dendrogram (obtained by using 
ClustalW program) for visual classification of similarity among 43 individual 
sequences with a higher enrichment index obtained by Illumina sequencing. 
Red squares indicate the most enriched sequences, DSB389 and DSB241; B) 
their predicted structure (by using RNA structure 5.3 program).  
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4.2 AIM-2 
 
 
 
4.2.1 Selection of internalizing aptamers 
 
 
 
GL13 pool, an enriched pool of aptamers after 13 rounds of SELEX against 
U87MG, a malignant glioblastoma cell line, was used to find internalizing 
sequences. Two rounds of internalization were done. Cells were incubated with 
GL13 and, then, treated with proteinase K, able to destroy surface proteins, for 
30 min (first round) or 15 min (second round) at 37°C. The bound aptamers 
were discarded and the internalized aptamers were recovered by RNA 
extraction (Fig.15).  
 

         

Fig.15: Schematic representation of both rounds of internalization. 
 
 
 
The resulting GL13i2 pool enriched for internalizing aptamers was analyzed to 
obtain individual sequences. 50 sequences were cloned, aligned using 
ClustalW and grouped in families based on their primary sequence similarity 
(Fig16-A). I identified 5 principle families and, in one of these, I found a 
sequence, M13, identical to GL21 analyzed in a previous work (Cerchia et al. 
2009). It was used for further analysis and was found that M13/GL21 is able to 
bind Axl receptor expressed on the surface of U87MG, but also of other cell 
lines expressing Axl, as A549 of NSCLC (Cerchia et al. 2012). 
Each round of the two cycles of internalization was also subjected to Illumina 
sequencing. Most 100 enriched individual sequences were extracted through 
the same algorithm used for Illumina sequencing in AIM-1 and the enrichment 
reported in graphic (Fig16-B). Comparing Cloning and Illumina sequencing 
results, I found a little correspondence. In fact Gi-98, -71 and -13, that showed 
the highest enrichment index, presented identical sequence of M23, M28, M50 
family; M5, M45, M48, M38 family and M7 sequence, respectively (Table 2).  
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Fig.16: Representation of internalizing aptamers: two cycles of internalization 
were performed on U87MG cells and individual sequences were obtained 
through Cloning and Illumina sequencing. A) Dendrogram for visual 
classification of sequences obtained by cloning. Families were indicated with 
red squares; B) visual representation for enrichment of sequences obtained by 
Illumina sequencing.  
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Table 2: Corrispondance between most enriched sequences coming from 
Cloning and Illumina sequencing. 
 
 
 
4.2.2 Binding and internalization capability of GL21-miR212 chimeras  
 
 
 
Based on the demonstration that A549 cells express Axl receptor and PED 
protein targeted by miR-212, we designed two different chimeras (1g and 2g), 
in which we joined GL21 aptamer to miR-212. A scrambled chimera, 
GL21scr-miR212, was also designed, in which the portion regarding GL21 had 
a no-related sequence. In the first generation chimera, GL21-miR212 (1g), the 
aptamer is covalently linked to antisense strand of mature miR-212 hybridized 
to 21-mer sense strand. Instead, in the second generation chimera, GL21-
miR212 (2g), both antisense and sense strands are longer and not completely 
complementary. In fact, antisense strand is modified in the way to present an 
imperfect pairing with the sense strand, making structure more similar to that 
of a pre-miR. In both types of chimera the antisense strand presents two 
overhanging bases (UU) at 3’ end necessary for Dicer processing (Fig.17). 
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Fig.17: Chimeras structure prediction: A) GL21; B) GL21-miR212 (1g); C) 
GL21-miR212 (2g); D) GL21scr-miR212. They were designed with RNA 
structure 5.3 program. 
 
 
 
Even if by structure prediction GL21 seems to maintain its three-dimensional 
conformation within chimera, it was necessary to assure that GL21-miR212 
chimeras were able to bind and internalize into A549 cells. So, I performed a 
binding and an internalization assay in A549, using MCF7 cells as control. In 
fact, the latter do not express Axl receptor while expresses PED protein. 
Chimeras were 5’-[32P]-labeled and incubated on cells at 37°C for 15 minutes 
and the amount of radioactivity recovered was counted. Instead, for the 
internalization assay after incubation with radiolabeled chimeras, cells were 
treated with High Salt PBS C for 5 minutes at 4°. 
I found that GL21-miR212 (1g) and GL21-miR212 (2g) were both able to bind 
and internalize into A549. This was not obtained in MCF7 cells that do not 
express Axl. Comparing results for both assays, GL21-miR212 (2g) showed a 
lower binding affinity to A549 cells, but a higher internalization rate than 
GL21-miR212 (1g) (Fig.18). 
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Fig.18: Binding and internalization analysis of the two generations of 
chimeras. A) Binding assay and B) internalization assay for chimeras on A549 
(left panels) and MCF7 cells (right panels). Results were normalized over cells 
number; C) percentage of internalization rate respect to the bound amounts. 
 
 
 
4.2.3 GL21-miR212 (2g) targets PED protein 
 
 
 
First of all, we wanted to test the best chimera secondary structure that was 
processed by miRNA machinery and that was, therefore, functional. So, I 
treated A549 cells with both chimeras using GL21scr-miR212 and GL21 
aptamer as negative control. The treatment was at a final concentration of 400 
nM for 48h. Although both chimeras were able to internalize into A549 cells, 
as previously demonstrated, only GL21-miR212 (2g) targeted PED, 
downregulating its protein level. This means that only the second generation 
chimera is correctly processed by Dicer on the base of its structure. On the 
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other hand, either GL21scr-miR212 or the aptamer alone are unable to target 
PED (Fig.19). 

                                   
Fig.19: Comparison of functionality between two generations of chimeras. 
PED protein levels in A549 cells, treated at a final concentration of 400nM, 
were evaluated by western blot. Cell lysates were immunoblotted with anti-
PED antibody. To confirm equal loading, the membrane was immunoblotted 
with anti-β-actin antibody. 
 
 
 
Relying on literature (McNamara et al. 2006), I started the experiments using a 
final concentration of 400 nM for chimera treatment, but I performed a dose-
response assay to evaluate if chimera worked at lower doses. So, A549 cells 
were treated with different final concentrations (50, 100, 200, 300 and 400 nM) 
of GL21-miR212 (2g) and its control, GL21scr-miR212. By western blot, we 
observed that PED disappearance was already appreciable at 200 nM (Fig.20). 
              

 
 
Fig.20: Dose-response effect of GL21-miR212 (2g) chimera treatment. A549 
cells were treated with different final concentrations (50, 100, 200, 300, 400 
nM) of chimera and scrambled chimera for 48h. 
 
 
 
In order to assess if the effects of GL21-miR212 (2g) were specific for cell 
type, we treated both A549 and MCF7 cells. Chimeras treatment was realized 
at a final concentration of 300nM, an intermediate condition on the base of the 
dose-response assay. MiR-212 and GL21 were used as positive and negative 
controls, respectively. GL21-miR212 (2g) chimera downregulated PED as 
miR-212 in A549 cells, while no effects were observed in MCF-7 cells (Fig.21-
A). To confirm that the results on PED protein levels were correlated with 
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miR-212 RNA levels, the same samples were monitored by RT-PCR (Fig.21-
B). It showed that GL21 efficiently delivered miR212 inside the target cells, 
resulting in PED downregulation. 
 

 

         

 

               
 
Fig.21: PED and miR-212 expression levels. A549 and MCF7 cells were 
treated with GL21-miR212 (2g) for 48h. GL21scr-miR212 and GL21 were 
used as negative controls, while transfection with pre-miR-212 as positive 
control. Control scrambled was used to assure transfection efficiency. The 
same samples were subjected to western blot (A) for PED protein levels and to 
RT-PCR (B) for miR-212 expression levels. 
 
 
 
4.2.4 GL21-miR212 (2g) inhibits cell viability 
 
 
 
In order to verify if PED targeting had effects on cell viability, A549 and 
MCF7 cells were plated in triplicate and treated with GL21scr-miR212 and 
GL21-miR212 (2g) for 24, 48, 72 and 96 hours at 300 nM as final 
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concentration. Cell viability was evaluated using an MTT assay. A decrease in 
A549 cell vitality was observed already at 24 hours of treatment and viability 
decreased during time, compared to scambled chimera (Fig.22-A). Instead no 
effects were observed on MCF7 cells. To confirm that the effect was directly 
due to PED downregulation, I transfected A549 cells with a siRNA for PED 
and a control vector, and an MTT assay was performed after 24, 48 and 72 
hours. PED silencing confirmed a miR-212-mediated decrease in cell viability 
after chimera treatment (Fig.22-B).  
 

                                                         

         

 

 
 
Fig.22: GL21-miR212 (2g) effects on cell viability. A) A549 (left panel) and 
MCF7 cells (right panel) were treated with GL21-miR212 (2g) and scrambled 
chimera for 24, 48, 72 and 96 hours. Cell viability was evaluated with an MTT 
assay. B) A549 cells were transfected with a siRNA for PED and an empty 
vector. MTT assay was performed at 24, 48 and 72 hours. 
 
 
 
4.2.5 GL21-miR212 (2g) regulates TRAIL-induced cell death 
 
 
 
To verify that chimera sensitizes to TRAIL-induced apoptosis owing to PED 
targeting by miR-212 (Incoronato et al. 2010), A549 and MCF7 cells were 
treated with GL21scr-miR212 and GL21-miR212 (2g) for 48 hours and were 
exposed to TRAIL for 24 hours at 50 ng/mL as final concentration. After this 
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time, cell viability was assessed using an MTT assay. A549 cells underwent to 
TRAIL-induced cell death when treated with the chimera, while MCF7 cells 
remained insensitive, as expected (Fig.23-A). To confirm this data, I analyzed 
caspase-8 activation. I treated A549 cells with GL21-miR212 (2g) using 
GL21scr-miR212 and transfection with pre-miR-212 as negative and positive 
controls, respectively. Caspase-8 activation was then evaluated following 
treatment with TRAIL for 3 hours (Fig.23-B). As shown, cleavage of caspase-8 
was evident in cells treated with GL21-miR212 (2g) or, alternatively, 
transfected with pre-miR-212. So, the presence of exogenous miR-212 
internalized by the chimera led to caspase-8 activation, resulting in induced-
cell death only in target cells. 
 
 

 
 

 

 

                      
 
Fig.23: TRAIL sensitization. A) A549 (left panel) and MCF7 cells (right 
panel) treatment with TRAIL 50 ng/mL for 24h. Cell viability was evaluated 
with MTT assay. B) A459 cells were transfected with pre-miR-212 or 
alternatively treated with GL21-miR212 (2g). Control scrambled and 
scrambled chimera were used as negative controls. Cells were treated for 3h 
with TRAIL 50 ng/mL and cell lysates were immunoblotted with anti-caspase-
8 antibody. 
 
 
 
 
 



52 

 

5. DISCUSSION 
 
 
 
Since their discovery more than a decade ago, aptamers are emerging as new 
tools in the scenario of targeted anti-cancer therapy. In fact, considerable 
interest has been shown in developing novel treatments that target only cancer 
cells, thus avoiding the toxicity of conventional therapies, as chemotherapy and 
radiotherapy, against normal tissues adjacent to the tumor. Moreover, 
conventional therapies are initially effective in controlling tumor growth, but 
still many patients relapse over time. 
Here we show new applications for aptamers in anti-cancer targeted therapies, 
as tools for cancer stem cell-targeted therapy and as possible molecular 
vehicles for microRNAs.  
For recurrences, at least two major explanations exist. The first is that all 
cancer cells acquire resistance, resulting in decreased sensitivity to therapy 
over time. In this case, the relative proportion of cells in residual tumors with 
tumorigenic properties would be expected to be similar before and after 
treatment. The second explanation is that a rare subpopulation of cells with 
tumorigenic potential is intrinsically resistant to therapy. In this case, the 
relative proportion of cells in residual tumors with tumorigenic properties 
would be expected to increase after treatment. Consistent with this hypothesis, 
it has been previously shown that the gene expression pattern of residual tumor 
cells is different from that of cells of the initial tumor, in particular with 
differential expression of genes involved in cell cycle arrest and survival 
pathways (Chang et al. 2005). So, although the majority of cells in the original 
tumor may be killed by chemotherapy, the most important target, a small 
population of therapy-resistant cancer cells that possess tumorigenic capacity, 
is spared, thereby allowing tumor regrowth. It is well established that this 
tumorigenic subpopulation of cancer cells is represented by cancer stem cells 
(Li X et al. 2008). This hypothesis provided a unified explanation for the 
successes and failures of cytotoxic chemotherapy. 
The starting point for a targeted therapy is the identification of cancer-specific 
biomarkers, which may be used to assess changes in expression states of 
certain proteins or genes within a primary tumor.  
In breast cancer some markers for stemness phenotype were identified, as the 
expression of CD44 (CD44+) but low or no of CD24 (CD24-/low ) and a panel 
of nonepithelial lineage markers (Lin-). This subpopulation can form 
mammospheres in vitro and was shown to be enriched for tumorigenic cells by 
its ability to form xenograft tumors in immunocompromised mice (Al-Hajj et 
al. 2003). The tumorigenicity of CD44+/CD24-/low cells has been confirmed in 
subsequent studies (Ponti et al. 2005; Patrawala et al. 2006). This 
subpopulation is found enriched in residual breast cancer after conventional 
therapy, so it is responsible for recurrence (Phillips et al. 2006; Creighton et al. 
2009).  
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During time, other markers were identified for breast stem cells, as expression 
of epithelial specific antigen or ALDH1, but no of sialomucin (MUC-/ESA+) 
(Gudjonsson et al. 2002, Ginestier et al 2007). However, mammary gland is 
very heterogeneous and stem cells need to be better characterized. Therefore, 
finding molecular probes capable of identifying CSCs with specificity is an 
important challenge for making the elimination of CSCs a long-term success 
treatment. Aptamers respond to many necessities because they can distinguish 
among thousand proteins and do so in a short period. They can detect small 
differences between proteins that are otherwise quite similar in structure, an 
essential property if proteins are differentiated on the cell surface.  
Here, for the first time it has been set up a differential SELEX protocol to 
target whole living human cancer stem cells. In particular, I performed 15 
cycles using breast cancers stem and differentiated cells coming from the same 
patient. Firstly, the aptamers library was incubated on the BCCs and unbound 
sequences were recovered for the selection phase, on breast cancer stem cells 
The use of living cells as targets for SELEX has been already described. 
Indeed, it has been demonstrated that it is possible to obtain aptamers for a 
given transmembrane tyrosine kinase receptor (RET), if an appropriate 
protocol is adopted. This provided the first evidence for the possibility to use 
SELEX to distinguish between cells that differ for a single (or few) membrane 
epitope (Cerchia et al. 2005). Then, a similar approach was adopted to 
distinguish between closely related tumor cell lines by targeting unknown 
epitopes on the cell surface (Cerchia et al. 2009). Here I adopted a similar 
approach to distinguish among two different cancer cell states: stem and 
differentiated. Three works already exist on the selection of aptamers for stem 
surface epitopes. The first one identified aptamers for the epithelial cell 
adhesion molecule EpCAM (also known as CD326 or ESA) and the second 
one for the cancer stem cell marker CD133 (Shigdar et al. 2011; Shigdar et al. 
2013). In both cases, SELEX was done on purified protein and, then, aptamers 
were tested on cells. However, this strategy presents some limitations. In fact, 
aptamers have the potential of being used in living systems, especially within 
human biological conditions, so it becomes important select aptamers in their 
native conformation and condition. Cell-SELEX, performed here, uses whole 
living cells to avoid the disadvantage of selecting physiologically 
nonfunctional aptamers. A third work exist to discovery aptamers for cancer 
stem cells. In this one, the authors identified DNA aptamers for prostate cancer 
stem cells. However, although DNA aptamers have some advantages over 
RNA aptamers, as simpler chemical modifications in order to grant nuclease 
resistance, secondary structures formed by ssDNA are less stable than those of 
RNA molecules (Harada and Frankel 1995). 
In this study, after 15 cycles of cell-SELEX on BCSCs I performed Illumina 
sequencing on DNA pools for many selection rounds. Analyzing results with 
an algorithm, the maximum enrichment was reached in the 7th cycle with a 
reduction in the following cycles. This result reflects the enrichment found in 
the binding assay. In fact, 5’-[32P]-labeled B15 and B0 cycles were compared 
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for their binding affinity to BCSCs, showing a fold change of ≤ 1.6. This not so 
high rate probably is due to the fact that, after the maximum enrichment, the 
method has begun to select also less specific sequences for the stemness 
phenotype. So, it is important to set up the appropriate SELEX protocol for the 
selection goal. 
A panel of 386 sequences was obtained. Among these, 43 sequences were 
extracted on the base of the enrichment index and grouped for their primary 
sequence similarity. I identified a big family of 39 sequences showing a high 
grade of similarity. This family was, then, regrouped on the base of structure 
prediction and the two most representatives sequences were extracted for future 
analysis. This two sequences will be assessed for their binding capability and 
specificity to discover the specific surface epitope, identifying new possible 
biomarkers for stemness phenotype in breast cancer. Then, these aptamers will 
be analyzed for their ability to block signal transduction of cancer stem cells. In 
fact, aptamers act in the same way as antibodies by folding into a three-
dimensional structure to bind to their target, but in a advantageous way. First of 
all, both DNA and RNA ligands bind their targets with dissociation constants 
(Kd) in the low picomolar (1×10−12 M) to low nanomolar (1×10−9 M) range. 
This makes binding of an aptamer a highly specific interaction, with the ability 
to discriminate between related proteins that share common sets of structural 
domains. Aptamers also display low to no immunogenicity when administered 
in preclinical doses 1000-fold greater than doses used in animal and human 
therapeutic applications. Bioavailability and pharmacokinetics can also be 
modified in order to render aptamers resistant to nuclease degradation or to 
reduce renal clearance (Nimjee et al. 2005). 
It is possible also to select aptamers that not only recognize a cell, but are also 
endocytosed. It is a competitive application for developing targeted delivery 
vehicles. Here I have set up a SELEX protocol for a rapid internalization of 
aptamers within cells identifying many individual sequences, as GL21 aptamer. 
Since their discovery, escort aptamers have been successfully adapted for the 
targeted delivery of active drug substances forming a molecular chimera.  
This approach aims at combining an aptamer with another non-aptamer moiety 
(biomacromolecules, drug, or dyes), where one molecule engages with the 
target and the other one has a functional effect on the target molecule. It is 
difficult to know beforehand whether the joining may diminish the activity of 
one or both of the recombining partners (Burke and Willis 1998). However, 
with the progress of research in this field, as discussed here, it is very clear that 
chimeras are highly stable and efficient in activity. 
I have developed and characterized an aptamer-miRNA chimera that target 
specific cells and act as substrate for Dicer, thereby triggering cell type-specific 
gene silencing. In this study, I have targeted an anti-apoptotic gene, PED, with 
a tumor suppressor microRNA specifically in cancer cells expressing the cell-
surface receptor Axl. To date, all published RNA chimeras are made with 
siRNAs, so the conjugation of an aptamer with a microRNA is a new concept.  
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Due to their relatively small molecular weight (~6,000) and the endogenous 
power of targeting broad-range regulators, miRNAs have emerged as 
promising therapeutics. However, although synthetic miRNAs might be locally 
or systemically (intravenously) administered, negatively charged miRNAs have 
difficulty in penetrating hydrophobic cellular membranes, therefore requiring 
assisted cellular delivery. Moreover, miRNAs target a broad range of target 
genes in a context-dependent manner leading to unexpected effects in certain 
cells or tissues. So, it is very challenging to deliver tumor cell-specific miRNA 
therapeutics via an affordable and convenient approach. 
One approach was the use of lentiviral or adenoviral vectors expressing 
miRNA precursors or inhibitors (antagomirs) (Kumar et al. 2008). However, 
the safety issue of viral vectors is a concept to consider in clinical applications. 
Other delivery approaches include nanoparticles or liposomes (Babar et al. 
2012; Wu et al. 2011). In comparison with these approaches, an aptamer-
microRNA chimera responds to many necessities, first of all that regarding the 
specific delivery, thus avoiding side effects. Moreover, an aptamer-miRNA 
chimera is a molecule totally composed by RNA sequences. This may have 
important advantages in terms of cost and production, flexibility regarding 
chemical modification and safety. Notably, the approach developed here is 
compatible with chemical synthesis of RNAs. Short RNA aptamers (25–35 
bases) that bind various targets with high affinities have been described 
(Pestourie et al. 2005). Chimeras designed with such short aptamers would 
have a long strand of 45–55 bases, a length that can currently be produced with 
chemical synthesis. In contrast, protein reagent production in cell culture is 
considerably more complex and difficult to control. Moreover, chemically 
synthesized RNA is amenable to various modifications such as pegylation that 
can be used to modify its in vivo half-life and bioavailability. Of course, in the 
case of aptamer-miRNA chimeras, such modifications would need to be tested 
to determine whether they interfere with mechanisms such as uptake and 
processing by Dicer. An additional, notable advantage of the chimera over 
alternative approaches is its simplicity. As above mentioned, the chimera 
consists only of RNA, and any nonspecific side effects may, therefore, be 
limited to those already produced by the miRNAs themselves. Finally, as RNA 
is believed to be less immunogenic than protein, the chimeric RNAs would 
also be expected to produce less nonspecific activation of the immune system 
than protein-mediated delivery approaches. This fact may be important 
especially in case of following repeated administrations. In light of these 
reasons, microRNAs bioconjugated with aptamers are more advantageous 
compared to other approaches already existing. 
Here I have generated two chimeras with distinct secondary structures, but they 
were not equally functional. In fact, the production of mature miRNAs is 
dependent on endogenous miRNA processing machinery. In first generation 
chimera, GL21-miR212 (1g), the aptamer is covalently linked to antisense 
strand of mature miR-212 hybridized to 21-mer sense strand. Instead, in second 
generation chimera, GL21-miR212 (2g), 26-mer antisense and sense strand are 
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not completely complementary, but they present an imperfect pairing making 
structure more similar to a pre-miR. Despite in both generations the antisense 
strand presents two overhanging bases (UU) at 3’ end necessary for Dicer 
processing, between them only the second generation chimera is able to 
downregulate the miRNA target. The reason resides in the fact that Dicer-
mediated processing of RNAs may result in more efficient incorporation of 
resulting miRNAs as well as siRNAs into RISC (Kim et al. 2005)). This 
suggestion is based on the observation that longer double-stranded RNAs (~29 
bps), which are processed by Dicer, deplete their cognate mRNAs at lower 
concentrations than 19- to 21-bp miRNAs, which are not processed by Dicer. 
Thus, it is tempting to speculate that, because second generation chimera is 
correctly processed by Dicer, may be more potent in terms of gene-silencing 
ability than dsRNAs of 19–21 bps that are not processed. 
GL21-miR212 (2g) was designed on the experience of Dassie et al. (2009) for 
A10-Plk1 chimera, in which A10 truncated aptamer recognizes PSMA receptor 
on the surface of prostate cancer cells and vehicles siPlk1 to RISC complex. 
So, I used the truncated version of GL21 aptamer consisting of 34 nucleotides 
of the 92mer original molecule. It maintains the active site of GL21 and 
preserves high binding affinity to cells expressing Axl, a receptor 
overexpressed in many human cancers. Chimera designed with the short 
aptamer has a long strand of 62 bases, a length that can be efficiently produced 
with chemical synthesis. Moreover, the aptamer is covalently linked to 
antisense strand to enhance loading of the guide strand into RISC. Optimal 
loading of the guide strand into RISC is thought to reduce off-target effects that 
result from inappropriate incorporation of both miRNA strands into the 
silencing complex (Sledz et al. 2003). Although we cannot rule out potential 
off-target effects mediated by the guide strand itself, these effects would likely 
be restricted to the tumor, as the miRNAs are targeted to Axl expressing cancer 
cells. 
GL21-miR212 (2g) is able to bind and internalize into A459 cells, non-small 
cell lung cancer cell line, in a specific way. In fact, a scrambled chimera, 
GL21scr-miR212, which has a not-related structure in the aptamer portion, is 
unable to bind and internalize. In the same way, chimeras does not bind and 
internalize if assays are performed on MCF7, breast cancer cells not expressing 
Axl receptor. 
Because chimera is totally made of RNA that is prone to degradation by 
nucleases into the blood, it was already synthesized with 2’-fluoropyrimidines 
to increase in vivo stability. So I performed experiments to mimic 
physiological conditions. This modification is well characterized in humans 
and is reported to be well tolerated with little toxicity (Behlke 2008). RNA 
oligonucleotides with this modification have already been approved for use in 
humans (Macugen), with many more quickly moving through the clinical 
pipeline (Katz and Goldbaum 2006). Although we cannot completely rule out 
potential intracellular toxicity of 2’fluoropyrimidines-modified RNAs leading 
to nonspecific immunostimulation, experiments in vivo demonstrated that 
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problematic toxicity in humans is not expected (Dassie et al. 2006). To reduce 
this possibility, however, I tested different concentrations of chimera from 50 
up to 400 nM to determine the minimum concentration that had effect on miR 
target. 
In the chimera the aptamer is linked to miR-212. It is a tumor suppressor 
miRNA because negatively modulates PED/PEA-15 expression, a protein with 
a broad antiapoptotic action. As known, apoptosis is the predominant 
mechanism by which cancer cells die in response to cytotoxic drugs, but 
deregulation of apoptosis-related proteins can led to resistance to drug 
treatments. 
The anti-apoptotic action of PED is accomplished, at least in part, through its 
DED domain, which acts as a competitive inhibitor for pro-apoptotic molecules 
during the assembly of a functional death-inducing signaling complex (DISC) 
and inhibiting the activation of caspase 8, which take place following treatment 
with different apoptotic cytokines (CD95/FasL, TNF-alfa and TRAIL).  
PED is found overexpressed in a number of different human tumors, including 
non-small cell lung cancer, which represents about 80% of all lung cancer and 
is mostly diagnosed at an advanced stage (either locally advanced or metastatic 
disease). 
Because of resistance to therapeutic drugs, standard treatment of this tumor has 
only a 20% to 30% positive clinical response. In the last years, the discovery of 
the pivotal role in tumorigenesis of the Epidermal Growth Factor Receptor 
(EGFR) has provided a new class of targeted therapeutic agents: the EGFR 
tyrosine kinase inhibitors (EGFR-TKIs). Since their introduction in therapy, in 
advanced NSCLC patients harboring EGFR mutations, the use of EGFR TKIs 
in first-line treatment has provided an unusually large progression-free survival 
(PFS) benefit with a negligible toxicity when compared with cytotoxic 
chemotherapy. Nevertheless, resistance invariably occurs (Sgambato et al. 
2012). TRAIL (ApoL/TNF-related apoptosis-inducing ligand) is a relatively 
new member of the tumor necrosis factor (TNF) ligand family, which induces 
apoptosis in a variety of cancers, both in vitro and in vivo, without producing 
significant effects in normal cells. This unique property makes TRAIL an 
attractive candidate for cancer therapy. However, a significant proportion of 
cancer cell lines is resistant to TRAIL-induced apoptosis. As already published 
by Incoronato et al. (2010), miR-212 targeting PED is able to increase TRAIL 
sensitivity. Here, I demonstrated that GL21-miR212 (2g) chimera is not only 
correctly processed by miRNA machinery, but is also functional. In fact, 
exogenous miR-212 delivered by GL21 aptamer led to TRAIL sensitization 
through caspase-8 activation in TRAIL-resistant cells, as A549.  
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6. CONCLUSIONS 
 
 
 
In conclusion, in this study I have explored new possible applications for 
aptamers in targeted anti-cancer therapies. Through an appropriate SELEX 
protocol, I demonstrated that it is possible to select specific aptamers for the 
stemness phenotype in human breast cancer. Knowing that stem cells are 
responsible for tumor recurrences, aptamers could have important clinical 
benefits to overcome therapy resistance. At the same time, I also set up a 
SELEX protocol to identify aptamers able to be rapidly internalized within 
cells. I demonstrated that internalized aptamers can be used to create 
bioconjugates with “therapeutic” RNAs, as miRNAs. This strategy is 
advantageous over others already existing for miRNAs delivering, because 
summarizes many positive aspects: the specific delivery of miRNAs aptamer-
mediated to avoid side effects, the clinical potential of miRNAs themselves and 
advantages in terms of cost, production, flexibility regarding chemical 
modification and safety of all made-RNA molecules. 
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