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ABSTRACT 

 

 
Carbonic anhydrases (CAs) family are metalloenzymes, involved in pH 
control, catalysing the reversible conversion of carbon dioxide to protons 
and bicarbonate. Until now, 16 isoenzymes have been identified with 
different tissue distribution, subcellular localization and molecular 
biophysical properties.  
Among them, carbonic anhydrase IX (CA-IX) is a hypoxic marker 
because the master regulator of hypoxia, named Hypoxia Inducible Factor 
1 (HIF-1), promotes its expression. 
Thanks to its catalytic activity, CA-IX reduces extracellular pH. The acid 
microenvironment increases cancer cell proliferation and invasion, giving 
to CA-IX an important role during the cancer progression. 
Unlike other CAs, many studies have demonstrated that CA-IX is 
expressed only in few normal tissues, whereas it becomes overexpressed 
in many types of cancer. Therefore, the targeting of CA-IX, using specific 
tools, opens new important fields to improve the conventional therapies 
and the early diagnosis in cancer. 
Based on these evidences, we would generate new strategies able to target 
CA-IX. To this end, nucleic acid-based aptamers are emerging as new 
tools perfectly suitable to different fields. 
Aptamers are selected by an in vitro combinatorial chemistry approach, 
named Systematic Evolution of Ligands by Exponential enrichment 
(SELEX), and they are able to bind with high affinity and specificity 
virtually any given molecule. Compared to monoclonal antibodies, they 
have a small size that results in their rapid tumour penetration; they are 
not immunogenic and could be easily modified to increase their in vivo 
stability.  
Thus, in this study we describe the selection of RNA-based aptamers 
directed against the extracellular domain of CA-IX. 
Firstly, we performed two different cell-based SELEX protocols that 
allowed the enrichment for CA-IX specific aptamers.  
Furthermore, we characterized and improved the two best sequences 
selected, named S-47s1 and S-51s1, that we are still studying to handle a 
final product usable for diagnostic and therapeutic purposes. 
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1.  BACKGROUND 
 

1.1 Hallmarks of cancer 

 

Cancer is a class of diseases characterized by out-of-control cell growth 
[1].  
It is the second leading cause of death in the world after cardiovascular 
diseases. 
By the mid-1980s, since when researchers defined genomic alterations 
(nucleotide substitutions, chromosomal copy number alterations, and 
DNA rearrangements) [2] of two principal cancer-causing genes, named 
oncogenes and tumour suppressor genes , lot of new progresses have been 
made to better understand the molecular basis of the cancer. 
In 2000, Hanahan and Weinberg proposed six hallmarks of cancer to 
clarify how the normal cells can progressively evolve to a neoplastic 
phenotype. 
They postulated that cells become able to acquire a succession of 
hallmark capabilities (sustaining proliferative signalling, evading growth 
suppressors, activating invasion and metastasis, enabling replicative 
immortality, inducting angiogenesis, resisting to cell death), that improve 
their tumorigenesis and malignancy [3] 
In 2010, always Hanahan and Weinberg added other two emerging 
hallmarks [4]:  

 the capability to modify the cellular metabolism to support 
neoplastic proliferation. 

 the capability of cancer cells to evade immunological response, in 
particular by T and B lymphocytes, macrophages, and natural killer 
cells.  

In the last few years, as Caroline Wigerup shows (Fig.1), the eight 
hallmarks seems to be regulated by tumour hypoxia including cell 
proliferation, apoptosis, altered metabolism, immune responses, genomic 
instability, vascularization, invasion and metastasis [5].  
Thus, the linkage emerged between the hypoxic condition and cancer 
could represent a new prognostic/predictive markers to improve the 
conventional therapies and to improve the early diagnosis of the cancer. 
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Fig.1: Hypoxia and HIFs regulate hallmarks of cancer and multiple cancer 

phenotypes. The hypoxia regulates treatment resistance, vascularization, 
dedifferentiation, genomic instability, survival, immune response, invasion and 
metastasis. (From Wigerup C. et al. 2016)  
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1.2 Hypoxia in cancer  

 
Hypoxia generally refers to sub-physiologic tissue oxygen levels (5–10 
mmHg), versus 40–60 mmHg in healthy tissues [6]. 
The interruption of vascular supply or the cell proliferation outstrips 
neoangiogenesis promotes hypoxia. 
Three types of hypoxia exist: 

 Diffusion-related (chronic): the hypoxia is caused by an increase in 
diffusion distances with tumour expansion; 

 Perfusion-related (acute): hypoxia is caused by insufficient blood 
flow; 

 Anaemic: the hypoxia is caused by a decrease in oxygen transport 
capacity [7].  

In 1955, Thomlinson and Gray postulated the origin of chronic hypoxia in 
human tumours [8], whereas, acute hypoxia was presented by Brown and 
colleagues in 1979 [9].  
The oxygen used by cells close to vessels leaves inadequate oxygen for 
the cells further away from the vessels (100 ml of capillary blood vessels) 
causing  the process called “chronic hypoxia” [10].   
The process produces long-term cellular changes, such as high frequency 
of DNA breaks, accumulation of DNA replication errors, potentially 
leading to genetic instability and mutagenesis [11, 12].  
Instead, acute hypoxia is represented by a short-term hypoxia between a 
few minutes and up to 72h, which occurs when the vascular network in 
tumour tissue is defective. The process causes less tumour perfusion and, 
accordingly, hypoxia. 
Moreover, the acute hypoxia could be promoted by temporal occlusion of 
blood vessels caused by blood clots or tumour emboli [13]. Acute 
hypoxia causes the production of high levels of reactive oxygen species 
(ROS) damaging cells. 
In 2008, Bristow and Hill showed that hypoxia, changing the gene 
expression (Fig.2), favours the survival in a hostile environment.  
Cancer cells to survive in hypoxic conditions adapt their metabolism 
reducing oxidative metabolism, activating autophagy [14, 15], increasing 
radio-resistance of cancer cells [16], promoting metastasis [17], and 
genomic instability [18]. 
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Fig.2: Biological processes regulated by hypoxia. (From Khurana P. et al. 2013) 
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1.2.1 Role of Hypoxia-Inducible Factor 1α (HIF-1α) 
 

Hypoxia-Inducible Factor 1 (HIF-1) is a heterodimeric transcription 
factor consisting of an inducible subunit (HIF-1α) and a constitutively 
expressed subunit (HIF-1b) [19]. 
The heterodimer HIF-1 becomes active only in low oxygen conditions 
when HIF-1α subunit is stabilized. In fact, in normoxic conditions, HIF-
1α is hydroxylated by a protein with an oxygen-dependent prolyl-4-
hydroxylase domain (PHD), and then polyubiquitinated and degraded by 
the 26S proteasome [20]. 
The hydroxylation of HIF-1α form, followed by binding to a protein 
involved in its own ubiquitination and degradation called Von Hippel–
Lindau (pVHL), promotes its degradation. 
On the contrary, in low oxygen conditions the binding between pVHL 
and HIF-1α is inhibited, thus HIF-1α is stabilized, causing its 
accumulation and translocation into the nucleus. 
In the nucleus, HIF-1α can bind to HIF-1b subunit forming the HIF-1 
transcription factor.  
HIF-1 recognizes and binds to the A/GCGTG consensus motif on the 
promoters of target genes, called hypoxia-responsive elements (HREs) 
[21]. 
Target genes are involved in different cellular pathways, such as 
glycolysis and pyruvate metabolism (GLUT-1, GLUT-3), angiogenesis 
(VEGF), cell proliferation (IGF2, TGF-a), pH regulation (CA-IX) and 
cell adhesion (MMPs) [22, 28] (Fig.3).  
Accordingly, HIF-1 promotes cell survival, tumour neovascularization, 
cell migration, invasion through matrix-degrading enzymes and inhibits 
pro-apoptotic pathways. [29-30]. 
These effects cause chemotherapy and radiation resistance of tumour 
cells. 
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Fig.3: The role of HIF-1 during hypoxia. (From Thiry A et al. 2006) 
  



15 
 

1.3 Carbonic Anhydrases (CAs): role and function 

 

Carbonic anhydrases (CAs) were discovered in 1933. 
They are metalloenzymes grouped in five classes (α, , , δ, ζ) basing on 
amino acid sequence, three-dimensional structure and their expression 
among different species [31-33]. 
The α-CA family was found in vertebrates; the -CA family is in higher 
plants and some prokaryotes; -CA family is only in archaebacterial; δ-
CA and ζ-CA classes are only in diatoms.  
The CAs control intra- and extra-cellular concentrations of CO2, H2O, 
HCO-

3 catalysing the conversion of CO2 to the bicarbonate and protons:  
(CO2 + H2O ↔ HCO-

3+ H+).  
Zinc ion (Zn2+) in the active site is essential for the enzymatic activity. 
The most characterized class is the α-CA because it is the unique 
expressed in mammals. 
So far, 16 α-CA isoforms were found [34-36], differing in tissue 
distribution, subcellular localization and molecular properties (Fig. 4). 
Four evolutionarily unrelated gene families encode for all the isoforms 
found.  
Three isoforms of the family do not present catalytic activity; they are 
known as CA-related proteins (CARPs): CARP VIII, CARP X and CARP 
XI. 
Based on their subcellular localization, the α-CA family is divided in: 

 cytosolic isoforms (CA I, CA II, CA III, CA VII, CA VIII, CA X, 
CA XI  and CA XIII) 

 glycosylphosphatidylinositol (GPI)-anchored isoforms (CA IV and 
CA XV) 

 transmembrane isoforms (CA IX, CA XII, CA XIV) 

 mitochondrial isoforms (CA VA and CA VB) 

 secreted CA isozyme (CA VI) 
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Fig.4: α-CA family: activity and subcellular localization. (Adapted from Zavada et al 
1993) 
 
Into the cells, the CAs control acid-base regulation, respiration, ion 
transport and bone resorption, electrolyte secretion, gluconeogenesis, 
lipogenesis and ureagenesis. 
Among them, two transmembrane isoforms (CA-IX and CA-XII) are 
overexpressed in many types of solid tumours [37]. 
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1.4 Carbonic Anhydrase IX (CA-IX) 

 

1.4.1 Carbonic Anhydrase IX (CA-IX): gene location, structure and 

function 

 

Pastoreková et al. detected CA-IX, at beginning called MN protein, in 
human cervix carcinoma HeLa cells in 1992 [38].   
Two years later, Pastorekova et al. cloned the cDNA of the MN-protein 
and they observed that MN-protein showed a strong homology with the 
CA family, reason why it was called CA-IX. 
CA-IX is located on chromosome 9p12-p13 [39] and it has a molecular 
weight of 49,7kDa. 
CA-IX is a glycoprotein located on the cell surface; it exists primarily as 
dimer linked by disulphide bonds mediated by cysteine residues. 
As shown in figure 5, CA-IX is composed by: 

 N-terminal exofacial proteoglycan-like region (PG domain), which 
is adjacent to the catalytic domain. It is distinctive feature of CA-IX 
isoform; 

 extracellular catalytic domain; 

 transmembrane anchor;  

 short C-terminal cytoplasmic tail. 
 

                    
 

Fig.5: CA-IX structure:  PG domain (a proteoglycan-like domain), 
the extracellular catalytic domain, TM (a transmembrane region) and IC (a cytoplasmic 
tail). (From Alterio V., et al. 2009) 
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1.4.2 The relationship between CA-IX and cancer  
 
CA-IX and CA-XII are tumour-related isoforms, but CA-IX is interesting 
for its low expression in normal tissues. 
CA-IX has the active site on the extracellular space and it efficiently 
catalyses the hydration of carbon dioxide to bicarbonate and protons 
reducing the extracellular pH (pHe).  
As shown in figure 6, CA-IX acts on three interdependent points, called 
Jacob-Stewart cycle:  

1. it produces extracellular protons, decreasing the pHe; 
2. it supplies bicarbonate ions that, thanks to their transporter named 

bicarbonate transporters (BT), can cross the plasma membrane, 
consume cytoplasmic protons and neutralize intracellular pH (pHi); 

3. it promotes CO2 diffusion maintaining pHi>pHe gradient.  
 
 
 

 
Fig. 6: Schematic illustration of the enzymatic role of CA-IX in pH regulation in 

tumour cells. (From Sedlakova O, et al. 2014) 
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CA-IX gene has HRE sequence localized immediately upstream the 
transcription initiation site. The HRE sequence permits a transcriptionally 
regulation by HIF-1 [40].  
For this reason, the CA-IX expression is a hypoxic inducible enzyme.  
Moreover, the CA-IX transcription is also increased by MAPK and PI3K 
pathways and tyrosine kinases, EGFR (epidermal growth factor receptor) 
and RET (Rearranged during Transfection) [41-43].  
CA-IX expression is low or absent in normal tissues (except the intestinal 
and stomach mucosa, gallbladder and testis), but it is highly 
overexpressed in many types of cancer (Fig.7).  
For example, CA-IX is overexpressed in clear-cell renal cell carcinoma 
caused by a mutation in Von Hippel– Lindau tumour suppressor, but not 
in normal kidney tissue. [44]. 
Furthermore, CA-IX is co-expressed in some tumour tissues together with 
oncogenic markers, such as LDH5, GLUT1, MCT4  [45-48]. 
Moreover, CA-IX overexpression confers resistance to chemotherapy, 
radiotherapy, and anti-angiogenic treatment. Preclinical evidences 
showed that tumours with high CA-IX levels are resistant to therapy, but 
its inhibition significantly improves chemo- or radio sensitivity [49-50]. 
Similarly, the CA-IX inhibition improves the anti-angiogenic therapy 
with anti-VEGF antibody [51] 
Finally, CA-IX seems to have a role in cell-cell and cell-matrix 
interactions, cellular proliferation and migration [52-54]. 
For these reasons, CA-IX could be a good candidate for new diagnostic 
and therapeutic approaches. 
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Fig. 7: CA-IX expression: normal tissues versus tumour tissues. (From Thiry A. et al 
2006) 
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1.5 Aptamers 

 

1.5.1 Composition and advantages of aptamers 
 
Aptamers are short synthetic single stranded nucleic acids able to bind 
tightly to a target molecule [55]. 
The “aptamer” means “to fit” (aptus) in latin, that reflects two their 
important characteristics (Fig. 8):  

 ability to fold into complex tertiary structures; 

 ability to bind with high affinity and specificity to their targets. 
 

 

 
 

Fig. 8. Aptamers: Schematic representation of the aptamer functionality. (From 
Stoltenburg R. et al. 2007) 
 

Aptamers act by directly binding to the protein target without interfering 
with its expression, unlike other small noncoding RNAs either natural or 
artificial, such as antisense, ribozymes, siRNAs and microRNAs 
(miRNA) that inhibit gene expression [56]. 
Aptamers are small nucleic acids of DNA or RNA, showing different 
characteristics. 
The DNA aptamers are more stable due to the lack of 2′-OH groups.  
However, there are numerous advantages of RNA aptamers. 
Firstly, RNA aptamers make more structure thanks to strong intra strand 
RNA–RNA interactions [57].  
Moreover, their stability can be enhanced using different types of 
modifications, such as the substitution of the 2’-ribose [58] with 2′-fluoro, 
2’-amino pyrimidine (2’-F-Py, 2’-NH2-Py) or 2′-O-alkyl.  
Modified RNA aptamers may survive, to degradation by nucleases, in 

vivo for several hours. 
Thus, the RNA aptamers represent an attractive alternative as diagnostics 
and therapeutic tools compared to their peptide and monoclonal antibody 
counterparts [59-62] such as (Fig. 9): 
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1. easy chemical synthesis that results in a little or no batch-to-batch 
variation; 

2. small size around 15-40kDa that allows a good penetration in 
tumour tissue; 

3. low or no immunogenicity;  
4. easy editing to improve their stability and half-life. 

Furthermore, the oligonucleotides composition of the aptamers gives 
them a great stability at high temperatures compared to monoclonal 
antibodies and peptides that have limited shelf life, undergoing to 
denaturation at high temperature.   
 
 
 

 
 

Fig. 9. : Advantages of aptamers. 
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1.5.2 Aptamer production: SELEX technology 

 
The SELEX technology was developed in 1990. It is an evolutionary in 

vitro combinatorial chemistry process used to identify aptamers as 
specific ligands of a given target from large pools of different 
oligonucleotides [63].  
The starting point for the generation of aptamers is the chemical synthesis 
of a single-stranded nucleic acid (RNA, DNA) library of large sequence 
complexity. A typical oligonucleotide library contains random sequences 
of 20–50 bases flanked by two constant regions that include primer sites 
for PCR amplification (Fig.10). Randomization is used to create possible 
sequences of enormous diversity (i.e. with n nucleotides in randomized 
region, 4n different molecules), which generates a vast array of different 
conformations with different binding properties. As schematized in figure 
10, the SELEX method includes several steps: (i) incubation of the library 
with the target molecule under favourable binding conditions; (ii) 
partitioning of molecules that, under the employed conditions, adopt 
conformations that permit binding to a specific target from other 
sequences; (iii) dissociation of the nucleic acid-protein complexes and 
(iv) amplification of the nucleic acids pool. The pool obtained from the 
first cycle will be then the starting pool for the next rounds of selection, 
thus reiterating these steps the library enriched in sequences that bind to 
the target is generated. After the final round, the resulting pool is 
subjected to DNA sequencing. Sequences corresponding to the initially 
variable region of the library are screened for conserved regions and 
structural elements indicative of potential binding sites and, subsequently, 
tested for their ability to bind specifically to the target molecule.  
SELEX technology usually requires different cycles of selection, around 
eight or more, in order to isolate aptamers with nanomolar affinity. 
Particularly, if the SELEX technology is performed on a protein, the 
rounds could be lesser than the SELEX technology performed on cells or 
tissues. 
Even if many aptamers are still selected by the traditional in vitro 
methodology, over the last few years considerable efforts have been 
focused on automating in vitro selection procedures [64], thereby 
accelerating aptamers discovery. 
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Fig. 10. Schematic representation of the SELEX technology. The RNA/DNA 
aptamers library contains a random sequence of 20–100 bases flanked by two constant 
regions. These constant regions include primer sites for PCR/RT-PCR amplification and 
transcription. The library is incubated with the target, not binding sequences are 
discarded whereas bound aptamers are recovered and amplified. (Adapted from Esposito 
C.L. et al 2011) 
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1.5.3 Cell-based SELEX 
 
A great promise in developing specific molecular probes for disease 
biomarkers is recently represented by the intact cell-based SELEX 
strategy, that allows to select nucleic acid aptamers against living cells 
[65]. 
Aptamer selection approach that targets the cell surface open a new path 
which presents two major advantages: i) direct selection without prior 
purification of membrane-bound targets, ii) access to membrane proteins 
in their native conformation similar to the in vivo conditions. By using 
living cells as targets, aptamers able to discriminate cells from distant 
tumour types like small lung cancer cells versus large cell lung cancer 
[66], T-cell acute lymphocytic leukemia (ALL) versus B-cell lymphoma 
[67] and colon cancer cells versus other cancer cells [68] have been 
generated. Furthermore, by the SELEX technology against whole-living 
cells in culture [69] it was demonstrated that even by using complex 
targets as intact cells, it is possible to obtain aptamers against rare 
antigens if specifically expressed on the target cell.   
In this regard, a panel of aptamers that bind a type of human malignant 
glioblastoma cells, discriminating them from non-tumorigenic 
glioblastoma cells, was isolated by a differential cell-SELEX approach 
[70]. In addition, the great advances in cell-SELEX offer also the 
opportunity to develop innovative approaches to identify and isolate 
cancer stem cells that are emerging as important target to develop more 
effective cancer therapy [71]. 
During the cell-SELEX strategy, to avoid the selection of ligands that 
recognize multiple surface proteins along with the target of interest, the 
counter- or negative-selection is critical. 
A negative selection step using negative cells was included to enhance the 
specificity of the aptamers and prevent the enrichment of aptamers for 
abundant non-specific proteins. 
Thus, for each cycle of the cell-SELEX strategy, the library is first 
incubated with non-target cells as counter-selection step (negative 
selection). Unbound aptamers are, then, recovered and incubated with the 
target cells. Bound aptamers are recovered and amplified (see Fig 11). 
Moreover, to improve the affinity and specificity of the aptamers the 
selective pressure during the cell-SELEX protocol is increased changing 
several conditions: 
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1. The increase of the washes number after the incubation is 
important to eliminate weakly bound or unbound aptamers.  
2. the reduction of the cells number is important to reduce the 
quantity of the target molecule in order to recover only the aptamers with 
the best affinity and discard the aptamers with the limited binding 
capability.  
3. the increase of the counter-selection numbers instead is important 
to discard the most of aptamers recognizing non-specific target 
molecules. 
4. the addition of polyanionic nucleic acid, as yeast tRNA, salmon 
spermidine or polyinosine, avoids binding depending only on the opposite 
charge between basic proteins and the negatively charged nucleic acids.  
The cell-SELEX approach has been further developed to discriminate 
even different properties in the same cancer cell type (such as 
malignancy, therapeutic response, metastatic potential).  
Moreover, to cell-SELEX, even a tumour implanted in mice (in vivo-

SELEX) have been used to select aptamers [72]. 
Recently, more sophisticated approaches combine fluorescence activated 
cell sorting (FACS) technology with in vitro selection (FACS–SELEX) 
has been performed [73], thus enabling a live-cell/dead-cell separation 
within a cultured cell mixture.  
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Fig. 11. Cell-based SELEX.  a) A pool of RNAs is incubated with non-target cells 
(counter-selection). Unbound sequences in the supernatant were recovered, and 
incubated with cells overexpressing the target for the selection step (positive selection). 
Unbound sequences were discarded by washings and bound sequences were recovered 
by total RNA extraction. b) Cell-based SELEX protocol to identify multiple ligands 
specifically. recognizing a cell phenotype, without prior knowledge of the target protein. 
(Catuogno S. et al. 2017) 
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1.6 Aptamers in therapy and diagnosis 

 

1.6.1 Modifications of aptamers for clinical applications 

 

Aptamers usable for clinical applications are usually modified in order to 
optimize their pharmacokinetic (PK) and pharmacodynamic (PD) profiles 
(see Fig. 12).  
Since aptamers, especially RNA-based aptamers, are rapidly degraded by 
nucleases in whole organisms, major efforts have been addressed to 
improve their stability by a variety of approaches [74].  
The most typical modifications to enhance the stability of aptamers are 
the substitution of the 2’-ribose [17]. RNA aptamers with 2′-fluoro, 2’-
amino pyrimidine (2’-F-Py, 2’-NH2-Py) or 2′-O-alkyl nucleotides 
modifications may survive for several hours in vivo against degradation 
by nucleases.  
Another example of modified nucleic acids is represented by the 
Spiegelmers. They do not contain additional groups added to the sugar 
moieties, but are enantiomers of natural nucleic acids [75]. In particular, 
the natural D-nucleic acids are substituted with enantiomeric L-nucleic 
acids. This property prevents recognition by nucleases, increasing the 
stability. 
A hurdle in administering of aptamers to patients for many therapeutic 
applications is a short circulating half-life due to their small size. While a 
low molecular weight can be an advantage because it allows economical 
chemical synthesis and better target accessibility, it promotes rapid 
clearance by the renal system. By simply increasing the molecular weight 
of the aptamers, the circulating half-life can be significantly extended.  
The most common method to increase the aptamers size is to add a 
polyethylene glycol (PEG) moiety or cholesterol tail [76].  
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Fig. 12. Aptamer modifications. Scheme of the most typical modifications used to 
improve aptamer nuclease resistance (red) or its pharmacokinetic profile (green).  
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1.6.2 Aptamers as therapeutics 

 

In the last years, the development of aptamers as therapeutics has 
primarily involved aptamers that bind and inhibit the activity of their 
protein targets. 
The list of aptamers against important therapeutic targets is growing 
rapidly and a handful of aptamers is now in clinical trials as therapeutic 
agents (see Table 1).  
To date, the most successful therapeutic application is represented by an 
RNA aptamer, named Macugen, binding and antagonizing the action of 
Vascular Endothelial Growth Factor (VEGF), a growth factor that 
promotes the blood vessel formation (vascularization) [77].  
Macugen (or Pegaptanib, marketed by Pfizer) has been demonstrated in 
phase III clinical trials to be effective for diabetic retinopathy treatment. 
The aptamer has been fully approved by the Food and Drug 
Administration (FDA) in December 2004 for the treatment of age-related 
macular degeneration (AMD). It is characterized by the formation of a 
neovascular membrane leaking blood and fluid under the retina with 
consequent destruction of the macula and loss of vision [78]. The aptamer 
binds and antagonizes the action of VEGF-165, the VEGF isoform 
preferentially involved in pathological ocular neovascularization. With 
the intent to improve the pharmacodynamic and pharmacokinetic 
properties of this 28-mer aptamer, it was chemically modified with 2′-F-
Py and 2′-OMe-Pu, capping, and linkage to a 40kDa branched PEG 
molecule, which increases the intravitreal residence time of the molecule.  
Different studies have been carried out to assess the clinical cost-
effectiveness of Macugen comparing to Ranibizumab (Lucentis, 
Genentech), a monoclonal antibody targeting all isoforms of human 
VEGF-A, approved in 2006 by the FDA for the treatment of exudative 
AMD.  
Both drugs show comparable therapeutic efficacy and mild adverse 
events, while the economic evaluation varies considerably depending on 
the methodology for cost-effectiveness used in different studies. 
Many other aptamers, not yet approved by the FDA, are currently in 
clinical trials.  
Among them, it is very interesting for cancer therapy the AS1411 DNA 
aptamer (AGRO100) directed against nucleolin [79], a protein often 
overexpressed on the surface of cancer cells. This DNA aptamer is part of 
the guanine-rich oligonucleotide class of aptamers that form G-quartets, a 
structural element that exhibits a proliferative activity. 
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Once bound to nucleolin, the AS1411 aptamer is taken into the cancer 
cell, where it causes cellular death by apoptosis through inhibition nuclear 
factor-κB (NF-κB) [80] and Bcl-2 [81] pathways.  
It showed its effectiveness as an anticancer therapy for different solid 
human malignancies as well as for acute myeloid leukemia (AML) and it 
is currently in phase IIb clinical trial to evaluate its effectiveness in 
combination with high-dose of cytarabine in patients with relapsed and 
refractory AML. 
 
 

 

 
 

Table 1. Aptamers in on-going or completed clinical trials. (From Zhenjian Z. et al. 
2017) 
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1.6.3 Aptamers as delivery agents 
 
The aptamers can be also internalized together with their target receptor. 
For this reason, they can be used to deliver any kind of secondary 
reagents to a given cancer cell or tissue (Fig. 13).  
 

 
 

Fig. 13. Aptamers as delivery agents. Aptamers that bind to cell surface receptors can 
be used to deliver small interfering RNAs (siRNAs and miRNAs), toxins, radioisotopes, 
and chemotherapeutic agents to target cells. (From Catuogno S. 2013) 
 

In this way, only targeted cells will be exposed to the secondary reagent, 
thus increasing the efficacy of a given therapy as well as attenuating the 
overall toxicity of the drug [82]. In this regard, currently an increasing 
number of aptamers targeting cancer cell surface epitopes have been 
successfully used for the specific delivery of active drug substances both 
in vitro and in vivo, including nanoparticles, anti-cancer therapeutics, 
small interfering RNAs (siRNAs), microRNAs, toxins [83], enzymes 
[84], radionuclides [85], viruses [86]. 
Several cell-internalizing aptamers against surface epitopes of cancer 
cells have been successfully used as targeting vehicles. These include 
aptamers against the protein tyrosine kinase 7 (PTK7), nucleolin, prostate 
specific membrane antigen (PSMA), mucin 1 (MUC1) and EGFRwhich 
have been selected through either protein- or cell-SELEX strategies [87]. 
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To date, the best characterized for targeted delivery are the 2’F-Py-RNA 
aptamers against the extracellular domain of PSMA (A9 and A10). These 
aptamers have been used to deliver nanoparticles, quantum dots, toxin or 
siRNA to prostate cancer cells. PSMA–aptamers has been linked to 
siRNAs by different approaches including non-covalent conjugation (Fig. 
14), via a streptavidin connector, or generation of aptamer–siRNA 
chimeras, by extending the 3’end of the aptamer with a nucleotide 
sequence complementary to the antisense strand of the siRNA. In addition 
to siRNAs, PSMA–aptamers has been further used to deliver to prostate 
cancer cells toxins or chemotherapeutic agents encapsulated within 
nanoparticles or directly intercalated into the nucleic acid sequence [88]. 
Another promising delivery molecule is the phototoxic aptamer against 
MUC1 that carries the toxin chlorin e6, a heme-like photodynamic 
therapy (PDT) agent released after activation by light. MUC1 is a 
membrane specific marker expressed on a broad range of epithelial cancer 
cells such as breast, ovary, prostate, pancreas, colon and lung. After the 
binding of the aptamer, the new complex is internalized and routed 
through endosomal and Golgi compartments by cancer cells. The aptamer 
directed at the MUC1 peptide is armed to carry a cytotoxic cargo such as 
the light-activated PDT drug, chlorin e6, that produce cytotoxic singlet 
oxygen species. After light activation,the complex ability to kill epithelial 
cells was enhanced by several orders of magnitude in comparison to free 
drug alone. As a result, there is a selective induction of apoptosis in 
MUC1 expressing cells [89]. 
In addition, John Rossi’s group used a RNA aptamer against gp120 for 
targeted delivery of siRNA against Human Immunodeficiency Virus 
(HIV) infections [90].  
So far, the number of aptamer-siRNA conjugates described in literature 
has rapidly expanded providing new promising therapeutic options [91].  
Furthermore, recent few papers explored the use of aptamer to deliver 
microRNAs as cancer therapeutics. 
Second generation PSMA targeting aptamer (A10-3.2) was conjugated to 
polyamidoamine (PAMAM)-based microRNAs (miR-15a and miR-16-1) 
via bifunctional PEG to deliver microRNAs to prostate cancer cells. In 
addition, chimeras that combines MUC1 aptamer and let-7i microRNA or 
miR-29b have been reported. These new compounds provide innovative 
cancer therapeutic strategies even if their in vivo effectiveness has not 
been proven. Recently, Esposito et al. demonstrated the in vivo 
effectiveness of an aptamer-miRNA conjugate for lung cancer targeting. 
The authors designed a dual-function molecules containing an RNA 
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aptamer (GL21.T), directed against the RTK Axl, covalently linked to 
miRNA let-7g [92]. The same aptamer was also used for the delivery of 
miR-212 to restore TRAIL-mediated cytotoxicity in NSCLC cells [93]. 
On the other end, Catuogno et al. described for the first time an aptamer-
based system for the delivery of therapeutic single strand antimiRs [94]. 
Furthermore, very recently miRNA and antimiR delivery has been 
integrated developing a novel combined therapeutic approach for 
glioblastoma stem-like cells (GSCs) therapeutic targeting [95].  
Moreover, the non-covalently link of the drugs to the aptamers was 
studied in order to understand if there is an abolishment of the aptamer 
binding and if the drug is released from the aptamer.  
This model was studied with doxorubicin (DOX) intercalated with the 
aptamers against PSMA for prostate cancer [96], MUC1 [97].  
This doxorubicin approach has shown toxicity levels compared to the free 
doxorubicin, but only in the cancer cells, reducing general toxicity or 
cardiotoxicity thanks to the specific aptamer delivery. 
 

 
 
Fig. 14. Anti-PSMA aptamer-siRNA chimeras. (a) The RNA duplex and RNA 
aptamers are chemically conjugated with biotin. Thus, two biotinylated siRNAs and two 
aptamers are non-covalently assembled via streptavidin; (b) The 3′ end of the aptamer is 
extended to contain the nucleotide sequence that is complementary to the antisense 
strand of the siRNA, and the chimera is formed by annealing the aptamer to the siRNA 
antisense strand; (c) optimized chimeras in which the aptamer portion of the chimera is 
truncated, and the sense and antisense strands of the siRNA portion are swapped. A two-
nucleotide 3′-overhang and a PEG tail are added to the chimera; (d) the 3′-terminus of 
the aptamer is conjugated to the sense strand of the siRNA, followed by a 10-mer loop 
sequence and then by the antisense strand of the siRNA. (From Cerchia L. et al. 2011) 
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1.6.4 Aptamers in cancer imaging, diagnosis and biomarker 

discovery.  

 
In the early stage of tumorigenesis, the cancer cells number is very low 
and for this reason, the detection is an important challenge.  
Thus, to find new methods high sensitive to detect the cancer cells are 
very important.  
Thanks to their characteristics, aptamers have also started to play 
increasingly important roles in the human disease diagnosis [98]. 
Indeed, since the chemistry for the production and modification of 
oligonucleotides is well developed, once aptamers are selected, they can 
be functionalized using a wide variety of fluorophores, as well as 
conjugated with superparamagnetic iron oxide nanoparticles, Mn3O4- or 
gold nanoparticles, radioisotopes and biotin. These characteristics make 
the aptamers suitable as ligands for protein detection in a great number of 
different methodologies.  
Due to their relatively small size (8-15kDa) in comparison to antibodies 
(150kDa), aptamers should be better suited for a rapid tumour penetration 
and blood clearance, two excellent characteristics for imaging and 
diagnosis technologies. Hicke et al. were the first that published the use of 
a radiolabelled aptamer, named TTA1, for in vivo tumour target imaging 
[99]. 
TTA1 is a modified RNA aptamer against tenascin-C, an extracellular 
matrix protein upregulated in a number of tumours such as breast, lung, 
colon, prostate, glioblastoma, and lymphoma [100].  The aptamer was 
conjugated to the Technetium-99m (99mTc) and it was intravenously 
injected in mice bearing glioblastoma (U251) and breast (MDA-MB-435) 
tumour xerographs [99], with the purpose of performing single photon 
emission-computed tomography (SPECT), a 3D-imaging technique that 
can aid in visualizing tumours.  
The authors obtained a good tissue penetration and an important ratio 
tumour-to-blood of TTA1 aptamer. 
This study suggests a quickly blood clearance and long tumour retention.  
As shown in table 2, many other DNA or RNA aptamers have been 
developed for diagnosis of human diseases. 
Moreover, aptamers are useful in many imaging techniques such 
fluorescence and bioluminescence imaging, magnetic resonance imaging 
(MRI), positron emission tomography (PET), single photon emission 
tomography (SPECT), computed tomography (CT) and ultrasound (US) 
[101,102]. 
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Table 2. Recently developed aptamers for the diagnosis of human diseases. (From 
Zhuo Z. et al. 2017) 

 
Until now, the aptamers are used for in vitro purpose such as dot-blot 
[103], western blot applications [104, 105], in the sandwich assay called 
ELONA (Enzyme Linked Oligonucleotide Assay). 
In addition to their role as imaging tools, aptamers can also aid in clinical 
in vitro diagnosis of diseases and discovery of new biomarkers. 
Recently, several groups developed aptamer-based biomarker discovery 
platforms.  
For example, Gold co-workers described an aptamer chip for the 
biomarker discovery. The system is able to measure thousands of proteins 
together from serum or plasma samples [106].  
Novel aptamer-based technologies will continue to evolve and they could 
provide enormous opportunities in different diagnostic area. 
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2. AIM OF THE STUDY 

 
 
Hypoxia is a hallmark of many types of solid tumours. 
It is associated with an aggressive tumour phenotype and therapeutic 
resistance.  
During the hypoxia, the transcription factor HIF-1 binds to HRE present 
in its target genes, such as CA-IX, resulting overexpressed. 
CA-IX expression promotes the acidification of the microenvironment 
that might decrease the uptake of weakly basic anticancer drugs, leading 
to chemo resistance. 
For this reason, an accurate detection and inhibition of CA-IX could 
represent an important approach to improve the conventional therapies 
and the early diagnosis of the cancer.  
Aim of the present study is to find new tools aptamer-based able to 

bind CA-IX.  

In order to identify a panel of RNA aptamers which bind to CA-IX, two 
cell-SELEX protocols were designed (called Physiological cell-SELEX 

and Specific cell-SELEX). 

Following screening and matching of two pools, the selected aptamers 
and its truncated sequences further investigated for specificity, serum 
stability and albumin binding.  
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3. MATERIALS AND METHODS 

 

3.1 Cell culture 

 
Cell lines were purchased from the ATCC (LG Standards, Milan, Italy). 
COS7, MDA-MB-231 and U87MG cells were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 100 U/ml 
penicillin/streptomycin. All cell culture reagents were purchased from 
Sigma (St Louis, MO). 
 

3.2 Hypoxia induction  

 

Physical method: 2x105 U87MG cells were seeded in p35 cell plate in 
serum-free medium, and put in the hypoxic incubation chamber 
maintained at 5% O2. The cells were recovered at different times (6, 24, 
48h). 
Chemical methods: 2x105 U87MG or MDA-MB-231 cells were seeded in 
p35 cell plate. U87MG or MDA-MB-231 cells were incubated with 100-
150-200μM of Cobalt (II) Chloride hexahydrate (Sigma, St Louis, MO) 
dissolved in the serum-free medium and put in a conventional incubator 
(37°C; 5% C02). At different times (1, 6, 24h) the cells were recovered. 
 

3.3 CA-IX cDNA transfection and acidic condition 

 

Human CA-IX ORF clone (NM_001216) (Origene, Rockville, USA) was 
transfected with Lipofectamine 2000 (Invitrogen, Waltham, MA, USA), 
according to the manufacturer’s protocol. 
For the acid condition, the MES buffer (morpholinoethanesulfonic acid) 
(Sigma, St Louis, MO) was added to the serum-free DMEM from 45 to 
90mM for different incubation times (30, 90, 180 minutes). The pH 
medium was measured by a pHmeter (Mettler Toledo, Columbus, 
Ohio,USA). 
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3.4 Immunoblotting 

 
Cells were washed twice in ice-cold phosphate-buffered saline (PBS) 
(Sigma St Louis, MO), and lysed in the JS buffer  containing: 
• 50 mM Tris-HCl pH 7.5  
• 150 mM NaCl 
• 1% Nonidet P-40 
• 2 mg/ml aprotinin 
• 1 mg/ml pepstatin 
• 2 mg/ml leupeptin 
• 10 mM Na3VO4 
Protein concentration was determined by Bradford assay (Biorad, 
Hercules, CA, USA). 
The cell lysates were denatured in Laemmli buffer (2% SDS , 5% -
mercaptoethanol, 0,001% Bromophenol Blue, 10 % glycerol) for 5 
minutes at 100°C, and then subjected to SDS-PAGE.  
12% Acrylamide/bis-acrylamide gels were electroblotted into 
polyvinylidene difluoride (PVDF) membranes (Millipore Co., Bedford, 
MA, USA)  
Filters were probed with primary antibodies as indicated.  
The primary antibodies used are: anti-CA-IX (R&D Systems, 
Minneapolis, MN. USA); anti-HIF-1α (BD Biosciences, Qume Drive San 
Jose, USA); anti-α-tubulin (Santa Cruz Biotechnology, CA, USA); anti-
vinculin (Cell Signaling Technology, Danvers, MA); anti- -actin (Santa 
Cruz Biotechnology, CA, USA). Donkey anti-goat, goat anti-mouse and 
goat anti-rabbit (Santa Cruz Biotechnology, CA, USA) were used as 
secondary antibodies. 
 

3.5 Immunofluorescence 

 

To assess CA-IX expression on the cell surface, MDA-MB-231 cells in 
normoxic condition or stimulated with CoCl2 (150μM) for 24h to mimic 
hypoxic condition, were seeded on poly-l-Lysine coated glass coverslips 
and incubated with anti-CA-IX antibody for 30 min at 37 °C prior to 
fixation. Cells were, then, fixed with paraformaldehyde 4% in PBS for 10 
minutes and incubated at 37°C for 30 minutes with Alexa568 secondary 
antibody (Invitrogen, Waltham, MA, USA). Coverslips were then 
mounted on microscope slides with Prolong Gold Antifade Reagent with 
DAPI (Invitrogen, Waltham, MA, USA) and visualized by confocal 
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microscopy. Images were obtained using a Zeiss 510 LSM confocal 
microscope with a 40 × oil objective. 
 
3.6 Physiological cell-SELEX 

 

The SELEX cycle was performed essentially as described (Fitzwater and 
Polisky 1996). Transcription was performed in the presence of 1mM 2’-F 
pyrimidines and mutant T7 RNA polymerase (2.5u/ml T7 R&DNA 
polymerase, Epicentre Biotechnologies, Madison, Wisconsin) to improve 
yields.  
2’F-Py RNAs were used to increase the resistance of the aptamers to 
degradation by sieric nucleases. 2’F-Py RNAs were heated at 85°C for 5 
min, snap-cooled on ice for 2 min, and allowed to warm up to 37°C.  
The Hypoxic cell-SELEX protocol is composed by twelve cycles.  
Counter-selection step against normoxic MDA-MB-231 cells.  
To avoid the selection of aptamers recognizing normoxic targets  on 
MDA-MB-231 surface, the pool was firstly incubated on normoxic 
MDA-MB-231 for 30 min (up to round 6) or for 15 min (for the following 
rounds) at 37°C. 
In each cycle the SELEX conditions were changed such as the dimension 
of the cell culture dishes (150mm, 100mm, 50mm, 35mm). Unbound 
sequences were recovered for the selection step. 
 
Selection step against hypoxic MDA-MB-231cells.  
The recovered sequences were incubated on CoCl2-stimulated MDA-MB-
231 cells (to mimic the hypoxic condition).  
After several washings, sequences were recovered by total RNA 
extraction. 
During the selection process, the selective pressure was changed 
increasing washings number (from one for the first cycle up to five for the 
last cycles), decreasing the incubation time (from 30 to 15 min from 
round 7) and the dimension of the cell culture dishes (150mm, 100mm, 
50mm, 35mm). It was also increased the number of counter-selection 
steps from one to two from round 8. 
Moreover, the use of a non-specific competitor, named yeast tRNA 
(Sigma, St Louis, MO), was introduced at different concentrations: 
100μg/ml for the round 10 and 200μg/ml for the round 11; in the last two 
cycles (11 and 12) the pre-treatment with yeast tRNA before of the 2’F-
Py RNAs pool incubation was made. 
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3.7 Specific cell-SELEX 

 

The starting pool is represented by the 9th cycle of Physiological cell-
SELEX. 
The counter-selection step was performed against COS7 wild type 
(COS7-WT) cells to avoid the selection of aptamers that recognize 
proteins normally expressed on COS7 cells.  
The selection step was performed against transient transfected COS7 with 
the CA-IX cDNA (called COS7-CAIX) in order to select specific 
aptamers for the target. 
For each cycle, the pool of 2’F-Py RNAs was firstly incubated on the 
COS7 wild type cells at 37°C, the 2’F-Py RNAs that not bind these cells 
are recovered and incubated on CA-IX-COS7 for the selection step. 
After several washes, the sequences were recovered by total RNA 
extraction. 
During the SELEX process, the selective pressure was progressively 
enhanced increasing washings number (from five for the round 10a up to 
six for the rounds 11a and 12a), increasing the number of counter-
selection steps from two in 10a and 11a cycles to three for the last cycle 
(12a). The yeast tRNA 100μg/ml as a nonspecific competitor (Sigma, St 
Louis, MO) was used in 10a and 11a cycles; in the last two cycles 
(11aand 12a) it was also added the pre-treatment with yeast tRNA. 
Each cycle was checked for CA-IX expression. 
 

3.8 RT-PCR, mutagenic and non-mutagenic PCR for cell-SELEX 

method  

 
The RNA extracted from each SELEX cycle was retro-transcribed using 
Tetro Reverse Transcriptase Enzyme (Bioline, London, UK) 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 (6mM) and dNTP 1mM, using 0.5U/μl of 
FIREpol DNA Polymerase (Microtech, Milan, Italy) and 0,3μM primers: 
N40 (Forward):5’-TTCAGGTAATACGACTCACTATAGGGAAGAGA 
AGGACATATGAT-3’ 
N40 (Reverse): 5’-TCAAGTGGTCATGTACTAGTCAA -3’ 
The reaction was as follow: 95°C for 5min, 10 cycles of 95°C for 1 min, 
65°C for 1min and 72°C for 1 min, and a final extension of 72°C for 
1min. 
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The last SELEX cycle is amplified by non-mutagenic PCR using 0.1U/μl 
of FIREpol DNA Polymerase and 200μM dNTP, not adding MgCl2 to 
that contained in the Taq Buffer.  
The reaction was as follow: 95°C for 5min, 8 cycles of 95°C for 30 sec, 
65°C for 1min and 72°C for 1 min, and a final extension of 72°C for 
5min. 
Amplified DNA was purified using Amicon Ultra Centrifugal Filters 
(Millipore, Massachusetts, USA). 
At the end of SELEX method, sequences of the pools were subjected to 
cloning with TOPO-TA cloning kit (Invitrogen, Waltham, MA, USA).  
The sequences have been analysed for multiple alignment (ClustalW by 
EMBL-EBI) and structural elements (MFOLD by unafold) indicative of 
potential binding sites. 
 

3.9 Cell binding assay by RT-qPCR 

 

The binding assay of individual aptamers was performed in 6-well plates 
in triplicate on COS7-CA-IX cells as positive cells and COS7-WT as 
negative cells. 105 cells per well were seeded and, 24 hours after 
transfection, were incubated for 30 minutes with serum-free medium in 
presence of yeast tRNA 200μg/μl and MES buffer (60mM). Then, 100nM 
of aptamers  were added for 15 min at 37°C. Following three washes with 
PBS to remove unbound aptamers, the bound sequences were recovered 
by TRIzol (Life Technologies, Carlsbad, CA, USA) containing 
0.5pmol/ml of reference control. The amount of bound RNAs was 
determined by RT-qPCR.  
At each experiment, cells cultured were counted. The obtained data were 
normalized to the reference control and to cell number.  
 

3.10 In vitro human serum stability 

 

2’-F-RNA S-47s1 and S-51s1 aptamers were incubated at 4μmol/l 
concentration in 87% human serum (Type AB Human Serum provided by 
Euroclone, Milan, Italy) from 1 to 72 hours at 37°C. 
At each time point 2μl (8 pmoles RNA) were recovered and treated with 
2,5μl of proteinase K solution (600 mAU/ml) for 1 hour at 37°C in order 
to remove serum proteins that interfere with electrophoretic migration. 
Following the addition of 9 μl  of denaturing gel loading buffer (1× TBE, 
95% formamide, EDTA 10mM and bromophenol blue), samples were 
stored at −80°C. All serum-RNA samples were analyzed on 15% 
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polyacrylamide/urea 7M denaturing gel. The gel was stained with 
ethidium bromide and visualized by UV exposure. 
 

3.11 ELONA (Enzyme-linked oligonucleotide assay) assay for CA-IX 

and human serum albumin 

 
C96 maxisorp nunc-immunoplate (Thermo Fisher Scientific, Waltham, 
MA, USA) were left untreated or coated with 25nM of human serum 
albumin (HAS) (Sigma, St Louis, MO) or with 50nM of CA-IX in 
Coating/Washing buffer (20 mM Tris HCl pH 7.4; 150 mM NaCl; 1 mM 
MnCl2; 0.5 mM MgCl2; 2 mM CaCl2) overnight at 4°C. 
Wells were washed once with Coating/Washing buffer and blocked for 2 
hours at room temperature (RT), with Coating/Washing buffer containing 
5% non-fat dried milk. Following two washes with Coating/Washing 
buffer, the biotinylated 2’-F-RNA S-47s1 and S51s1 aptamers were 
heated at 95 °C for 5’, snap-cooled on ice for 3min and allowed to warm 
up to 37°C for 10’ and, then, incubated for 2 hours at room temperature at 
different concentrations (10-100-200-1000nM) in Coating/Washing 
buffer containing 1,6% non-fat milk . After three washes with 
Coating/Washing buffer,  samples were incubated for 1 hour at room 
temperature with horseradish peroxidase (HRP)-conjugated Streptavidin 
(Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:1000 in PBS. 
Following four washes with PBS, signals were reveled with 3,3',5,5'-
tetrametilbenzidina (TMB) substrate solution (Thermo Fisher Scientific, 
Waltham, MA, USA) and stopped with stop solution (H2SO4 0.16M) for 
TMB substrate (Thermo Fisher Scientific, Waltham, MA, USA). 
Absorbance at 450nm was measured with Multiskan FC Microplate 
Photometer (Thermo Fischer Scientific, Waltham, MA, USA). 
As positive control of human serum albumin protein an anti-HSA 
biotinylated polyclonal antibody (concentration: 1:1000, Abcam; 
Cambridge, MA) was used. 
Instead, as positive control of CAIX an anti-CAIX primary antibody 
(concentration: 1:1000, R&D) and finally with donkey anti goat as 
secondary antibody (concentration: 1:2000) was used. 
The assays were performed in duplicate.  
 

3.12  Flow cytometry analysis  
 
CA-IX expression in COS7 transfected with human CA-IX plasmid was 
detected by anti-human CA-IX primary antibody (R&D Systems, Milan, 
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Italy). Alexa Fluor 488 donkey anti-goat IgG (Invitrogen, Milan, Italy) 
was used as secondary antibody. Cells were analyzed with FACS BD 
Accuri C6 (BD Biosciences, Franklin Lakes, New Jersey, USA). IgG 
antibody (Millipore, Burlington, MA, USA) was used as negative control. 
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4 RESULTS 

 

4.1 CA-IX cell-SELEX design: two steps method 
 

As shown in figure 15, CAIX cell-SELEX was divided in two different 
protocols called:  

 Physiological cell-SELEX to find aptamers that recognize CA-IX 

physiologically induced;  

 Specific cell-SELEX to find aptamers that recognize CA-IX with 

high specificity;  

The Physiological cell-SELEX protocol exploited a cell line of triple 
negative cell line, called MDA-MB-231, treated with CoCl2. 
The MDA-MB-231 cell line was already characterized in hypoxic 
condition. It is negative for the second isoform of CAs expressed in cancer 
CAXII, but positive for CA-IX because it was essential to avoid the 
selection of aptamers for other CAs isoform. 
In particular, the Physiological cell-SELEX protocol provides the MDA-
MB-231 in normoxic condition for the counter-selection step, instead 
MDA-MB-231 treated with CoCl2 for the selection step.  
The Physiological cell-SELEX approach represents a valid and needful 
starting point to select aptamers for CA-IX, but even if the protocol avoids 
the selection of aptamers for CAXII isoform, the final pool will be 
enriched for every CoCl2 target genes expressed by MDA-MB-231 cells, 
among them CA-IX.  
Thus, in order to discard not specific CA-IX aptamers selected during the 
Physiological cell-SELEX protocol and sort only those binding CA-IX, a 
second approach was planned named Specific cell-SELEX. 
In this case, the selection step of Specific cell-SELEX provides COS7 cells 
transiently transfected with human CA-IX cDNA (COS7-CA-IX) for the 
selection step, instead wild type COS7 cell line (COS7-WT) for the 
counter-selection. 
Starting from 9th pool obtained from the Physiological cell-SELEX, both 
the protocols (Physiological cell-SELEX and Specific cell-SELEX) were 
performed at the same time for three cycles (10/10a, 11/11a, 12/12a). 
At the end, the matching of the pools obtained could represent a useful tool 
to find an aptamer binding only CA-IX in its physiological conformation. 
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Fig. 15: Schematic design of the CA-IX cell-SELEX. The CA-IX cell-SELEX consists 
of two different protocols. (i) Twelve cycles of Physiological cell-SELEX on MDA-MB-
231; (ii) three cycles of Specific cell-SELEX on COS7 cells, followed by the sequencing 
of both last cycles. 
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4.2 Physiological CA-IX expression set up and Physiological cell-

SELEX 

 

4.2.1 In vitro hypoxia induction  

 
As first attempt, to design the anti-CAIX aptamer selection we address the 
choice of: 1. the best method to induce hypoxic condition; 2. the cell 
system to use as target.  
Hypoxia can be induced in vitro by physical and chemical methods. The 
physical method is represented by the hypoxia incubator chamber that 
maintains low O2 levels (1-5%). The hypoxia incubator chamber is the best 
way to reproduce and study the hypoxia phenotype in vitro. However, the 
hypoxia incubator chamber is not useful for every types of experiments 
because, as soon as oxygen enters in the chamber, the hypoxia is reduced. 
Instead, the chemical methods exploits different types of molecules such as 
Cobalt (II) Chloride hexahydrate (CoCl2), dimethyloxalylglycine (DMOG), 
desferrioxamin (DFO) and MG132. 
Among them, Cobalt (II) Chloride hexahydrate (CoCl2 • 6H2O, 
MW=237.9Da) mimics hypoxic condition blocking prolyl-hydroxylase 
domain (PHD) and the factor inhibiting HIF-1 (FIH) (Fig.16). 
Consequently, VHL tumour-suppressor protein cannot bind to not prolyl-
hydroxylated HIF-1a; it promotes the stabilization and phosphorylation of 
HIF-1α.  
At the end, the increase of HIF-1α levels allows its accumulation and 
subsequent nuclear translocation activating the transcription of HIF-1 
target genes (such as CA-IX) and mimicking the low oxygen condition.   
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Fig. 16: CoCl2 stabilises HIF-1α. The stability of HIF-1α protein is oxygen-sensitive. In 
normoxic condition two enzymes, prolyl-hydroxylase domain (PHD) and the factor 
inhibiting HIF-1 (FIH), promote the hydroxylation of proline and asparagine residues that 
is required for the binding of the VHL tumour-suppressor protein. That promotes the 
ubiquitination and degradation of HIF-1α. CoCl2 inhibits PHD and FIH, thus VHL 
tumour-suppressor protein cannot bind to HIF-1α; HIF-1α can enter into the nucleus, bind 
to HIF-1 , p300 and CBP, allowing transcriptional activation of HIF-1 target genes. 
(Adapted from Burroughs SK et al. 2013) 

 

However, CoCl2 treatment can also modulate other proteins and pathways 
not HIF-1 dependent. 
In this study, both the physical (hypoxia incubator chamber) and chemical 
methods (CoCl2) were evaluated, in order to compare the induction of CA-
IX.  
The experiments were performed using the U87MG a human glioblastoma-
derived cell line. Cells were seeded and treated with CoCl2 150µM at 
different times (1h, 6h, 24h) or were grown for 6, 24 and 48h in the 
hypoxia incubator chamber maintained at 5% oxygen levels.  
After the cell lysis, the protein extracts were analysed by immunoblotting 
for HIF-1α and CA-IX expression.  
The results showed different kinetic of HIF-1α induction between the two 
approaches examined. In fact, using the hypoxia incubator chamber HIF-
1α was expressed by 6h until 48h, while using CoCl2 its expression was 
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strongly induced at 6h then rapidly declines. In both conditions tested, CA-
IX protein was induced at 24 hours (Fig. 17 a, b).  
  

 
 

Fig. 17: Evaluation of CA-IX and HIF-1α using CoCl2 treatment and hypoxia 

incubator chamber. a) U87MG cells were seeded and treated with  150μM of CoCl2 for 
different times (1h, 6h, 24h) b) U87MG cells were seeded and left in hypoxia incubation 
chamber  for 6h, 24h and 48h. Cells were collected and a Western blot was performed to 
evaluate HIF-1α (120Kda) and CA-IX (58Kda) expression. Tubulin (55Kda) and vinculin 
(120Kda) were used as housekeeping reference. 

 
Based on the results above, the use of CoCl2 was preferable for the SELEX 
procedure because it allows to open the culture plate/dish/flask and add 
treatments without changing the “hypoxic” conditions. 
The selection of the cell line to use as target is another important feature 
for the success of the strategy. One key aspect is to prevent the isolation of 
aptamers for other CAs family, in particular CAXII, that is often 
overexpressed on cancer cell surface. 
Basing on this consideration, U87MG cells were considered not the 
optimal target because they express, at the same time, CA-IX and CA-XII, 
when maintained in hypoxic condition [107]. 
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On the contrary, previous reported data [108] showed that the triple 
negative breast cancer cell line, MDA-MB-231, in hypoxic condition is 
positive for CA-IX but negative for CA-XII expression.  
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4.2.2 Hypoxic like condition set up on MDA-MB-231 cells 

 
To confirm the hypoxic-like phenotype and, consequently, the CA-IX 
expression, CoCl2 was tested on MDA-MB-231 cell line. 
The MDA-MB-231 cells were seeded and treated with 100, 150 and 
200μM of CoCl2 at different times (6, 24, and 48 h) (Fig.18). 
Cells were recovered and Western blot assay was performed to evaluate: 

1. HIF-1α expression levels, to assess its stabilization after CoCl2 

treatment; 

2. CA-IX expression, to confirm its upregulation HIF-1 depending. 

As expected, HIF-1 was expressed prior to CA-IX.  In fact, the induction 
of HIF-1α was already visible at 6 hours upon the treatment, while the 
expression of CA-IX was appreciable starting from 24 hours, compared to 
normoxic cells (used as negative control), in all the conditions tested. The 
best induction of CA-IX protein on MDA-MB-231 cell line, was detected 
at 24 hours with 150µM of CoCl2 . 
 
 

 
 

Fig. 18: Time and dose-response assay for CA-IX and HIF-1α expression. MDA-MB-
231 cells were treated with increasing concentrations of CoCl2 (100, 150, 200μM) for 6, 
24, 48 hours.  Cells were recovered and the Western blot was performed to evaluate CA-
IX and HIF-1α expression; -actin was used as housekeeping reference.  

 
Moreover since the right localization on cell membrane surface of CAIX is 
the essential condition to select aptamers, an immunofluorescence assay 
was performed followed CoCl2  at the optimal concentration and time 
identified (150µM for 24 hours).  
MDA-MB-231 cells were seeded and treated with CoCl2. The living cells 
were first incubated with anti-CA-IX primary antibody, then, fixed and 
incubated with Alexa-488-labeled secondary antibody.  
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Following several washes, the cells were visualized by confocal 
microscope in order to evaluate the CA-IX localization. Cells grown in 
normoxic conditions were used as negative control.  
As shown in figure 19, the result indicated the presence of CAIX on the 
membrane surface compared to normoxic cells.  
 

 
Fig.19: CA-IX expression on MDA-MB-231 cellular surface. MDA-MB-231 cells in 
normoxic condition or treated with  150µM of CoCl2  for 24h were seeded, incubated with 
CA-IX primary antibody and then fixed. The Alexa-488-labeled secondary antibody was 
used to detect the fluorescence by confocal microscopy. The image shows four 
representative field  of the same slide. 
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4.3.2 Physiological cell-SELEX design 
 

In order to isolate specific ligands for the given condition, twelve rounds of 
Physiological cell-SELEX protocol were performed. 
We used as target CoCl2-induced MDA-MB-231 in the selection steps and 
normoxic MDA-MB-231 cells in the counter-selection steps. 
The starting point was a library of RNA aptamers formed by a central 
degenerated sequence of 40 nucleotides flanked by two fixed regions. At 
each round, 2’Fluoro-Pyrimidines (2-F-Py) were incorporated in the RNA 
library instead of Pyrimidines in order to improve resistance of RNA 
molecules from degradation by serum nucleases. 
At each round, the library was first incubated with MDA-MB-231 cells 
grown in normoxic condition to discard aptamers binding protein 
expressed. The unbound sequences were recovered and incubated on 
CoCl2-induced MDA-MB-231 cells for the selection step (Fig.20). After 
several washings, the bound RNAs were recovered by total RNA 
extraction, retrotranscribed by RT-PCR followed by a mutagenic PCR (in 
presence of high concentration of nucleotides and magnesium), to increase 
library variability. 
Finally, in vitro transcription was peroformed to obtain the new RNA pool 
for the next cycle. 
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Fig. 20: Scheme of Physiological cell-SELEX.  Each cycle is composed by a counter-
selection step on normoxic MDA-MB-231 and a selection step on hypoxic-like MDA-
MB-231. After twelve cycles with increased stringency conditions, the last cycle was 
cloned and sequenced.   

 
 
During the Physiological cell-SELEX protocol, the selective pressure was 
progressively increased to select only the most promising aptamers by: (i) 
reducing cell confluence and incubation time to discard aptamers with low 
binding capability; (ii) increasing the washes number and adding 
polianionic competitor (yeast tRNA) to prevent unspecific binding (Table 
3). 
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Table 3: Stringent conditions of Physiological cell-SELEX. 
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At each cycle, the library enrichment was checked by loading the PCR 

product on 12% acrylamide gel (Fig. 21a) and to control the hypoxic-like 

phenotype HIF-1α and CA-IX expression was evaluated by 

immunoblotting (Fig. 21b).  

 

 
 

Fig. 21: cell-SELEX cycle on MDA-MB-231 cells: mutagenic PCR and 

immunoblotting. a) The mutagenic PCR control on 12% acrylamide  gel, stained with 

ethidium bromide and visualized by UV. Sample “-template” represents the sample for 

RT or PCR without the template, whereas sample “–RT enzyme” is the reverse-

transcription sample without the reverse-transcriptase enzyme; b) MDA-MB-231 cells in 

normoxic and hypoxic condition were collected to check HIF-1α a and CA-IX expression 

by immunoblotting. 

 

 

After 12 rounds of selection, sequences were cloned with TOPO-TA 
cloning kit. The TOPO TA cloning reaction was performed and the product 
was used for the transformation of chemically competent bacteria DH5α.  
White and light blue colonies were selected for DNA extraction by mini-
prep kit. The DNA was analysed by electrophoresis on a 1% agarose gel 
supplemented with 0,05 μg/mL of Ethidium Bromide (Fig.22 ) and 
visualized by UV. 
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Fig. 22: Example of DNA plasmid. Samples from 11 to 26 were loaded on 1% agarose 
gel supplemented with 0,05 μg/mL of Ethidium Bromide (EtBr) and visualized by UV 
exposure. The different migration pattern is indicative of the fragment insertion. 

 
One hundred aptamers were sequenced and grouped in families based on 
their primary sequence similarity. Sequences were analysed for enrichment 
by alignment and dendrogram visualization.  
As shown in the figure 23, the dendrogram presented twelve couples of 
identical sequences (MA-13/40, -7/-15, -16/-18, -2/-21, -39/-76, -50/-96, 
52/-58, -9/-70, -98/-82, -44/-90, -66/-97, -28/-100), that together cover 
24% of all individual sequences obtained from the sequencing. 
 
 

 
 

Fig.23: Physiological cell-SELEX analysis of individual sequences similarity. 

Dendrogram (by using MUSCLE algorithm) for visual classification of similarity among 
100 individual sequences cloned after 12 rounds of selection. All couples are boxed in red. 
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4.4 CA-IX expression set up and Specific cell-SELEX design 

 

  4.4.1 Transfection of human CA-IX plasmid set up 

  
After Physiological cell-SELEX, the pool of aptamers was enriched for all 
HIF-1 dependent proteins such as CA-IX, but also P-selectin, CXCR4, and 
many more (Table 4). 
 
 

 
 
Table 4: Genes regulated by HIF-1. HIF-1, binding the HRE sequence of many genes, 
regulates different pathways. (From Sharp FR et al. 2004) 
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Thus, a second cell-SELEX protocol was planned in order to sort only 
specific aptamers for CA-IX.  
The protocol started from the 9 cycles of Physiological cell-SELEX and 
was composed by three cycles on COS7 cells, used as recipient cells, 
transiently transfected with human CA-IX-cDNA (COS7-CAIX). 
As first attempt, the human CA-IX cDNA transfection condition was set up 
by  
using two different concentrations of CA-IX cDNA were tested (1µg and 
2µg). 
The cells were collected at 24, 48 and 72h of transfection and lysed.  
Protein levels were analysed by immunoblotting and the expression of CA-
IX protein resulted highest at 24h upon transfection with both 
concentrations (Fig. 24a). For the Specific cell-SELEX protocol the lower 
concentration at 24 hours was selected because less toxic for the cells. 
Farther, to evaluate the localization of CA-IX on membrane surface, a flow 
cytometry assay was performed using the condition selected (1µg of CA-
IX human plasmid at 24h). The result showed a good percentage  (around 
40%)  of CA-IX on membrane surface confirming that this condition can 
be used for the Specific cell-SELEX protocol (Fig. 24b). 
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Fig. 24: CA-IX expression in COS7 cells. a) Following transfection with 1 and 2µg of 
CA-IX-cDNA, cells were collected at 24, 48 and 72h. Cell lysates were immunoblotted 
with anti-CA-IX antibody. α-tubulin was used as housekeeping reference. b) Following 
transfection with 1µg of CA-IX-cDNA, cells were collected at 24h. Cells incubated with 
anti-CA-IX primary antibody and then with Alexa-488-labeled secondary antibody, were 
analysed by flow cytometry. The percentage of CA-IX+ cells was obtained subtracting the 
percentage of the control (IgG) value. 
 
The low extracellular pH is important for the CA-IX conformation and 
function. Thus, in order to mimic in vitro acid microenvironment (pH 6.7-
6.8), the COS7 cells after transfection were treated with MES 
(morpholinoethanesulfonic acid) buffer. Indeed, MES buffer (C6H13NO4S) 
can be used to obtain the desired pH in a range from 5 to 7 resulting 
appropriate for our purpose.  
The COS7 cells were seeded, transfected with CA-IX human plasmid 
(1µg) and treated with increasing concentrations of MES buffer (from 45 
up to 90mM) for 30 minutes. The pH of the medium was measured by a 
pHmeter. 
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The result (Fig. 25) showed that the treatment with 60mM of MES buffer 
allowed to reach the extracellular pH maintained by CA-IX (around 6,8). 
This condition was used for Specific cell-SELEX. 
 

 
Fig. 25: Setting of extracellular environment acidification. MES buffer was incubated 

45 up to 90mM at 30minutes on COS7 cells. The pH medium was measured with a 
pHmeter. 
 
 

4.4.2 Specific cell-SELEX design 

 
As shown in figure 26, the Specific cell-SELEX is composed by COS7 cell 
line transfected with CA-IX cDNA (COS7-CAIX) for the selection step 
and wild type COS7 cells (COS7-WT) for the counter-selection step. As 
starting point we used the pool coming from the ninth cycle of 
Physiological cell-SELEX and a total of three rounds were performed. At 
each round, the selective pressure was increased by performing two (cycles 
10a, 11a) or three (cycle 12a) counter-selection steps on COS7-WT before 
the positive selection step (Table 5). In addition, in all three cycles, to 
prevent unspecific binding during the selection step, the library incubation 
was performed in presence of a polianionic competitor yeast tRNA. The 
tRNA was incubated with the library during the incubation time or it was 
also added before the library incubation as pre-treatment. 
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Fig. 26: Scheme of Specific cell-SELEX.  Each cycle is composed by a counter-selection 
step on COS7-WT and a selection step on COS7-CAIX. After three cycles with increased 
stringency conditions, the last cycle was cloned and sequenced.   
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Table 5: Stringent conditions for the Specific cell-SELEX. 

 
After several washings, bound RNAs were recovered by total RNA 
extraction. Sequences enriched by the selection step were amplified by RT-
PCR followed by mutagenic PCR and transcription before a new cycle of 
selection. 
At each cycle, the pool amplification was checked (Fig. 27a) and CA-IX 
expression was analysed by immunoblotting (Fig.27b). 
 

 
 

 
Fig. 27: Mutagenic PCR and immunoblotting relative to a Specific cell-SELEX cycle 

on COS7 cells. a) Mutagenic PCR control on 12% acrylamide gel stained with ethidium 
bromide and visualized by UV. b) Cells used for the cell-SELEX cycle were checked for 
CA-IX expression by immunoblotting. Vinculin was used as housekeeping reference. 
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The pool of the last SELEX cycle was cloned with TOPO TA kit and 
positive colonies (Fig.28) were sequenced.  
 
 

 
Fig. 28: Control of plasmid DNA extracted by mini-prep kit on 1% agarose gel. 
Samples from 97 to 112 were loaded on 1% agarose gel supplemented with 0,05μg/mL of 
Ethidium Bromide (EtBr) and visualized by UV exposure. The different migration pattern 
is indicative of the fragment insertion. 
 

Ninety-eight sequences were sequenced from the 12a pool and aptamers 
grouped in families based on their primary sequence similarity. Sequences 
were analysed for enrichment by alignment and dendrogram visualization 
(Fig.29). 
Six different groups of identical sequences (S-16/-8, -43/-100, -78/-47, -
49/-74, -31/-69, S-23/-24/-34/-51) were found, that together represented 
more than 14% of all individual sequences obtained. One group of them, 
containing S-51, is composed by four identical sequences. Moreover, the 
S-51 group is also a part of an interesting enriched family that shares 
sequence similarity and represents the 9% of all the sequences analysed.  
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Specifically, the family is composed by: 
 

1. a sub-group, containing S-51, composed by 4 sequences showing 100% of 

identity (S-23/-24/-34/-51); 

2. three sequences (S-35,-52,-129) presenting 2 or 3 mismatches among 

them;  

3. two sequences (S-22,-55) differing each other only for 2 nucleotides; 

 
Basing on these considerations, the six couples and the enriched family 
were considered for further analyses.  
 

 
 

 

Fig. 29: Specific cell-SELEX analysis of individual sequences similarity.   

Dendrogram (by using MUSCLE algorithm) for visual classification of similarity among 
98 individual sequences cloned after 3 rounds of selection on COS7-CAIX and COS7-
WT. Coloured boxes indicate the five couples of sequences; red box indicates the enriched 
family and the S-51 group that share sequence similarity. 
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4.5 Physiological cell-SELEX and Specific cell-SELEX:          analyses 

of the sequences obtained 
 
The most enriched family, obtained from Specific cell-SELEX, was 
analysed by CLUSTAL multiple alignment using 
MUltiple Sequence Comparison by Log- Expectation (MUSCLE) 
algorithm. It revealed 35% of identity among all the sequences of the 
enriched family. 
In particular, the analysis showed a conserved consensus region of five 
nucleotides and many other identical nucleotides in all the sequences 
(fig.30a).  
Additional analyses on the enriched family was done using the 
phylogenetic tree to analyse distance among the sequences (fig.30b) and 
Clustal 2.1 to evaluate the percent of identity (30c). 
The last analysis showed a percent of identity among each sequence from 
50-95%. 

 
 
 
Fig. 30: Analyses of the most enriched sequences. a) CLUSTAL multiple sequence 
alignment by MUSCLE algorithm 3.8; b) Comparison of nucleotide sequences by 
Phylogenetic tree c) percent of identity by Clustal 2.1 . 
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In addition since we performed two different approaches (Physiological 
cell-SELEX and Specific cell-SELEX), we compared both dendrograms to 
analyse the presence of common sequences.  
Although no identical  sequences were found, the analyses revealed that 
one of the 12 couples obtained from the Physiological cell-SELEX (MA-
39/76), maintains an identity of 27,5% with all the sequences of the most 
enriched family from Specific cell-SELEX.  
Moreover, MA-39/76 shows the same consensus region of five nucleotides 
found in the enriched family (Fig.31a) and other common nucleotides 
along the sequence. The percent of identity of MA-39/76 with each 
individual sequence of the enriched family is around 44%-56% (Fig.31c). 
 
Taken together, these data support the importance to test all these 
sequences.  

  
 
 

Fig. 31: Analyses of the MA-39/76 sequence compared to enriched family. a) 
CLUSTAL multiple sequence alignment by MUSCLE algorithm 3.8; b) Phylogenetic 
tree; c) Percent of identity achieved using Clustal 2.1. 
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4.6 Selection of the best aptamers for CA-IX 
 

     4.6.1 Binding of the enriched family 

 
The binding capability of the enriched family was evaluated using one 
sequence of each group (S-35, -51, -55, -129 and MA-39).  
The assay was performed comparing the sequences binding capability on 
COS7-CAIX over COS7-WT. 
The COS7 cells were seeded and transfected with human CA-IX cDNA. 
After 24 hours, RNA sequences were incubated at 100nM for 15 minutes 
at 37°C, after pre-treatment with yeast tRNA at 200µg/mL and acid 
microenvironment induction with MES buffer (60mM). Samples were 
analysed by RT-qPCR to quantify the amount of bound aptamers. As 
shown in figure 32, S-51 and MA-39 sequences showed the best fold 
change over COS7-WT, whereas S-35 and S-55 were not able to 
discriminate between COS7-CAIX and COS7-WT. 

 
 
Fig. 32: RT-qPCR binding assay with sequences of the enriched family (S-35, -51, -

55, -129 and MA-39) on COS7-CAIX cells. The binding assay, performed on COS7-
CAIX cells (as positive cells) and COS7-WT (as negative cells), was analysed by RT-
qPCR. In the graphic are indicate the fold change calculated over COS7 WT, arbitrarily 
equal to "1". The deviation standard was calculated on the RT-qPCR technical duplicates. 

 

All these sequences were also tested on CoCl2-induced MDA-MB-231 
cells. Normoxic MDA-MB-231 were used as negative control (Fig.33). 
As shown, the S-51 sequence was able to better discriminate between two 
different MDA-MB-231 phenotype.  
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Taken together, these results indicate that S-51 showed the best binding 
capability on all the CA-IX expressing cell lines tested. 
 
 

 
 

 

Fig. 33: RT-qPCR binding assay with sequences of the enriched family (S-35, -51, -

55, -129 and MA-39) on hypoxic MDA-MB-231 cells. The binding assay, performed on 
MDA-MB-231cells in hypoxic condition (as positive cells) and MDA-MB-231cells in 
normoxic condition (as negative cells), was analysed by RT-qPCR. In the graphic are 
indicate the fold change calculated over MDA-MB-231cells in normoxic condition, 
arbitrarily equal to "1". The deviation standard was calculated on the RT-qPCR technical 
duplicates. 
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4.6.2 Binding of the enriched sequences  
 
In addition to S-51 aptamer, the five couples found in the Specific cell-
SELEX were analysed by RT-qPCR to evaluate the binding capability (S-
16,-43,-47,-49,-69). COS7-WT and COS7-CAIX were used for the binding 
assay as reported above. Results were expressed as fold of binding of 
COS7-CAIX over COS7-WT. Among the sequences, the S-47, S-49, 
together with S-51, showed the best capability to bind COS7-CAIX 
(Fig.34), but S-49 was discarded because it showed the higher background 
on COS7-WT (not shown).  
 

 
 
Fig.34: RT-qPCR binding assay for enriched sequences selected. The binding assay, 
performed on COS7-CAIX cells (as positive cells) and COS7-WT (as negative cells), was 
analysed by RT-qPCR. In the graphic are indicate the fold change calculated over COS7 
WT, arbitrarily equal to "1". The deviation standard was calculated on the experimental 
duplicates. 
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4.7 Shortening of the best sequences 
 

In order to obtain shorter sequences useful for imaging and therapeutic 

applications, using a rational approach based on their predicted secondary 

structure (by RNAfold), two truncated versions for each 84mer original 

aptamer were designed. Sequences were shortened isolating the region 

more structured (characterized by stems, loops, bulges and hairpins) 

possibly including the degenerate portion of the starting library and taking 

in consideration that the folding of the short versions was maintained. 

The folding of the S-47 sequence exhibits two structured hairpins 

(Fig.35a). Thus, each hairpin was selected obtaining two short sequences, 

named S-47s1 and S-47s2 respectively of 25- and 34-mer, (Fig.35 b,c).  

 

 

 

   
Fig. 35: Predicted secondary structure of S-47 selected aptamer anti-CA-IX and 

relative shortened versions by RNAfold program. a) S-47 long sequence and b,c) its 
shortened versions S-47s1 and S-47s2. The sequence colour is representative of positional 
entropy. 
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The S-51 sequence shows one hairpin. Thus, the sequence was cut 
obtaining two short sequences of different length, named S-51s1 and S-
51s2 respectively of 24- and 52-mer (Fig.36).  
  

 

 

Fig. 36: Predicted secondary structure of S-51 selected aptamers anti-CA-IX and 

relative shortened versions by RNAfold program. S-51 long sequence and its shortened 
versions S-51s1 and S-51s2 secondary structures with lower free energy. The sequence 
colour is representative of positional entropy. 
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4.8 Binding of short sequences on CA-IX positive cells and on 

purified protein 
 
To test the short aptamers binding capability the RT-qPCR binding assays 
were performed in duplicates maintaining the conditions used for the long 
aptamers screening. 
A ratio was calculated comparing binding values of COS7-CAIX over 
COS7-WT. 
As shown in the figure 37, in both two experiments performed the results 
showed a good discriminating ability of S-47s1 and S-51s1 compared to 
the other two short sequences designed (Fig.37).  
 
 

 
 

Fig. 37: RT-qPCR binding assay for four short sequences selected by SELEX anti-

CA-IX. The binding assay, performed on COS7-CAIX cells (as positive cells) and COS7-
WT (as negative cells), was analysed by RT-qPCR. In the graphic are indicate the fold 
change calculated over COS7 WT, arbitrarily equal to "1". The deviation standard was 
calculated on the experimental duplicates. 
 

 

The best two aptamers (S-47s1 and S-51s1) were also tested on human 
CA-IX purified protein by ELONA assay to confirm definitively CA-IX 
as specific target. 
The  biotinylated S-47s1 and S-51s1 were incubated at 200nM 
concentrations on 96 well microtiter high binding plates previously coated 
or not-coated (blank) with 50nM of CA-IX.  
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As positive control was used a biotinylated polyclonal antibody anti CA-
IX (1:1000). 
As shown in figure 38, both the aptamers S-47s1 and S-51s1 bind to CA-
IX human protein. 
 

 
Fig.38: Binding evaluation for CA-IX of S-47s1 and S-51s1 aptamers. S-47s1 and S-
51s1 200nM were incubated on CA-IX 50nM. Biotinylated polyclonal antibody anti-
CA-IX (1:1000) was used as positive control. 
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4.9 Human serum stability of S-47s1 and S-51s1 aptamers  
 

The stability in human serum was performed in triplicate using the best 
two aptamers selected, S-47s1 and S-51s1.  
All the RNA aptamers tested are modified with 2-F-Py, in order to improve 
the nucleases resistance. 
In order to analyse the half-life, 8 pmols of both of them were incubated at 
37°C in human serum (87%) for different times (0, 1, 2, 4, 8, 12, 24, 48, 72 
hours). 
The samples were recovered at each time, loaded on 15% 
polyacrylamide/urea 7M denaturing gel and visualized at UV after 
ethidium bromide staining. 
The result showed that S-47s1 and S-51s1 aptamer are extremely stable 
more than 72 hours (Fig.39). 
 

 
 
Fig.39: Human serum stability of S-47s1 and S-51s1 aptamers. Samples from T0 to 72 
hour were loaded on 15% gel polyacrylamide/urea 7M denaturing gel and visualized at 
UV after Ethidium bromide staining. The first sample (S-47s1, S-51s1) for both gels 
indicates the sequence not treated with human serum to assess the right weight of the 
samples. 
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4.10 Kd Evaluation for HSA of S-47s1 and S-51s1 aptamers 
 

In order to use the aptamer selected for in vivo purposes it is essential 
evaluate the albumin binding because the albumin is the most enriched 
protein in human plasm and could bind nucleic acids due to its charge. 
For this reason, an ELONA assay using biotinylated S-47s1 and S-51s1 
was performed to evaluate the binding to human serum albumin protein 
(HSA). The  biotinylated sequences were incubated at increasing 
concentrations (1-10-100-1000nM) on 96 well microtiter high binding 
plates previously coated or not-coated (blank) with 25nM of HSA.  
No binding was possible to calculate, indicating that S-47s1 and S-51s1 do 
not react with HSA up to 1000nM (Fig.40).  
As positive control was used a biotinylated polyclonal antibody anti HSA 
(1:1000). 
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Fig.40: Kd evaluation for HSA of S-47s1 and S-51s1 aptamers. S-47s1 and S-51s1 10, 
100, 1000nM were incubated on HSA 25nM. Biotinylated polyclonal antibody anti-HSA 
(1:1000) was used as positive control. 
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5. DISCUSSION 

 
Hypoxia is a biological state of several types of solid tumours considered 
to be a negative prognostic factor in cancer, due to its association with an 
aggressive tumour phenotype and responsible for therapeutic resistance 
[109]. 
The hypoxia is involved in deregulation of cell cycle, reduction of 
apoptosis, shift in the metabolic pathway and resistance to treatments. 
In order to detect tumour hypoxic sites different approaches, such as MRI 
methods, different nuclear medicine or PET analysis, have been explored 
[110]. However, there is not yet realized accurate and reproducible 
targeting agent able to selectively  detect and/or inhibit the cancer cells 
survival in the hypoxic tumor regions. 
From a biological point of view, the hypoxia is regulated by transcription 
factor HIF-1/2. It binds HRE regions and promotes the expression of 
several target genes [111,112]. Among the target genes, CA-IX is an 
emerging key biomarker. CA-IX belongs to carbonic anhydrases, a class 
of metalloenzymes able to catalyse the hydration of carbon dioxide to 
bicarbonate and protons. In particular, CA-IX and CA-XII, reducing the 
extracellular pH, promote the cancer progression [113, 114].  
Thanks to its poorly expression in normal tissues, CA-IX is emerging as 
highly promising hypoxic target biomarker induced in the hypoxic 
regions of most tumours. 
Until now, many classes of CAIX targeted therapeutic agents including 
small chemical compounds (inorganic anions, sulfonamide based 
compounds, phenols and coumarins [115] monoclonal antibodies (G250 
[116], M75 [117] and mini-antibodies (A3 and CC7 [118]) have been 
described. 
Despite some of them are promising agents, concerns remain about off-
target toxicities due to interactions with intracellular CAs, and other 
extracellular CAs such as CAXII, which is also expressed in normal 
tissues. 
To overcome the current limits, here we validated innovative strategy able 
to target a hypoxic marker CA-IX, using aptamers. Aptamers have 
become a new class of ligands for both therapeutic and diagnostic 
strategies. They are short oligonucleotides that can bind with high 
specificity to their target. Their advantages are easy production, low 
molecular weight, no immunogenicity and high specificity. 
So far, nucleic acid molecules targeting HIF-1 have been conjugated to 
D-Fe3O4@PMn nanoparticles in order to detect hypoxia regions [119]. 
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Despite promising, the limit of this approach is the unclear mechanism for 
the nanoparticles uptake.  
The possibility to isolate aptamers able to target the hypoxic biomarker 
CA-IX can greatly improve aptamer-based strategies developed until now 
to detect hypoxia state. Being CA-IX an extracellular marker, it is an 
optimal target to develop tools allowing a direct detection without the 
need of sophisticated conjugation strategies. 
Here we adopted a new SELEX protocol to generate high affinity aptamer 
ligands to target CA-IX-expressing cells. The use of living cells as targets 
for aptamer selection with high affinity (Kd= nM range) has been already 
applied to a wide range of systems [120]. It has been demonstrated the 
use of transfected cells to obtain aptamers for a specific target [121] and 
the possibility to select aptamers able to distinguish between closely 
related tumour cell phenotypes without a prior knowledge of the targeted 
epitopes [70].  
In order to preserve as much as possible CAIX physiological context, 
reducing the possibility that the selected aptamer might not recognize the 
target in vivo, we designed an innovative cell-SELEX approach that 
combines two protocols. 
The first goal was to preserve the functional conformation of CA-IX, 
thus, we started the selection plan by using a cell system in which CA-IX 
expression is inducible by mimicking hypoxic growth conditions.  This 
protocol (named Physiological cell-SELEX) exploits the use of CoCl2 that 
stabilizes the transcription factor HIF-1 and consequently promotes the 
expression of several target genes, including CAIX. 
A triple negative breast cancer-derived cell line, MDA-MB-231, was used 
as target cells because they were already characterized in hypoxic 
condition for the induction of carbonic anhydrases expression. The MDA-
MB-231 cells, under hypoxic condition, are positive for CA-IX but 
negative for CA-XII, avoiding the undesired selection of aptamers against 
CA-XII, another carbonic anhydrase isoform commonly expressed in 
cancer. At each cycle of Physiological cell-SELEX, the selection on 
hypoxic MDA-MB-231 was preceded by a counter-selection step on 
normoxic MDA-MB-231 depriving the pool of aptamers targeting 
proteins also expressed in normoxia. As starting library, we used a library 
of 2’F-Py RNAs because of their increased resistance to serum nucleases 
degradation. 
This selection approach represents the first example of Physiological cell-
SELEX to select aptamers for HIF-1 target genes including CA-IX. 
Although the protocol adopted would enrich for aptamers that recognize 
the physiological conformation of CA-IX, it would also enrich for 
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molecules able to discriminate between two different phenotype 
(normoxic versus hypoxic) binding other hypoxic-specific biomarkers. 
Therefore, by using the “Physiological-cell SELEX” we expect to 
generate aptamers for a set of targets, including but not limited to CA-IX.  
In order to increase the selectivity for CA-IX, the Physiological cell-
SELEX was combined to a second cell-SELEX protocol (called Specific 
cell-Selex) aimed to isolate among the pool enriched for hypoxic protein, 
those aptamers specific for CA-IX.  
To this end, the pool coming from the 9th cycle was subjected to three 
additional cycles on COS7 cell line transfected with an expression 
plasmid for the human CA-IX. To increase the selection pressure for CA-
IX protein, the COS7 wild type cells were used as counter-selection step 
before each selection step.  
At the same time, three extra cycles of Physiological cell-SELEX were 
made with two purposes: (i) to compare the results obtained from both 
cell-SELEX protocol; (ii) to have an enriched pool for every hypoxic 
target as a tool exploitable for future purposes. Finally, the last cycle of 
both cell-SELEX protocols (12 and 12a) was cloned and sequenced. 
Notably, among all the sequences tested, we identified two sequences (S-
47 and S-51 aptamers) that effectively discriminated between CA-IX 
expressing and CA-IX negative cells.  
In order to have an aptamer useful for in vivo purposes the aptamers must 
show an easy and cost effective production by chemical synthesis that 
also allows to make several type of modifications, such as the adding of 
the polyethylene glycol (PEG) or cholesterol tail, to improve the 
bioavailability. 
Since long RNA sequences (> 60-70 nt) remain difficult to synthesize and 
have high costs of manufacturing, the   
Selected sequences were further optimized by reducing their length to 
minimal functional sequences.  
To this aim, from the original molecules of 84mer, S-47 and S-51 
aptamers were truncated, using a rational approach based on their 
predicted secondary structure (by RNAfold), in two smaller sequences. 
All the short aptamers (47-1s, 47-2s, 51-1s, 51-2s), were tested to confirm 
their binding to CA-IX-expressing cells leading to identify two short 
aptamer candidates, 47-1s and 51-1s, able to selectively bind the CA-IX 
positive cells. 
The ability of these short aptamers to bind CA-IX was further 
investigated by ELONA assay confirming a good binding on CA-IX 
purified protein. 
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Moreover, in order to develop innovative tools for diagnosis and therapy 

the molecules selected must show (i) good stability in human serum to 

effectively reach the tumour; (ii) no binding to human albumin protein 

that, being the most abundant human protein in the blood, may hinder the 

achievement of tumour tissue. 

Interestingly, the short candidate aptamers, 47-1s and 51-1s, resulted 

stable in 87% human serum more than 72 hours suggesting that the 

modifications used (2’F-Py) allows gaining a very impressive stability. In 

addition, no binding in the nanomolar range to human serum albumin was 

detected.  
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6. CONCLUSIONS 

 

In conclusion, this study has identified new possible tools that are able to 
discriminate between CA-IX positive cells and CA-IX negative cells.  
Considering that the hypoxia phenotype and CA-IX expressing cells are 
involved in chemotherapy resistance and poor prognosis, the aptamers 
identified in this study could have an important role in detecting only the 
hypoxic cells and acid microenvironment. 
The study provide a new Selection strategy to successfully isolate 
aptamers with a very high specificity under physiological condition for in 

vivo applicability.  
Although more studies are needed to better understand the usefulness of 
the selected molecules, taken together, our findings represent an initial 
development of novel aptamer-based tools for CA-IX detection.  
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