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Introduction
Cancer is one of leading cause of death around the world and 

accounts for around 13% of world wide deaths according to the World 
Health Organization (WHO) [1]. Cancer is a general term describing 
a large number of disorders that can affect various tissues and organs 
within the body. One main feature common to all cancers is the 
continuous and uncontrolled proliferation of cells which usually spread 
and invade neighboring or even distant tissues in a process known as 
metastasis. Most current treatment regimens aim at restraining this 
proliferation and metastasis of such cells. However, most of these 
regimens encounter some poorly understood clinical events, including 
drug resistance, minimal residual disease, and tumor relapse [2]. One 
of the main hypotheses that attempt to explain such events states that 
malignancies depend on a small population of stem-like cells for tumor 
initiation and proliferation, where these cells, which are more resistant 
to therapeutic drugs, constitute the main driving force for cancer 
maintenance [3]. These cells were therefore given the name "cancer 
stem cells" (CSCs). 

As more evidence supports the CSC hypothesis, better 
characterization and targeting of such cells could have major impacts 
on the ongoing battle against cancer [4]. The "blind" chemotherapy 
treatment for cancer patients with its poor outcome and unbearable 
side effects will become something of the past once the new generation 
of "smart" targeted drugs becomes available. Such drugs are usually 
led to their target cells by antibodies, but recently, a new rival for 
antibodies is emerging under the name of aptamers. These are single 
stranded nucleic acid ligands with highly complex three-dimensional 
structures and recognition properties capable of binding tightly 
and specifically to targets ranging from small molecules to complex 
multimeric structures. Several aptamers were evolved to target cell 
specific biomarkers including those on the surface of tumor cells 
[5-7]. Such aptamers have been used for targeted delivery of diverse 
cargos including chemotherapeutic agents, nanoparticles, and drug-

encapsulated liposomes. The mechanism of delivery is based on the 
specific interaction between the aptamer and its membrane receptor, 
which enhances the internalization and accumulation of therapeutic 
agents inside the target cells. Such delivery would increase drug potency 
and limit unwanted toxic side effects [8]. 

The Concept of Cancer Stem Cells
Within the context of the evolving hypothesis of CSCs, scientists 

are stressing the fact the tumor mass is made up of a heterogeneous 
group of cells. These include, rapidly proliferating cells in addition 
to post-mitotic differentiated cells, as well as a smaller number of 
stem cells capable of long term self-renewal. Scientists are carefully 
differentiating between two key types of tumor cells; the cell-of-origin 
and the CSC. The cell of origin mostly refers to the cell that received the 
first genetic alterations in the transformation process, thereby referred 
to as the tumor initiating cell, while the CSC is the cell that holds the 
ability to propagate the tumor. Indeed, there is a growing evidence of a 
phenotypic variation between the two cells. Such variation is in support 
of what has been largely observed with regards to the heterogeneity 
of the cellular composition of various tumors in terms of the genetic 
alterations involved, proliferation potential, cellular phenotypes and 
therapeutic response [4,9,10]. 

Abstract
The term Cancer Stem Cells (CSCs) has been coined to refer to a subpopulation of tumor cells that has the 

ability to self-renew and to generate the diverse cell pool of a given tumor. In the last decade CSCs have been 
receiving a lot of interest due to their cancer initiating and maintaining capabilities making them the real driving force 
within a malignant mass that pushes towards more aggressive proliferation and more resistance against anticancer 
drugs. These cells have been linked to different specific markers in an attempt to achieve efficient isolation and 
characterization. Such markers include CD44, EpCAM and CD133 among others. 

Aptamers are synthetic single stranded oligonucleotides selected from a huge pool of random sequences which 
can fold and bind to a wide range of targets with high affinity and specificity. They are not immunogenic or toxic and 
have good clearance rates, qualities that make aptamers a good rival to monoclonal antibodies in their diagnostic as 
well as therapeutic applications. 

This review explores the potential applications of aptamers selected to target the main markers of CSCs. Such 
applications include diagnostic assays and analytical platforms where such aptamers can be utilized to detect and 
characterize the behavior of these cells in addition to predicting and monitoring disease course and response to 
different treatment regimens. The potential therapeutic applications are also discussed in details, where such anti-
CSC aptamers can be used in a variety of formulations to efficiently target the initiating cores of tumors. 
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There are two main mechanisms that attempt to explain tumor 
development and heterogeneity. The first refers to a stochastic model 
where all cells within a tumor can contribute equally to the initiation and 
maintenance of the tumor mass. The second mechanism on the other 
hand, arranges cancer cells in a hierarchical model, where a subgroup 
of cells have similar qualities and duties to those of stem cells found 
in normal tissues, in being clonogenic and capable of continuously 
regenerating other tumor cells. These CSCs are supposed to be 
found in a special niche, and are behind the resistance to anti-cancer 
treatments, as well as being actively involved in metastasis [11]. The 
exact percentage of CSCs within various tumors is still undetermined, 
but there are many reports claiming that this percentage is under 1:1000 
[12-15]. However, some more recent reports suggest that the numbers 
of CSCs might be significantly higher [16,17].

Among the mounting body of evidence, supporting the CSC model 
is the long standing observation that cancer cells have a clearly variable 
potential to start new tumors. This is usually most clear upon injection 
of such cells into immunodeficient nude mice. Different cancer cell 
populations, grouped by their specific surface marker profiles, have 
wide differences in their abilities to form new tumor masses [18]. 
A good example here is the repeatedly successful xenograft tumor 
induction in mice when injecting colorectal cancer cells expressing the 
CD133 surface marker, a known CSC marker, as compared to CD133- 
cells which fail to form tumors. Bao and coworkers investigated the 
possible role of CSCs radio-resistance in glioma patients using short 
term cell cultures from primary glioma xenografts and primary patient 
glioblastoma specimens [19]. This study showed that the population of 
CSCs was enriched noticeably by irradiation and that those irradiated 
CSCs had survival advantages relative to non-CSCs. Moreover, the 
irradiated CSCs showed enrichment of CD133+ cells in comparison to 
parent cells [20]. 

It is needless to say that discovering cell surface markers 
differentially expressed on CSC will greatly boost our understanding 
of the behavior of these cells by being able to better isolate, enrich, and 
even target them. Several such markers have indeed been described 
including CD44, CD133 and EpCAM. However, it is worth mentioning 
here that questions are being continuously raised about the specificity 
of and the role of these described CSC markers in various tumors. 
For example, Shmelkov et al. demonstrated that both CD133+ and 

CD13- human metastatic colon cancer cells exhibit CSC properties 
and were able to initiate tumors thereby suggesting that CD133 could 
not differentiate between colon CSCs and differentiated metastatic 
colon cancer cells [21]. On the other hand, another study performed 
by Kemper and his colleagues, concluded that failure in detection of 
CD133 with differentiation of colon CSCs is not related to the loss in 
CD133 expression. Rather, post-translation modifications to the AC133 
epitope of CD133 lead to changes in glycosylation and conformational 
changes that mask AC133 epitope detection, which is associated with 
CSC differentiation [22]. Such uncertainty extends to other known CSC 
markers, which is why scientists believe that there remains a need to 
discover and characterize more CSC markers that are more exclusively 
expressed on such cells. 

CSC and drug resistance

Treatment of malignancies using conventional therapeutic regimens 
including chemotherapy and radiotherapy still fails to extirpate many 
tumors, a failure indicated usually by the relapse of tumors following 
initial remission. Cancer radio- or chemotherapies target mainly the 
highly proliferative cells and initially leads to reduction in the bulk of 
the tumor mass [23]. However, in many cancers, these therapies fail 
to prevent tumor relapse in the long-term. One explanation that is 
receiving wide acceptance for such recurrent relapse is the existence 
of CSCs, which are more resistant to the toxic effect of antitumor 
drugs. This explanation also reflects the inability of such conventional 
antitumor therapies to target CSCs [24,25] (Figure 1).

Many studies were conducted to investigate the mechanism of CSC 
resistance to conventional antitumor therapies. Radiation can cause 
damage to DNA of cancer cells resulting in induction of apoptosis 
pathways. However, CSCs were shown to be able to repair DNA 
damage more rapidly than the non-CSC populations through the 
activation of DNA damage checkpoints which require intact Chk1/2 
kinases to arrest cancer cells and then repair the damaged DNA 
[26,27]. Woodward and coworkers also showed the role of the Wnt/β-
catenin pathway in radio-resistance of CSCs of breast cancer cell lines 
by enhancing the self-renewal pathway and thus increasing survival 
[28,29]. Moreover, Todaro et al. suggested a role for interleukin-4 
receptor in the chemotherapeutic resistance of colon CSCs. They found 
that when the interleukin-4 receptors were blocked using antibodies, 

Figure 1: Schematic representation showing the effect of targeting different tumor cell populations. (A) When cancer cells are targeted by traditional 
cancer therapy bulk tumor cells will die while the more resistant cancer stem cells (CSCs) survive and eventually induce relapse. (B) Specifically 
targeting the tumor initiating CSCs will leave the bulk mass of tumor cells unable to proliferate efficiently and thus will die gradually. (C) Targeting all 
cancer cells including CSCs will result in rabid elimination of the tumor. Adopted from reference [20].
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CSCs became more sensitive to chemotherapy and sustained 
remission was observed [30].

CSCs were also shown to have increased capacity to express drug 
efflux pumps such as multidrug resistance transporter1 (MDR1) and 
breast cancer resistance protein (BCRP) and many studies have shown 
the ability of such pumps to remove chemotherapeutic agents out of 
the cells Interestingly. Studies have implicated CSCs in angiogenesis 
by expression of higher levels of vascular endothelial factor (VEGF) 
compared to the non-CSC population. One such study was performed 
on CSCs from glioma models, which demonstrated an over-expression 
of VEGF that was associated with more vesicular and hemorrhagic 
tumors [31,32].

The emergence of aptamers

Background: Aptamers are short single-stranded oligonucleotides 
of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) sequences 
that fold into unique secondary and tertiary structures which allow 
them to bind to target molecules with high affinity and selectivity. 

Specific aptamers are selected from large libraries of random sequences 
synthesized by combinatorial chemistry. The process by which they 
are selected is called SELEX (Systematic Evolution of Ligands by 
EXponential enrichment).

The very first chapters of the aptamer story were written around 
20 years ago, when two groups almost simultaneously put the building 
blocks of this new technology. In 1990, Szostak and Gold pioneered the 
in vitro evolutionary process which they termed SELEX for selection 
of RNA ligands that can bind the T4 DNA polymerase [33], while 
Ellington and Szostak developed a variety of short RNA ligands against 
some organic dyes. They gave these RNA ligands the name Aptamers, 
which they derived from the Latin word “aptus”– which means fitting 
and the Greak word “meros”, which means particle [34].

Since its first description, there have been many modifications and 
variations on the SELEX procedure. In its basic format, the procedure 
begins with synthesis of a nucleic acid library, followed by repetitive 
rounds of screening and selection of sequences that can bind the 

Figure 2: The SELEX process.
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desired target, after which the final group of selected aptamers is put 
through sequence analysis as well as structural studies of resulting 
aptamer-target complexes (Figure 2). The nucleic acid library could be 
a DNA or RNA library usually containing 1014-1015 different sequences. 
Each sequence usually contains 20-60 nucleotide-long random region 
flanked by two constant regions. These fixed regions are usually 
designed to include a promoter region, restriction sites for cloning, and 
primer sites for reverse transcription and PCR amplification [35].

A classical SELEX round starts by first allowing the pool of random 
sequences to fold under the required experimental conditions before 
incubating this pool with the target molecule. The target-bound 
aptamers are separated from the non-binders and are then PCR 
amplified. This results in a new smaller library with which the next 
round of selections begins. These steps are repeated several times to 
enrich populations of aptamers that have increasing target affinity and 
specificity. The rounds of enrichment and amplification are continued 
until the pool is saturated with much fewer species of dominating 
aptamers. The selected candidates are then cloned and characterized. 
In the case of RNA aptamers, there is one main extra step which 
includes in vitro transcription to produce the RNA library and reverse 
transcription before amplifying the selected sequences [36].

In recent years, many reports described a number of new SELEX 
variants to meet the ever expanding applications for aptamers and 
improve their qualities as well as reducing time and cost of production. 
Examples of these variants include counter SELEX, which utilizes 
analogues to the target to eliminate aptamers recognizing similar 
targets, and thus increase the selectivity of the obtained sequences [37]. 
Cell specific SELEX (CS-SELEX) is another important method used to 
discover new cell specific surface markers. This method is particularly 
useful for identification of cancer-specific markers, where the aptamer 
library is alternated between the cancer cell and its normal counterpart 

to select sequences capable of exclusively recognizing the abnormal 
cell [38]. More recently, there have been several modifications on the 
classical manual SELEX procedure towards more automation and 
utilization of modern technology [39]. 

Owing to their many useful characteristics, aptamers are being used 
in a wide variety of applications including diagnostics, purification 
processes, drug discovery, and therapeutics [40]. In diagnostics, 
aptamers were shown to fit in a variety of platforms where they can 
substitute for monoclonal antibodies. Moreover, aptamer-based assays 
have proven to be very sensitive reaching considerably low detection 
limits [41]. As aptamers are chemically synthesized, they can be easily 
modified at their 3' or 5' end with many useful functional groups or 
conjugates. Linking aptamers to molecules like biotin would allow their 
immobilization on a carrier surface where they function as capture 
ligands [42]. Recently, several bio-analytical methods have used 
nucleic acid probes to detect specific sequences of RNA or DNA targets 
through hybridization. These specific nucleic acids have been used 
in many analytical applications including affinity chromatography, 
capillary electrophoresis, mass spectrometry, biosensors, and Enzyme 
Linked Oligonucleotide Assay (ELONA) [43].

The use of aptamers in drug discovery holds great potential as 
they are particularly suited as artificial ligands for target validation 
applications in the context of high-throughput screening (HTS). Such 
an approach is especially useful when the natural ligand is not known 
or the exact structure is unavailable. In addition, such screening assays 
are useful when new motifs on a protein are being studied, looking for 
small-molecule drugs with potentially novel mechanisms of action [40]. 

In therapeutic applications, aptamer technology received a great 
confidence boost in 2004 with the first FDA approval of a therapeutic 
aptamer called Macugen (pegaptamib) by Pfizer and Eyetech, which is 

Aptamers
Advantages Disadvantages

• Selection performed in vitro and the conditions can be easily controlled to meet the 
perspective applications

• Sensitivity to degradation by nucleases that require extra chemical modifications 
to the oligonucleotide

• Wide range of targets, starting from ions to whole living cells • Rapid circulation clearance that require conjugation with other molecules such as 
PEG to decrease clearance rate.

• High binding affinity of (pecomolar to nanomolar concentrations)
• High specificity
• Chemically synthesized and easy to reproduce
• Renature easily after denaturation 
• Long shelf life
• Easy to conjugate with nanopartecles and active motifs with known aptamer 
orientation
• Can be expressed intracellularly as intramers
• Low toxicity and immunogenicity
• Relative low cost of production
• Small compared to antibodies
• Availability  of antidots

Antibodies
Advantages Disadvantages

• High binding affinity • Immunogenic
• High binding specificity • Made in vivo, thus limit the control over production
• Production technology and applications are established in research and clinically • Produced only against immunogenic molecules, which limits the range of targets
• Low clearance rate from the body • Denaturation is irreversible.

• Short half life.
• Sensitive to conditions such as temperature and pH
• High cost of production

Table 1: Summary comparison of the advantages and the disadvantages of aptamers and antibodies.
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an anti-VEGF aptamer used to treat age-related macular degeneration 
of the eye. For their clinical use, scientists had to modify aptamers in 
many ways to overcome a number of obstacles. One of these obstacles 
is that aptamers, especially RNA aptamers, are susceptible to nuclease 
degradation. However, the stability of RNA aptamers in vivo can be 
easily enhanced by simple chemical modifications including 2'-fluoro 
pyrimidine, 2'-O-methyl nucleotides and 3' end cap modifications 
[44]. Other modifications on aptamers have been used to slow down 
the rapid renal clearance of such small (5–25 kDa) and highly water 
soluble molecules. Such enhancement of bioavailability has been 
achieved by linkage with cholesterol or polyethylene glycol as anchor 
groups [45]. Aptamers developed as therapeutics have a wide range of 
actions including anti-infectives, anti-coagulants, anti-inflammatory, 
anti-angiogenesis, anti-proliferative, and immune modulators [46,47].

Aptamers versus monoclonal antibodies: Although different in 
chemistry, structure, production method and other aspects, the nearest 
class of molecules that have comparable functional properties and 
similar diagnostic and therapeutic applications would be monoclonal 
antibodies. Aptamers have been shown to bind their targets with high 
affinities with Kds in the picomolar to nanomolar range, and with very 
high specificity enabling them to distinguish between very closely related 
targets. For example, anti-L-selectin aptamers are 8,000-15,000 fold and 
200-500 fold more specific to their target as opposed to P-selectin and 
E-selectin, respectively [48]. Moreover, researchers involved in aptamer 
technology always like to emphasize some advantages that aptamers 
have over monoclonal antibodies. For example, unlike antibodies 
which are usually produced by the complex and labor intensive 
Hybridoma technique which involves extensive tissue culture work 
and the immunization of a mammalian host, aptamers are produced by 
SELEX which is a relatively simple in vitro chemical method. In SELEX, 
conditions like pH, ionic strength, temperature and the process of 
selection can be easily controlled to achieve efficient selection. This also 
means that aptamers can be developed not just against immunogenic 
proteins, but also against a wide range of target molecules including 
drugs and other small molecules, and even against whole cells [41].

One clear advantage, aptamers have as therapeutic agents, is that they 
are largely non-immunogenic as studies on humans and mammalians 
showed no antigenic response. In addition, aptamers have also been 
shown to exhibit no or little toxicity. The best data in this regard comes 
from work on the FDA approved therapeutic aptamer Macugen, which 
has been used safely for years [49-51]. Nevertheless, a recent study 
showed that ssDNA aptamers might provoke an immune response 
after systemic administration into fresh human blood. Therefore, 
preclinical experiments to investigate such immune responses against 
each therapeutic aptamer are highly recommended [52]. However, and 
even in the unlikely event of aptamer induced adverse pharmacological 
reactions, such reactions can be easily controlled by an antidote which 
can simply be another single stranded oligonucleotide that has the 
antisense base sequence. The Watson-Crick base pairing between the 
aptamer and the antidote would alter the shape of aptamer and thus 
inhibit the binding of the aptamer to its target [45] (Table 1).

Aptamers for targeted drug delivery: Several nucleic acid aptamers 
were evolved to target cell specific biomarkers including those on the 
surface of tumor cells. Such aptamers have been used for targeted 
delivery of diverse molecules including chemotherapeutic agents, 
nanoparticles, drug-encapsulated liposomes, small interfering RNA 
(siRNA), toxins, and radioactive materials [53-58]. The mechanism of 
delivery is based on the specific interaction between the aptamer and its 
cellular membrane receptor or antigen, which might then enhance the 

internalization and accumulation of therapeutic agents into the targeted 
cells. Such controlled delivery will thereby result in increasing drug 
potency and efficacy as well as decrease unwanted toxic side effects. 

One representative example was reported by Lupold et al. who 
isolated modified 2`-fluoro-RNA aptamers against the prostate specific 
membrane antigen (PSMA) which is highly expressed on human 
prostate cancer cells [59]. Using these aptamers, many other studies 
have successfully attempted to conjugate these aptamers with various 
active motifs and nanocarrier systems to mediate cell specific targeted 
delivery for therapeutic and imaging purposes of PSMA positive cells. 
These conjugates include nanoparticles, small interfering RNA (siRNA) 
and antitumor drugs. As for nanoparticles, Farokhzad et al. developed 
Docetaxel encapsulated nanoparticles functionalized with a specific 
aptamer (A10) to target PSMA expressing cells (denominated Dtxl-
NP-Apt) [60]. The nanoparticle was formulated with Poly (lactic-co-
glycolicacid) (PLGA) co-polymered with Poly ethylene glycol (PEG). 
PLGA is considered as one of the most successful biodegradable 
and biocompatible polymer used to formulate nanoparticles and is 
approved by the US Food and Drug Administration (FDA) and the 
European Medical Agency (EMA) for many drug delivery systems in 
humans [61]. Moreover, the addition of polyethylene glycol on the 
surface of nanoparticles was used to improve the pharmacokinetics of 
the involved therapeutics by increasing the circulation half-life of these 
nanoparticles [62]. The results of this study demonstrated the ability of 
the Dtxl-NP-Apt bioconjugate to enhance in vitro cellular cytotoxicity 
to LNCaP PSMA expressing cells and increase tumor reduction in 
LNCaP xenograft nude mice, as compared to the therapeutic potency 
of Dtxl-NP or Dtxl alone [60]. 

siRNA is considered a promising and attractive therapeutic molecule 
that is able to specifically knockdown and silence gene expression via 
RNA interference. siRNA advantages include specificity of targeting, 
low immunogenicity, and simplicity of design [63]. However, cells are 
unable to efficiently take up siRNA and it requires a delivery vehicle 
for it to reach its intracellular targets [64]. To overcome this problem, 
aptamers have been successfully used to increase the internalization 
of siRNA by a receptor-mediated mechanism. McNammara et al. 
developed an aptamer-siRNA chimeric RNA molecule by covalent 
conjugation of the anti PSMA aptamer (A10) with siRNA molecules 
that target the two tumor survival genes, Polo-Like Kinase 1 (Plk1) 
and BCL2 [65]. The results of this study showed the ability of the A10-
siRNA chimera to bind specifically to LNCaP cells (PSMA positive) 
while failing to bind PC-3 cells (PSMA negative). Moreover, silencing 
of targeted genes (Plk1 and BCL2) was shown to be specific and 
comparable with the binding/uptake of A10-siRNA chimera to the level 
of PSMA expression on LNCaP cells. The efficacy of the A10-siRNA 
chimeras in tumor reduction was tested by intratumoral injection these 
chimeras into xenografted tumor models of prostate cancer. A marked 
regression in the tumor volume was observed in PSMA-positive tumors 
while treating PSMA-negative control tumors with the same A10-siRNA 
chimeras showed an increase in tumor volume thereby indicating the 
specificity and therapeutic potency of the A10-siRNA chimeras in in-
vivo models [65]. In another study, a second generation of the A10-
siRNA chimera (A10-Plk1) was developed to be more cost effective 
and easier to synthesize. The 79 nucleotides full length A10 aptamer 
was truncated into a 39 nucleotides length aptamer (A10-3.2 aptamer) 
without significant change in the binding affinity and specificity to 
PSMA on target cells. This and other modifications performed on the 
aptamer-siRNA chimera enhanced the silencing activity and specificity 
of siRNA inside the cells. Moreover, 20 KD PEG was conjugated to 5’ 
terminal of RNA chimera to increase the circulating half-life. The end 
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results of this study showed that the second generation of A10-3.2-
siRNA-PEG chimera was more optimal for systemic administration 
rather than intratumoral injections and has a greater gene silencing 
capability in vivo [66].

Combinations of two or more therapies that hold additive or 
synergistic effect are common in cancer treatment to overcome the 
development of drug resistant and decrease therapeutic doses thereby 
decreasing undesirable side effects [67]. Kim et al. investigated the 
synergistic effect of short hairpin RNA against the Bcl-Xl anti apoptotic 
protein and Doxorubicin, the anti-cancer chemotherapy drug, using 
the anti-PSMA aptamer (A10) conjugated to polyplexes composed of 
polyethyleneimine (PEI) grafted to polyethylene glycol (PEG) to form 
the nanoplatform shRNA/PEI-PEG-APT/DOX. The anti-cancer effect 
of this nanoplatform was evaluated on LNCaP cell line and PC-3 cell 
line and the cellular viability results showed high specific inhibition of 
shRNA/PEI-PEG-APT/DOX to PSMA expressing cells compared to 
the mixture of Doxorubicin and shRNA alone indicated by a 17-fold 
decrease in the IC50 value of shRNA/PEI-PEG-APT/DOX compared to 
the IC50 values for the Doxorubicin and shRNA mixture [68].

Another interesting example is the development of the DNA 
aptamer (AS1411) that recognizes and binds with high affinity and 
specificity to nucleolin (NCL). This AS1411 aptamer was shown to be 
able to cross the cell membrane via NCL-mediated internalization [69]. 
NCL is a multifunctional protein involved in many cellular pathways 
including DNA metabolism and RNA regulatory mechanisms. NCL has 
been linked to many pathological abnormalities including cancer and 
viral infection [70]. Therefore, the AS1411 aptamer could be useful in 
targeting cancer cells that over-express NCL. Indeed, in 2009, Cao et al. 
developed an AS1411aptamer functionalized liposome with Cisplatin 
encapsulated inside for cancer-cell-specific targeting. Cisplatin is one 
of the most potent anticancer chemotherapies that work by inducing 
DNA damage. However, Cisplatin lacks specificity and can cause severe 
and widespread side effects on normal cells [71]. The cytotoxic effect of 
the aptamer-liposome-cisplatin complexes were evaluated using MCF-
7 (NCL positive) and LNCaP (NCL negative) cell lines and the results 
showed a greater damage to MCF-7 cells compared to LNCaP cells. 
The cytotoxic effect of cisplatin on MCF-7 and LNCaP was reported 
to have IC50 values of 28 µM and 5.95 µM, respectively. The AS1411 
anti-NCL aptamer was first tagged with a cholesterol moiety and then 
inserted into the hydrophobic lipid part of the liposome. Interestingly, 
in the same study, the authors described a complimentary DNA strand 
to AS1411 aptamer that works as an antidote and can reverse the action 
of aptamer-mediated targeted drug delivery [72].

In addition, several other cell-specific aptamers that were developed 
against tumor markers such as MUC-1, Protein Tyrosine Kinase 7 
(PTK7) and Epithelial Growth Factor Receptor (EGFR) among others 
clearly demonstrated the great potential for aptamer mediated delivery 
systems [8]. 

Aptamers for molecular recognition and biomarker discovery: 
Since the early development of the SELEX method, studies have been 
conducted to utilize aptamers in diagnostic applications owing to their 
promising properties as highly versatile molecular recognition agents. 
As mentioned earlier, and similar to monoclonal antibodies, aptamers 
can bind to their targets with high affinity and specificity enabling them 
to detect very low target concentrations and to discriminate between 
very closely related targets. For example, Jenison et al. selected an 
anti-theophylline aptamer that was 10,000 fold more likely to bind 
theophylline as opposed to caffeine, two structurally similar molecules 
which differ by only a single methyl group [37]. In another example, 

Geiger et al. described a binding affinity of an anti-L-argenin RNA 
aptamer that was 12,000 times stronger than that for its binding to 
D-argenin [73]. Moreover, Jeong et al. identified an RNA aptamer that 
binds around 50 fold better to mutant KRAS having a point mutation in 
codon 12 (KRASV12), compared to the wild type KRAS protein [74].

The SELEX methodology can be efficiently utilized for the selection 
of aptamers against a wide variety of targets making it a powerful tool 
for different biomedical applications. Selection of aptamers against 
characterized purified protein targets can be easily performed by simple 
conventional SELEX. However, the main limitation with such SELEX 
against pure targets is that the selected aptamers frequently fail to bind 
the protein target in its native cellular state [5]. One modification was 
suggested to solve this issue by developing a complex target selection 
method to select aptamers against proteins in a complex mixture of 
targets prepared from membrane preparations or whole living cells, 
thus enabling the aptamers to bind its target in their preferred native 
state. Moreover, one important advantage to this method is the ability 
to select aptamers against unknown targets without detailed previous 
knowledge and characterization of the target, which makes it possible 
to discover and identify cell specific markers on diseased cells such as 
cancer cells and viral infected cells [5,7]. 

Cell-SELEX is a variant procedure used to select aptamers against 
targets on living cells including parasites, bacteria, viruses, stem cells, 
and tumor cells. Shangguan et al. developed a cell-based aptamer 
selection strategy to select ssDNA aptamers that bind molecular 
signatures on tumor cell lines. Two selected hematopoietic cancer cell 
lines were used as a model, the T cell acute lymphoblastic leukemia 
(ALL) cell line CCRF-CEM was the target cell line and the Burkitt’s 
lymphoma Ramos cell line, was used for counter selection to remove 
aptamers that bind to shared molecules on the surface of those 
closely related cell lines [75]. Following successful selection of specific 
aptamers, further investigation is usually performed using proteomics 
to characterize the marker that is uniquely expressed on the targeted 
cell line. One good example on the potency of this procedure is the 
tyrosine protein kinase-like 7 (PTK7) protein which was discovered 
and identified as a signature biomarker for T cell acute lymphoblastic 
leukemia making it a good candidate for specific targeting of these cells. 
Moreover, and in similar experiments using cell-SELEX, many other 
biomarkers were discovered including the glycoprotein Tenascin-C, 
which was discovered on the glioblastoma-derived cell line (U251), 
and the immunoglobulin μ heavy chain (IGHM) as a biomarker for 
Burkitt's lymphoma using Ramose cell lines [76,77].

Aptamers against specific CSC markers

Selection of aptamers against specific markers of CSCs provides a 
powerful tool for a myriad of applications that would help to better 
understand the biological behaviour of these cells. Such specific 
aptamers can be utilized in various assay platforms to isolate, enrich, 
and identify CSCs for analytical and diagnostic purposes in addition to 
the potential of being used in targeted drug delivery. The most crucial 
step towards the successful development of such applications is the 
characterization of specific markers for CSCs. Indeed, in recent years, 
and with the identification of such markers, reports started to emerge 
describing the selection of CSC specific aptamers. Following is a brief 
description of the available related literature.

Aptamers against epithelial cell adhesion molecule (EpCAM): 
The epithelial cell adhesion molecule (EpCAM; CD326) is a 
transmembrane glycoprotein originally discovered on colon carcinomas 
[78]. EpCAM has been described as a CSC marker of mammary, 
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colorectal and pancreatic cancers [79]. EpCAM is also known to be a 
tumor associated antigen because of its frequent discovery in a wide 
variety of carcinomas [80]. Currently, the overexpression of EpCAM 
on most carcinoma types is used as a diagnostic marker with some 
prognostic value and as a target in antibody based clinical trials [81]. 
EpCAM is widely distributed in normal human epithelial tissues but 
is typically overexpressed in a variety of carcinomas including most 
human adenocarcinomas as well as squamous cell carcinomas. In the 
case of breast and ovarian cancers, EpCAM mRNA was found to be 
more than 100-fold overexpressed relative to normal epithelial tissues. 
Its overexpression usually correlates with a decrease in survival in 
breast and ovarian cancers [82,83]. 

Several clinical trials were performed to target EpCAM expressing 
tumor cells with monoclonal antibodies. Such trials showed 
inconsistent results, which was related in part to the large size, affinity, 
and high immunogenicity of antibodies [80,84]. Therefore, selection 
of small aptamers that can target EpCAM could be a good alternative 
for these antibodies. Shigdar et al. isolated modified RNA aptamers 
that can bind to EpCAM from a random oligonucleotide library. 
The highest affinity selected EpCAM aptamer did bind to EpCAM 
positive gastric carcinoma cells Kato III with a Kd of 211 ± 36.2 nM. 
The full length EpCAM aptamer (73 nt long) was further truncated 
into smaller oligos by performing two rounds of truncation. The 
first truncation ended with the EpDT1 aptamer (43 nt long) and the 
second round ended with the EpDT3 aptamer (19 nt long), the Kds 
of truncated aptamers were 85.7 ± 24 and 12.0 ± 6.5 nM (using Kato 
II cells), respectively. Interestingly, the apparent Kd increased from 12 
nM to 54.5 nM when EpDT3 was labeled with the DY647 fluorophore. 
This EpDT3- DY647 labeled aptamer was incubated with a number of 
human cancer cells derived from breast, colorectal, and gastric cancers 
that express EpCAM, and the fluorescent intensity from each cell line 
was analyzed using flow cytometry. The results corresponded well with 
the known EpCAM expression levels for each of the representative 
cell lines. Moreover, confocal microscopic analysis showed EpDT3- 
DY647 to be internalized after binding through receptor mediated 
endocytosis [85]. This study describes the first selection of modified 
RNA aptamers that can specifically bind the EpCAM CSC marker and 
successfully induce internalization by endocytosis. This should prompt 
further investigation of the potency of the selected aptamer using in 
vivo models, and probably the conjugation of this aptamer to drug 
nanocarriers or imaging systems for various clinical purposes. 

Aptamers against the HA domain of CD44: CD44 comprises 
a family of glycoproteins encoded by a single gene [86], which vary 
in size due to N- and O-glycosylation and insertion of alternatively 
spliced variable exon products in the extracellular domains of the 
molecule [79]. CD44 is a multi-structural and multi-functional cell 
surface molecule involved in cell proliferation, cell differentiation, cell 
migration, angiogenesis and presentation of cytokines, chemokines and 
growth factors to the corresponding receptors. It is a unique adhesion 
molecule and several studies have revealed that CD44 is over expressed 
at the mRNA and protein levels in most types of solid tumors [87].

CD44 is the main receptor for hyaluronic acid (HA). Therefore, 
HA was considered as a promising carrier for active targeting of 
therapeutic and imaging molecules into CD44 expressing tumor cells. 
However, HA lacks specificity as it can bind to several proteins other 
than the CD44 receptor [88]. Based on that, selection of aptamers that 
bind specifically to the extracellular part of CD44 could be a promising 
agent for active targeting. DNA thioaptamers (TAs) were selected to 
bind the hyaluronic acid binding domain (HABD) of the CD44 protein 

with high specificity and affinity. The binding affinities of the selected 
TAs were in nanomolar concentrations (180-295 nM), which is higher 
than the affinity of the natural ligand, hyaluronic acid (micromolar 
concentrations). The selected TAs did bind successfully to CD44 
positive human ovarian cancer cell lines (SKOV3, IGROV, and A2780) 
but failed to bind the CD44 negative NIH3T3 fibroblast cell line [89]. 

Our group has recently managed to successfully select high affinity 
RNA aptamers against standard CD44 (CD44s) [90]. We used a 
2’-F-pyrimidine modified RNA library to isolate RNA aptamers against 
GST tagged human recombinant full-length CD44 protein. The binding 
specificities for one of the selected RNA aptamers (Apt1) was assessed 
using representative breast cancer cell lines expressing CD44, namely 
MDA-MB-231, MCF7 and T47D. The selected RNA aptamer was 
found to interact specifically with such cancer cells when analysed by 
flow cytometry and fluorescent microscopy with different intensities of 
fluorescence, reflecting the level of CD44 expression on the surface of 
these cells. We also tested the binding affinity for Apt1 with the CD44 
protein and our results have clearly shown a high binding affinity with 
Kd in the nanomolar range. This work further demonstrates that the 
CD44 receptor can be efficiently targeted by aptamers with affinities 
and specificities that are comparable or even higher than that of 
hyaluronic acid, the natural CD44 ligand. Therefore, it is expected 
that such aptamers can be successfully implicated in diagnostic and 
therapeutic applications. 

RNA aptamers targeting CD133: CD133 is a cell surface 
glycoprotein with five transmembrane domains and is considered as 
a universal marker of normal hematopoietic and organ-specific stem 
cells [91]. It has gained more prominence as a marker of CSCs in solid 
primary tumors such as medulloblastomas and glioblastomas and 
subsequently of CSCs in a growing number of cancers of epithelial 
tissues. It has also been identified in CSCs of many other tissues, 
including prostate cancer and colon cancer [92,93].

Shigdar et al. identified two 2`-fluoropyrimidine modified RNA 
aptamers, CD133-A15 and CD133-B19. The CD133-A15 aptamer 
showed the ability to bind the AC133 epitope of CD133 while the 
CD133-B19 aptamer was able to bind to the extracellular domain 
of CD133. These selected aptamers also managed to successfully 
bind CD133 positive cell lines (HT-29 and Hep3B) with nanomolar 
affinities, while failing to bind negative CD133 cells lines (HEK293 and 
T98G) [94]. This study demonstrates the ability of selected aptamers to 
bind to certain epitopes of the tumour marker that appears on more 
primitive CSCs thereby providing more specificity in targeting. Still, 
an in vivo study that investigates the potency of such selected aptamer 
could provide further valuable information for this promising work 
and would stimulate similar efforts to select and use other aptamers 
against other targets. 

Aptamers identified against brain CSCs: A recent study 
performed by Kim et al. used the cell-SELEX technique to isolate 
DNA aptamers against the glioblastoma brain tumour initiating cells 
with high affinity and specificity. This study used glioblastoma tumor 
initiating cells for positive selection, whereas the negative cells used for 
counter selection were non-tumour initiating cells and human neural 
progenitor cells (NCPs). Microarray analysis for the positive aptamer-
bound tumour initiating cells showed gene expression profiles and 
molecular pathways that promote tumorgenesis [95]. Glioblastoma 
is classified as one of the most lethal cancers. Therefore, the selection 
of aptamers that can specifically bind the CSCs of Glioblastoma using 
cell-SELEX could help discover and characterize new biomarkers for 
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these cells which might eventually be used for effective targeted drug 
delivery against such tumor cells. 

Aptamers against prostate cancer stem cells: Prostate cancer is 
considered one of the leading causes of cancer death worldwide. Sefah 
et al. applied cell-SELEX to select DNA aptamers that successfully 
targeted prostate CSCs. This study used the DU145 prostate cancer 
cell line for positive selection, which ended up with two main panels 
of aptamers. The first panel (3 aptamers) bound to 90% of cells 
while the second panel (5 aptamers) bound to 15% of cells. Further 
characterization for the 15% of cells that did bind to the second panel 
showed characteristics of prostate CSCs including high expression 
levels of E-cadherin and CD44, high aldehyde dehydrogenase 1 activity, 
spheroid growth in non adherent conditions, and the ability of this 
portion of cancer cells to initiate tumours in immune-compromised 
mice. These results demonstrate the potential of using the first panel for 
diagnostic purposes and the second panel for targeting prostate CSCs 
[96]. In further work performed by Wang et al. two of the selected 
aptamers were conjugated to gold nanorods (AuNRs) for targeted 
thermotherapy of prostate cancers. One of those aptamers did bind to 
all DU145 while the second one did bind to the CSC portion of DU145 
cells. The results of this study open the doors towards high specificity 
targeting and efficient inhibition and control of prostate CSCs [97].

Targeting the epidermal growth factor receptor (EGFR): The 
Epidermal Growth Factor Receptor (EGFR) is a member of a receptor 
tyrosine kinase family of four kinases including EGFR, ErbB2, ErbB3, 
and ErbB4. Normally, this family play a role in regulation of cell 
proliferation, apoptosis, and angiogenesis. Gene over expression or 
activating mutations in EGFR have been linked to many cancers where 
they played key roles in tumoregenesis, cell proliferation, matastasis, and 
drug resistance [98]. Recently, over-expression or activating mutations 
of EGFR were found to play a role in the maintenance and survival 
of CSCs by inducing the expression of CSC markers in head and neck 
squamous cell carcinomas [99]. Interestingly, recent evidence showed 
the co-localization of CD44 with EGFR on head and neck squamous 
cell carcinomas (HNSCC). Inhibition of CD44 using siRNA resulted 
in down regulation by phosphorylation of EGFR thereby indicating 
a crosstalk between CD44 and EGFR signalling pathways [100]. 
Aptamers have been selected against EGFR and showed a promising 
potency in inhibiting this receptor. An interesting study performed 
by Esposito et al. described the selection of nuclease resistant RNA 
aptamer (named CL4) that is able to bind specifically EGFR cancer 
expressing cells with an affinity of 10 nM. This study showed that CL4 
is able to induce apoptosis in EGFR positive cells while having no effect 
on EGFR negative cells. Moreover, CL4 aptamer inhibition efficacy was 
compared with two anticancer agents, gefitinib and cetuximab, using the 
A549 lung cancer cell line and showed sensitivity to the CL4 aptamer at 
200 nM concentrations while being resistant to gefitinib and cetuximab 
at 0.1-10 and 0.05-1 µM concentrations, respectively. In addition, the 
CL4 aptamer and cetuximab showed synergy when administered into 
a xenograft model of non-small lung carcinoma compared to each 
drug alone [101]. This study demonstrates the possibility to evolve 
aptamers that can overcome cancer cell resistance, especially CSCs, to 
conventional therapeutics.

Future perspectives

The CSC hypothesis has been formulated based on experiments 
demonstrating the ability of a subpopulation of cancer cells to initiate 
and maintain tumors. These cells were shown to resist conventional 
anti-cancer therapies and induce relapse. The development of strategies 
to isolate and characterize CSCs is essential to better understand their 

behavior, and this is largely dependent on the identification of more 
specific marker proteins expressed on these cells. Although some 
markers have been shown to be highly expressed on CSCs, none of them 
has the required optimal exclusiveness of expression, which remains as 
one of the major challenges facing researchers. The cell-SELEX method 
comprises a powerful method that can accelerate the discovery of such 
new specific CSCs biomarkers, which should facilitate the development 
of effective specific targeting ligands and platforms for diagnostic and 
therapeutic purposes. 

 Although monoclonal antibodies are currently the clear first choice 
candidate to be incorporated into the new generation of the "smart" 
targeted anticancer drugs, aptamers are expected to be their serious 
future contender and the coming few years may witness some fierce 
competition between the two classes of molecules. Indeed, year after 
year, more clinical trials involving aptamers are underway, and this 
growing trend is supported by the increasing number of new biotech 
companies investing in this new technology. 

The field of aptamers is maturing and is coming of age and one 
good indicator in this regard is the exponential increase in the annual 
number of related publications witnessed over the last decade. The 
technology is evolving rapidly and is becoming more accessible by 
the introduction of new developments including for example the 
automation of the SELEX method making the selection process faster 
and more reproducible, plus the various modifications on the different 
components of the nucleic acid basic structure to enhance the properties 
of aptamers as therapeutic molecules. With such rapid evolution of the 
aptamer technology and the expansion of its use in applications related 
to CSCs, we could witness some promising breakthroughs in this field 
in the near future.
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