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Abstract
Aptamers are short, structured, single-stranded RNA or DNA ligands that bind with high affinity to

target molecules. They have a number of important advantages over proteins as therapeutic
reagents. Most importantly they are rapidly isolated in vitro, show high specificity, low toxicity and
non immunogenicity and can be easily stabilized by chemical modifications to improve their
application in vivo.

To date an increasing number of aptamers have been generated with a great potential as cancer
therapeutics. These first include inhibitory aptamers which bind to their target proteins directly
hampering their function. In addition more recently, aptamers against cell surface molecules have
been developed to specifically deliver different secondary reagents, including iRNAs,
chemotherapeutic agents, toxins and nanoparticles to a cancer cells or tissues, thus increasing the
efficacy of a given therapy as well as attenuating the overall toxicity.

In this article, we review recent advances in the use of aptamers for cancer therapy, particularly

focusing on aptamers targeting cell surface. The future perspectives of aptamers as cancer

therapeutics will be discussed as well.

Introduction

Cancer pathogenesis results from the
accumulation of multiple genetic alterations
that affect the activity and/or the expression of
proteins involved in different cellular signalling
pathways, thus conferring the proliferative and
invasive characteristics to tumour cells [1, 2].
Despite great advances in surgical techniques,
radiotherapy and chemotherapy, the
identification of new therapies able to
specifically target cancer cells remain a primary
challenge in the field of oncology.

To this purpose, aptamers represent very
promising molecules. They are single stranded
nucleic acid ligands able to bind with high
affinity and specificity protein or non-protein
targets by folding into complex tertiary
structures. They have a number of important
advantages over proteins as therapeutic agents
[3, 4]. Most importantly, they are readily

chemically synthesized by a technique named
Systematic Evolution of Ligands by EXponential
enrichment (SELEX), thus avoiding the use of
animal cells. Therefore they are cost-effective
and easier to characterize than antibodies that
are produced by recombinant means.
Aptamers show binding affinities in the low
nanomolar-picomolar range, comparable to
those of antibodies, but different from them,
they are sufficiently stable, since aptamers can
be heated to 80°C, exposed to harsh
environments and stored in different solvents
without any irreversible conformation changes.
Moreover, aptamers can be readily chemically
modified to further enhance their stability in
blood, bioavailability and pharmacokinetics [5-
7] thus improving their effectiveness for clinic
application.

Since oligonucleotides, aptamers are not
affected by proteases, but, especially RNAs are
rapidly degraded by nucleases in whole
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organisms resulting in a very short half-life in
the blood, a variety of approaches have been
developed to improve their stability. The most
effective modifications to circumvent this
limitation are the substitutions at the 2'-ribose
of the pyrimidines that are mainly affected by
serum nucleases degradation. Even if
pyrimidine-modified aptamers show
considerable increase in serum stability in the
absence of other modifications, introduction of
2'-O-Metyl purines [8] and changes in the
internucleotide linkages (such as the use of
phosphorothioate) and in the nucleobases (for
example, the substitution of uridine at position
5) as well as the capping at the oligonucleotide
3'-terminus, have been reported [5]. Further,
the wuse of locked nucleic acids (LNA),
containing a methylene bridge to connect the
2'-0O to the 4'-C, increases the stability of base
pairing, stabilizing the duplex and enhancing
the resistance to nucleases. For example the
introduction of LNA-modifications in the anti-
tenascin C (TN-C) aptamer significantly
improves its plasma stability of approximately
25% and enhances the tumor uptake [6]. Even
if the low molecular weight of aptamers allows
cost-effective chemical synthesis and good
target accessibility, it renders them susceptible
to a rapid clearance by renal filtration. To
overcome this problem, the most used strategy
is to increase the size of the aptamers by
conjugation with polyethylene glycol (PEG) [7].
As an example, 40 kDa PEG conjugation to anti-
vascular endothelial growth factor (VEGF)
aptamer (known as Macugen or pegaptanib)
enhances its half-life from 2 hours to 1 day in
rodents [8] whereas the half-life was 10 days
when administered to humans (see prescribing
information for Macugen).

Another important propriety of aptamers is
that their toxicity and immunogenicity has
never been reported [9]. This is based on the
fact that antibodies against synthetic
oligonucleotides are not generally produced
and, in addition, the Toll like receptors
mediated innate immune response against
non-self RNAs is abrogated by 2'-modified
nucleotides containing aptamers [10].

The potential clinical importance of this class of
molecules aptamers is underlined by the fact
that different aptamers are currently in clinical

and preclinical trials and the aptamer
therapeutic (Macugen or pegaptanib) directed
against the VEGF has been approved by US
Food and Drug Administration for the
treatment of age-related macular degeneration
(AMD) [11].

To date, an increasing numbers of aptamers
provide innovative tools for cancer therapy.
They can be used directly as therapeutics,
because of their direct inhibitory properties or,
thanks to their excellent targeting can be
implemented as delivery tools for secondary
therapeutic agents.

Here we will review the aptamer potentiality in
cancer medicine focusing on the most
promising recent examples and on their future
prospective.

Selection of tumor-targeting aptamers

SELEX technology (Figure 1) is an evolutionary
in vitro iterative procedure used to select
aptamers specifically directed against a wide
variety of potential targets, ranging from small
molecules to proteins [12, 13]. The initial step
of the SELEX procedure is the synthesis of a
single-stranded nucleic acid (DNA, RNA or
modified RNA) library of a high complexity.
Randomisation of a sequence stretch from 20
up to 100 nucleotides in length is used to
create an enormous diversity of possible
sequences, which in consequence generate a
great number of different conformations with
different binding properties, from which
ligands that may stably interact with specific
target molecules are isolated. Random
sequences are flanked by two constant regions
with primer sites for PCR amplification.

The SELEX method (Figure 1) includes different
steps: (1) counter-selection step, incubating
the library with non target molecule; (2)
positive  selection, incubating aptamers
unbound in the previous step with the target
molecule (a protein or a cell line for protein- or
cell-SELEX  respectively); (3) partitioning
unbound nucleic acids from those bound
specifically to the selector molecule; (4)
dissociating the nucleic acid-protein
complexes; and (5) amplifying the nucleic acids
pool enriched for specific ligands.
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After the final round of the process, the PCR
products are cloned into a vector and
sequenced to allow for the identification of the
best binding sequences.

Cancer cells are characterized by cell surface
molecules that are over-expressed or altered
due to multiple oncogenic mutations. Different
approaches have been developed to target
such surface molecules with aptamers.

In many cases soluble, purified cell surface
proteins have been used as targets for
aptamers selection in vitro (protein-SELEX).
This approach is easy to control but the
selection is performed in a non-physiological
context, leading to the possibility that the
selected aptamer might not recognize the
same target in its native conformation.

Hight complexity ssDHA'RNA library
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Figure 1. Scheme of SELEX technology. The
RNA/DNA aptamer library contains a variable
region flanked by two constant regions (primer
sites for PCR amplification and T7-RNA
polymerase promoter in the case of an RNA
library). The library is used for the selection
process (see text for details).

The application of the SELEX technology to
complex target including whole living cells
(cell-SELEX) allow to overcame this problem. By
such an approach, it is possible to select

aptamers against a desired protein, by using as
target of selection a cell line over-expressing
the protein. For example, this strategy has
been successfully adopted to generate RNA
aptamers specific for the transmembrane RTK,
Ret [14, 15] or against the transforming growth
factor (TGF)-B type Ill receptor [16].

It is important to notice that in cancer,
receptor mutations are one of the major
sources of proliferation deregulation and
tumor initiation. Given the high specificity of
aptamer-target recognition, aptamer selected
against wild type proteins may not recognise
the mutant form, thus a specific protocol of
selection may be necessary (i.e. cell line that
over-express the mutant protein).

More interesting in oncology, is the application
of cell-SELEX to target a specific cancer cell
phenotype (differential cell-SELEX) without a
prior knowledge of the target protein. Indeed,
a major challenge in cancer therapy is to
distinguish with high accuracy, between closely
related cell populations. In this respect,
different selection strategies have been
developed to isolate aptamers that can
specifically recognize and discriminate
between distinct cancer cell types. For
example, aptamers that discriminate cells from
distant tumor types, like T-cell acute
lymphocytic leukemia (ALL) versus B-cell
lymphoma [17] and small lung cancer cells
versus large cell lung cancer [18], colon cancer
cells versus other cancer cells [19] have been
generated. The approach has been further
developed to discriminate even in the same
cancer cell type different properties (such as
malignancy, therapeutic response, metastatic
potential, proliferation or apoptotic rate). In
this regard, in our laboratory, we isolated by a
differential cell-SELEX approach, a panel of
aptamers that bind human malignant
glioblastoma cells, discriminating them from
non-tumorigenic glioblastoma cells [20].

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 an emerging
important target to develop more effective
cancer therapy [21, 22]. Aptamers that
specifically bind to brain tumor intiating cells
with excellent Kds or that target the cancer
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stem cells subpopulation of prostate cancer
cells have been recently described [23, 24].
Further, an RNA aptamer that specifically
recognise the cancer stem cell surface marker
CD133 has been isolated and characterized
[25].

In addition to cell-SELEX, even a tumor
implanted in mice (in vivo-SELEX) [26] have
been used to select aptamers.

Aptamers as cancer therapeutics

The utility of aptamers in cancer therapy has
first employed those molecules able to bind
and consequently inhibit the activity of their
target proteins.

Proliferation and/or survival of tumor cells is
promoted by the deregulation of specific cell-
surface signaling receptors due to their over-
expression or constitutive activation. Thus, the
inhibition of these receptors using neutralizing
aptamers represents an innovative approach to
interfere with the growth of many human
malignancies.

Among the aptamers in clinical trial, the
AS1411 DNA aptamer (AGRO100) is very
interesting for cancer therapy [27]. This
aptamer is a 26-mer guanine-rich
oligonucleotide (GRO), which folds into
quadruplex structures [28] and is directed
against nucleolin, a ubiquitous intranuclear and
cytoplasmic phosphoprotein implicated in
cellular proliferation and often over-expressed
on the surface of tumor cells. Once bound to
nucleolin, the AS1411 aptamer is taken into the
cancer cell, where it causes cellular death by
apoptosis through inhibiting nuclear factor-«B
(NF-kB) [29] and Bcl-2 [30] pathways. It shows
its effectiveness as an anticancer therapy for
different solid human malignancies as well as
for acute myeloid leukemia (AML) and is
currently in phase llb clinical trial to evaluate
its effectiveness in combination with high-dose
cytarabine in patients with relapsed and
refractory AML.

Apart AS1411, in the last years an increasing
number of aptamers has been generated to
target specific cell-surface signaling receptors
of cancer cells. For example, a key target for
cancer treatment is the EGFR that is highly
expressed in different types of cancer [31].

Recently, different 2'-Fluoro-Pyrimidine (2'-F-
Py) RNA aptamers have been selected against a
purified Fc-EGFR fusion protein. One of these
aptamers, named EO7, bound to the purified
receptor and to EGFR expressing A431 cells
and inhibit EGF-dependent receptor activation
in vitro [32]. In addition, we generated by cell-
SELEX, a 2'-F-Py RNA aptamer named CL4, that
binds to EGFR with a high affinity (binding
constant of 10 nM). CL4 aptamer inhibits EGFR-
mediated signal pathways inducing apoptosis
even in cells that are resistant to the most
frequently used EGFR-inhibitors, such as
gefitinib and cetuximab. Interestingly, CL4 has
an antitumuor activity in mouse xenograft
models of human cancer, and the combined
treatment with cetuximab shows clear synergy
in inducing apoptosis and inhibiting tumor
growth jn vivo [33].

Activated deletion variant EGFRvIIl is the most
common EGFR mutation found in cancer. RNA
aptamers have been recently generated
against the histidine-tagged EGFRvIII
ectodomain using an  Escherichia  coli
expression system. These aptamers can not
bind the protein expressed by eukaryotic cells
likely because of receptor glycosylation [34].
Hence, transfecting EGFRvIIl aptamers into
cells, they bind to the newly synthesized
EGFRvIIl and inhibit its glycosylation thus
reducing the amount of mature EGFRvIIl on the
cell surface and increasing the percentage of
cells undergoing apoptosis.

Other examples of aptamers that target and
inhibit important cancer cell surface receptors
include the oligonucleotides against epidermal
growth factor receptor 2 and 3 (Her2/ErbB2
and Her3/ErbB3) [35-37], transforming growth
factor B type lll receptor (TGF-B type Ill) [16],
tyrosine kinase Axl and Ret receptors [14, 15,
38].

Neutralizing aptamers able to inhibit tumor
growth have been isolated also against cell-
surface receptor ligands. One recent example is
the 2'-F-Py modified RNA aptamer P12FR2, that
is specific for the pancreatic adenocarcinoma
up-regulated factor (PAUF). PAUF is a
secretory factor highly expressed in pancreatic
cancer that contributes to the oncogenesis of
pancreatic cells [39]. P12FR2 aptamer inhibits
migration of PANC-1 human pancreatic cancer
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cells and decreases tumor growth in vivo when
injected intraperitoneally [40].

A great challenge in cancer therapy is to
prevent or inhibit angiogenesis which is
associated with the increased vascularity
necessary for tumor progression and
metastasis. In this regard, different aptamers
able to interfere with this process have been
isolated. One notable early example is the anti
- VEGF RNA aptamer. This aptamer binds and
antagonizes the action of VEGF-165 and is the
only aptamer commercially approved
(Macugen or pegaptanib) for the treatment of
exudative  AMD [41, 42]. Inhibiting
neovascularization, Macugen is also a potential
candidate for the treatment of highly
vascularized tumors, even if the effectiveness
of a systemic administration is still unclear .
More recently, it has been characterized an
RNA aptamer that specifically blocks Ang 2
inhibiting Tie2 receptor that is important for
tumor neovascularization [43]. The in vivo
administration of this aptamer modified with
PEG inhibits tumor angiogenesis and growth
thus providing a new anti-neoplastic strategy.
In order to develop anti-agiogenesis molecules,
DNA aptamer have been selected against
primary cultured mouse tumor endothelial
cells (mTECs). One of the selected aptamer
(AraHHO001) binds specifically to mTECs and to
cultured human tumor endothelial cells
(hTECs), isolated from a clinical patient with a
renal carcinoma. AraHHO001 showed significant
anti-angiogenesis activity in vitro inhibiting
tube formation by mTECs on matrigel [44].

Aptamers have been applied also to cancer
immunotherapy. A recent example is an RNA
aptamer able to block the murine or human IL-
4 receptor-a (IL4Ra) that is critical for myeloid-
derived suppressor cells (MDSC) suppression
function. MDSC promote tumor progression
and metastasis by enhancing angiogenesis and
invasion, but also inhibit antitumor T-cell
functions, limiting immunotherapeutic
interventions effectiveness. The selected anti—
IL4Ra aptamer promoted MDSC elimination,
increasing the number of tumor-infiltrating T
cells and a reducing tumor growth in vivo [45].

Moreover, different aptamers against tumor
metastasis associated factors have been

developed. For example, An RNA aptamer that
binds to carcinoembryonic antigen (CEA),
inhibits migration and invasion of colon cancer
cells in vitro and hepatic metastasis of colon
cancer cells in vivo [46]. More recently, a DNA
aptamer able to recognize epithelial cell
adhesion molecule (EpCAM), overexpressed in
most solid cancers, has been dscribed and
represents a promising tool for targeted cancer
therapy [47].

In addition to cell-surface proteins, intracellular
proteins of cancer medical interest can be
targeted with aptamers (so-called intramers) as
well by means of strategies allowing their entry
into intracellular compartments [48-.50].

Aptamers for in vivo cancer delivery of
therapeutics

Apart that such inhibitory molecules, thanks to
their high binding specificity, aptamers against
cell surface molecules can be developed to
deliver any kind of secondary reagents to a
given cancer cell or tissue (Figure 2). 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 [51, 52]. At 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 [24, 53],
anti-cancer therapeutics [54], toxins [55],
enzymes [56], radionuclides [57], viruses [58],
small interfering RNAs (siRNAs) [59-71] and
more recently microRNAs [72-74].
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Figure 2. Aptamers as delivery tools. Aptamers
against cell surface molecules has been
developed to deliver different secondary
reagents including cancer therapeutics, toxins,
siRNAs/microRNAs and nanoparticles to a
given cancer cell.

The best-characterized aptamers for targeted
delivery are the RNAs directed against Prostate
specific menbrane antigen (PSMA) [75] that
were successfully developed to drive to
prostate cancer cells nanoparticles [76],
guantum dots [77], toxins [55], or siRNAs [61,
65, 66].

PSMA—aptamer has been linked to siRNAs by
different approaches including non-covalent
conjugation of siRNA with aptamer via a
streptavidin connector [60] 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 [61, 65]. In addition to
siRNAs, PSMA—aptamer has been further use
to deliver to prostate cancer cells toxins [55]
or chemotherapeutic agents encapsulated
within nanoparticles or directly intercaleted
into the aptamer [76, 78-81].

In addition to PSMA—-aptamer, in a recent study,
a DNA aptamer targeting human hepatocellular
carcinoma LH86 cells, was used to delivery
Doxorubicin to liver cancer. The aptamer was
modified with a long GC tail to achieve greater
intercalation  efficiency of  Doxorubicin,
showing a specific killing efficiency for target
cancer cells [82].
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Currently, the number of cancer cell surface
epitopes targeting aptamers that have been
developed as delivery tools is growing rapidly
and includes those against the extracellular
proteins involved in cancer protein tyrosine
kinase 7 (PTK7) [83], nucleolin [84], mucin 1
(MUC1) [85, 86], epidermal growth factor
receptor (EGFR) [87] and transferrin receptor
[88].

Furthermore, recently it has been explored the
use of aptamer to deliver microRNAs as cancer
therapeutics. Second generation PSMA-
targeting aptamer (A10-3.2) was conjugated to
a polyamidoamine (PAMAM)-based microRNA
(miR-15a and miR-16-1) via bifunctional PEG to
deliver microRNAs to prostate cancer cells. The
construct selective induced in vitro cell death
of PSMA positive prostate cancer cells by
loading miR-15a and miR-16-1 [72]. In addition,
a chimera that combines MUC1 aptamer and
let-7i microRNA was able to sensitized OVCAR-
3 ovarian cancer cells to paclitaxel [73]. MUC1
aptamer was also combined to miR-29b that
inhibits DNA methyltransferases expression,
inducing PTEN gene. The resulting chimeric
molecule (Chi-29b chimera) effectively induced
apoptosis through specific delivery of miR-29b
into OVCAR-3 cells [74]. These new
compounds are provide innovative cancer
therapeutic strategies even if their in vivo
effectiveness has not yet been proven.

Conclusions and Future prospects

According to World Health Organization,
cancer is a leading cause of death worldwide,
accounting around 13% of all deaths and this
percentage is projected to continue to
increase in the next year. Thus, cancer is a
major public health problem and have a great
economical and social impact.

The identification of new therapies is essential
and a crucial challenge is to specifically target
cancer cells. Indeed, an important drawback in
cancer treatment is that conventional
therapies are toxic for healthy cells.
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As discussed above, a very highly innovative
approach is the development of aptemer-
microRNAs chimeras. Even if the aptamer-
based microRNAs delivery has not yet been
validated in vivo, it represents an important
prospective with a secure future development.
Indeed, microRNAs are one of the most
promising new tools for the study of tumors,
but their development have a compelling need
to be confirmed at functional and therapeutic
level.

In addition, current evidence suggests that
combinations of specific inhibitors result in
improved anti-tumor response and decreased
toxicity. Thus, the possibility to use
combinations of aptamers to multiple targets
or inhibitory aptamers with  current
chemotherapies, represent a great future
prospective.
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