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Aptamers: A promising chemical antibody for cancer therapy
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Aptamers, also known as chemical antibodies, are single-stranded nucleic acid
oligonucleotides which bind to their targets with high specificity and affinity. They are
typically selected by repetitive in vitro process termed systematic evolution of ligands
by exponential enrichment (SELEX). Owing to their excellent properties compared to
conventional antibodies, notably their smaller physical size and lower immunogenicity
and toxicity, aptamers have recently emerged as a new class of agents to deliver
therapeutic drugs to cancer cells by targeting specific cancer-associated hallmarks.
Aptamers can also be structurally modified to make them more flexible in order to
conjugate other agents such as nano-materials and therapeutic RNA agents, thus
extending their applications for cancer therapy. This review presents the current
knowledge on the practical applications of aptamers in the treatment of a variety of

cancers.

INTRODUCTION

Aptamers are short, single-stranded oligonucleotides
with unique three-dimensional configurations. Like
conventional antibodies, aptamers bind to cognate targets
and modulate their biological activities [1]. However,
aptamers have several key advantages over conventional
antibodies that make them promising therapeutic
agents. For example, aptamers are smaller in size and
therefore can more easily penetrate into the tumor core
[2]. Aptamers are thermodynamically stable and lack
immunogenicity, which enables their safe and effective
retention in target cells in vivo [2]. Furthermore, aptamers
can be synthesized in vitro independent of biological
systems, thus eliminating the potential risk of bacterial
or viral contamination, and importantly, they are flexible
for structural and chemical modifications, eventually
extending their clinical applications [3]. Given these
features, aptamers have attracted a great deal of attention
in cancer imaging, gene therapy and drug delivery. Some
patented aptamers (such as A9 and A10) have been used
as drug delivery vehicles for cancer therapy [4]. With the
progress of aptamer selection technology, a number of

novel aptamers that can regulate cell proliferation, signal
transduction and immune function have been reported.
In this article, we provide a comprehensive overview
on recent progress and the therapeutic applications of
aptamers in various cancers.

APTAMER PRODUCTION

Aptamers are selected from a nucleic acid library
followed by an in vitro screening process called SELEX
[5]. Initially, a starting oligonucleotide pool containing a
large number of random sequences (of the order of 10'*
15) with a length of 22-100 nucleotides is designed. Two
constant primer-binding sequences are found on both sides
of the sequences so that they can be amplified by PCR.
The SELEX process begins with the incubation of the
library pool with target proteins. During incubation, only
a very small portion of the library sequences can tightly
bind to the target protein. Unbound or weakly bound
sequences are then separated by various partitioning
strategies. Sequences that specifically recognize targets
are then eluted and amplified by PCR. The resulting PCR
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Table 1: Aptamers (apt) explored for molecular-targeted cancer therapy

Apt (DNA/RNA) Targets Functions Anti-tumor effect
Pegaptanib (RNA) | VEGF-165 Inhibits VEGF-associated tumor vessel | Potential therapeutic agent for solid cancers characterized
formation by extensive angiogenesis [8]
ARCI26/AX102 PDGF-B Inhibits new blood vessel growth Inhibits in vivo tumor angiogenesis of LLC and PIC [11,12]
(RNA)
SL (2)-B/RNV66 - - Inhibits in vitro cell proliferation of HCC [13] and Inhibit
(DNA) VEGF-165 | Blocks VEGF angiogenesis cell proliferation of BC in vitro and in vivo [14]
PPAR-apt (RNA) | PPAR g‘ghﬁggs PPAR-dependent  VEGF | 1 ii¢6 i virro tumor growth of CRC [15]
Inhibits  nucleolin-associated  cell Inhibits in vitro tumor growth of a variety of cancer cells;
AS1411 (DNA) Nucleolin | processes and NF-kB or Bcl-2 %{Zélnlh 61b11t; mS}\;lvo tumor growth of AML, LC’ R'C’A}?I\glﬁnd
signaling AC;[16, 17] Shows superior anti-tumor activity in in
clinical studies [18]
Enhances HMCCs chemosensitization in vivo; [21] Reduces
Blocks CXCL12-induced cell | in vivo tumor burden of MM; Improves in vivo irradiation
NOX-Al2 (RNA) | CXCLI2 migration and angiogenesis response of GBM; [22] Chemosensitizes CLL in vitro and
in vivo; [23, 24] Improves CLL and MM clinical response
Inhibits HRG-dependent tyrosine | Inhibits in vitro tumor growth of BC cells and serves as a
A30 (RNA) HER3 phosphorylation of HER2 and MAPK | potential inhibitor for HER-3 over-expressed cancers such
signaling as LC, BC, GC and PAC [26]
E0727/CL428/KD11 Blocks EGFR phosphorylation and | Inhibits in vitro tumor proliferation of SQC [27], BC [30]
30/TuTu2231 (RNA) EGFR EGFR-mediated PI3K/AKT and|and GBM; [29, 31] Induces in vitro cell apoptosis and
MAPK signaling inhibits in vivo LC growth [28]
Aptamers Targets Functions Anti-tumor effect
E0727/A1532/U233/ EGFRVIII Blocks Potential therapeutic agents for LC, BC [32, 33] Inhibit in
CL4 34(RNA) autophosphorylation vitro GBM cell proliferation and invasion [34]
Trimeric apt (DNA) [HER2 gggr?;g;?;n ErbB-2 Inhibits in vitro and in vivo tumor growth of GC [35, 36]
Blocks interaction s s -
PNDA-3 (DNA) Periostin between periostin and its f)l}lglroel;ssguclzlr?crecre[l:ligiowth and metastasis in vitro and in vivo
cell surface receptors
TTA140,41/GBI1042 TN-C Blocks TN-C-involved | Potential therapeutic agent for TN-C over-expressed cancers
(DNA) pathways like GBM, BC, LC and CRC [40-42]
Block the interaction of . . . . A
Apt-7 (RNA) miRNA17/18a/19a/20a | miRNA17-20a to target %2211215 cell proliferation of retinoblastoma tumor in vitro
mRNAs >
NAS-24 (DNA) Vimentin Blocks cell proliferation Causes in vitro and in vivo tumor apoptosis of
adenocarcinomas [46]
YJ-1 (RNA) CEA g%hlblts CEA 1nteract£g Inhibits in vitro migration and invasion of CRC and in vivo
ribonucleoprotein M4 hepatic metastasis of CRC [47]
AFP-apt (RNA) AFP g;}t‘}‘gfys AFP-involved| i in vitro HCC proliferation [48]
Activates E-box promoter Induces in vitro cell-cycle arrest and apoptosis of OC [49]
1d1/3-PA7(Peptide) | 1d1/1d3 and increases CDKN2A [ 150 d)h Y Pop
expression
AGE-apt (DNA) AGE E}li(t)ﬁlggnct}egactlon of AGE Inhibits in vitro and in vivo melanoma growth [51]
A-P50 (RNA) NF-kB Inhibits NF-kB activation f)’??/én[tg 2151 vitro and in vivo tumor resistance to doxorubicin
GL21.T (RNA) Axl Bltqclgs d Clgtli}xtli(i Inhibits in vitro cell migration and invasion and in vivo
: X activity  an T tumor formation of LC [53]
phosphorylation
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Aptamers Targets Functions Anti-tumor effect
s Inhibits in vitro cell migration and invasion and in vivo
OPN-R3 (RNA) OPN Blocks OPN-receptor binding BC progression [54, 53]
KMF2-1a (RNA) MCF-10AT Targeting to BC cells Potential therapeutic agent for BC [56]
‘(?)(I}\ICX)?’ fey-apt HGC-27 Specifically binds GC cells Potential therapeutic agent for GC [57, 58]
SDA (DNA) E-/P-selectin | Blocks selectin-mediated cell adhesion glfl{lgjl[tsséf vitro tumor cell adhesion and metastasis of
TOV6 (DNA) STIP1 Blocks binding of STIP1 to receptor Inhibits in vitro cell invasion and metastasis of OC [60]
A Inhibits in vitro tumor cell proliferation and migration
BC15 (DNA) hnRNP A1 Blocks hnRNP A1 activation and in vivo tumor growth of HCCs [61]
A Inhibits in vitro cell migration and in vivo tumor growth
P12FR2 (RNA) PAUF Blocks PAUF activation of PAC [62]
A9g (RNA) PSMA Blocks PSMA enzymatic activity Inhibits PC in vitro and in vivo metastasis [63]
PSA-apt (RNA) PSA Blocks PSA-mediated signaling Potential therapeutic agent for PC [64]
gjﬁ:llzlezz)mase—apt Heparanase Inhibits enzymatic action of heparanase | Inhibits invasion of oral cancer cells in vitro [65]
[S3-PA (peptide) | STAT3 Reduces. g%@gﬁa Dhosphorylation and | yupibits tumor growth of GBM in vitro and in vivo [66]

Abbreviations: AFP: alpha fetoprotein; AGE: advanced glycation end; AML: acute myelocytic leukemia; Apt: aptamer; BC: breast cancer;
Bcl-2: B-cell lymphoma 2; CDKN2A: cyclin-dependent kinase inhibitor 2A; CEA: carcinoembryonic antigen; CLL: chronic lymphocytic
leukemia; COS: co-stimulatory; CRC: colorectal cancer; CTLA-4: cytotoxic T cell antigen-4; CXCL12: stroma cell-derived factor-1 ligand
12; GBM: glioblasoma; GC: gastric cancer; HCC: hepatocellular carcinoma; HMCCs: hematological cancer cells; hnRNP A1: heterogeneous
nuclear ribonucleoprotein Al; HRG: heregulin; LC: lung cancer; LLC: Lewis lung carcinomas; MM: multiple myeloma; NF-kB: nuclear
factor-kB; OC: ovarian cancer; OPN: osteopontin; PAC: pancreatic cancer; PAUF: pancreatic adenocarcinoma up-regulated factor; PC:
prostate cancer; PIC: pancreatic islet cancer; PPAR: peroxisoe proliferator-activated receptor; PSA: prostate-Specific antigen; RAGE: AGE
receptor; RC: renal cancer; SQC: squamous cell carcinoma; STIP1:stress-induced phosphoprotein 1; TN-C: tenascin-C.
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Figure 1: Aptamers can be used to target multiple molecular pathways that are critically involved in cancer development.
Aptamers ablate cell surface binding of their targets to the corresponding receptors and block targets-independent secondary downstream
signaling pathways.
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products form a new enriched library pool that can be used
for subsequent rounds of SELEX. The process is repeated
for several cycles to enrich the sequences that bind to
targets with high affinity. Increased selection stringency
is undertaken in the later rounds of SELEX by using
effective competitors, decreasing the amount of proteins
and increasing washing times. Typically, 8-18 rounds of
SELEX are needed to obtain specific aptamer sequences
[5, 6]. The resultant highly enriched sequences are then
cloned, sequenced and chemically modified.

Significant progress has been achieved in aptamer-
guided cancer therapy with the development of aptamers
generated by cell-based SELEX, which uses living cells
rather than the purified proteins as targets. Through
cell-based SELEX, aptamers can be isolated without
any prior knowledge of the molecular signatures of cell
surface proteins [6]. At present, aptamers used in cancer
therapy are classified into 3 parts: free aptamers against
certain cancer specific proteins; free aptamers against
immunoregulatory components; and aptamers as carriers
for anti-tumor agents. Below we elaborate on the progress
in each of these aspects.

APPLICATION OF FREE APTAMERS
IN TARGETED MOLECULAR CANCER
THERAPY

Abnormal activation of oncogenes or inactivation
of tumor suppressor genes is believed to cause the
dysregulation of key cellular pathways governing cell
proliferation and apoptosis, resulting in the malignant
transformation of stem cells and tumorigenesis [7].
Many monoclonal antibodies (mAbs) and small
molecule inhibitors targeting tumor-driving proteins
and aberrant molecular pathways are currently being
tested for their anti-tumor effects in various cancers [7].
However, production of these agents is time- and labor-
consuming, and costly, making their widespread use
almost impossible. Owing to the advantages of aptamers,
agonistic or antagonistic aptamers that are capable of
activating or blocking key functional proteins possess
great potential as novel substitutes for targeted cancer
therapy (Table 1 and Figure 1).

Aptamers targeting vascular endothelial growth
factor (VEGF) and platelet-derived growth factor
(PDGF)

The development of the first FDA-approved RNA
aptamer pegaptanib (Macugen) to inhibit the binding of
VEGF-165 to its receptor was a milestone in aptamer-
based anti-angiogenesis therapies [8]. This aptamer was
originally used for the treatment of age-related macular
degeneration. Due to its excellent inhibitory effect
on proliferation and permeability of endothelial cells,

pegaptanib was subsequently considered a promising
anti-angiogenesis agent for cancer therapy. However, anti-
VEGF therapy alone has proved to be inadequate to inhibit
new vessel formation in advanced stages of aberrant
angiogenensis. This is likely due to the compensatory
role of PDGF-B signaling in angiogenesis, as it has been
reported that binding of PDGF-B to its receptor could
recruit vascular mural cells (MCs, pericytes around
capillaries and smooth muscles around large vessels) to
endothelial cells (ECs), stimulate vessel maturation, and
stabilize newly formed blood vessels [9]. It has also been
reported that selective inhibition of the VEGF receptor
(VEGEF-R) resulted in the accumulation of MCs to tumor
blood vessels where they could form an intimate vascular
coverage, thus conferring resistance to the anti-VEGF-R
reagents [10]. In order to overcome the resistance of anti-
VEGF-R agents, an RTK inhibitor (SU6668) targeting both
VEGFR-2 and PDGF-B was found to cause significant
regression of C6 brain tumor vessels [9]. These studies
imply that a combination of pegaptanib and anti-PDGF-B
aptamers (ARC126/AX102) may have a synergistic effect
on angiogenesis [11, 12]. Subsequently, another DNA
aptamer against VEGF-165 was generated and modified
with phosphorothioate linkages. This aptamer inhibited the
proliferation of hepatocellular carcinoma cells and blocked
Notch signaling by reducing the expression of its ligand
Jaggedl [13] (Figure 1). A locked nucleic acid-modified
DNA aptamer named RNV66 was recently found to
directly target VEGF-165, resulting in efficient inhibition
of breast cancer cell proliferation in vitro and in vivo [14].
In addition, a novel RNA aptamer targeting peroxisome
proliferator-activated receptor 6 (PPAR-9), a transcription
factor of VEGF-A, has been found to attenuate the tumor-
forming ability of colorectal cancer cells [15]. Hence,
aptamers targeting angiogenesis have great potential in
cancer therapy.

Aptamers targeting nucleolin and stromal cell-
derived factor-1 ligand 12 (CXCL12)

Two aptamers AS1411 and NOX-A12 are currently
in clinical trials for the treatment of patients with
leukemia. Nucleolin is over-expressed in various cancers
and is critical for cellular proliferation and apoptosis
[16]. AS1411 is a guanine quadruplex aptamer that can
bind to nucleolin, blocking the activation of secondary
targets including nuclear factor-kB (NF-xB) and B-cell
lymphoma 2 (BCL-2), therefore sensitizing the tumor
cells to chemotherapy and improving their tumor-killing
effects [16] (Figure 1). Pre-clinical studies, both in
vitro and in vivo, have demonstrated that AS1411 exerts
significant anti-tumor activity in many cancers [16, 17].
Clinical trials in patients with acute myelocytic leukemia
(AML) demonstrated that the combination of AS-1411
with cytarabine results in superior therapeutic effects over
cytarabine alone (Table 1) [18]. However, AS1411 only
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showed a marginal clinical response in a phase II trial in
patients with renal cancer [19].

Another aptamer NOX-A12 which neutralizes
CXCLI12 (a critical chemokine involved in the homing
and retention of hematological cancer cells) [20] was
found to enhance the susceptibility of hematological
cancer cells to conventional therapies, and inhibited the
growth and metastasis of CXCL12-derived tumors [21-
24]. As demonstrated in clinical trials, the combination
of NOX-A12 and Bendamustine/Rituximab improved
clinical responses in patients with chronic lymphocytic
leukemia and multiple myeloma, as opposed to the single
agents alone (clinical trials IDs: NCT01486797 and
NCT01521533).

Aptamers targeting the epidermal growth factor
receptor (EGFR) family

The EGFR family contains four closely related
receptor tyrosine kinases (RTKs) including HERI1
(EGFR/ErbB-1), HER2 (ErbB-2), HER3 (ErbB-3) and
HER4 (ErbB-4) [25]. Binding of epidermal growth factor
(EGF) to EGFR leads to activation of EGFR kinase
and subsequent autophosphorylation and activation of
downstream signaling cascades [25]. Over-expression and/
or mutations of the EGFR family are frequently found in
several cancers including those of breast, brain, lung, colon
and rectum, pancreas, and stomach. Thus, EGFR signaling
can be an attractive target for cancer treatment [25]. In this
perspective, A30, the first RNA aptamer against the EGFR
family has been found to block the interaction of HER3 to
its ligand (HRG), leading to the inhibition of breast cancer
growth [26]. Subsequently, several anti-EGFR aptamers
were generated and their tumor-suppressive functions have
been demonstrated in a variety of cancers [27-31] (Table
1). Other aptamers that can specifically bind to EGFRVIII,
a frequently identified mutant form of EGFR in breast
cancer, lung cancer and glioblastoma, were shown to
possess great potential as molecular anti-tumor reagents
in cancers carrying the EGFRVIII mutation especially
glioblastoma [32-34]. In addition, the trimeric aptamer
against HER2 was found to be capable of engendering
2-fold stronger tumor inhibitory effects than that of HER2
antibodies in patients with gastric cancer [35, 36]. These
data provide a solid foundation for developing aptamer-
based approaches to target EGFR family in cancers.

Aptamers targeting extracellular matrix (ECM)
proteins

The extracellular matrix (ECM) is essential for cell
adhesion and differentiation and functions as a major non-
cellular component of tumor microenvironment or niche.
It is demonstrated that disorganization or remodeling of
ECM is proposed to promote cellular transformation and/

or provide supportive tumorigenic microenvironment for
cancer stem cells [37]. As such, therapeutic approaches
that can target ECM components may hold promise in
cancer treatment.

Periostin is an ECM component that is commonly
over-expressed in a variety of cancers and is believed to
be involved in cancer growth and metastasis [38]. A DNA
aptamer termed as PNDA-3 was developed to block the
interaction between periostin and its cell surface receptors
(including integrins o, 3, and o, 3,) [39]. Studies in breast
cancer cells have demonstrated that PNDA-3 could
significantly inactivate integrins a f3.- and o, B.-dependent
signaling pathways and potently inhibit the growth and
metastasis of breast cancer both in vitro and in vivo [39]
(Figure 1). Moreover, PNDA-3 treatment can significantly
attenuate the microvascular density of the xenograft
tumors in mice. These results indicate that PNDA-3 may
serve as a promising therapeutic candidate for cancers with
abnormal periostin expression. Similarly, a modified RNA
aptamer TTA1 against another ECM protein tenascin-C
was tested in glioblastoma cells and later its efficient
tumor uptake and durable blood retention were identified
in mice bearing the xenograft tumors of breast, lung and
colon, providing evidence that TTA1 may be potentially
useful for tumor imaging and therapy [40-42].

Aptamers targeting miRNAs

MicroRNAs (miRNAs) are short noncoding RNAs
which can suppress gene expression and protein translation
by binding to the complementary bases of target mRNAs
and triggering mRNAs degradation [43]. The deregulated
miRNAs such as miR-17-92 (miR-17, miR-18a, miR-
19a, miR-20a, miR-19b and miR-92) oncogenic cluster
can activate different tumorigenic signaling pathways or
inhibit tumor-suppressive pathways, serving as critical
biomarkers of many cancers such as those from breast,
colon, lung, prostate and stomach (Figure 1) [43].
Therefore, targeting oncogenic miRNAs may shed a light
for cancer treatment.

Current inhibitory strategies are mainly exerted
by anti-miRNA oligonucleotides (AMOs), which target
miRNAs through direct complementarity and preventing
miRNA-mRNA combination. However, AMOs are
inadequate to achieve satisfactory tumor inhibition
since they can only target single miRNAs. By contrast,
RNA aptamers that interact with their target RNAs rely
on forming three-dimensional shape and are capable of
binding to different sites within miRNAs cluster. This was
successfully exemplified by a RNA aptamer (aptamer 7)
that can bind to miRNA-18a, miRNA-19a and miRNA-
20a through complementarity [44]. Aptamer 7 can
accurately interfere with maturation and processing of
target miRNAs. Intriguingly, aptamer 7 was also found
to inhibit the processing of miRNA17 by additional
weak interaction with its binding site located in close
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Table 2: Aptamers (apt) targeting the immune regulatory factors

Apt (DNA/RNA) | Targets Functions Anti-tumor effect
M12-23 (RNA) 4-1 BB Interacts with 4-1 BB and|Induces in vitro protective immunity of T cells and
induces COS signaling in vivo tumor regression of mastocytoma [68]
Ind | | . £ Multimeric apt enhanced in vivo anti-tumor
0X40-apt (RNA) | 0X40 nduces nuclear translocation ot} ity of DC-based vaccines for melanoma
NF-kB and IFN-y production (69.70]
Interacts with CD28 and|Costimulated CD4 and CDS in vitro and elicited in
CD28-apt (RNA) | CD28 provides artificial COS signaling [ vivo anti-tumor immunity against lymphoma [71]
Blocks CTLA-4 function and [ Monomeric and multimeric apt inhibited in vivo
Del60 (RNA apt) | CTLA-4 stimulates T cell proliferation | tumor growth in melanoma and bladder tumor [72]
PSMA-4-1BB-apt PSMA/4-1BB Delivers 4-1 BB COS ligand to | Inhibits in vivo tumor growth of CRC and in vivo
(RNA) PSMA (+) tumor cells lung metastasis of melanoma [73
g
g?nga/c—Met—apt CD16a/c-Met | Induces ADCC Potential anti-tumor agents [74]
VEGF-4-1BB apt |\;pGp/a.1gg | Pelivers 4-1 BB COS ligand to Enhances in vivo vaccine-induced anti-tumor
(DNA) tumor stroma immunity and inhibits tumor growth of BC [75]
MP7 (DNA) PD-1 Blocks PD-1/PD-L1 pathway F;Eiblt in vivo tumor growth of colon cancer cells
R5A1 (RNA) IL10R Blocks IL10 function Inhibits in vivo tumor growth of CRC [77]
CL-42 (RNA)  |IL4Ra Blocks IL4Ra-STAT6 signaling i‘;lrlclzfmgnw g tumor growth of - mammary
IL-6 apt (DNA) |IL6 Blocks IL6-receptor interaction i:ll;léll):m;nwg]l tro tumour  cellsproliferation of
VRI1 (DNA) TNF-a ig?égigsr binding of TNF-a to Potential non-immunogenic inhibitor of TNF-a [80]

proximity to miRNA-19a. By inhibiting formation of
mature miRNAs cluster (miRNA17-20a) and further up-
regulating expression of corresponding target mRNAs,
aptamer 7 was able to induce apoptosis and inhibit the
proliferation of retinoblastoma cells in vitro [45]. The
anti-tumor effect of the anti-miRNA aptamers is now
being tested in vivo, and the current focus of anti-miRNA
aptamers in cancer therapy includes the development of
appropriate delivery tools and structural modifications for
enhancing their therapeutic efficacy and stability in human
blood.

Aptamers targeting other proteins

Over recent years, therapeutically relevant
aptamers against cell-surface proteins like vimentin,
carcinoembryonic antigen (CEA), alpha fetoprotein (AFP)
and aptamers against dyregulated signaling molecules
such as NF-kB and STAT3 have been developed [46-66]
(Table 1 and Figure 1). These aptamers show excellent
binding affinity and specificity towards their targets,
facilitating the development of novel molecular targeted
cancer therapies.

APTAMERS AGAINST
REGULATORY PROTEINS

IMMUNE

Effector T cells are an important part of anti-tumor
immunity. T cells are activated by two types of signal
presented by antigen presenting cells (APCs): (i) antigen-
specific signals triggered by the T cell receptor (TCR), and
(i1) signals induced by co-stimulatory (COS) molecules
(such as 4-1BB, CD28 and OX40) [66]. Therefore, the
interaction of COS molecules with their ligands is an
important part of T cell activation. A reduction of COS
ligands in APCs and the low antigenicity within tumors
can compromise the ability of tumor-specific T cells to
augment anti-tumor immunity [67]. Besides, APCs of
tumor antigens convey immuno-suppressive signals to T
cells through activating immuno-suppressive receptors
and cytokines, driving T cells into a state of immune
tolerance [67]. At present, some agonistic antibodies used
as artificial COS ligands have achieved the desired COS
effect in liver cancer, colorectal cancer and melanoma
[68], however, their clinical application is hindered by
manufacturing cost and potential immunogenicity. In
contrast, aptamers have superior immunomodulatory
effects over conventional antibodies in terms of synthesis
cost and lack of immunogenicity (Table 2).

Aptamer against 4-1BB (a COS receptor that is
responsible for the activation and expansion of CD8" T
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cells) was the first agonistic immunomodulatory aptamer.
It acts as an artificial ligand for 4-1BB, and initiates COS
signals to boost T cells survival. These aptamers have
to form dimeric and/or multimeric aptamer structures
in order to induce a 4-1BB oligomerization, a necessary
process in the stimulation of receptor signaling [69]. Both
dimeric and multimeric aptamers were equally efficient
in stimulating T cells and inhibiting tumor growth as
compared to the agonistic antibodies [69]. Using this
approach, agonistic aptamers against OX40 and CD28,
both of which are members of the tumor necrosis factor
receptor (TNF-R) family, were subsequently developed
and their multivalent derivatives demonstrated strong
COS properties and greatly potentiated T cell dependent
anti-tumor immunity in mice [70-72]. In addition, an
antagonistic aptamer (Del 60) recognizing cytotoxic
T cell antigen-4 (CTLA-4) (a membrane receptor that
negatively regulates T cell activation) was used to reverse
the CTLA-4-induced immune inhibitory signaling and
facilitate antigen-dependent T cell proliferation. Similarly,
its multivalent version resulted in enhanced anti-tumor
immunity and tumor regression with comparable potency

A B

mRNA target/degradation

. W
94 :w {0
0

to that of CTLA-4 antibody [73].

Like other traditional anticancer drugs,
immunostimulatory drugs also face the challenge of
dose-limiting toxicity induced by non-specific targeting.
In addition, immunostimulatory ligands may perturb the
balance between self-antigen activated T cells (auto-
reactive T cells) and regulatory T cells (Tregs), leading to
increased auto-reactivity and consequently enhanced risks
for adverse autoimmune pathology [74]. Thus, approaches
that can prevent the access of immunostimulatory
ligands to healthy cells and auto-reactive cells may be
therapeutically relevant. In this regard, a bi-specific
aptamer consisting of two aptamers targeting prostate
specific membrane antigen (PSMA) and 4-1BB receptor
was shown to activate T cells and inhibit the growth of
PSMA-expressing tumors, while greatly minimizing
drug toxicity and auto-immune reactions [74]. Similarly,
a bi-specific aptamer targeting CD16a and c-Met was
shown to recruit NK cells to c-Met-positive tumors and
induce the production of CD16a which is an essential
part of antibody-dependent cellular cytotoxicity (ADCC),
thereby enhancing anti-tumor immunity [75]. Although
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Figure 2: Examples of aptamer-mediated delivery of therapeutic agents. A., Dox-encapsulated PLGA-PEG-A10 bioconjugates;
B., A9-siRNA chimeras linked by a streptavidin bridge; C., shRNA-coupled PEI-PEG-A10/DOX chimera; D., Dox-coupled TCL-
SPION-A10 complex; E, Specific delivery of siRNA-A10 chimera to target cancer cells. The A10 aptamer portion of the chimera binds to
the cell surface receptor and is internalized via receptor-mediated endocytosis. After escaping from the endosome/lysosome, the chimera
is separated by Dicer and the mature siRNA component against the BCL-2 gene is released and further incorporated into RISC, leading to

the silencing of target mRNA and subsequent cancer cell apoptosis.
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Table 3: Aptamers (apt) as delivery tools for therapeutic agents

Cancer type | Apt (DNA/RNA) | Targets Therapeutic agents Linkage Delivery vehicle Trial state
A10 (RNA) PSMA Dox Intercalation | A10 In vitro [81]
A10 (RNA) PSMA Dtxl/Cisplatin Encapsulation | PLGA-b-PEG NPs fg 4_‘;3150/1" vive
A10 (RNA) PSMA  |Cisplatinand Dtxl | Encapsulation |1’ PGAPEG | 1y ity [87)
A9 (RNA) PSMA  |Dox Intercalation |PAD fgg]””"/ Invivo
. . In vitro/In vivo
A9 (RNA) PSMA Dox Encapsulation |liposome [89]
A10 (RNA) PSMA  |Dox Intercalation | TCL-SPIONS E;lo ;’1’;0/ Invivo
PC A10 (RNA) PSMA Dox Intercalation | QD In vitro [92]
A10 (RNA) PSMA  |PLKI/BCL-2 siRNA |Covalent A10 f;’ﬂv’”w Invivo
A10 (RNA) PSMA  |PLKI siRNA Covalent A10 g 4]””0/ Invivo
A9 (RNA) PSMA Lamin A/C siRNA | Covalent A9 In vitro [95]
T-A10 (RNA) |PSMA  |Upf2/Smgl siRNA |Covalent Truncated A10 f’; 6]””0/ Invivo
T-A10 (RNA) PSMA DNAPK shRNA Covalent Truncated A10 In vivo [97]
A10 (RNA) PSMA Bcl-xL shRNA Covalent PEI-PEG In vivo [98]
A10-3 (RNA) |PSMA  [miR-15a/miR-16-1 |Covalent ATE fgg]”’”’/ In vivo
Sgc8 (DNA) PTK7 Dox Hydrazone Sgc8 In vitro [101]
Leukemia Sgc8 (DNA) PTK7 Dau Intercalation | Sgc8 In vitro [102]
g;lﬁlg())hn APt Nucleolin [B-arrestin apt Covalent Nucleolin apt In vivo [103]
1(31§\}5 /E) R apt|gApp.R  |STAT3 siRNA Covalent Apt In vitro [104]
Lymphoma In vitro/in vivo
TDO5 (DNA)  |mIgM PEG Covalent TDO5 [’1“ 06]
MA3 (DNA) MUCI1 Dox Intercalation |MUCI apt In vitro [107]
MUC I -apt . .
(DNA) MUCI1 Plasmid DNA Covalent PEI In vitro [108]
Le i‘glf]lj“)’lln'apt Nucleolin | SLUG/NRP1 siRNA | Covalent Nucleolinapt | vivo [109]
GL2I-T  (RNA| 5y Let-7g miRNA Covalent GL21-T In vitro/In vivo
apt) [110]
HER2-apt (RNA) [HER2 Bcl-2 siRNA Covalent HER2 Apt Invitro [111]
HBS5 (DNA) HER2 Dox Intercalation | HBS5 Invitro [112]
AS1411 (DNA) |Nucleolin |Dox Covalent Liposomes f’f . 3”1’%1" vive
BC AS1411 (DNA) | Nucleolin | Vinorelbine Intercalation | PLGA-PEG NPs ﬁ’l SV]’”"/ fnvivo
MUCTI-apt . .
(DNA) MUCI1 Dox Intercalation | Apt-PEG Invitro [116]
MUCT -apt . .
(DNA) MUCI1 PTX Encapsulation | PLGA NPs In vitro [117]
TfR-apt (RNA) [TfR miR-126 Covalent TR apt In vitro [118]
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MUCI-apt . In vitro/In vivo
(DNA) MUCI1 Dox Encapsulation |QD [119]
MUCI-apt . In vitro/In vivo
oC p -
(DNA) MUCI1 miR-29b Covalent MUCI Apt [120]
?é%%‘apt MUCI  |PTX and let7i Covalent MUCI Apt Invitro [121]
5TR1 (DNA) MUCI1 Epirubicin Intercalation | TCL-SPION In vitro [122]
CRC MUC1 -apt MUCI  [SN38 Encapsulation |Chitosan NPs | In vitro [123]
(DNA)
HC TLS11-a (DNA) |LHS6 Dox Intercalation | TLS11a-GC f’l’zé‘v]””’/ In vivo
SQ2 (RNA) ALPPL2 |3-Fluoro-2’- Covalent sQ2 In vitro [125]
PAC deoxyuridine
TfR apt (RNA) |TfR Dox/NF-«B decoy Intercalation | RNA apt In vitro [126]

Abbreviations: BAFF: B-cell-activating factor; Dau: Daunorubicin; DNAPK: DNA-activated protein kinase; Dox:
Doxorubicin; Dtxl: Docetaxel; MUC1: Mucinl; PAC; pancreatic cancer; PAD: polyamidoamine dendrimer; PEG:
polyethylene glycol; PEI: polyethylenimine; PLA: poly lactic acid; PLGA: poly (lactic-co-glycolic acid); PLK-1: polo-like
kinase 1; PTK7: protein tyrosine kinase 7; PTX: paclitaxel; QD: quantum dot; SLUG: snail family zinc finger; TCL-
SPION: thermally cross-linked superparamagnetic iron oxide nanoparticles; TR: transferrin receptor

data from clinical studies are still pending, the idea of
using bi-specific aptamers to target cancers has shed light
in developing novel strategies for cancer immunotherapy.
However, for the bi-specific aptamer to work, the COS
ligands have to be displayed on the cell surface to co-
stimulate T cells. Thus, ligand-induced internalization
of most receptors including PSMA into the cytosol can
significantly restrict clinical applicability of this approach.
In this aspect, targeting stroma-secreted products such as
VEGF and osteopontin (OPN) rather than cell-surface
expressed proteins such as PSMA and HER2 might be a
more feasible approach [76].

Programmed death-1 (PD-1) is a Type I
transmembrane protein of the Ig superfamily, and was
found to be expressed on a number of activated immune
cells such as T cells, B cells and NK cells [77], while its
major ligand PD-L1 is frequently expressed on tumor
cells. Interaction between PD-1 and PD-L1 was reported
to inhibit the expression of many transcriptional factors
of effector T cells and stimulate CD8" cytotoxic T
lymphocytes (CTL), leading to the apoptosis of tumor-
infiltrating T cells [77]. In addition, the PD-1/PD-L1
axis also contributes to the differentiation of regulatory
T cells (Tregs), which are critical inhibitors of the anti-
tumor immune responses in the tumor microenvironment.
Thus, PD-1/PD-L1 signaling is an important element in
facilitating the immune evasion of tumors [77]. As such,
the therapeutic efficacy of PD1/PD-L1 signaling inhibitors
especially the mAbs against PD-1 (such as Nivolumab)
has been tested in various stages of clinical trials in
patients with non-small cell lung cancer, melanoma and
renal cancer, but the outcomes were disappointing [77,
78]. Aptamer-based cancer targeting may be a promising
and effective substitute of mAbs. For example, an aptamer

against PD1/PD-L1 axis (MP7) was reported to inhibit
PD-L1-induced apoptosis of tumor-specific T cells and
IL-2 secretion. Furthermore, PEG-conjugated MP7 was
shown to significantly inhibit the growth of colon cancer
in vivo with the potency equivalent to that of anti-PD-L1
antibody. Although anti-PD-L1 antibodies have been
approved for the treatment of melanoma and are being
tested for other cancers (lung, ovarian and colon), the
superiority of aptamer-based therapy for solid tumors
should be further explored [79].

Aptamers acting as the antagonists of immune
suppressive factors such as interleukin 10R (IL-10R),
IL4Ra, IL-6 and TNF-a have also been developed. These
aptamers are as effective as their respective antibodies in
blocking the function of cognate targets and promoting
protective immunity, representing a novel therapeutic
alternative for cancer treatment [80-83].

APTAMER-BASED DELIVERY OF
THERAPEUTIC AGENTS

Efficient and selective delivery of therapeutic agents
to tumor sites is always a challenge in cancer therapy. The
off-target effects of the therapeutic reagents are responsible
for commonly encountered adverse effects such as hair
loss, nausea, myelosuppression and cardiotoxicity [8], and
may lead to treatment failure. In order to overcome these
off-target effects, cytotoxic agents can be conjugated to
aptamers which can selectively deliver the loaded drugs to
tumor cells, therefore avoiding the non-specific uptake of
therapeutic agents by noncancerous cells (Table 3, Figure
2A).

Aptamer-conjugated Doxorubicin (Dox) is a
classical example of using an aptamer as a drug delivery

www.impactjournals.com/oncotarget

13454

Oncotarget



strategy. In the aptamer-Dox complex, Dox can preferably
intercalate into the GC pairs of DNA double strands of
aptamers to form a therapeutic complex that has been
reported to significantly inhibit the proliferation of
PSMA positive cells [84]. However, this approach is
flawed by greatly reduced drug loading efficiency and
rapid systemic clearance of the complex. Over recent
years, aptamer-guided nanoparticles (NPs) have been
shown to greatly enhance the uptake and retention of
therapeutic drugs in cancers. The aptamer-NP structures
have several superior properties over traditional delivery
systems: (i) the surfaces of NPs can be precisely modified
and programmed to specifically recognize and attach to
targets [85]; (ii)) NPs can be made sufficiently large and
structurally flexible to accommodate different drugs,
resulting in high drug loading and synergistic anti-
cancer effects [86]; (iii) NPs can be easily coated with
macromolecules such as PEG to extend their half-life in
circulation and hence bioavailability [86]; and (iv) NPs
have the potential to bypass conventional drug resistance
mechanisms since they enter cells through endocytosis
[85]. As such, aptamer-based NPs have been extensively
explored in targeted drug delivery. In the following
sections, we will elaborate on the applications of aptamers
as carriers of single therapeutic agents or NPs-based drugs
in a variety of cancers.

Application of aptamer-based therapy in prostate
cancer

PSMA is a type-II integral membrane glycoprotein
that is abundantly expressed in most cases of prostate
cancer, and therefore has become a promising therapeutic
target for prostate cancer [84]. Aptamers A9 and A10
against extracellular domains of PSMA have been
extensively studied. The most noteworthy examples
are biocompatible and biodegradable poly (lactic-co-
glycolic acid) (PLGA)-PEG NPs, which are surface-
coated with A9 and A 10 to enable the specific delivery of
chemotherapeutic agents to prostate cancer cells (Figure
2A). These bioconjugates effectively target cancer cells
and trigger sustained intracellular drug release, leading to
enhanced anti-tumor effects and reduced toxicity to non-
target cells in vitro and in vivo compared to free drugs and
drug-NP conjugates lacking PSMA aptamers [87-89].

However, single chemotherapy drug regimens
are often inadequate to eradicate tumor cells due to
complicated chemo-resistance mechanisms. To overcome
this problem, a dual-drug delivery NP system constructed
by linking cisplatin-coupled poly lactic acid (PLA)
polymer and Docetaxel (Dtxl)-encapsulated PLGA-PEG
has been developed. This complex was further armed
with A10, which allows specific and efficient co-delivery
of cisplatin and Dtxl to prostate cancer cells, leading to
superior synergistic anti-tumor efficacy over single drug-

NP counterparts in vitro [90]. Furthermore, a different
type of nanostructure was assembled by connecting a
polyamidoamine dendrimer (PAD) to a single-stranded
oligonucleotide which was then subsequently annealed
to a Dox-intercalated A9 aptamer [91]. The resultant
chimeras exerted a greater anti-tumor activity in vitro
and in vivo compared to free Dox or A9-free dendrimer
conjugates. A recently designed novel A9-conjugated
liposome was used to encapsulate Dox and the resulting
complex was found to induce significant cytotoxicity to
prostate cancer cells in vitro and in vivo [92]. Moreover,
certain NPs can have a dual function for cancer diagnosis
and drug delivery. For example, Dox-coupled A10 aptamer
can be conjugated with imaging agents such as thermally
cross-linked superparamagnetic iron oxide nanoparticles
(TCL-SPION) (Figure 2D) and quantum dot (QD) which
can be tracked by computed tomography or magnetic
resonance imaging (MRI), allowing real-time monitoring
of drug transportation to tumor cells [93-95].

PSMA aptamers have also been utilized to deliver
therapeutic nucleic acids such as small interfering RNAs
(siRNAs), small hairpin RNAs (shRNAs) and microRNAs
(miRNAsS). In this regard, aptamer-mediated delivery of
therapeutic siRNAs against anti-apoptosis genes polo-
like kinase 1 (PLK-1) and B-cell lymphoma 2 (BCL-2)
has been tested in prostate cancer cells with encouraging
results [96] (Figure 2E). Modification of these therapeutic
chimeras such as truncation at the aptamer portion of
A10-PLK1 chimera and addition of PEG led to enhanced
apoptosis in vitro and a greater inhibitory effect on tumor
growth in vivo [97]. Other modifications to the aptamer-
mediated delivery of therapeutic nucleic acids have been
reported. For example, a streptavidin bridge was used as a
chemical linker to conjugate biotinylated A9 aptamer with
two biotinylated siRNAs against lamin A/C and GAPDH
(Figure 2B). The disulfide linker between siRNA and
biotin can be cleaved upon the internalization of aptamer-
bound siRNAs, resulting in the silencing of target genes
in target cells [98]. However, this chimera was found to be
associated with in vivo immunogenicity that was provoked
by streptavidin, and this drawback may hamper its clinical
application. Additionally, truncated A10 (T-A10) was
used to successfully deliver siRNAs against Upf2 and
Smgl genes, two critical components of the surveillance
mechanism called non-sense mRNA decay, in prostate
cancer cells. This approach led to a significant reduction of
Upf2 and Smg1 expression and the up-regulation of tumor
rejection antigens, thereby inhibiting tumor growth in vitro
and in vivo [99].

Apart from siRNAs, PSMA aptamers have been
used as carriers of shRNAs and miRNAs. A truncated
A10 aptamer conjugated to shRNA against DNA-activated
protein kinase (DNAPK) (a key factor responsible for
DNA repair in tumor cells), and this chimera could greatly
sensitize prostate cancer cells to ionizing radiation-induced
tumoricidal effect in vivo [100]. In another study, BCL-
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xL shRNA was encapsulated inside a polyethylenimine
(PED)-PEG complex that was pre-conjugated by DOX-
intercalated A10 (Figure 2C), yielding a multi-functional
chimera (shRNA/PEI-PEG-A10/DOX) that could
induce massive death of PSMA (+) cells in vitro [101].
Additionally, the delivery of two tumor suppressors
(miR-15a and miR-16-1) to PSMA (+) cells via the
atelocollagen-conjugated A10-3 aptamer displayed
superior anticancer effects over miRNA/ATE alone
[102]. These findings highlight the improved therapeutic
potential of aptamer-siRNA/shRNA/miRNA chimeras for
prostate cancer.

Application of aptamer-based therapy in leukemia

Protein tyrosine kinase 7 (PTK?7) is over-expressed
in approximately 70% of T cell acute lymphocytic
leukemia (T-ALL) [103]. Aptamer sgc8 that specifically
targets PTK7 can selectively bind to T-ALL cells with
high affinity even if the malignant cells are mixed with
hematopoietic cells or clinical samples [103]. When
covalently conjugated with Dox or Daunorubicin (Dau),
sgc8 showed similar cytotoxic effects on T-ALL cells to
free drugs but with minimal toxicity on non-target cells
[104, 105].

Recently, a novel aptamer targeting the scaffolding
protein B-arrestin that interacts with numerous critical
oncogenic signaling pathways was identified. This
aptamer was capable of inhibiting the formation of the
complex composed of B-arrestin and extracellular signal-
regulated kinases (ERK), resulting in blockage of the
hedgehog/smoothened and wingless/Frizzled pathways
simultaneously. Moreover, selective delivery of this
therapeutic aptamer into chronic myelogenous leukemia
cells led to a significant inhibition of tumor growth [106].

Application of aptamer-based therapy in
lymphoma

B-cell-activating factor (BAFF) is a member of the
TNF family of cytokines and is often exclusively over-
expressed in B-cell malignancies such as non-Hodgkin’s
lymphoma (NHL). The binding of BAFF to its receptor
(BAFF-R) is critical for B cell proliferation and survival,
rendering BAFF-R an attractive therapeutic target for
lymphoma [107]. A RNA aptamer specific to BAFF-R
showed strong inhibitory effects on BAFF-mediated B cell
proliferation. Moreover, this aptamer carrying siRNA of
signal transducer and activator of transcription 3 (STAT3)
significantly reduced STAT3 activity in NHL cells [107].
Given that down-regulation of STAT3 can inhibit the
growth of lymphoma [108], an anti-BAFF aptamer may
serve as a promising dual-function therapeutic reagent
for NHL. Additionally, the multimeric version of TDO05
aptamer was shown to specifically bind to B-cell receptor

(BCR) on lymphoma cells, and when coupled with a PEG
linker, the affinity was greatly enhanced [109] in vitro and
in vivo. Thus, this system may constitute an ideal drug
delivery vehicle for lymphoma.

Application of aptamer-based therapy in lung
cancer

Mucinl (MUC1) is a large cell surface
transmembrane glycoprotein that is vital for cell adhesion
and metastasis. Aberrant expression and mutation of
MUCI is frequently associated with the invasion and
metastasis of many cancers including those of the
colon, breast, ovary, and prostate, making it a potential
therapeutic target [110]. Anti-MUC1 aptamers were
developed to selectively deliver Dox or therapeutic
plasmid DNA to MUCT (+) lung cancer cells [110, 111].
In a recent study, two siRNAs of snail family zinc finger
(SLUG) and neuropilin-1 (NRP1) which are known to be
important transcriptional factors in the activation of key
signaling pathways were successfully carried into lung
cancer cells by an anti-nucleolin aptamer [112]. These
agents caused specific knockdown of SLUG and NRP1
genes resulting in the suppression of angiogenesis and
growth of lung cancer [112].

In addition to siRNA, a RNA aptamer GL21.T was
developed to carry tumor suppressor let-7g miRNA into
cancer cells via binding to oncogenic receptor tyrosine
kinase Axl. This agent could significantly inhibit the
proliferation and migration of lung cancer cells, thereby
leading to significant reduction of lung cancer growth in
vivo [113].

Application of aptamer-based therapy in breast
cancer

HER-2 is one of the most common cell surface
biomarkers for breast cancer. Its over-expression is
associated with increased aggressiveness and poor
prognosis [35]. Several HER-2 aptamers acting as the
transporter of therapeutic agents including BCL-2 siRNA
and Dox, exert selective cytotoxicity on HER-2 expressing
cells [114, 115]. As a reliable carrier, aptamer AS1411
was functionalized with liposomes or PLGA-PEG NPs
to enable specific delivery of anti-cancer drugs such as
Dox or vinorelbine to breast cancer cells with significant
anti-tumor efficacy [116-118]. Additionally, anti-MUC1
aptamers conjugated with PEG or PLGA NPs have also
been utilized as the carriers of chemotherapeutic agents,
rendering significant and specific toxicity to breast cancer
[119,120].

The miRNA-126 plays an essential part in vessel
growth and is often down-regulated in breast cancer. On
the other hand, restoration of miRNA-126 expression
inhibited tumor growth and metastasis, suggesting that
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over-expression of miRNA-126 may be a promising
therapeutic strategy for breast cancer [106]. As such, an
aptamer against transferrin receptor (TfR), which is often
over-expressed in various solid tumors, was used to deliver
the precursor of miRNA-126 (pre-miR-126) to breast
cancer cells, and this chimera was found to significantly
reduce the proliferation and paracrine endothelial cell
recruitment of breast cancer cells [121].

Application of aptamer-based therapy in ovarian
cancer

Mutations of MUCI1 are present in more than
90% of late stage epithelial ovarian cancer patients and
are involved in tumor metastasis [122]. Consequently,
targeting aberrant MUC1 may be therapeutically relevant.
A QD-MUCI1-Dox conjugate has been developed that is
composed of anti-MUC1 aptamer and QD coupled with
Dox via a hydrazone bond. The resulting construct showed
stronger and specific cytotoxicity to ovarian cancer cells
compared to free Dox [122]. In another study, an anti-
MUCI aptamer was used to deliver tumor suppressor
miR-29b to ovarian cancer cells, leading to decreased
chemo-resistance and a significant inhibition of tumor
growth possibly via attenuating phosphatase and tensin
homolog (PTEN) and mitogen-activated protein kinases-4
(MAPK4) signaling [123]. Additionally, MUCI aptamer
was able to specifically deliver let-7i miRNA to ovarian
cancer cells, rendering these cells more sensitive to
paclitaxel [124].
Application of aptamer-based in
colorectal cancer

therapy

MUCI aptamer-based NPs have been utilized to
deliver therapeutic agents to cells or tissues. In a recent
study, the conventional chemotherapeutic agent Epirubicin
(Epi) was intercalated into an anti-MUCT1 aptamer (5TR1)
that was pre-conjugated to the surface of TCL-SPION to
form an Epi-Apt-SPION tertiary complex. The resulting
conjugate showed cytotoxic effects similar to Epi alone
towards colorectal cancer cells but with much less toxicity
to non-target cells [125].

SN-38 is an active metabolite of the
chemotherapeutic agent irinotecan and shows 100-1000
times more anti-tumor potency than its pro-drug for
colorectal cancer [126]. However, its poor solubility and
high toxicity has restricted clinical application. In order
to overcome these limitations, a biocompatible polymeric
carrier chitosan which can improve solubility and
biocompatibility was utilized to covalently link with SN-
38 and further conjugated with an anti-MUC-1 aptamer for
specific targeting, leading to enhanced anti-proliferation
and increased efficacy of SN-38 on colorectal cancer cells
[126].

Application of aptamer-based in

hepatocellular carcinoma

therapy

A DNA aptamer termed TLS11a-GC was designed
to specifically target hepatocellular carcinoma (HCC) cells
[127]. When conjugated with Dox, the aptamer complex
was found to induce significant apoptosis in HCC cells
both in vitro and in vivo, making it a potential candidate
for targeted drug delivery [127]. In a very recent study,
AS1411 was conjugated with Dox using formaldehyde as
a crosslinking agent. This AS1411-Dox adduct was able
to efficiently deliver Dox to HCC cells and inhibit HCC
growth in vivo with a similar efficiency achieved by free
Dox but with much reduced side effects [128].
Application of aptamer-based in
pancreatic cancer

therapy

The abnormal expression of alkaline phosphatase
placental-like 2 (ALPPL2) in pancreatic cancer cells
makes ALPPL2 a putative biomarker for the development
of targeted therapy for pancreatic cancer [129]. Recently,
a RNA aptamer SQ2 targeting ALPPL2 has been used to
specifically deliver 5-fluoro-2’-deoxyuridine to pancreatic
cancer cells and successfully inhibit the proliferation of
recipient cells in vitro [129].

Acquired chemoresistance has been the main hurdle
of chemotherapy in cancers. The nuclear factor kB (NF-
kB) is a ubiquitous transcription factor and is frequently
involved in chemo-resistance [130]. In order to improve
the efficiency of chemotherapeutic agents, a RNA aptamer
against TfR was used to selectively deliver Dox and an
inhibitor of NF-«B (decoy oligonucleotides) to pancreatic
cancer cells. This assembly resulted in the targeted release
of two payloads in the endolysosomal environment,
effectively inhibited NF-«xB activity and ultimately
enhanced Dox-mediated apoptosis in pancreatic cancer
[130].

CONCLUSIONS, CHALLENGES, AND
FUTURE PERSPECTIVES

Aptamers possess numerous advantages over
conventional antibodies such as smaller size, higher
stability, ease of modification, and lack of immunogenicity.
These properties have rendered aptamers promising
tools for targeted cancer therapy. The encouraging data
for some aptamers currently under clinical trials (such
as AS1411 and NOX-A12) have opened promising
avenues for apatmer-based molecular cancer therapy. By
physical modifications such as conjugation with various
NPs, aptamers can be used as a specific anticancer drug
delivery method with efficient tumor penetration and
less toxic effects. Furthermore, aptamers can be used to
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selectively deliver multiple therapeutic RNA reagents to
tumors, implying that the combination of aptamer-based
chemotherapy and RNAi technology may synergistically
enhance therapeutic efficacy.

Despite the huge potential of aptamer-based cancer
therapy, aptamers have some disadvantages such as serum
instability and rapid renal clearance which may limit their
clinical applicability. Consequently, various biochemical
modifications of aptamers have been developed. For
example, replacing 2’-hydroxyl of the ribose sugars with
2’-fluoro, 2'-NH, (amino) and 2’-O-methyl (O-Me) was
found to enhance the nuclease resistance and PK profiles
of aptamers in vivo (23, 37, 39). Moreover, numerous
bulky chemicals such as PLGA, PEG, liposomes,
streptavidin or cholesterol have been utilized to conjugate
aptamers so that the systemic clearance of the aptamers
is reduced and their in vivo half-life can be considerably
prolonged (87, 91-94). With these modifications, we
envisage that aptamer-based therapy will offer superior
therapeutic benefits to cancer patients. Further studies
to identify specific molecular targets and large scale
clinical trials testing the therapeutic effects of aptamers
are expected to accurately assess their clinical potential
for cancer therapy.
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