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DNA or RNA molecules that bind with high affinity and specificity
@ @ to various ligands.! Aptamers have been referred to as “synthetic
antibodies,” but are more versatile and can replace antibodies
in some applications.? Following two seminal reports®* in 1990,
published applications of aptamers exceeded 10,000 as of 2019,
according to a search of PubMed.® Refinement of this literature,
specifically for cancer, gave 1,936 items for 1999 - 2019 (Figure 1).
An exponential increase in numbers is evident, as is the likelihood of
~350 such articles in 2020 alone.

Breast Cancer

Triple-negative breast cancer (TNBC), an aggressive cancer with
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Figure 1: Chart of results for search query (aptamer[Title/Abstract]) AND
(cancer([Title/Abstract]).

This mini-review covers examples selected from this aptamer and cancer
literature for the period 2019 — September 2020. Perusal of these 544
publications for novelty or noteworthy significance led to selection of
examples herein categorized by the type of cancer, which when sub-searched
gave the following decreasing numbers of articles: breast, 124; lung, 49;
prostate, 31; colon, 23; pancreatic, 12; and brain 6. The rank-order of these 6
cancers is reflected in the order of the next 6 sections, each of which covers
delivery and/or diagnosis.
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high rates of relapse due to resistance to chemotherapy,
expresses higher levels of programmed cell death-ligand
1 (PD-L1) compared to other breast cancers, and thus
provides the rationale for FDA-approved immunotherapy
with anti-PD-L1 monoclonal antibodies (mAbs). Because
platelet-derived growth factor receptor f (PDGFR) is
overexpressed by TNBC cells and tumor microenvironment,
Camorani etal.® developed a PDGFRf aptamer to investigate
a novel combination treatment with the PDGFRf aptamer
and anti-PD-L1 mAbs in TNBC. Importantly, they found that
the aptamer increases the antibody efficacy in inhibiting
tumor growth and lung metastases in mice by acting
on both tumor cells, inhibiting signaling pathways, and
increasing intratumoral T cells.

TNBC was also targeted by Yin et al.,” but using a quite
different strategy employing a novel 4-stranded synthetic
RNA construct comprised of an aptameric CD133-
binding region for delivery and a locked nuclei acid (LNA)
anti-microRNA, miRNA-21, for inhibition by and RNA
interference (RNAi) mechanism.? Mixing the 4 strands
provides self-assembled nanoparticles (NPs) for specific
uptake by breast cancer stem cells and TNBC cells. Tail
vein injections in mice demonstrated highly specific TNBC
tumor targeting and significant tumor growth inhibition.

Anti-VCAM-1 and anti-IL4Ra DNA aptamers, specific for
their cognate receptors overexpressed in 4T1 mammary
tumor-bearing mice, were shown by Chinnappan et al.? to
be useful for diagnosis and therapy when conjugated to
super paramagnetic iron oxide nanoparticles (SPIONs).
Receptor binding by both aptamers triggers tumor cell
apoptosis, thus limiting tumor progression in vitro and in
vivo. Cancer cells expressing the luciferase (Luc2) reporter
enzyme, and the negative contrast for magnetic resonance
imaging (MRI) induced by SPIONSs, allowed noninvasive
bioluminescence imaging and MRI, respectively, in 4T1-
Luc2 tumor-bearing mice, following tail-vein injection.

Effective diagnosis of TNBC using nucleolin (NUC)-
targeted nanobubbles!? for contrast-enhanced ultrasound
molecular imaging, reported by Fang et al,* is based on
the overexpression of NUC by endothelial cells of breast
tumor blood vessels. The well-known anti-NUC aptamer
AS1411 was conjugated to a lipid that was then used to
form the nanobubbles. Imaging results obtained with these
nanobubbles in vivo demonstrated prolonged duration
of NUC-expressing neovasculature compared to control
nanobubbles.

Finally, a wide variety of non-lipid nanoparticles have
been developed for aptamer-based sensors (aptasensors)
that use optical and electrochemical strategies for
detection, as reviewed in 2020 by Mao et al.'?

Lung Cancer

Anti-NUC aptamer AS1411 has also been used by Nie et

al.Bto target the A549 human lung carcinoma cell line by co-
loading, with the drug doxorubicin, onto poly(ethylenimine)
grafted with polyethylene glycol copolymer functionalized
gold nanoparticles through amide reactions.

A novel synthetic RNA construct comprised of an
aptameric region for delivery and a miRNA for RNAi was
reported by Nuzzo et al.'* as a new therapeutic approach
for non-small-cell lung cancer (NSCLC), which accounts
for ~85% of all lung cancers, is quite deadly, and warrants
new treatment options. The 2'-fluoropyrimidine-modified
nuclease-resistant RNA aptamer, termed GL21.T, binds to
and antagonizes the oncogenic receptor tyrosine kinase
Axl, while miRNA-137 targets several genes known to play
important roles in various human cancers and cell-cycle
signaling. The A549 cell line used for studies of lung cancer,
when treated with the chimeric construct, GL21.T-137,
showed significantly increased levels of miRNA-137 by qRT-
PCR, compared to controls. The levels of Cdk6, a validated
miRNA-137 target, were comparatively reduced by 40%
at 48 h. Moreover, inhibition of cell migration and growth
by GL21.T-137 was shown for Axl* primary cells obtained
from surgical specimens from NSCLC patients, and there
was significant reduction in tumor volume in a A549
mouse xenograft models following 7 days intraperitoneal
injection of GL21.T-137, compared to controls.

Selective eradication of human NSCLC cells using
aptamer-decorated NPs loaded with a cytotoxic drug was
described by Engelberg et al.'’> The NPs, comprised of
biocompatible polyethylene-glycol (PEG) conjugated to
polycaprolactone (PCL), PEG-PCL, self-assembled in the
presence of paclitaxel (PTX), and were then conjugated to
S15-APT, a DNA aptamer previously selected for specific
binding to NSCLC by others.’® Confocal microscopy
using NPs having dye-labeled S15-APT demonstrated
internalization by A549 cells but not normal human
bronchial epithelial BEAS2B cells, cervical carcinoma HeLa,
colon adenocarcinoma CaCo-2, neonatal foreskin fibroblast
FSE, and human embryonic kidney HEK-293 cells. Notably,
the selective cytotoxicity of these NPs toward A549 cells
was reflected in the IC, | value, which was approximately
50- to 30,000-fold lower than those for these other cell

types.

An example of an aptamer outperforming an antibody
was provided by Zhang et al,'” according to whom
conventional antibody-based immunocytochemistry (ICC)
on cytological samples can sometimes be questionable. To
address these limitations in the context of lung cancer, they
developed ICC diagnosis employing S6, a DNA aptamer
specific for A549 lung carcinoma cells reported by others.!®
Three different formats for S6 were investigated: biotin-
labeled, fluorescent FAM-labeled, and conformationally
activatable. A total of 112 serosal fluid specimens with
known diagnoses were evaluated by all three strategies.
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ICC procedures based on biotin-labeled or FAM-labeled
S6 aptamers required time-consuming washing to avoid
interference from nonspecific adsorption. By contrast,
the activatable ICC format showed strong fluorescence in
the presence of target cells without any washing steps.
Importantly, the specificity and sensitivity were found to be
higher in all three of these S6 aptamer-based ICC protocols
relative to those for antibody protocols for differentiating
adenocarcinoma cells in clinical effusion cytology.

Prostate Cancer

Like the use of SPIONs for breast cancer,’ these
magnetic NPs were studied by Fang et al.?® using the known
prostate cancer (PC)-specific aptamer, Wy5a, for delivery
of Docetaxel (Dtxl), a broad-spectrum anticancer drug.
These targeted SPIONs showed controlled drug-release
in PC-3 cells in vitro and in vivo, as well as MRI contrast-
enhancement, plus more efficacious antitumor properties
in vivo without systemic toxicity.

In view of NIH fostering research in alternative
medicine,? it is worth mentioning two studies of aptamer-
guided delivery of curcumin (CUR), a natural product
derived from the spice turmeric, the health effects of which
have been reviewed elsewhere.?! In the first study, Ma et al.??
prepared conventional nanoliposomes (NLPs) that were
then conjugated to an RNA aptamer, A15, known to bind to
CD133, which marks normal prostate epithelial stem cells
and rare malignant tumor stem/initiating cells. The NLPs
were loaded with CUR to provide A15-CUR-NLPs for which
drug burst-release was observed within 2 h, followed by
continuous release over 48 h. In vitro comparisons of A15-
CUR-NLPs with CUR-NLPs in DU145 cells showed greater
uptake and cytotoxicity for the former. DU145 xenograft
mice bearing tumors were divided into four groups (n = 6):
(1) free CUR (25 pg in DMSO), (2) CUR-NLPs (25 pg CUR
equivalentin PBS), (3) A15-CUR-NLPs (25 pg CUR equivalent
in PBS), and (4) empty NLPs. Compared to 4, relative tumor
inhibition was 1 = 45%, 2 =57% and 3 = 82%.

The second study by Chen et al?® employed
an RNA aptamer (APT), which was modified with
2’-fluoropyrimidines for nuclease resistance.!* LNPs with
conjugated APT wereloaded with CUR and cabazitaxel (Ctx),
a microtubule inhibitor approved for hormone-refractory
PC. The APT-CUR/Ctx-LPNs exhibited sustained release of
both CUR and Ctx. In vitro assays demonstrated synergistic
cytotoxicity. PC xenograft mice were randomized into 7
groups (n = 6) and intravenously injected with (1) APT-
CUR/Ctx-LPNs, (2) APT-CUR-LPNs, (3) APT-CTX-LPNs, (4)
CUR/Ctx-LPNs, (5) CUR and CTX mixed solution, (6) APT-
LPNs, and (7) saline (NS) every 3 days at an equivalent
dose of CUR (2mg/kg) and/or CTX (5mg/kg). After 21
days, tumor volumes indicated that inhibition for 1 was

~2.5-times greater than those for 2, 3, or 4, which were
significantly greater than that for 5-7.

Most of the 31 recent aptamer/PC publications were
new methods to detect prostate specific antigen (PSA) in
blood, the current gold standard in prostate screening. A
completely different diagnostic approach was described by
Li et al.,>* who investigated the contents of exosomes (30 -
150 nm extracellular vesicles) in urine derived by prostate
cells. SPIONs® were decorated with an aptamer for prostate
specific membrane antigen (PSMA) for magnetic capture of
PSMA-positive exosomes in urine, thus avoiding invasive
blood collection. This was followed by a nonenzymatic
oligonucleotide amplification cycle using dye-labeled
molecular beacons,”® and exosome isolation using a
restriction enzyme to remove SPIONs. The beacons gave a
limit of detection of ~100 exosome particles/uL of urine,
and fluorescence intensity significantly differentiated
PC vs. normal patient samples. Recovered exosomes
were subjected to qRT-PCR to detect the mRNAs for PSA
and prostate cancer antigen 3 (PCA3) from a gene that
expresses a non-coding RNA. PCA3 is only expressed in
human prostate tissue, and the gene is highly overexpressed
in prostate cancer, which makes it an ideal biomarker. The
PSA and PCA3 levels significantly correlated PC vs. normal
patient samples.

Colon Cancer

Based on their previous work that identified miRNA-
139-5pasatumor suppressor gene thatinhibits progression
of colorectal cancer (CRC), Zhao et al.?® developed a LNP
loaded with miRNA-139-5p that is decorated with an
epithelial cell adhesion molecule (EpCAM) aptamer for
targeted treatment of CRC. These LNPs were taken up by
multiple CRC cell lines in vitro and markedly inhibited
proliferation, including HCT8 cells, proliferation of which
was significantly inhibited, subcutaneously, in a mouse
tumor model.

Babaei et al.?’ investigated simultaneous drug
and gene delivery to colorectal adenocarcinoma as a
means of obtaining synergistic effects. An AS1411 DNA
NUC!-targeted co-delivery system, based on PEGylated
mesoporous silica NPs, was developed for delivery of
camptothecin (CPT), a topoisomerase inhibitor, and a
commercially available apoptosis-inducing?® survivin
shRNA-expressing plasmid, iSur-DNA. Controlled release
of CPT was demonstrated, as was potent synergistic
cytotoxicity and apoptosis in vitro. The NUC aptamer
facilitated drug uptake into NUC* C26 colorectal cancer
cells leading to higher cellular toxicity and apoptosis
compared to NUC" CHO cells. The aptamer-guided NPs
suppressed tumor growth in C26 tumor-bearing mice and
improved survival, compared to controls.
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Pancreatic Cancer

According to Rossi & coworkers,?® pancreatic ductal
adenocarcinoma (PDAC) is one of the most aggressive
malignancies; it preferentially metastasizes to the liver
and is the main cause of death from this disease. In their
previous studies, a small activating RNA (saRNA) - an
emerging therapeutic strategy for transcriptional gene
activation - against CCAAT/enhancer-binding protein-a
(C/EBPa-saRNA) was efficacious in a PDAC tumor model.
The present work, focused on advanced stage PDAC,
employed a new anti-transferrin receptor aptamer, TR14,
conjugated to C/EBPa-saRNA. Treatment of pancreatic
cancer cells with the conjugate upregulated expression
of C/EBPa and its downstream target p21, and inhibited
cell proliferation. in an advanced PDAC mouse model,
treatment with TR14-C/EBPa-saRNA conjugate led to
significant reduction of tumor growth.

To address the need for early detection of pancreatic
cancer, Zou et al.** explored the feasibility of using MRI
in mucin 1 (MUC1)-conjugated SPIONs® (MUC1-SPIONs)
targeting human pancreatic cancer. The absence of toxicity
of MUC1-SPIONs was demonstrated by the standard MTS
assay, using BxPC-3 cells, for which a nude mouse model of
pancreatic cancer was established to investigate imaging.
MRI was performed to determine the intensity of the signal
of the transplanted tumor, while immunohistochemistry
and Western blot analysis were used to detect the
expression of MUC1 after removal of the transplanted
tumor. Importantly, MUC1 selectively accumulated in the
tumor and significantly reduced the T,-MRI signal strength.
In related experiments, expression of MUC1 was high in
pancreatic cancer tissues, but low in normal pancreatic
tissues.

Brain Cancer

Affinito et al.3! state that glioblastoma (GBM) is the
most aggressive primary brain tumor in adults and, despite
progress in surgical and medical neuro-oncology, prognosis
for GBM patients remains dismal, with a median survival of
only 14 - 15 months. This due to residual GBM stem cells
(GSCs) that cause tumor relapse and chemoresistance.
Because strategies to identify and target GSCs have been
unsuccessful, these researchers developed, for first time,
an RNA aptamer, A40s, that selectively binds GSCs vs.
undifferentiated GBM cells and is rapidly internalized.
Feasibility for delivery was demonstrated first using sticky-
end annealing of A40s to miRNA-34c, a p53 effector, which
has antiproliferative and pro-apoptotic functions. This
annealing was next used for an anti-miRNA-10b sequence
to knock-down miRNA-10b, a miRNA not expressed in
human brain and strongly up-regulated in both low-grade
and high-grade gliomas.

Conclusions

Despite the small “sample size” of these selected
examples, it is evident that aptamer-enabled delivery
for cancer is applicable to a remarkably broad spectrum
of therapeutic agents and detection schemes. This is
especially true for aptamers attached to nanoparticles,
which can accommodate small-molecule drugs, synthetic
oligonucleotide therapeutics of all mechanistic types,
and/or large gene-encoded plasmids. While not covered
here, this diverse cargo has been extended to gene-
editing strategies, notably CRISPR,? the revolutionary
genetic “scissors,” honored by the 2020 Chemistry Nobel
Prize shared by Emmanuelle Charpentier and Jennifer A.
Doudna. Indeed, 10 such papers can already be found by
searching PubMed for aptamer, cancer, and CRISPR in the
Title/Abstract.

The future prospects for treatment and diagnosis of
cancer using aptamers looks very promising indeed, given
the huge number of possible combinations comprised of
aptamers for specific targeting, ancillary agents for therapy
and/or diagnosis, and nanoparticle materials for delivery
and/or detection. This vast array of tools, coupled with
the imagination and excitement of dedicated researchers,
point toward many major advances against cancer yet to
come, which is a perspective also opined by others in a very
recent review.>
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