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Abstract: Gene therapy is a medical approach capable of correcting genetic and epigenetic
alterations in pathological conditions, including cancer. Different strategies have been pursued for
cancer gene therapy, aiming to restore the function of tumor suppressor genes or inhibit oncogenes.
These comprise the use of CRISPR/Cas9 gene editing technology and therapeutic oligonucleotides,
such as microRNAs, anti-microRNAs, small interfering RNAs, DNAzymes, and epigenetic
modifiers. However, despite great potential, their broad clinical use is hindered due to the lack of
safe and efficient systems for targeted delivery to cancer cells. To this purpose, aptamers could
represent an ideal tool. They are short single-stranded oligonucleotides that bind receptors
selectively present or overexpressed on cancer cell membranes, often undergoing cell-specific
internalization. Thanks to this last feature, numerous internalizing aptamers have been investigated
as targeting moiety to deliver therapeutic oligonucleotides, viral vectors, and nanoparticle-based
systems in preclinical studies. Here, we summarize the state-of-the-art of aptamer applications in
cancer gene therapy, providing key examples and discussing their advantages, limitations, and
clinical perspectives.

Keywords: aptamer; gene therapy; cancer; delivery; aptamer-based conjugate; aptamer-based
functionalization

1. Introduction

Tumorigenesis and tumor progression are intricately linked to genetic mutations and epigenetic
modifications, which cause loss-of-function of tumor suppressor genes and aberrant activation of
oncogenes [1]. Despite significant progress of precision medicine in targeting oncoproteins, currently
available therapeutics remain ineffective in most patients, supporting the urgency in developing
novel effective anti-tumor approaches [2—4]. In this regard, gene therapy is changing the treatment
paradigm by targeting tumor cells at the DNA or RNA level, the source of their malignancy [5]. The
first definition of gene therapy dates from the 1970s and has been revised numerous times, driven by
the technical innovations made available by biotechnologies. Gene therapy is nowadays defined as a
set of treatments that consists of inserting functional genes, correcting mutations using gene editor
systems, such as CRISPR/Cas9, or regulating gene expression through small oligonucleotides,
including microRNAs (miRNAs or miRs), anti-microRNAs (antimiRs), small interfering RNAs
(siRNAs), DNAzymes, and epigenetic modifiers [6]. However, these nucleic acid-based therapeutics
show higher molecular weight and polarity with respect to traditional small molecules, requiring a
delivery system to efficiently overcome the barrier represented by cell membranes [7,8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Viruses, physiologically predisposed to transduce exogenous genomic material through cell
infection, are the primary investigated delivery modalities, leading to significant clinical results [9].
The approval of Gendicine® in 2003 in China represents a historical milestone, being the first
authorized cancer gene therapy worldwide. This viral-based gene therapy consists of TP53-
expressing recombinant human-type five adenoviruses (rAd-p53), successfully used for about twenty
years to restore p53 function in head and neck squamous cell carcinoma [10]. Nowadays, four
additional viral-based therapies (Imlygic® Rexin-G® Oncorine®, and Adstiladring®) have been
approved by the Food and Drug Administration (FDA) and the European Medicine Agency (EMA)
for cancer treatment [11]. Nevertheless, viral vectors have also shown relevant setbacks, especially
regarding specificity and safety. A severe immune reaction caused the death of a patient during a
clinical trial, and a correlation between retrovirus-based gene therapy and leukemia was found in
four patients, evoking concerns about the immunogenicity and specificity of viral-based gene
therapies [12]. Nanoparticles (NPs) can represent an alternative delivery strategy with respect to
viruses [13], in particular after the successful use of lipid nanoparticles (LNPs) for the delivery of
Spike mRNAs in COVID-19 vaccination [14]. However, similarly to viral vectors, NPs are not
intrinsically specific for tumor targeting and provide a low delivery efficacy [15]. Therefore,
improvements in current technologies or the development of alternatives for targeted gene therapy
in cancer are required.

In this regard, aptamers could represent ideal tools. They are small single-stranded DNAs or
RNAs capable of folding into peculiar tertiary structures and binding with high affinity and
specificity to membrane oncoproteins [16,17]. In addition to the potential activity as antagonists or
agonists, aptamers, following the binding to their specific target, can be internalized via receptor-
mediated endocytosis, supporting their use as trojan horses for specific delivery of therapeutics in
cancer cells [18,19]. Thanks to this feature, aptamers have been investigated as targeting moiety in
novel gene therapy systems, being considered particularly promising to overcome current limitations
of viruses and NPs.

This review provides key examples of aptamer applications for cancer gene therapy, discussing
their advantages, limitations, and clinical perspectives. We briefly introduce the main historical steps
in aptamer research, starting from the first description and applications, and then present an
extensive collection of preclinical findings demonstrating the suitability of aptamer-based gene
therapy.

2. Aptamers: Discovery and First Applications

The discovery of aptamers dated to 1990 when C. Tuerk and L. Gold described the “Systematic
Evolution of Ligands by EXponential Enrichment” (SELEX), an innovative in vitro methodology to
identify high-affinity RNA ligands for ideally any target of interest [20,21]. These RNA ligands, as
well as those with a DNA backbone, were named “aptamers” later. Since the first description,
variants of the standard SELEX have been developed (a detailed update has been recently reported
by Chao Zhu and colleagues) [22]. In general, SELEX procedures consist of three distinct steps
(selection): 1) incubation of a high-complexity DNA or RNA-modified aptamer pool (constituted by
approximately 10% aptamers, each characterized by a unique sequence) with a target of interest, such
as single proteins, whole cells, or tissues; 2) partitioning of the aptamers bound to the target from
those unbound; 3) amplification of the collected bound aptamers through PCR or RT-PCR depending
on the DNA or RNA-based backbone, respectively. SELEX could also include an additional
preliminary step (counter-selection) in which the aptamer pool is incubated with non-target
proteins/cells/tissues aimed at eliminating aptamers with a non-specific binding activity. Counter-
selection and selection are reiterated for multiple rounds (typically 8-12), gradually modifying
experimental conditions, such as the ratio between the concentrations of the aptamer pool and the
target, the number of counter-selection steps, binding temperature, or incubation time. This process
progressively increases stringency, only allowing the binding and collection of high-affinity
aptamers, while low-affinity and non-specific binders are gradually reduced. Therefore, at the end of
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the procedure, the high-affinity aptamers are more abundant in the final pool with respect to the
initial, and their nucleotide sequences are affordably identifiable with sequencing tools [23].

Among the isolated aptamers, many recognize the extracellular domain of membrane receptors
and can prevent the binding of endogenous ligands or induce a conformational change that impedes
the activation of intracellular pathways, thus promoting an antagonistic action [24]. For example, the
aptamer E07, which recognizes the human wild-type Epidermal growth factor receptor (EGFR) and
the deleted mutant EGFRVIII, can compete with the endogenous ligand EGF, inhibiting receptor
autophosphorylation and blocking the proliferation of EGFR-positive cancer cells [25]. Although
fewer cases have been reported, aptamers may also promote the activation of their target, providing
an agonistic function. A dimeric RNA structure constituted by two M12-23 aptamers belongs to this
class [26]. M12-23 efficiently binds the murine tumor necrosis factor receptor superfamily member
(4-1BB), a crucial costimulatory receptor for the survival and expansion of activated T cells. In detail,
this aptameric dimeric structure was used to induce an anti-tumor immune response via the
activation of CD8+ T cells and the release of IFNy, leading to tumor regression in mouse cancer
models. The two aptamers described above are only two examples of antagonist and agonist
aptamers, but many others with similar activities have been identified, preclinically characterized,
and proposed as valuable alternatives to monoclonal antibodies (mAbs), with which aptamers share
the mode of action [27]. Even if aptamers are less investigated and developed with respect to mAbs,
they show relevant advantages [28]. Aptamers are not immunogenic, can be easily modified with
various chemical groups, show high stability to temperature and pH changes, lower costs of
production, and no batch-to-batch variations. These distinctive features could be decisive in choosing
aptamers instead of mAbs for clinical use [29].

Macugen (Pegaptanib) was the first FDA-approved aptamer in 2004, a 2’-Fluoropyrimidine (2'F-
Py) modified RNA that binds vascular endothelial growth factor (VEGF) and showed efficacy for the
treatment of neovascular age-related macular degeneration (AMD) [30]. Despite its efficacy, Macugen
was discontinued for commercialized reasons because of superior novel treatments. Nevertheless,
this was only the first proof of aptamer clinical translatability. Recently, the FDA authorized a novel
2'F-Py modified RNA aptamer inhibiting the complement factor C5 (Izervay) for geographic atrophy
(GA) or advanced dry AMD [31], while many other aptamers are currently evaluated in clinical trials
[32].

3. Aptamer-Guided Approaches for Delivering Cancer Gene Therapy

Although aptamers have been historically proposed as anti-cancer therapeutics due to their
capacity to inhibit or stimulate membrane receptors, the discovery that aptamers can be selectively
internalized once bound to their specific target on the cell surface, has extended the boundary of their
application, paving the way for their use as selective delivery carriers [33,34]. In this respect, an
outstanding upgrade in the area was provided by the development of Cell-Internalizing SELEX
Technology, a modified SELEX protocol designed for the identification of internalizing aptamers
[35,36]. Pushed by this innovation, numerous aptamers capable of internalizing in different cancer
cell types have been identified and investigated for the targeted delivery of small molecules [37]. On
the same line, an emerging research field is working on using aptamers to deliver oligonucleotides
or to functionalize viral vectors and NPs for cancer gene therapy applications.

3.1. Aptamer-Based Conjugates for miRNA and AntimiR Delivery

MiRNAs are endogenous non-coding RNAs, typically of 20-22 nucleotides (nt) in length, that
repress gene expression at the post-transcriptional level [38]. They originate from longer harpin-
bearing RN As that are processed by different cellular RNases, including the cytosolic RNase III Dicer,
which lastly produces mature miRNA duplexes, each constituted by a guide and a passenger strand
[39]. After the removal of the passenger strands, the guide strands are loaded into the RNA-induced
silencing complex (RISC), and their nucleotide sequences are exploited to recognize targeted mRNAs
based on base pairing [40]. Generally, the recognition guided by miRNAs leads to mRNA decay or
translational inhibition in animals. Since miRNAs play crucial roles in different cellular processes,
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their dysregulation has been observed in diseases, including cancer [41]. Therefore, restoring
physiological expression levels with exogenous miRNAs or miR-sequestering oligonucleotides
(antimiRs) has been considered a promising therapeutic strategy. However, achieving their efficient
and specific delivery to tumor cells remains a significant challenge for clinical translation [42,43]. One
promising strategy to address this issue is their conjugation with internalizing aptamers, which is
currently particularly affordable thanks to the progress of nucleic acid chemistry [44]. Moreover,
different modified nucleotides can be introduced in miRNAs and antimiRs, as well as in aptamers,
improving the pharmacokinetics and pharmacodynamics of conjugates for clinical uses [45]. In this
paragraph, we describe key studies showing aptamer-mediated delivery of miRNAs and antimiRs in
cancer models, underlining the conjugation strategies and the potentiality of such an approach
(Supplementary Table 1).

Our group first explored the possibility of using aptamers for miRNA delivery. In detail, the
GL21.T aptamer was conjugated with let-7g miRNA and tested in non-small cell lung cancer
(NSCLC) models [46]. We used GL21.T since it showed specific internalization once bound to the
tyrosine kinase receptor Axl, its membrane target, remarkably over-expressed in NSCLC [47]. The
choice of let-7g was instead based on its reported anti-tumor role in NSCLC [48]. The conjugate was
developed by fusing the aptamer and the let-7g passenger sequences in a single RNA, which was
then annealed with the guide miRNA strand, thus generating a “two-blocks” conjugate (Figure 1a).
To increase the resistance to serum nuclease, 2'F-Py modifications, already reported in the GL21.T
aptamer, were also introduced in both miRNA strands. In this way, an aptamer conjugated to a let-
7g mimic (GL21.T-let7g), compatible with in vivo studies, was developed. GL21.T-let7g allowed the
selective delivery of the let-7g mimic to Axl-positive NSCLC A549 cells in vitro, its functional
processing, and the silencing of its targeted genes. It additionally preserved the aptamer capacity to
inhibit Ax], thus combining the biological effects of GL21.T and the let-7g mimic [47]. Promising in
vivo results were also observed since the tumor growth was significantly reduced after repeated
intravenous injections in xenograft mouse models. In accordance with these findings, Iaboni et al.
developed an analogous GL21.T-based “two-blocks” conjugate to restore the expression of miR-212,
implicated in the resistance to TNF-related apoptosis-inducing ligand (TRAIL)-mediated cell death
[49,50]. The authors demonstrated that GL21.T efficiently delivered miR-212 in A549 cells, repressing
the expression of the anti-apoptotic protein PED/PEA-15, a well-known target of miR-212, and
inducing the re-sensitization to TRAIL treatment in NSCLC.

In addition to the “two-blocks” strategy, an alternative method of conjugation between GL21.T
and let-7g was also investigated successfully [46]. GL21.T and let-7g passenger were first extended
with complementary and antiparallel sequences at 3’-ends (also named sticky). The conjugate was
then obtained by annealing the 2’F-Py-modified guide and passenger strands to constitute the
miRNA mimic, which was further annealed with the aptamer thanks to the sticky ends. Acting in this
way, the conjugate was formed by three oligonucleotide components (“three-blocks”) (Figure 1b).
The “three-blocks” conjugate still recognized Axl and was efficient in let-7g delivery in vitro,
revealing that the sticky extension did not negatively affect the function of both aptameric and
miRNA moieties. This strategy has the advantage of distancing the two moieties through the sticky
sequences, arguably promoting more efficient miRNA processing. Further GL21.T-based “three-
blocks” conjugates were later developed, corroborating the broad applicability of GL21.T as a carrier
of different onco-suppressive miRNAs in NSCLC, such miR-16, miR-34c, and miR-137 [46,51,52].
Despite a predominant validation in NSCLC models, GL21.T was also exploited for miRNA delivery
in other Axl-positive cancers, such as breast cancer (BC) and melanoma [53]. The repeated
intravenous injection of a “three-blocks” conjugate consisting of GL21.T and a miR148b mimic
reduced the formation of circulating tumor cells and, consequently, the number of metastases related
to the growth of BC or melanoma xenotransplants in mice. These findings indicated that GL21.T can
efficiently deliver therapeutic miRNAs in both in vitro and in vivo Axl-positive cells, supporting its
potentiality for clinical applications.

Besides GL21.T, other aptamers were conjugated with miRNAs through the described strategies
and validated as suitable carriers in cancer models. Especially notable is the anti-KIT DNA aptamer,
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successfully used to deliver miR-26a through a “two-blocks” strategy in which the two moieties were
spaced with a 3-carbon chain linker (C3) [54,55]. In addition, TEG cholesterol was added at the 3’'end
of the passenger to improve pharmacokinetics since it delayed the blood clearance of
oligonucleotides. The authors first observed that the restoration of miR-26a in KIT-expressing BC
tumors promoted a synergistic effect with fluorouracil (5-FU) or Carboplatin treatments, increasing
the suppression of tumor growth. Interestingly, the delivery of miR-26a was also observed in KIT
expressing hematopoietic stem/progenitor (HSPCs), providing protection towards the toxicity
commonly observed after administering 5-FU and Carboplatin. These data are particularly significant
since they support the idea that aptamer specificity and the multifaceted miRNA roles in different
tissues could be simultaneously exploited to improve therapeutic outcomes. The anti-nucleolin
AS1411 aptamer, previously validated as an internalizing 2'F-Py modified aptamer, was similarly
evaluated in the context of conjugate for miRNA delivery [56,57]. The primary relevance of the
studies is that the authors developed a variant of the “two-blocks” conjugate, performing a post-
synthesis conjugation of the aptamer and passenger moieties. In particular, they conjugated AS1411
with a mimic of let-7d miRNA via a heterobifunctional crosslinker that contained NHS-ester and
maleimide reactive groups at opposite ends of a polyethylene glycol spacer (SM(PEG)2) (Figure 1c).
The “two-blocks” variant could represent a valid alternative when the synthesis of a long aptamer
and passenger fused sequence cannot be pursued, for example, when the aptamer length could
require a synthesis of 80-90 nt oligonucleotides with evident issues related to the yield and costs.
Nevertheless, additional steps of purification are required with this strategy. The authors also
compared the new “two-blocks” variant with one obtained with the sticky-end extension. The
SM(PEG)2-based conjugate showed higher serum stability, promoted increased intracellular let-7d
levels, and, consequently, a more potent antiproliferative effect in MKN-45 gastric cancer cells.
Reported data are limited to in vitro experiments, which are not sufficient to conclude the superiority
of SM(PEG)z-based “two-blocks” conjugates. Nevertheless, this study suggests that an optimization
of the conjugation strategy, as well of both aptamer and miRNA chemistry, could remarkably
contribute to the clinical translatability of these therapeutics, and more efforts should be pursued to
define the strategies to develop the best-in-class conjugate.

Unlike the miRNAs discussed so far, which exert an onco-suppressor role and need to be
restored with mimics, miRNAs can also be highly expressed in tumor cells, contributing to
tumorigenesis and tumor progression. For this reason, modified RNA sequences were rationally
designed to be complementary to oncogenic miRNAs (commonly named antimiRs) and used to
prevent their recognition in the RISC complex [58]. Our group provides the first description of
aptamer applicability for selective antimiR delivery in cancer [59]. We conjugated the GL21.T aptamer
with a single-strand 2'F-Py modified antimiR-222 (GL21.T-antimiR222) via a sticky-based approach
and tested the “three-blocks” conjugate in glioblastoma (GBM) mouse models. The intravenous
injection of GL21.T-antimiR222 provided efficient miR-222 targeting and tumor growth impairment.
Nevertheless, since tumors can be characterized by concomitant dysregulation of different miRNAs,
approaches for delivering more therapeutic miRNA mimics or antimiR could be necessary. In this
regard, GL21.T was also conjugated with an extended 2’F-Py modified RNA sequence containing the
antimiR222 and the antimiR10b in series, each separated by a C3 spacer [59]. Both antimiRs, once
internalized via Axl-mediated GL21.T endocytosis, inhibited their proper oncogenic miRNA target,
demonstrating the possibility to co-target different miRNAs through a single aptamer carrier.
Moreover, given the overexpression of both Axl and Platelet-derived growth factor receptor
(PDGEFR) in glioma-stem-like cells (GSCs), two distinct 2'F-Py modified aptamers, the GL21.T and the
anti-PDGFRp Gint.4.T aptamer, were also exploited to deliver a miR-137 mimic and an antimiR10b
simultaneously [60]. The co-treatment of GSCs with the two conjugates promoted specific miRNA
and antimiR uptake and a synergistic functional activity on GSC expansion.

Besides the conjugation strategies described so far, the advancements in the nanotechnology
field led to the development of novel alternative approaches, such as using a three-way junction
(3W]J) motif derived from the bacteriophage phi29 to assemble oligonucleotide-based nanostructures
[61]. In detail, Shu et al. applied the 3-WJ motif as a scaffold to construct a self-assembling
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nanostructure containing multiple elements: an anti-EGFR aptamer as a carrier, antimiR-21, and an
Alexa-647 molecule [62]. This all-in-one platform showed a favorable pharmacokinetic profile, tumor
targeting, and delivery of antimir-21 in orthotopic triple-negative breast cancer (TNBC) models after
repeated intravenous injections. Although the conjugation modality is more complicated with respect
to the previously described conjugates, and a higher molecular weight could reduce tumor
accessibility, the presented structure could provide better tumor retention and potentially be used
for multi-targeting and diagnostic purposes, paving the way for desired theranostic applications [63].
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Figure 1. Overview of aptamer-based delivery strategies. (a) Two-blocks strategy: the aptamer is
elongated with the passenger strand of the therapeutic RNA, the guide is then annealed through base
complementarity; (b) Three-blocks strategy: the passenger and the guide strands of the therapeutic
RNA are paired up through an annealing reaction, further, “sticky-ends” were added to the 3’
extremity of both aptamer and passenger strand, and the two moieties were annealed; (c) Crosslinker
strategy: the aptamer and the therapeutic RNA are synthetized with activable groups, which react
with a crosslinker, allowing covalent conjugation.

3.2. Aptamer-Based Conjugates for siRNA Delivery

Small interfering RNAs (siRNAs) are a class of synthetic double-stranded RNAs, ranging
between 20-28 base pairs, that repress gene expression by exploiting the same machinery previously
described for miRNAs [64]. Different from these last, which rarely display a perfect base pairing with
target mRNAs, siRNA guide strands are rationally designed to be entirely complementary to a
disease-related mRNA, guiding its recognition, cleavage, and degradation. Since siRNAs can be
theoretically designed toward any mRNA of interest, their potentiality for therapeutic applications
is huge and has been largely investigated in recent decades. Nevertheless, similarly to miRNAs, their
clinical development is hindered by the lack of efficient systems to deliver them specifically to tumor
cells. Only five siRNA-based therapeutics have been approved so far (Patisiran, Givosiran, Inclisiran,
Lumasiran, and Vutrisiran), but nobody for cancer indications [65,66]. Indeed, both Patisiran,
consisting of chemically modified siRNAs encapsulated in LNPs, and the remaining four, based on
conjugation with N-acetylgalactosamine (GalNAc) sugars, only allow efficient siRNA delivery to the
liver. Therefore, developing systems for delivering siRNAs to extra-liver tissues, including tumor
cells, remains an urgent medical need. Considering the features of internalizing aptamers discussed
above and the analogies between siRNAs and miRNAs, conjugations of aptamers and siRNAs have
been similarly pursued for cancer treatment (Supplementary Table 2) [67].

The first preclinical study reporting the suitability of aptamers for siRNA delivery was in 2006
when McNamara and colleagues used A10, an anti-prostate-specific membrane antigen (PSMA)
internalizing aptamer, to deliver anti-Polo-like kinase 1 (PLK1) siRNAs in prostate cancer cells,
negatively affecting cell mitosis [68]. Similarly to what was described for miRNAs, they designed a
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“two-blocks” conjugate, fusing the A10 2'F-Py modified RNA aptamer with the PLK1 passenger
siRNA strand and annealing it with the corresponding complementary guide strand. The A10/anti-
PLK1 siRNA conjugate was selectively internalized in PSMA-expressing cells, resulting in RNase III
Dicer processing and downregulation of PLK1 in vitro. In addition, the authors reported that the
conjugate could successfully inhibit the growth of PSMA-expressing xenograft tumors when injected
intratumorally. However, this first proof only demonstrated the functionality of the conjugate when
it reached the tumor area but did not demonstrate suitable pharmacokinetics for different
administration routes, which are strikingly required for clinical applications. In a subsequent
publication, the same research group investigated different modalities to optimize the conjugate,
inserting various structural and chemical changes [69]. First, A10, originally constituted of 71
nucleotides, was reduced to 39 nucleotides (A10-3.2). The shorter A10-3.2 aptamer preserved the
binding to PSMA, allowing a cheaper and more affordable chemical synthesis. Then, the authors
focused on the siRNA moiety, conjugating different siRNA configurations to A10-3.2 and testing
them to evaluate the effect on Dicer-mediated processing and stronger gene repression. Noteworthy,
similarly to A10-3.2, the siRNA passenger strands were modified with 2’F-Py in all the developed
conjugates, while the guide sequences were unmodified. In detail, they observed that conjugates
harboring siRNA configurations with a -U-U- overhang at the passenger 3’end (also named OVH), a
wobble base pair at the 5" end of the guide thanks to a mismatch mutation between the strands
(wobble), an inversion between the passenger and guide strands (swap), or an engineering stem-loop
structure in which siRNA stem was continuous to the aptamer loop (loop), resulted more efficient in
PLK1 gene repression with respect to the anti-PLK1 siRNA previously tested. In addition, Dassie et
al. also studied the effect of including a 20kDa PEG tail (pegylation) at 5 of the passenger strand to
delay the clearance of an A10/anti-PLK1 siRNA conjugate (swap configuration) and, consequently,
the efficacy [69]. They showed a remarkable increase in the conjugate's blood half-life with respect to
the non-pegylated conjugate, from less than 30 minutes to more than 30 hours, ameliorating the
overall survival of daily intraperitoneal injected tumor-bearing mice. Reported data left a trail for the
subsequent research since it demonstrated that a remarkable improvement of the first conjugate
could be achieved by working on constituting moieties. Indeed, following their findings, such as
more efficient configurations, OVH and swap, were used by an independent group that successfully
evaluated the delivery of anti-STAT-3 siRNAs through an anti-BAFF aptamer in the context of B-cell
malignancies in vitro [70].

PSMA and BAFF are specifically expressed in prostate or B-cell malignancies, respectively,
limiting the exploitation of their internalization to these cancers. Therefore, delivering siRNAs using
aptamers able to recognize targets more broadly expressed in different tumor types was pursued. For
example, the epithelial cell adhesion molecule (EpCAM) was extensively explored since it is
upregulated in stem cells and epithelial cancers, such as breast, colorectal, prostate, and pancreatic
cancers. In addition, it is internalized upon ligand binding, supporting its targeting with aptamer-
based conjugates for delivery applications [71]. Wang et al. conjugated an anti-EpCAM aptamer to a
siRNA able to repress the expression of survivin, which was overexpressed and involved in
doxorubicin resistance. The authors used a subline established from MCE-7 BC cells after long-term
drug exposure (MCF-7/Adr) [72,73]. This subline also contained an enriched subpopulation of
EpCAM-positive cells, which displayed relevant multi-potent differentiation and self-renewal
capacities, properties typically associated with cancer stem cells. The developed conjugate was
obtained with the “two-blocks” strategy by annealing the unmodified guide strand with the fused
aptamer and passenger 2'F-Py modified RNA sequence. The conjugate also contained an A-A spacer
between the fused elements and a 3’-U-U- siRNA overhang (OVH configuration). Experiments in
MCEF-7/Adr cells demonstrated efficient siRNA delivery, survivin repression, and doxorubicin
sensitivity restoration. However, the authors highlighted the absence of in vivo effects in xenograft
models after intravenous injection. In agreement with the findings reported by Dassie and colleagues,
a short tumor accumulation was observed, which lasted less than 4 hours, suggesting the necessity
to introduce the pegylation to increase serum retention. Accordingly, thanks to this optimization, a
significant improvement in the overall survival of the tumor-bearing mice was achieved when they
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were co-treated with pegylated conjugates and doxorubicin. Nevertheless, in the same year, Gilboa-
Geffen and colleagues reported the successful delivery of an anti-PLK1 siRNA through the same anti-
EpCAM aptamer without pegylation [74]. Despite using the same aptamer, numerous variables are
present between the two studies that could explain the different results. Indeed, the conjugate
reported by Gilboa-Geffen and colleagues differed for i) the spacer between the anti-EpCAM aptamer
and the siRNA, which was a U-U-U linker instead of a -A-A-; ii) the presence of dTdT overhangs at
3’ends of both siRNA strands for the amelioration of in vivo stability instead of -U-U- in the passenger.
In addition, Gilboa-Geffen et al. administered the conjugate subcutaneously rather than
intravenously and tested the anti-EpCAM aptamer-based conjugate in different BC cells.

Although the “two-blocks” strategy was mainly pursued in the wake of initial promising
findings, “three-blocks” conjugates for siRNA delivery were also developed. For example, the anti-
PDGFR Gint4.T aptamer was conjugated with a STAT3 siRNA through a stick-based approach and
tested in different PDGFR{-expressing GBM cells [75]. The RNA aptamer and siRNA moieties were
modified with 2'F-Py, while the sticky-end sequences contained both 2'F-Py and 2’-oxygen-methyl
purines (2’OMe-Pu). In addition, the aptameric and siRNA moieties were spaced from the sticky ends
using C3 linkers, which were introduced to avoid interferences in the aptamer folding and siRNA
processing. The Gint4.T-STAT3 conjugate led to specific and efficient repression of STAT3 expression
in vitro and impaired tumor growth in GBM xenograft models upon intraperitoneal administration.
Interestingly, this was observed in the absence of pegylation. Promising results using the same
conjugate were also reported in patient-derived GSCs, demonstrating the suppression of GSC
phenotype and propagation in vitro [76]. Moreover, the efficacy of the Gint4.T-STAT3 has been
recently confirmed in a different context, besides GBM [77]. It has been shown that Gint4.T-STAT3
effectively delivered STAT3 siRNA in NSCLC cells and cancer-associated fibroblasts (CAFs), which
are pivotal in the NSCLC microenvironment for promoting tumor progression. In particular, the
conjugate altered the CAF phenotype and rendered epithelial cells irresponsive to CAF-pro-tumoral
functions.

Even if aptamers show relevant advantages with respect to mAbs, these latter present two
fragment-antigen-binding regions (Fab), which allows the simultaneous recognition of two antigens
and increases mAb avidity toward targets, a property not pursuable using the aptamer-based
conjugates described so far [78]. To achieve mAb-like bivalence and evaluate it in the context of
siRNA delivery, Yan Liu et al. designed an innovative oligonucleotide-based structure using two
A10-3.2 aptamers for each conjugate [79]. In addition, they included two different swap siRNAs
between the two aptameric moieties for repressing EGFR and survivin. Therefore, the authors
developed a mAb mimicking conjugate constituted by a PSMA aptamer, a survivin siRNA, an EGFR
siRNA, and a further PSMA aptamer (PSEP). In detail, the structure was obtained through the
annealing of three 2’F-Py modified RNA sequences, the first one composed by the fused sequences
of the PSMA aptamer and the guide strand of the survivin siRNA; the second one composed by the
PSMA aptamer and the passengers of both EGFR and survivin siRNAs in-series; the last sequence
contains the guide strand of the EGFR sRNA. The aptamer and siRNA sequences were separated
through an -A-A while the two siRNAs were through a -U-U-U-U bridge. The two spacers were
introduced to distance the functional moieties and to confer flexibility to the structure. Notably, the
authors demonstrated that the bivalent PSEP structure was more efficiently internalized and
provided higher cytotoxicity compared to a control monovalent conjugate, PSEM, containing only
one A10-3.2 aptamer and a non-functional second aptamer moiety, specific for the small Malachite
Green organic dye. These findings suggest that bivalent conjugates could be more effective than
monovalents. Nevertheless, although in vivo experiments were performed and daily intraperitoneally
injections of PSEP successfully reduced the tumor burden in prostate cancer xenograft models, no
comparison between bivalent conjugates and traditional “two-blocks” or “three blocks” was
reported, preventing any statement regarding their superiority and supporting the necessity of
additional studies. In line with this innovative bivalent aptamer-based conjugate, further similar
structures, one based on two anti-HER2 aptamers (HEH), and another even based on two different
aptameric moieties, an anti-HER2 and anti-HER3 aptamer (H2EH3), were developed for delivery
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siRNAs in BC, confirming the relevance of this approach [80,81]. Indeed, despite the absence of
comparisons as previously underlined, the HEH and H2EH3 showed in vivo activity since
intravenous or intraperitoneal repeated injections significantly impaired tumor growth.

3.3. Aptamer-Based Conjugated for DNAzyme Delivery

DNAzymes are synthetic catalytic ssDNAs selected from fully randomized libraries. They
represent an evolution of naturally occurring ssRNA ribozymes (ranging between 40-100 nt), which
fold in tertiary structures and catalyze chemical reactions [82,83]. One of the most studied ribozyme-
mediated catalysis is the RNA cleavage, typical of the hammerhead and hairpin ribozymes, which
were considered promising for potential therapeutic purposes [84]. Different from ribonucleases,
which display a non-specific mechanism of RNA cleavage, these ribozymes only target specific RNAs
[85]. Indeed, unfolded anti-sense sequences, which commonly flank the central catalytic core of the
ribozymes, allow the recognition of complementary RNAs only, positioning the cleavage site adjacent
to the catalytic core and promoting its cutting. Although efficiency in gene repression at the post-
transcriptional level was observed in preclinical studies, no hammerhead or hairpin-like ribozymes
were approved in clinics due to failures of clinal endpoints [86]. The reason could be found in their
pharmacokinetics since ribozymes are more unstable to nucleases than siRNAs, which have been
successfully translated to the clinics. In particular, the siRNA backbone can be easily modified to
improve serum stability, for example with 2'F-Py or 2’0OMe-Pu modifications, without affecting
Dicer-mediated recognition and biological function. On the contrary, the introduction of
modifications in ribozymes can severely inhibit their cleavage activity [87]. DNAzymes have
promised to overcome this limitation and substitute ribozymes in clinics since they comprise a more
nuclease-resistant DNA backbone. Nevertheless, their specific and efficient delivery to cancer cells
still represents an issue for DNAzymes clinical proposals [86]. Considering this limitation, aptamers
have also been recently explored as delivery carriers of DNAzymes.

An anti-HER2 DNA aptamer (42 nt) was fused to a DNAzyme (41 nt) able to repress the
expression of GLUT-1. The obtained DNA sequence (83 nt) could be efficiently assembled in a metal-
nucleic acid framework (MNF) with uniform morphology thanks to coordinated bonds promoted by
bivalent calcium cations (H-GDz/Ca), a crucial functional element for the catalytic activity of the
DNAzyme [88]. The use of a more extended DNA sequence promoted the MNF assembly. The anti-
HER2 aptamer in the MNF increased its uptake in HER2-expressing gastric cells (NCI-N87 and
SNU216), inducing the DNAzyme internalization and silencing of GLUT1. Noteworthy, results
indicated that the aptamer-loaded MNF was also more internalized with respect to the traditional
aptamer-DNAzyme conjugate (H-GDz + Ca*), which was not previously assembled in Ca?-
coordinated MNF. This is arguably consistent with the higher avidity expected for a MNF
functionalized with numerous aptamer moieties for each nanostructure. However, the control MNF
(MH-GDz/Ca), functionalized with a mutated version of the anti-HER2 aptamer, was highly
internalized, even higher than those provided by H-GDz/Ca, suggesting relevant non-specific uptake
of MNF and indicating that more specificity could be achieved with traditional conjugates.
Nevertheless, as pursued by the authors, the MNF nanostructure showed the advantage of delivering
several therapeutic molecules simultaneously, even proteins, as successfully validated for the RAD-
51 inhibitor IRF-1. Indeed, the intravenous injection of a MRF simultaneously loaded with the anti-
GLUT1 DNAzyme and IRF-1 (IRF/H-GDz/Ca) resulted in higher tumor reduction with respect to the
single treatment-loaded MRFs. In line with this study, another MRF, also named Metal-DNA
nanocomplexes, was developed using the anti-nucleolin AS1411 aptamer, which was fused with a
DNAzyme repressing the ATG5 mRNA, a crucial player of protective cellular autophagy [89]. The
complex was constituted in the presence of Mn?, a cofactor of the DNAzyme catalytic core and an
inducer of hydroxyl radicals when internalized. This MRF is a promising example of multitargeting
since the aptamer-mediated internalization in nucleolin-expressing cells led to intracellular Mn?
accumulation, which led to cell damage prompted by hydroxyl radicals, an approach also named
Chemo-dynamic therapy (CDT). At the same time, the DNAzyme repressed the expression of ATGS5,
preventing the activation of autophagy, which is used by tumor cells to repair damage. The authors


https://doi.org/10.20944/preprints202409.1836.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

10

showed that the AS1411-loaded MRFs (DACs-Mn) were selectively internalized in 4T1 cells,
characterized by high nucleolin expression levels. Weaker in vitro internalization was instead
observed in low-expressing nucleolin HEK-293 cells and when MRFs were assembled in the absence
of AS1411 (DCs-Mn). The higher internalization of DACs-Mn promoted the rise of more late
apoptotic cells (about 41%) with respect to DCs-Mn (11%) and ACs-Mn (13%), which only contained
AS1411 without the DNAzyme. In vitro data were then confirmed in vivo, where tumor growth was
impaired by the intravenous injection of DACs-Mn compared to ACs-Mn. Nevertheless, a study
limitation should be highlighted since no characterization of DCs-Mn and ACs-Mn was reported.
Based on findings from Yan et al., shorter DNA sequences could affect MRF assembly, suggesting
that a deep characterization of control MRFs should be required [88]. Moreover, an innovative aspect
of the study is represented by the system used to produce the fused AS1411 and DNAzyme
sequences, which were biotechnologically synthesized using a rolling circle amplification (RCA)
starting from a circular DNA template. This strategy allowed the synthesis of a long DNA sequence,
avoiding issues of yield and costs and potentially showing great potential for developing novel DNA-
based aptameric conjugates.

Overall, reported data suggest that aptamer-loaded MRFs could be promising for delivering
higher amounts of DNAzymes in targeted tumor cells and achieving multitargeting with respect to
traditional conjugates. Nevertheless, being a more recent strategy, further preclinical studies are
required to corroborate their feasibility and potential translatability.

3.4. Aptamer-Coated Viral Vectors

As described in the introduction, viral vectors have been the primary strategy proposed for gene
therapy. However, viral infection strictly depends on receptor-dependent tropism, a property that
determines which cells can be successfully infected by viruses [90]. This represents one of the most
limiting factors of viral-based gene therapy in cancer, as tumor cells could not express sufficient
receptors to promote efficient infections.

For example, the coxsackie and adenovirus receptor (CAR), crucial in the adenoviral tropism
toward hepatocytes, cardiomyocytes, myoblasts, epithelial and endothelial cells, display an
oncosuppressor role in different cancers and can be downregulated in malignant cells, such as in glioma.
This supports the necessity of engineering adenoviruses to achieve a CAR-independent infection and an
improvement in gene therapy efficiency [91,92]. Thanks to their capacity to bind membrane cancer
biomarkers, aptamers have been investigated as an emerging approach to modify natural viral tropisms
artificially. Chen H. and colleagues functionalized a genetically modified Ad5, the most used adenoviral-
vector serotype in humans, with the anti-nucleolin AS1411 or the anti-tenascin-C GBI-10 aptamers [93]. In
detail, they introduced the biotin acceptor peptide (BAP) into the hexon, the main representative protein
of the adenoviral capsid, which was consequently biotinylated during the assembly of viral particles in
HEK293 host cells (Figure 2a). Then, they coated the viral surface using streptavidin as a bridge, which
allowed the binding between the biotinylated AS1411 or GBI-10 aptamers with the viral biotin-bearing
surface. The transduction efficiency of the aptamer-coated viruses was then tested by monitoring the
expression and function of luciferase transgene, observing a 4-5 fold increase with respect to the control
viral particles in a cell line naturally not infected by the Ad5 serotype.

Beyond Ad5, other commonly used types of viruses are the adeno-associated (AAV), a class of
non-pathological viruses characterized by a broad tropism toward different cells thanks to their
recognition of glycans, glycoconjugates, or sialic acid [94]. However, despite the broad tropism in
tissues such as the liver, retina, central nervous system, kidneys, pancreas, skeletal muscles, and
lungs, no cancer uses of AAVs have been achieved so far due to low cancer cell infection [11]. To
improve their infection capabilities, AAV2 viral vectors, naturally able to recognize heparin sulfate
proteoglycan (HSPG), were first coated with DNA-based dendrimers, a branched nano-polymers
with a well-defined structure which was used as an anchorage for aptamer coating (Figure 2b). The
dendrimers were covalently attached to the lysine residues of the viral capsid using a dithiobis
(succinimidyl propionate) (DSP) cross-linker that allowed the constitution of -S-S bonds [95]. Then,
the dendrimers were hybridized with anti-PTK7 DNA aptamers (sgc8) via a sticky-based approach
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since both aptamers and dendrimers were extended with base-pairing sequences. In this way, viral
particles were functionalized with dendrimers that harbored four sgc8 aptamers each, generating
multivalent aptamer-coated AAV2 vectors. The authors demonstrated that the sgc8 functionalized
viruses efficiently infected HSPG-negative but PTK7-positive CEM cells, as shown by the exogenous
expression of the green fluorescent protein (GFP) report transgene.

The two discussed findings demonstrated the possibility of extending the tropism of viruses using
aptamer-based tools in vitro. However, it's crucial to note that the engineered Ad5 and AAV2 maintained
their natural tropism that would still allow the infection of such healthy tissues in vivo. This is a significant
limit associated with safety concerns of viral-based therapeutics, a challenge that the field should address
to ensure the safety and efficacy of these treatments. Puzzo and colleagues recently attempted a different
strategy to optimize viral vectors. They developed an AS1411-coated AAV starting from a strain
previously obtained in their laboratory that was deprived of the HSPG binding sites (AAV-DJR/A). In this
way, the natural tropism of the progenitor virus was impaired [96]. The AS1411 coating was obtained
using an innovative approach. In particular, AAV-DJR/A was further engineered using host cells capable
of introducing unnatural amino acids, the azido-lysine amino acids, into the translated capsid proteins
(Figure 2c). The novel AAV, named Ne-AAYV, incorporated azido amino acid insertions, which allowed
the conjugation of dibenzocyclooctyne (DBCO) harboring AS1411 aptamers to the capsid via a click
chemistry reaction. AS1411 coated Ne-AAV infection led to an enhanced luciferase signal in MCF-7 BC
cells compared to unconjugated vectors, indicating a higher infection capability promoted by the AS1411
aptamer coating in vitro. However, subcutaneous injection of AS1411 coated Ne-AAVs revealed
unexpected in vivo results since lower bioluminescence in HELA subcutaneous tumors was observed with
respect to uncoated Ne-AAV. Nevertheless, although less efficient than the progenitor virus, AS1411
coated Ne-AAYV also displayed no detectable liver infection, suggesting that the aptamer coating could
have a role in reducing liver targeting.

Overall, these findings indicate that viral vectors can be chemically conjugated with aptamers
through different approaches, but their evaluation is still preliminary since biological validations
were only performed using reported genes, such as luciferase and GFP. Novel investigations are
mandatory to unveil whether this new approach can deliver sufficient transgenes and therapeutic
effects in cancer cells without infection in healthy tissues. Nevertheless, these promising preclinical
studies support the concept that aptamer functionalization could help to achieve the goal of highly
specific viruses for cancer gene therapy.
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Figure 2. Aptamer-coated viral vectors approaches for targeted delivery. (a) Adenovectors coated
with aptamers, through the binding between biotinylated aptamers and the Biotin Acceptor Peptide


https://doi.org/10.20944/preprints202409.1836.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

12

(BAP) introduced in the capsid proteins of the virus, via a streptavidin bridge; (b) AAV covalently
attached with a DNA dendrimer-aptamer complex through S-S bonding with capsid proteins; (c)
AAV coated with aptamers thanks to the introduction of the azido-unnatural peptide in the capsid
sequence which is able to react with dibenzocyclooctyne (DBCO) bound to the aptamers.

3.5. Aptamer-Functionalized NPs

NPs are promising alternatives to viral vectors because of the better safety profiles, the more
straightforward large-scale productions, and the broad possibility of customizing [97]. In addition,
NPs can be designed to allow controlled-release formulations and can be more easily loaded with
multiple therapeutics. However, these non-viral carriers, initially developed for the safe delivery of
traditional chemotherapies, have shown low delivery efficiency in cancer, as demonstrated by the
modest clinical results obtained [98]. These results mainly depend on the lack of specific targeting,
which is not intrinsically endowed in the standard nanomaterials used to assemble NPs. For this
reason, preclinical studies have attempted the optimization of NPs through functionalization with
targeting ligands, including aptamers, to promote cell-specific and efficient cellular uptake. Since the
literature on this topic is extensive and has grown remarkably in the recent decade, we are going to
focus on the preclinical findings in which already clinical approved NP types were functionalized
with the aptamer that reached the more advanced stage in cancer clinical trials, the anti-nucleolin
aptamer AS1411 [99,100]. Thus, examples of AS1411-functionalized liposomes, metallic-based, and
polyplexes are provided [101].

Among clinically approved NPs in cancer therapy, about 60% are lipid-based [102]. It is not
surprising that evaluations of potential benefits associated with aptamer-based functionalization
were extensively made in this context [103,104]. For example, Yu et al. developed cationic liposomes
using Dioleoylphosphatidylethanolamine (DOPE), Sphingomyelin (SM),
didecyldimethylammonium bromide (DDAB), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[(polyethyleneglycol)-2000] DSPE-PEG2000, and DSPE-PEG2000 maleimide (DSPE-PEG2000-MAL)
(Figure 3a) [105]. The maleimide group in this last component was introduced to allow the
functionalization of liposomes with AS1411 via a post-insertion method. The authors loaded the
hydrophobic layer of the liposomes with Paclitaxel (PTX) and promoted the absorption of anti-PLK1
siRNAs onto the external liposomal surface. The developed AS1411/Lipo-PTX-siPLK1 successfully
delivered PTX and siPLK1 to MCF-7 BC cells, synergistically affecting cell proliferation. In vitro data
were then corroborated in mouse models where AS1411/Lipo-PTX-siPLK1 impaired tumor growth
and extended the survival of tumor-bearing mice, demonstrating that aptamer-based
functionalization could significantly improve liposome performances. Promising results were also
reported exploiting aptamers in the context of metallic-based nanoparticles, used in about 6% of
approved NP-based pharmaceuticals [102]. An interesting example is the gold(Au)-based
nanoparticles described by Deng et al., simultaneously functionalized through the constitution of -S-
S bonds with anti-nucleolin AS1411 aptamers and antimiRs targeting miR-221 (Figure 3b) [106].
Notably, the authors also functionalized the Au surfaces with nuclear localization signal (NLS)
peptides since they reported that most miR-221 and nucleolin resided and functioned in the nucleus.
Thus, an Au-based nanoparticle contemporary functionalized with AS1411 aptamers, antimiR-221
oligonucleotides, and NLS peptides was developed (NPsN-AS1411/a221). The functionalization with
AS1411 significantly improved the effect of the NPs, providing a synergistic inhibitory effect with
antimiR-221 on the nucleolin/miR-221/NFxkB/DNMT1 signaling both in vitro and in vivo. These data
are particularly relevant since they confirm the optimizing role of aptamer and the potentiality of
NPs for multitargeting approaches. However, no evaluation of the effective contribution of NLS can
be instead obtained from the study since the authors did not compare NPs in the presence or absence
of NLS. Besides liposomes and Au-based, although not similarly developed for clinical applications,
polyplexes were also functionalized with aptamers [107]. Aliabadi and colleagues have recently
developed a copolymer-based polyplex constituted of Poly(lactic acid)izi-b-Poly(N-3-
aminopropyl)methacrylamide)is (PLA121-b-PAPMA1cs) (Figure 3c) [108]. Thanks to its polycation
nature, this polyplex self-assembled in a spherical micelle that absorbed plasmids encoding anti-
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survivin  shRNAs and AS1411 aptamers. The study demonstrated that AS1411-based
functionalization improved the in vivo effect of the polyplexes, reducing the tumor masses and
increasing the survival rate in mouse models. This article is interesting not only for developing an
innovative nanomaterial and its functionalization with AS1411 but also for attempting to deliver a
plasmid, an option not reported for aptamer-based conjugates. In general, these three exemplary
studies underline the benefit of aptamer functionalization in improving the performance of NPs
independently from the different nanomaterials used to assemble them. These promising data are
not only limited to AS1411, but several other aptamers have been investigated for similar purposes,
demonstrating flexibility in what aptamer can be conjugated to NPs, paving the way for efficient
delivery of therapeutic transgenes, RNAs, or oligonucleotides in different cancer types [109,110].

In addition to the above discussion regarding NP-based delivery systems of therapeutic
oligonucleotides or plasmids, a particular mention should be made to innovative findings associated
with CRISPR/Cas9 technology, the most powerful gene editing technique available nowadays [111].
Although it seems promising for cancer applications, concerns about off-target genetic alterations in
healthy tissues are holding its use in vivo, and the development of customized delivery vehicles is
considered a crucial medical need. With this aim, a single adenoviral vector for the expression of the
entire CRISPR/Cas9 machinery was developed, but the previously described limits associated with
viral vectors support their further improvements before clinical proposals [112]. Aptamer coating of
this viral vector could be pursued, but no references are reported in the literature to our knowledge.
In this scenario, exploiting NPs and their aptamer-functionalized upgrade could represent an ideal
tool [113,114]. Indeed, the contemporary presence of a single guide RNA (sgRNA) and the Cas9
nuclease is necessary for the technology functionality, requiring the delivery of the pre-constituted
macro-complex or the delivery of a DNA plasmid for its post-delivery cellular expression, both
characterized by large size and not easily compatible with aptamer-based conjugates. Liu and
colleagues opted to develop a protein-based NP, representing 38% of already approved NPs in clinics
[102,115]. In detail, they complexed a CDK11 silencing CRISPR/Cas9 expressing plasmid with
protamine, a small polycationic natural peptide, constituting the core of the polymeric NP (Figure
3d). Then, the central core was coated with AS1411-incorporated Carboxymethyl chitosan (CMC),
which was absorbed thanks to its negative charges via electrostatic interactions. Lastly, the NP was
completed with KALA, a positive-charged peptide. KALA and AS1411 were introduced to improve
the cellular internalization of the gene delivery system. In line with this in silico design, KALA and
AS1411 remarkably increased the internalization in MCF-7 BC cells. As expected by higher
internalization of the plasmid, CDK11 expression was silenced due to CRISPR/Cas9 nuclear function.
Although no in vivo validation was reported, this study highlighted preliminary information about
the feasibility of aptamer-functionalization of NPs to deliver CRISPR/Cas9 machinery in cancer cells
selectively. This result was recently achieved with a different AS1411-functionalized NP [116]. In this
case, Khademi et al. incorporated a plasmid encoding the entire CRISPR/Cas9 machinery to impair
the expression of FOXM1 into a chitosan-based core (CS). The core was then coated with hyaluronic
acid (HA) and AS1411 (AS) for targeting delivery (Figure 3e). Apt-HA-CS-CRISPR/Cas9 successfully
delivered CRISPR/Cas9 into nucleolin-expressing cells (MCF-7, SK-MES-1, HeLa) but not into those
that were negative (HEK293). Furthermore, data were confirmed in vivo, where Apt-HA-CS-
CRISPR/Cas9 promoted efficient tumor inhibition with no observable distribution in other organs.

In general, these study collection, in addition to further preclinical findings not only limited to
the AS1411 aptamer, strongly suggest that aptamer functionalization could be decisive in achieving
selective delivery of CRISPR/Cas9 technology.
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Figure 3. Examples of AS1411-based functionalization of the most investigated NPs. (a) Cationic
liposomes functionalized with AS1411 aptamer, loaded with paclitaxel (PTX) in its hydrophobic lipid
component and the anti-PLK1 siRNA (siPLK1) on its hydrophilic surface; (b) Gold(Au)-based
multitargeting nanoparticles simultaneously coated with AS1411 aptamer, a nuclear localization
signal (NLS) peptide and anti-miR-221; (c¢) Copolymer-based polyplex constituted of self-assembled
Poly(lactic acid)i2i -b-Poly(N-3-aminopropyl)methacrylamide)ios (PLA121 -b-PAPMAu03 ) in spherical
micelles, electrostatically decorated with AS1411 aptamer and packed with plasmids encoding anti-
survivin shRNAs; (d) Protein-based nanoparticles composed of a core containing a CDK11 silencing
CRISPR/Cas9 expressing plasmid complexed with protamine sulfate, coated with AS1411-
incorporated carboxymethyl chitosan (CMC) via electrostatic interactions, further functionalized with
the positively charged KALA peptide for enhanced cellular internalization; (e) Chitosan-based
nanoparticles with a chitosan core (CS) incorporating the entire CRISPR/Cas9 machinery plasmid
encoding FOXM]1, coated with hyaluronic acid (HA) and AS1411 aptamer for targeted delivery.

4. Aptamers as CRISPR/Cas9 Regulators and Epigenetic Modifiers

Although the most investigated application of aptamers in gene therapy is in the context of
delivery, recent findings suggest that aptamers could have interesting roles in intracellular
compartments, thus opening new avenues in the field. Remaining in the context of CRISPR/Cas9,
aptamers have been recently used as allosteric sites to modulate the gene editing machinery. The
sequence encoding for the anti-theophylline RNA aptamer was first introduced in various positions
of an sgRNA [117]. Kundert and colleagues demonstrated that such anti-theophylline aptamer-
included sgRNAs could show relevant conformational changes because of theophylline binding,
enabling the assembly or disassembly of CRISPR/Cas9 machinery on DNA and, consequently,
modulation of its function. These ligand-activated or ligand-deactivated sgRNAs were named
ligRNAs, which permitted rapid (within minutes) and reversible CRISPR/Cas9 regulation depending
on theophylline concentration in E. coli. However, despite being an innovative approach, the
originated liRN As were not active in mammalian cells, underlining the necessity of optimizations. In
this perspective, Yan Liu and colleagues exploited the crystal structure of the Cas9/sgRNA complex,
identifying novel positions for the introduction of the anti-theophylline aptamer [118]. They observed
two positions in which the presence of the anti-theophylline aptamer could remarkably impair the
function of the sgRNA, even if the authors underlined that a total inhibition was not achieved.
However, the addition of theophylline remarkably increased the formation of the ternary complexes
constituted of a sgRNA, which harbored the guiding RNA sequence for the ASCL1 gene, Cas9, and
targeted DNA in electrophoretic shift assays, supporting validation in living cells. A CRISPR-
mediated gene activation (CRISPRa) assay was then performed in HEK293 cells, which stably
expressed Cas9-VP64-p65-Rta (VPR). In line with the previous in vitro assay, the authors observed
that the incubation of cells with theophylline positively controlled the activation of the ASCL1 gene,
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demonstrating that the novel engineered anti-theophylline aptamer bearing sgRNAs could also
modulate the CRISR/Cas9 recognition of its targeted DNA in a human cellular context. Noteworthy,
since the introduction of the aptameric allosteric site was rationally included in positions unrelated
to the guiding RNA sequence, at least theoretically, these sgRNAs could be modified to recognize
other genes of interest.

Besides their potential involvement as additional constituents and regulators of CRISPR/Cas9
machinery, aptamers can also play a role in epigenetics. Since epigenetic aberrations, including DNA
methylation and histone acetylation, have been commonly found in cancer, developing molecules
able to restore normal epigenetic profiles in tumor cells has attracted interest [119]. Wang et al. first
reported the selection of DNA aptamers able to target the DNA maintenance methyltransferase
DNMT1 [120]. The isolated anti-DNMT1 aptamer (Apt. #9) used at the sub-micromolar scale could
compete with the hemi-methylated DNA duplex, the original substrate of DNMT1, promoting an
effective enzymatic inhibition thanks to the presence in its structure of a stem-loop. Apt. #9 displayed
selectivity for DNMT1, since no binding activity toward DNMT3A and DNMT3B was observed.
Intriguingly, the authors reported a significative internalization of Apt. #9 by simple incubation with
DNMT1 high-expressing HeLa cells, also showing colocalization with DNMT1 inside the nuclei. This
phenomenon also determined a more than 40% reduction in DNA methylation when Apt. #9 was
incubated with cells at 3uM final concentration. However, the effect provided by Apt. #9 only caused
a faint reduction of HeLa cell viability (about 20%). Further validations in different cancer cells could
reveal if the modest result was related to the tumor model or the selected aptamer. Indeed, Apt. #9
showed fast degradation in the culture medium (11 hours) that, in association with the affinity in the
high nM range (770nM), could suggest a temporary modification of the cellular epigenetic status and
a faint biological effect. A further step in using aptamer as a modifier of the DNA methylation status
was recently made. Starting from a class of RNAs with an inherent capability of inhibiting DNMT1
(DNMTT1-interacting RNAs, also shortly named DiRs), our group applied a novel doped SELEX
approach to produce 2’-Fluro pyrimidine-modified RNA aptamers that maintained the capacity of
neutralizing DNMT1 but showed higher affinity and stability for potential therapeutic applications
[121,122]. The procedure led to the identification of an aptameric DiRs (aptaDiRs), Ce-49 sh that
showed nM affinity for DNMT1 (<100nM), no significative interaction with DNMT3A and DNMT3B,
and longer stability in human serum (half-life longer than 48 h). Regarding functionality, Ce-49 sh
exhibited efficient deregulation of DNA methylation in K562 leukemic cells and promising inhibition
of tumor growth in vivo. Targeting epigenetics with aptamers is not limited to DNA methylation since
DNA aptamers were also used to neutralize Histone acetyltransferase 1 (HAT1). Indeed, a novel
DNA aptamer (apHAT610) that efficiently targeted HAT1 in lung cancer cells has been recently
reported by Klett-Mingo and colleagues [123]. Therefore, although aptamer-mediated targeting of
epigenetic modifications has been preliminarily evaluated only, further studies could reveal
potentiality for cancer therapies.

5. Discussion

Although gene therapy has emerged as an outstanding perspective direction in the field of
cancer therapy, its clinical application remains limited due to the low delivery efficiency and
important concerns about the onset of off-target effects. As discussed in this review, aptamers have
been extensively investigated as targeting moiety in novel gene therapy systems to allow a more
efficient and selective delivery. They have been directly conjugated to therapeutic oligonucleotides
(miRNAs, antimiRs, siRNAs, and DNAzymes) or used to functionalize the surface of therapeutic
oligonucleotide-loaded NPs. Aptamer-based conjugates were the first to be developed, but it should
be noted that the trend on this subject has slowed down in the last few years, shifting greater attention
to combining aptamers with NPs. This could be partly due to the increasing interest in multi-targeting
approaches that can be more easily achieved by exploring the multi-loading capability of NPs.
Regarding the use of aptamers to coat viral surfaces, despite interesting results, data are still
preliminary, and additional studies are required.
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Even if findings regarding aptamer-based conjugates and aptamer-functionalized NPs are
promising and could support the next steps toward clinical translation, the lack of comparative
studies has presumably prevented their further development, representing the main limitation of this
research field. Indeed, numerous research groups have developed and characterized functional
aptamer-based conjugates, which differ for the aptamer and the therapeutic oligonucleotide used, the
conjugation strategy applied, the spacing between the two moieties, and the chemical modifications
introduced. The authors rarely describe the process that supported the design of the presented
conjugate, and no references regarding negative results before the definition of the final conjugate
are commonly discussed. Since no retrospective comparison between conjugates in different
publications can be consistently made, information about which could be the best conjugate type or
if such conjugates perform better in specific tumoral contexts should be mandatory. An analogous
statement can be reported for NPs, developed using several nanomaterials, loaded with different
therapeutics, and functionalized with aptamers applying various methods. Therefore, since the
efficacy of these aptamer-tailored delivery systems depends on multiple variables, including stability
in biological fluids, biodistribution, elimination, aptamer binding, expression level of recognized
receptors, rate of internalization, percentage of escape from the endosomes, and pharmacological
effect once in the cytosol or nucleus, it seems evident that each modification could remarkably have
an impact on each of indicated processes, strongly suggesting more deeply investigations concerning
these aspects. Moreover, besides comparing systems belonging to the same class, comparisons
between aptamer-based conjugates or functionalized NPs are analogously necessary. For example, a
therapeutic siRNA could be delivered using the same aptamer in the context of an aptamer-based
conjugate or a functionalized NP. However, despite the aptamer in common, the two delivery
systems are remarkably different in pharmacokinetics and pharmacodynamics, and the lack of
comparisons between them could make challenging the role of pharmaceutical companies, which
should select the best aptamer-guided gene therapy approach and invest remarkable funds in more
advanced preclinical studies and potentially clinical trials. In this scenario, while recognizing the
difficulties of achieving this, more collaborations between academic groups should be pursued,
allowing the creation of multidisciplinary teams able to perform crucial comparative experiments. At
the same time, since these studies are costly for academia, the involvement of private stakeholders
could be decisive, and more funds from pharmaceutical companies should be invested in these early
development stages. This cooperation could also help to validate these systems in more advanced in
vivo models, such as orthotopic and patient-derived xenografts, which are mainly missing and
necessary to move forward with a technology that could be a promising player for future generations
of gene therapies.

Despite recent and less investigated, it is also worth mentioning the contribution that aptamers
could make in delivering or even modulating CRISPR/Cas9 gene editing technology, supporting
medical approaches still hindered today. Moreover, although the leading utility of aptamers seems
to be in the context of delivery, they can be endowed with their own nuclear function as epigenetic
modifiers. This is a particularly interesting field in which aptamers can emerge as innovative tools in
the next decade with potential advantages over conventional epigenetic therapies in specificity and

safety.

6. Conclusions

Aptamers have unique and diversified features that make them ideal for numerous applications
in gene therapies. Further efforts are necessary to complete their validations, but reported findings
strongly support additional studies.
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