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Abstract

The clinical potential of siRNAs for silencing genes critical to disease progression is clear, but a
fail-proof method for delivering siRNAs to the cytoplasm of diseased tissues or cells has yet to be
identified. A variety of delivery approaches have been explored to directly or indirectly couple
siRNAs to delivery vehicles. This review explores the use of synthetic single-stranded DNA and
RNA aptamers as a means to deliver siRNAs, shRNAs and antisense oligonucleotides for
therapeutic intervention. Topics covered include: the advantages and challenges of using aptamers
as delivery tools; current aptamer-mediated siRNA delivery platforms for the treatment of cancer
and HIV; and emerging methodologies for the identification of aptamers capable of internalizing
into target cell types.

With our ever-growing understanding of the intricate molecular mechanisms of diseases, we
are becoming increasingly aware of the advantages of personalized medicine: determining
the molecular signature of each patient’s specific disease and tailoring treatments to
maximize efficacy and avoid off-target effects [1]. In a recent article, Hamburg et al. outline
the steps that are being taken by the US FDA and NIH to expedite translating basic science
research to patient treatment [2].

To truly and effectively implement the concept of personalized medicine, we must first
understand the molecular fingerprint of each patient’s disease. This understanding is likely
to enable the development of tailored therapies with increased efficacy and safety profiles.
Use of siRNAs to selectively turn off disease-driving genes is one promising technology
being applied to personalized medicine. However, efficient delivery to the cytoplasm of
target cells represents the primary challenge in implementing siRNA technology as a bona
fide therapeutic. This review article focuses on an emerging platform technology to deliver
siRNAs and other RNA-based therapeutics, including synthetic single-stranded nucleic acid
ligands such as aptamers (Figure 1).

Types of RNA-based therapeutics

RNA has long been evaluated for its clinical potential. Several different types of RNA
molecules have been extensively researched for this purpose, including siRNAs, short
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hairpin (sh)RNAs, miRNAs, antisense oligonucleotides (AS OGNs) and ribozymes.
SiRNAS, shRNAs and miRNAs accomplish gene-specific silencing through the RNAI
pathway [3]. AS OGNs (both DNA- and RNA-based oligos) are also used to inhibit gene
expression. In the case of RNA oligos, their mode of action includes inhibition of
translation, regulation of alternative splicing decisions, or transcriptional gene silencing
(TGS) [4]. Ribozymes are catalytic RNASs that possess the ability to cleave phosphodiester
bonds, such as those found in target mMRNA sequences, and can thus modulate the function
of a given RNA substrate [5].

Recently, substantial effort and resources have been placed on developing effective sSiRNA-
based drugs with an emphasis on devising ways to better shield sSiRNAs from serum
nucleases, retard their renal clearance, and efficiently target the siRNAs to the desired
tissues and cell types.

In its native state, RNA is an inherently unstable molecule, requiring chemical modifications
of the phosphate backbone (e.g., boranophosphate, phosphorothioate, phosphoroamidate and
methylphosphonate modifications) and/or sugar moieties (e.g., 2'-fluoro, 2'-O-methyl,
locked nucleic acids [LNAS]) to prevent degradation of the RNA serum nucleases when
used in in vivo applications [6]. However, in the case of siRNAs, chemical modifications
have the potential to adversely affect processing by Dicer and/or loading into the RNA-
induced silencing complex (RISC), and thus must be tested empirically [6]. Another
challenge for RNA-based therapeutics is avoidance of nonspecific innate immune activation
through the Toll-like receptors [7], although this effect can also largely be reduced or evaded
by chemical modification of the RNA [3,6,8]. Once these initial technical hurdles are
overcome, the therapeutic RNAs must be delivered to the desired cell types and, in the case
of siRNAs, find their way to the cytoplasm of target cell-surface receptors where the
siRNAs can enter into the RNAI pathway to mediate gene-specific silencing. Currently,
several approaches have been explored for delivery of sSiRNA duplexes and other therapeutic
RNAs.

Current delivery approaches

Current delivery approaches can be broadly grouped into either noncovalent or covalent
assemblies. Examples of noncovalent assemblies include electrostatic interactions between
an siRNA and a cationic molecule (i.e., protamine, arginine-rich peptides) [9-11] or
encapsulation of an siRNA into a nanoparticle (i.e., a cationic lipid) [12-14]. Targeting
moieties (antibodies, peptides or aptamers) are often included to facilitate delivery of the
SiRNAs to specific cell types [10,15-17]. For covalent assemblies, SiRNAs have been
directly conjugated to aptamers [18-24], lipids (i.e., cholesterol) [25], vitamins (i.e., a-
tocopherol) [26], antibody—protamine fusion proteins [10] and peptides [27,28]. Some of
these types of covalent linkages involve a targeting moiety (e.g., aptamers, antibodies,
peptides or ligands) that directs the siRNA to a specific cell type, whereas others (lipophilic
molecules or cholesterol) nonspecifically facilitate cellular uptake. In order to minimize off-
target effects resulting from delivery to nontarget (healthy) tissues, targeted delivery is
desired and aptamers are emerging as promising tools in this regard.

Advantages of aptamers as delivery tools

By definition, aptamers are synthetic, single-stranded DNA or RNA oligonucleotides that
recognize targets with a similar specificity and affinity as antibody/antigen interactions.
However, aptamers are selected through an in vitro process of systematic evolution of
ligands by exponential enrichment (SELEX) [29,30]. For therapeutic applications, this
process relies on DNA or RNA polymerases that can accept modified nucleotides as
substrates (e.g., 2'-fluoro pyrimidines) yielding nuclease-resistant aptamers that are partially
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or completely substituted [31-36]. In addition, aptamers can be chemically synthesized, thus
reducing batch-to-batch variability. The process of chemical synthesis also allows for
substituting native nucleotides with a variety of additional modified nucleotides (2'-fluoro/
2'-O-methy| ribose purines or pyrimidines and LNA) or terminal modifications (e.g.,
terminal caps such as inverted nucleotides, high-molecular mass polyethylene glycol [PEG]
or cholesterol) to promote nuclease resistance and improve the in vivo properties of aptamers
[21,36,37,38]. Chemical modifications introduced during synthesis (post-selection) may or
may not disrupt the function of the aptamer. Meticulous scanning of nuclease-resistant
modifications introduced at each site is ultimately necessary for the identification of
aptamers with improved stability/pharmacokinetics for therapeutic use [35,39,40]. For a
more detailed review of aptamer modifications see [41,42].

Importantly, Phase I clinical trials with chemically modified aptamers have so far yielded no
evidence of toxicity or activation of an innate immune response, such as interferon-y
activation [43]. One aptamer targeting vascular endothelial growth factor (VEGF) is
currently FDA-approved for the treatment of macular degeneration, and several others are in
the clinical pipeline. For a list of aptamers that are currently in the clinical pipeline see [43].
In addition, for a comprehensive account of aptamers to targets of therapeutic interest see
[41].

As well as activating [31] or inhibiting [43,44] the function of their protein targets, aptamers
have recently been used to deliver siRNAs (Figure 1) [16,18-23,45,46], chemotherapeutics/
toxins [47-49], enzymes [50] and radioisotopes [51,52] to target cells. Several criteria must
be met in order for aptamers to act as proficient delivery tools to transport RNA molecules
intracellularly. First, the aptamer must recognize a cell-surface entity (usually a receptor)
that undergoes either constitutive or ligand-mediated internalization, typically via a clathrin-
mediated endocytic pathway. Currently, several aptamers have been isolated for their ability
to bind with high affinity and specificity to various cell-surface targets (Table 1). These
include aptamers to cancer biomarkers such as: prostate-specific membrane antigen (PSMA)
[34]; nucleolin [53] and MUC1 [54]; aptamers to the receptor tyrosine kinase (RTK) Ret
[55,56]; epidermal growth factor receptors (EGFRs) [57] and human epidermal growth
factor receptor (HER)3 [58]; an aptamer to the serine/threonine kinase receptor transforming
growth factor (TGF)-B type Il receptor [59]; an RNA aptamer to the immune receptor CD4
[60] and aptamers to the HIV glycoprotein gp120 [22,61,62]. The PSMA and HIV gp120
RNA aptamers have been successfully utilized for delivery of siRNAs to PSMA or gp120-
expressing cells, respectively [16,19-23,46]. Aptamers to several other cell-surface
receptors are currently being evaluated for their ability to deliver therapeutic RNAs and
small molecules to specific cell types.

Additional criteria for effective aptamer-mediated delivery of sSiRNAs require that the
aptamer—siRNA conjugates be accessible to components of the RNAi machinery. First, the
conjugates must be effectively delivered to the cytoplasm of target cells, where the RNAI
machinery resides. Once in the cytoplasm, the conjugates must be recognized by
components of the RNAi machinery (Dicer and RISC). Strategies to enable recognition of
the conjugates by the RNAi machinery and to enhance endosomal release are discussed in
the following sections.

RNA delivery using aptamers

Aptamer—siRNA conjugates/chimeras have been successfully generated as potential
therapeutics for prostate cancer and HIV. The availability of cell-internalizing aptamers
specific for the prostate cancer antigen PSMA [34], and the HIV glycoprotein gp120
[20,22], has made it possible to evaluate the use of RNA aptamers as delivery vehicles for

Ther Deliv. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thiel and Giangrande

Page 4

siRNAs and, more importantly, establish design rules for optimal processing of the aptamer—
SiRNA conjugates by the RNAi machinery [16,19,20,22]. A description of the various
aptamer—siRNA conjugates/chimeras targeting cancer or HIV is outlined below.

Cancer target: PSMA

Prostate-specific membrane antigen is expressed at high levels on the surface of primary and
metastatic prostate cancers, but is not expressed on the surface of normal prostate epithelia
[63,64]. Therefore, any molecule delivered via a PSMA aptamer is likely to be targeted
specifically to cancer cells but not normal surrounding tissue. Two PSMA RNA aptamers
(A9 and A10) identified by Lupold et al. [34] have been used by several groups to deliver
siRNAs to prostate cancer cells in vitro [16,46] and in vivo [19,21,23,65].

In a study by Ellington et al., the PSMA aptamer A9 was noncovalently conjugated to
27mer Dicer substrates targeting housekeeping genes lamin A/C and GAPDH in proof-of-
concept studies to validate the aptamer-delivery technology [16]. Biotinylated aptamer and
27mer Dicer substrates were noncovalently assembled on a streptavidin bridge, and the
streptavidin—aptamer—siRNA particles were incubated with prostate cancer cell lines that
either express (LNCaP) or lack (PC-3) PSMA on the cell surface (Figure 2a). An RNA.
effect was observed only in PSMA-expressing cells exposed to the particles, demonstrating
targeting specificity by the streptavidin—aptamer—Dicer substrate particle [16].

A covalent assembly approach was simultaneously described where the siRNA duplex was
directly linked to the PSMA RNA aptamer A10 (Figure 2b) [19]. In this study, McNamara et
al. covalently linked the passenger strands of siRNAs targeting prostate cancer survival
genes Bcl-2 or polo-like kinase 1 (Plk1) to the 3'-end of the A10 PSMA aptamer. The guide
strands of the siRNAs were then annealed to the respective passenger strands to create the
functional siRNA duplex (Figure 2b). Specific silencing of Bcl-2 and PIk1 in prostate cancer
cells expressing PSMA and efficient cell death was observed in vitro. The authors also went
on to demonstrate efficacy of the PSMA aptamer-PIk1 siRNA chimera in vivo following
intratumoral administration of the chimera in a xenograft model of human prostate cancer
[19]. This work established aptamer-mediated siRNA delivery as a platform technology,
although further optimization of the RNA conjugates was desired for therapeutic utility [21].

In subsequent work, Dassie et al. optimized the PSMA A10 aptamer—Plk1 siRNA chimera
for systemic administration [21]. First, to enable future large-scale chemical synthesis of the
RNA chimera, the aptamer portion of the chimera was reduced from 71 to 39 nucleotides
(A10-3.2) while preserving specificity and high affinity (low nM) binding to PSMA. Next,
steps were taken to improve the efficacy (silencing efficiency/specificity) of the chimera and
to optimize its pharmacokinetic (PK) profile. Silencing efficiency and specificity of the
siRNA portion of the chimera was improved by approximately 100-fold with the following
modifications: swapping the passenger and guide strands of the siRNAs and engineering a
two-nucleotide overhang at the 3'-end of the guide strand. These changes enhanced Dicer
recognition and loading of the guide strand into RISC [21]. To extend the serum circulating
time of the chimera, pyrimidines in the passenger strand were also 2'-fluoro modified for
increased stability. A 20-kDa PEG group was added to the 5’-end of the passenger strand,
thereby increasing the molecular weight and retarding renal clearance. Collectively, these
modifications resulted in in vivo efficacy following systemic (intraperitoneal) administration
of the chimera in immunocompromised mice bearing PSMA-expressing prostate tumors in
their flanks. Importantly, regression after systemic administration of the optimized second-
generation chimera was more pronounced and occurred at lower doses (~0.4 vs 1.4 mg/kg)
compared with the first-generation chimera [19]. The next steps with this work are to
evaluate the safety of the optimized chimera in larger animal models.
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Due to the simple design and ease of production of the covalent assembly approach [19],
several groups have since linked various silencing RNASs to the PSMA aptamer A10 (and to
truncated versions of A10) for aptamer-targeted siRNA and shRNA delivery [21,23,46,65].
To enhance uptake of the PSMA aptamer—siRNA conjugate into PSMA-expressing cells,
Wullner et al. designed a dimeric PSMA aptamer capable of inducing endocytosis of PSMA
and enhancing uptake of an siRNA silencing eukaryotic elongation factor (EEF)2 into
PSMA-expressing cells in vitro [46]. In their design, the SIRNA sequence was either part of
the spacer sequence linking the two PSMA A10-3 aptamers (Figure 2C) or was tethered to
the 3" end of one of the aptamer dimers as an ShRNA (Figure 2D) [46]. When incubated with
prostate cancer cells expressing PSMA, the dimeric chimeras promoted PSMA receptor
internalization and uptake of the dimeric chimeras into cells, leading to enhanced silencing
of the siRNA target gene EEF2 when compared with a monomeric A10-3 aptamer—-EEF2
ShRNA chimera.

In a recent report from Gilboa and colleagues, the PSMA aptamer-siRNA chimera
technology was applied to the field of cancer immunotherapy [23]. In order to successfully
mount an immune response against tumors, unique antigens must be expressed by tumor
cells to distinguish them from normal cells. In this study, the PSMA aptamer (A10) was
used to deliver siRNAs against the nonsense-mediated mRNA decay (NMD) pathway.
Normal cells use the NMD pathway to prevent expression of mMRNASs containing premature
termination codons. Therefore, inhibition of this pathway results in the generation of unique
antigens that can be recognized by the immune system as foreign. First, sSiRNA duplexes
against key components of the NMD pathway (Upf2, Smg1) were covalently linked to the
3’-end of the A10 PSMA aptamer as described by McNamara et al. (Figure 2b) [19]. The
aptamer—siRNA chimeras demonstrated specific targeting to and silencing in PSMA-
expressing mouse tumor cells in culture and in PSMA-expressing mouse tumors in vivo.
Tumor volume was significantly reduced following systemic (intravenous) administration of
the aptamer—siRNA chimeras compared with control nonsilencing or nontargeting chimeras.
Importantly, in long-term studies with higher doses of the chimeras, most mice completely
rejected the tumor cells. These studies highlight the power of targeting sSiRNAs against the
NMD pathway to tumors and tumor metastases using RNA aptamers as a delivery vehicle in
order to elicit a potent tumor-specific immune response.

While cancer immunotherapy is a powerful approach for eradicating cancer, many cancer
patients are currently given multiple treatments (combination therapies), such as radiation
and chemotherapy, to increase the success of killing their cancers. Towards this end, Lupold
and colleagues conducted a high-throughput RNAI screen to identify novel siRNAs that
sensitize PSMA™* prostate cancer cells to ionizing radiation [65]. After confirming radio-
sensitization with several siRNAs (e.g., DNA-activated protein kinase [DNA-PK] or
BRCAL), the group generated a PSMA aptamer—DNA-PK shRNA chimera and showed that
in animals bearing PSMA* tumors, pretreatment with the chimera 2-3 days before
irradiation resulted in greater tumor regression than with radiation alone. Interestingly,
instead of appending duplex siRNAs to the 3'-end of the A10-3 PSMA aptamer, Lupold and
colleagues linked a sShRNA against DNA-PK to the 3'-end of the A10-3 PSMA aptamer
(Figure 2e). The shRNA is continuous with the aptamer strand (one molecule) and is thus
fully 2'-fluoro modified for increased stability. In addition, because sShRNAs, like miRNA
precursors (pre-miRNA), are better substrates for Dicer, it is possible that this configuration
may enhance processing of aptamer—shRNA chimeras by the RNAi machinery. A similar
observation was made by Dassie et al. who compared processing of a PSMA-aptamer—Plk1
SiRNA chimera that resembled a miRNA precursor to the standard aptamer—siRNA duplex
design, and showed that the chimera resembling the pre-miRNA was several times more
active than the aptamer—siRNA duplex chimera [21].
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Cancer target. CD4

Work by Guo and co-workers has pioneered a unique method of noncovalently linking
siRNASs to aptamers: packaging RNAs (pPRNAs) [18,45]. pRNAs are derived from
bacteriophage phi29 small RNAs that normally package DNA into procapsids and contain a
5'/3" helical domain and an intermolecular interaction domain, which serves to form dimeric
pRNA molecules. By substituting the 5'/3" helical domains with an aptamer on one pRNA
molecule and an siRNA on another pRNA molecule, an aptamer—siRNA conjugate was
generated through dimerization of the intermolecular interaction domains of the two pRNAs
(Figure 3) [18]. In proof-of-concept studies, an aptamer for CD4, a receptor predominantly
expressed on T cells, was used to specifically deliver a 29mer Dicer substrate against
survivin, a pro-survival gene that is often elevated in many types of cancer. This delivery
mechanism resulted in reduced viability of CD4* but not CD4~ T lymphocytes in culture
[18]. Future studies are necessary to evaluate the efficacy and safety of this approach in
animal models of cancer.

HIV targets: gp120 & CD4

CD4 is expressed on the surface of a subset of T cells, and the interaction between CD4 and
the HIV-1 cell-surface envelope glycoprotein, gp120, allows entry of the virus into T cells
[24]. Thus, neutralizing aptamers against either receptor represent a potential anti-HIV
therapy, and several groups have described RNA aptamers against both targets [24]. Rossi
and colleagues were the first to report a dual-inhibitory aptamer—siRNA chimera for the
treatment of HIV [20]. In this report, an inhibitory aptamer against gp120 tethered to a
SiRNA against tat/rev, two viral genes which drive replication of the virus, reduced HIV
infectivity and replication in cultured T cells (Figure 4a). The tat/rev sSiRNA was covalently
tethered to the gp120 aptamer, similar to the initial aptamer—siRNA chimera reported by
McNamara et al. [19], except a 4-nucleotide linker was added between the 3’-end of the
gp120 aptamer and the siRNA to increase flexibility of the chimera and processing by Dicer
[20]. Interestingly, use of a 27-mer Dicer substrate SiIRNA linked to the 3'-end of the gp120
aptamer provided better silencing than a shorter 21-mer sequence (Figure 4a) [20].

A subsequent study by the same group identified new anti-gp120 aptamers and described a
‘sticky bridge’ approach for appending siRNAs to the aptamer [22]. The sticky bridge
approach consists of a GC-rich sequence that is extended from the 3’-end of the gp120
aptamer, and a complementary CG-rich sequence is added to the 3'-end of one of the siRNA
strands (Figure 4b). This unique strategy theoretically allows any siRNA sequence to be
appended to the 3'-end of the aptamer-stick without altering the conformation of the
aptamer. Although the present study only reported delivery of a single siRNA to target cells,
this approach could be extended to enable conjugation of multiple siRNAs onto a single
aptamer [22].

Zhou et al., recently reported at the American Society of Gene and Cell Therapy (ASGCT)
meeting, in vivo studies with a second-generation gp120 aptamer-rev/tat SiRNA chimera,
along with gp120 aptamer-delivered siRNAs against CD4 and transportin 3 [66]. Using the
RAG-hu mice as a model for HIV infection, a reduction in infectivity was observed,
particularly when the three siRNAs were used in a combination.

A different approach for targeting therapeutic RNAs to HIV via the gp120 aptamer was also
recently presented by Morris and colleagues at the ASGCT meeting. The investigators used

RNA aptamers to deliver RNA AS OGNSs as a means to inhibit TGS. To apply this approach
to HIV, Morris’s group created RNA chimeras using aptamers against either gp120 or CD4

tethered to a single-stranded antisense sequence (Figure 4C). A mir-29B targeting sequence

added to the 3'-end of the OGN directed the chimera to the nucleus [Kevin Morris, Pers.
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Comm.]. Importantly, this is the first example of using an aptamer to deliver an AS OGN as
well as application of the aptamer—chimera platform technology to TGS.

In another unpublished report, Lieberman and colleagues have described the use of RNA
aptamers for CD4 to deliver anti-HIV siRNAs to CD4" T cells [67], similar to the work with
gp120 aptamer-directed Dicer substrates described above [20,22]. This aptamer—siRNA
chimera was tested in human cervical explants for its ability to prevent HIV infection in a
localized manner. The investigators speculate that their reagent can be applied topically to
humans as a prophylactic against HIV infection. Interestingly, a topical route of
administration of the aptamer—siRNA chimera may eliminate the need to optimize the
reagent for systemic delivery (i.e., with stabilizing chemical modifications and PEGylation
to retard renal clearance).

Challenges to aptamer-mediated RNA delivery

For therapeutic applications, the RNA aptamer—siRNA conjugates/chimeras must be fully
optimized to reduce the potential for undesired immunostimulatory effects and to increase
their serum stability and PK profiles [21]. Several attempts are currently being made to
achieve these goals [21]. The isolation (e.g., improved selection methodologies) or synthesis
(e.g., chemical synthesis of high-quality cGMP-grade long RNAs, chemical modifications of
the nucleotides for increased stability or terminal modifications for increased stability and to
bypass renal filtration) of RNA aptamers, which are optimally modified for in vivo
applications, is likely to expand the potential applications of this technology. Similarly, the
vast knowledge available from the RNA. field of chemical formulations for use of SiIRNAs
in vivo can be easily translated to aptamers for the purpose of sSiRNA delivery.

A major challenge for using aptamers to deliver siRNAs to cells is cytoplasmic delivery.
The aptamer—siRNA conjugates/chimeras must successfully be internalized (presumably by
receptor-mediated internalization) and released into the cytoplasm where they can encounter
the RNAI machinery. The current RNA conjugates/chimeras must escape from the early,
sorting or late endosome prior to entering the lysosome where the presence of nucleases and
low pH conditions are likely to result in sSiRNA degradation [68]. Currently, neither the
uptake kinetics of the various RNA conjugates/chimeras described to date nor the
mechanism by which these RNAs escape from the endosome are known. Molecules such as
fusogenic lipids, peptides and pH-sensitive lipoplexes and polyplexes have been employed
to promote the release of the siRNAs from the endosome [68]. However, none of these
moieties have been tested to date in concert with aptamer—siRNA conjugates as a way to
facilitate endosome escape.

Another limiting factor for the broad applicability of this delivery technology is the relative
paucity of candidate aptamers for specific delivery. Only a handful of aptamers that bind to
cell-surface receptors have been isolated, though several groups are developing cell-based
methods to isolate aptamers against these complex, membrane-bound targets. A review by
Shamah et al., nicely summarizes the various cell-based SELEX methodologies currently
under investigation [69]. Cell-based selections for isolating aptamers with high affinity and
specificity to cell-surface proteins have clear advantages over selections performed using
purified recombinant proteins. For example, the complex glycosylation patterns and
structural conformations of membrane proteins may not be replicated in recombinant protein
preparations. Aptamers against TGF-p type 111 and Ret receptors have been identified using
cell-based selections [55,59] and, given the role of these proteins in cancer and other
diseases, these aptamers may turn out to be ideal candidates as siRNA delivery vehicles if
they are internalized in a receptor-dependent manner.
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Knowledge of RNA (tertiary) structure is also an important factor when generating aptamer—
SiRNA conjugates/chimeras. In particular, being able to predict how a chemically modified
aptamer will fold when appended to a particular sSiRNA sequence can facilitate the design
and characterization of these reagents.

Finally, the proposed pharmaceutical application of this technology is likely to require
improvements in chemical synthesis of longer RNAs (60-100 nucleotides long). RNAs up to
100 nucleotides in length are routinely synthesized/chemically modified using solid-phase
phosphoramidite chemistry in an automated process used for small-scale synthesis of
oligonucleotides [41,70]. However, large-scale, high-quality, cGMP-grade material of
longer RNA sequences (aptamers/aptamers—siRNA chimeras) for therapeutic development
still presents significant difficulties. Several potential solutions to this problem include the
identification of shorter aptamer sequences through the use of shorter RNA libraries,
extensive truncation of the RNAs down to the minimal functional sequence (15-30
nucleotides) and/or conjugation of siRNAs to aptamers via linking chemistries.

Future perspective

While the future of aptamer-mediated RNA delivery technology is limited by the number of
cell-type specific aptamers available, novel selection methodologies for identifying cell-
specific internalization-competent aptamers are currently being developed [71]. As
discussed above, cell-based selection approaches hold the most promise for isolating
aptamers that recognize the native conformation of proteins and glycosylation patterns, but
such approaches still require an additional level of screening to find aptamers that are
internalized and released into the cytoplasm of target cells. Work in our laboratory seeks to
modify the existing cell-based SELEX methodology to identify internalization-competent
aptamers. For the modified cell-based selections, complex RNA aptamer libraries are
incubated with target cells in culture (e.g., cancer cells) at 37°C to allow intracellular uptake
of the RNAs. Unbound RNAs or RNAs that bind to the cell surface but do not internalize
can be removed by enzymatic digestion or stringent washes. Internalized RNAs can be
recovered by TRIzol extraction. RT-PCR amplification of these RNAs followed by in vitro
transcription is performed to generate the next round of selection. To increase specificity for
a particular cell-type or a cell-specific antigen, a negative selection can be performed where
the RNA library is precleared at each round of selection against a nontarget cell (e.g.,
normal cells or cells lacking the cell surface antigen). This approach may favor the
identification of aptamers that internalize in specific cell-types but does not necessarily
guarantee the isolation of aptamers that are efficiently released into the cytoplasm of target
cells for siRNA delivery. Modifications to this approach that allow for the selective
amplification of cytoplasmic-specific aptamers may enable the effective isolation of
cytoplasm-targeting RNA sequences.

Currently we have isolated several aptamers capable of internalizing into specific cancer
cell-lines and simultaneously delivering functional siRNAs against cancer-specific
prosurvival genes [Thiel and Giangrande, Unpublished Data]. While still in their infancy,
these cell-based approaches are likely to facilitate the identification of aptamers with
increased stability, the ability to internalize into specific cell-types, and finally, the ability to
escape endosomes and release their therapeutic RNA cargo into the cytoplasm of target
cells.
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Key Terms

SiIRNA Small-interfering RNA. Effector molecules of the RNAI pathway

Aptamers Synthetic structured single-stranded DNA or RNA
oligonucleotide that binds to molecular targets with high affinity
and specificity

ShRNA Short hairpin RNA. Effector molecules of the RNAi pathway

mMiRNA Micro RNA. Endogenous effector molecules of the RNAI
pathway

Antisense Short nucleic acid polymer

oligonucleotide

SELEX Systematic evolution of ligands by exponential enrichment, an
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Figure 1. Aptamer-mediated siRNA internalization

Upon binding of the aptamer portion of the conjugate to the target T cell-surface receptor
(Step 1), the complex is internalized (Step 2), likely through clathrin-mediated endocytosis.
The complex is presumably shuttled through the early, sorting and late endosome (Step 3).
To be loaded into the RNAIi machinery, the aptamer—siRNA conjugate must escape the
endosome (Step 4). The aptamer—siRNA conjugate is recognized by the RNAi machinery
(Step 5) and mediates silencing of the target mMRNA.
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Figure 2. PSMA aptamer—siRNA conjugates

(A) A10 and 27mer Dicer substrates against lamin A/C were biotinylated at the 3'-ends then
assembled on a streptavidin bridge [16]. (B) PSMA A10 or A10-3.2 aptamers were linked to
SiRNAs against PIk1, Bcl-2 or components of the NMD pathway [19,21,23]. (C) PSMA
A10-3 aptamer was dimerized using siRNA against EEF2 embedded within the linker
sequence connecting two PSMA aptamers [46]. (D) Alternatively, the PSMA A10-3 aptamer
was dimerized with a dsRNA linker and the EEF2 shRNA was appended to the 3'-end of
one of the A10-3 aptamers [46]. (E) PSMA A10-3 aptamer was appended to an ShRNA
against DNA-PK [65], similar to the approach by Wullner et al. [46].

EEF: Eukaryotic elongation factor; PSMA: Prostate-specific membrane antigen; shRNA:
Short hairpin RNA.
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CD4 aptamer-survivin siRNA with pRNA dimer
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Figure 3. CD4 aptamer—-pRNA-siRNA conjugates

CD4 aptamer (left) and a 29mer Dicer substrate to survivin (right) were inserted into the 5/
3’ helical domain of pRNA. The two particles were joined by dimerization of the pRNAs
[18].

pRNA: Packaging RNA.
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Figure 4. gp120 aptamer-RNA conjugates
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(A) First-generation HIV gp120 aptamer conjugated to 27mer Dicer substrates to tat/rev
[20]. A 4-nucleotide linker connects the aptamer and siRNA. (B) Second-generation gp120

aptamer—tet/rev 27mer Dicer substrate conjugates were developed by a ‘sticky bridge’
approach by base-paring linker sequences engineered at the 3'-end of the aptamer to

complementary sequences engineered at the 3'-end of the Dicer substrate sense strand [20].
(C) HIV gp120 (or CD4) aptamer was used to deliver AS OGN to carry out transcriptional
gene silencing. A nuclear targeting sequence was appended to the 3'-end of the AS OGN to

enable proper nuclear delivery.
AS OGN: Antisense oligonucleotide.
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Aptamers to cell-surface targets for intracellular delivery.

Table 1

DNA/RNA  Aptamers

Capable of directing internalization

Ref.

RNA PSMA Yes [16,19,21,34,46-49,72-77]
RNA CD4 Yes [18,45,60,67]
RNA gp120 Yes [20,22]
RNA Tenascin-C (TN-C) Yes [51,78]
RNA 4-1BB Uncertain [31]
RNA CTLA-4 Uncertain [79]
RNA 0X40 Uncertain [80]
RNA EGFR Yes [57]
RNA EGFRuvIII No [81]
RNA TGF-B type 111 receptor Uncertain [59]
RNA HER3 Uncertain [58]
RNA BACE Uncertain [82]
RNA L-selectin Uncertain [83]
RNA B-catenin Uncertain [84]
RNA KRAS Uncertain [85]
RNA Acetylcholine receptor (AChR) Uncertain [86]
RNA Neurotensin-1 (NTS-1) Uncertain [87]
RNA African trypanosomes (42 kDa protein) Uncertain [88]
RNA RET receptor tyrosine kinase Uncertain [55]
DNA Immunoglobulin heavy mu chain (IGHM)  Uncertain [89]
DNA Hemagglutinin Uncertain [90]
DNA Mucin (MUC1) Yes [54,91]
DNA Nucleolin (NCL) Yes [53,92-94]
DNA Transferrin receptor (TfR) Yes [50]
DNA PTK7 Yes [95-97]
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RNA and DNA aptamers selected to cell-surface targets. Several of these aptamers have been used as vehicles to deliver various cargos (SiRNAs,
toxins, chemotherapeutic agents and radionuclides) to cells expressing the aptamer target. BACE: B-secretase; EGFRvIII: Epidermal growth factor
receptor variant 111; gp120: Glycoprotein 120; HER: Human epidermal growth factor receptor; PSMA: Prostate-specific membrane antigen; PTK:
Protein tyrosine kinase; TGF-f: Transforming growth factor-f.
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