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The structural flexibility and small size of aptamers enable precise recognition of cellular elements for imaging
and therapeutic applications. The process by which aptamers are taken into cells depends on their targets but
is typically clathrin-mediated endocytosis or macropinocytosis. After internalization, most aptamers are
transported to endosomes, lysosomes, endoplasmic reticulum, Golgi apparatus, and occasionally mitochondria
and autophagosomes. Intracellular aptamers, or “intramers,” have versatile functions ranging from intracellular
RNA imaging, gene regulation, and therapeutics to allosteric modulation, which we discuss in this review. Im-
mune responses to therapeutic aptamers and the effects of G-quadruplex structure on aptamer function are
also discussed.
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1. Introduction

Aptamers are folded nucleic acid molecules that bind to specific tar-
gets, mimicking antibodies. Some aptamers exist naturally as ligand-
binding elements, butmost are generated in vitro and tailored to specific
purposes. Aptamer's great advantages; structural flexibility, stability,
and high affinity and specificity, and its comparably smaller size
(~3 nm) than antibodies (10–15 nm) [1], allow to bindmore dense cel-
lular epitopes in living cells where the epitopes are natively folded [2]. It
demonstrates that the true value of aptamers lies in their superior target
recognition. As the aptamers show the better structure recognition on
the intracellular epitopes, they have quickly emerged as intracellular
targeting agents and intracellular imaging tools. In this review, we dis-
cuss from the uptakemechanisms, subcellular localization, and intracel-
lular imaging to therapeutic applications of aptamers in human
diseases. We also highlight specific examples of conformational selec-
tivity of aptamers as an emerging new field, alongwith the future strat-
egies to facilitate the translation of intracellular aptamers.

2. Mechanisms of internalization of aptamers

The aptamers have been developed against the cell surface receptor
for targeted delivery. However, so far, few studies have investigated the
endocytic mechanism of these aptamers. For the possible endocytic
mechanisms, there are numerous well defined pathways by which
aptamers can be internalized from the surface of cell membranes:
clathrin- and caveolae-mediated endocytosis, macropinocytosis, and
phagocytosis [3–5]. But, the uptake of aptamers mainly depends on
the function of their target receptors. Based on the published studies,
the mechanism of internalization of aptamers can be divided into
clathrin-dependent or -independent.

To investigate the clathrin-dependent pathway of aptamers, the
colocalization study was mainly used with fluorescently labeled trans-
ferrin, because the endocytic pathway of transferrin receptor was well
characterized via clathrin mediated endocytosis [6]. The representative
aptamers that internalized via clathrin-dependent endocytosiswere the
Burkett's lymphoma cell-specific DNA aptamers and anti-protein tyro-
sine kinase 7 aptamers [7, 8] (Fig. 1A). Their clathrin-dependent endo-
cytosis was confirmed with fluorescently labeled transferrin.

To investigate the clathrin-independent endocytic pathway of
aptamers, the inhibitors of internalization were used in most of studies.
For the example of clathrin-independent pathway, AS1411 aptamers
were well characterized. The G-quadruplex nucleolin DNA aptamers
bound to nucleolin which was selectively expressed on the cancer
plasma membrane and were internalized into cells [9, 10]. To elucidate
the endocytic mechanism of AS1411, DU145 prostate cancer cells were
pretreated with cytochalasin D (an actin polymerization inhibitor) and
dynasore (a dynamin inhibitor). Because clathrin-mediated endocytosis
depends on actin and dynamin function,whereasmacropinocytosis and
phagocytosis do not. Following this pretreatment, the AS1411 uptake
was slightly decreased, suggesting that AS1411 was not internalized
via clathrin-mediated endocytosis [11]. But, interestingly, pretreatment
with amiloride (AML, a macropinocytosis inhibitor) significantly re-
duced the uptake of AS1411 in cancer cells. The colocalization of
AS1411 with the macropinocytic marker (dextran) was confirmed
again by confocal microscopy, showing the consistent results of chemi-
cal inhibitors. Therefore, AS1411 seems to be predominantly internal-
ized into cancer cells via macropinocytosis [11].

In separate another study, the endocytic pathway of AS1411was in-
vestigated in different PC3 prostate cancer cells. The PC3prostate cancer
cells were pretreated with AML, chlorpromazine (CPZ, a clathrin-
mediated endocytosis inhibitor), and genistein (GEN, a caveolae- and
lipid raft-mediated endocytosis inhibitor) [12]. Uptake of AS1411 was
significantly inhibited by both AML and CPZ, but neither completely
prevented aptamer internalization. It suggests that a mix of clathrin-
mediated endocytosis and micropinocytosis are used for the endocyto-
sis of AS1411 [12]. On the contrary, GEN had no effect on AS1411 up-
take, demonstrating that caveolae- and lipid raft-mediated
endocytosis was not involved in endocytosis of AS1411 [12]. Taken to-
gether of these two studies, it indicates that the internalization of the
nucleolin aptamer AS1411 does not follow the standard pathway and
also suggest that the uptakemechanismsmay vary on the type of cancer
cells (Fig. 1B).

3. Subcellular localization of internalized aptamers

3.1. The fate of internalized aptamers in the cytosol

After receptor-mediated endocytosis, the aptamer-receptor com-
plexes are fused with early endosomes and either sorted for recycling
back to the plasmamembrane or delivered to late endosomes and lyso-
somes for degradation [4]. To know the fate of internalized aptamers in
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clathrin-coated vesicle budding. Once detached from the membrane, the clathrin coat is disassembled. Clathrin-dependent endocytosis ends in fusion with endosomes and lysosomes.
(B) Uptake mechanism of AS1411. The endocytosis of AS1411 involves multiple pathways. Although macropinocytosis is the predominant endocytosis mechanism of AS1411, clathrin-
and caveolae-dependent and clathrin- and caveolae-independent pathways are all involved in uptake of AS1411.
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cells, the subcellular distribution of aptamers has been investigated in
various in vitro systems with fluorescence confocal microscopy and
transmission electron microscopy (TEM) using antibodies or
nanoparticles.

With the fluorescence confocal microscopy, the subcellular distribu-
tion of internalized aptamers was characterized in four studies. The
colocalization of cell type specific-DNA aptamers with LAMP-1, a late
endosomal and lysosomal marker, was confirmed in renal proximal tu-
bule RPTEC/TERT1 cells by in situ fluorescence hybridization [13].
Glioma-specific DNA aptamers bound Ku 70 and Ku 80 were found to
colocalize in lysosomes, endoplasmic reticulum (ER), and Golgi appara-
tuswith organelle-specificfluorescent dyes on live cell images by confo-
cal microscopy [14]. The PrPc DNA aptamers were conjugated with
fluorescent quantum dots (QDs), which are fluorescent nanoparticles
to track the dynamics of intracellular imaging. The PrPc-aptamer-QD
complexes were colocalized in lysosome, ER, and the Golgi apparatus
in immunofluorescence assays [15]. The RNA aptamers against human
papillomavirus 16-E7 have been found in endosomes, lysosomes,
autophagosomes, and ER with immunostaining by fluorescence confo-
cal microscopy [16].

The conjugation with nanoparticles (NPs) to aptamers was used to
directly observe the subcellular localization of aptamers by optical mi-
croscopy or TEM without any fluorescence tags. The nucleolin DNA
aptamer AS1411 was conjugated with NPs and its subcellular location
was determined by TEM in C6 brain glial tumor cells and bEnd.3 brain
endothelial cells [17]. The AS1411 aptamer was mainly colocalized in
endosomes andmitochondria in both C6 and bEnd.3 cells. But, the local-
ization of AS1411 aptamers in lysosomes and the Golgi apparatus

Image of Fig. 1
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observed only in C6 cells but not bEnd.3 cells [17]. It suggests that the
subcellular localization of aptamer can be varied depending on the
type of cells. The anti-transcription factor activator protein-1 (AP-1)
DNA aptamers (5ECdsAP1) were tagged with superparamagnetic iron
oxide NPs or gold NPs [18]. The TEM study showed that the 5ECdsAP1
aptamers were localized in only ER, but not other cellular compartment
in brain tissue samples.

Taken together, the fate of internalized aptamers is ended up in
endocytic vesicles, such as endosomes and lysosomes, and then is
redistributed to other subcellular compartments, depending on the
physiology of the host cells (Fig. 2). But, how internalized aptamers
are redistributed to subcellular organelles remains to be investigated.

3.2. Alteration of target protein distribution

The majority of aptamers is antagonistic to their target proteins.
Their biologically inhibitory effects have been well-investigated. How-
ever, thephysico-chemical interactions at protein have not been studied
yet. Herein, one compelling study has performed the inhibition of phys-
ical movement of targets in cells with anti-nucleolin AS1411 aptamer.
The nucleolin is amultifunctional shuttle protein present in the nucleoli,
cytoplasm, and plasma membrane [19] and its binding partner is pro-
tein arginine methyltransferase 5 (PRMT5) [20]. In free binding statics
of AS1411, the nucleolin-PRMT5 complex was distributed in both the
nuclear and cytoplasmic compartments. However, in binding statics of
AS1411, the nucleolin-PRMT5 complex was decreased in the nucleus
and was increased in the cytoplasm of DU145 prostate cancer cells
[21]. It suggests that the shuttling function of nucleolin might be af-
fected by the AS1411 aptamer.

4. Fluorogenic aptamers and intracellular imaging

Live cell imaging is valuable for studying the functions and regula-
tion of intracellular RNAs. A recently developed RNA imaging strategy
was to use aptamers; Spinach [22], Broccoli [23], and Mango [24] that
activated the fluorescence upon binding to their targets of small mole-
cule fluorophores. These fluorogenic aptamers provided a powerful
tool to investigate the dynamics of RNA localization and trafficking in
Fig. 2. Subcellular localization of internalized aptamers. After internalization, aptamers colocaliz
Golgi, and endoplasmic reticulum, depending on their targets.
cells. As these fluorogenic aptamers have great potentials for a simple
protein-free live cell imaging, the details of fluorogenic aptamers and
their application are depicted in this section.

4.1. Spinach

The first fluorogenic RNA aptamer ‘Spinach’ which was capable
of turning on the fluorescence were isolated upon the binding of
small-molecule fluorophores, 3,5-difluoro-4-hydroxybenzylidene
imidazolinone (DFHBI), mimicking the green fluorescent protein
(GFP) [22]. The Spinach showed the cross fluorogenic activity to the
variants of DFHBI, such as DFHBI 1T and DFHBI 2T. In the molecular
structure analysis using biochemical probing and secondary structure
prediction algorithms, Spinachwas predicted to fold into a five-way he-
lical junction [22].

To reveal the mechanism of fluorescence activation by Spinach, the
crystallization of Spinach-DFHBI complex was determined. The co-
crystal structures of Spinach-DFHBI revealed an unexpected structure
composed of a quadruplex core flanked by two coaxially-stacked A-
form duplexes [25]. Typically, G-quadruplexes contain guanines in all
of their tetrads. However, the quadruplex element of Spinach exhibited
unconventional complex connectivity of two G-tetrads and a mixed-
base tetrad [25]. The fluorophore was sandwiched by a base triple and
was hemmed in by an unpaired guanine residue (G31). In comparison
with the crystal structure of DFHBI-free Spinach, the overall conforma-
tion of the aptamer was unchanged, but the fluorophore binding site
collapsed with a rearranged base tier of the quadruplex and G31 ex-
truded from the helical stack [25]. As the Spinach showed the thermal
instability and misfolding that resulted in reduced brightness [26],
new variants of Spinach, such as Spinach2 [26], iSpinch [27], and Baby
Spinach [28] have been engineered to overcome these shortcomings
for further studies.

As the DFHBI fluorophores do not exhibit nonspecific fluorescence
and cytotoxicity in cells [22], the feasibility of the Spinach was tested
for in vivo imaging. For this, the Spinach was engineered as a
genetically-encoded tag to the cellular metabolites and secondmessen-
ger cyclic di-AMP (cdiA) [29, 30]. For the fluorescence imaging of cellu-
lar metabolites, the RNA-based sensors comprising five ligand
: Endoplasmic reticulum

: Mitochondria

: Golgi apparatus

: Aptamers

: Nucleus

: Endosome
: Lysome
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ewith various subcellular compartments, including endosomes, lysosomes, mitochondria,
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(adenosine, adenosine di-phosphate (ADP), a-adenosyl-L-methionine
(SAM), guanine, or guanosine 5-triphosphate (GTP))-binding RNA
aptamers and Spinach via a stem sequences that functioned as a trans-
ducer were engineered [30]. The adenosine, ADP, SAM, guanine, and
GTP-Spinach sensors showed 20-, 20-, 25-, 32-, and 15-fold increases
in fluorescence, upon binding their cognate ligand, respectively [30].
But it showed the rapid fluorescence activation and deactivation kinet-
ics. Tomonitor metabolic dynamics in live Escherichia coli (E. coli) imag-
ing, SAM-Spinach sensor was used. DFHBI-treated E. coli expressing the
SAM-Spinach sensor showed the increasedfluorescence ~6 fold over 3 h
in the presence of the SAMprecursor ofmethionine [30]. Similarly, ADP-
Spinach sensor also detected the dynamic changes in ADP levels which
is 20-fold increases in fluorescence upon metabolite binding in E. coli
[30].

To visualize intracellular cdiA levels in living Listeria monocytogenes
(L. monocytogenes), fluorescent biosensors by combining the ligand-
sensing domain of cdiA riboswitch (yuaA riboswitch) with the Spin-
ach2, termed YuaA-Spinach2, were engineered [29]. To test the function
of the yuaA-Spinach2 fluorescent biosensor in live cells, plasmid
encoding the biosensor in a tRNA scaffold was transformed into
L. monocytogenes. In results, the cellular fluorescence was observed by
the fluorescence microscopy and flow cytometry after incubation with
DFHBI [29]. The biosensor tagged with the Spinach and Spinach 2
showed the better imaging in living E. coli and L. monocytogenes cells
[29].

4.2. Broccoli

Another green fluorogenic RNA aptamer ‘Broccoli’ which was bind-
ing to the fluorophore DFHBI was also isolated by the same group that
developed the Spinach [23]. The Broccoli was isolated using the com-
binedmethodswhichwere the systematic evolution of ligands by expo-
nential enrichment (SELEX) and fluorescence-activated cell sorting
(FACS) approaches. The SELEX was performed in the first round when
the RNA pool exhibited fluorescence upon incubation with the
fluorophore. After that, the aptamer library was cloned into a bacterial
expression plasmid. The library plasmid was transformed into E. coli
and in vivo fluorescence was sorted out by FACS in the presence of
DFHBI. The characteristics of the Broccoli showed robust folding in
low magnesium concentrations, as well as increased thermostability
and fluorescence than Spinach2. The Broccoli was engineered to
tBroccoli (49 nt) and the dimeric tBroccoli (tdBroccoli) for further
in vivo applications. Indeed, the tdBroccoli showed the twice as fluores-
cence as Broccoli in living E. coli [23]. For the genetic expression of struc-
tured RNAs, the tRNA-fused scaffold system is often used to promote the
appropriate folding of aptamers in cells [31], because the appropriate
structural folding of aptamers is pivotal for the function of aptamers.
For the stable folding of aptamers, the tBroccoli or tDBroccoli was
fused to the 3′ terminus of 5S expressed from the pAV5S tRNA scaffold
plasmid (5S-tBroccoli or 5S-tDBroccoli) for imaging in mammalian
HEK293T cells. The 5S-tdBroccoli showed 70% brighter than 5S-
tBroccoli in mean fluorescence intensity in transfected HEK293T cells.
Moreover, the Broccoli and dBroccoli fused to the 3′ terminus of 5S
without tRNA scaffold plasmid showed the higher cellular brightness
than 5S fused to tRNA scaffold-aptamer constructs in HEK293T cells. It
supports the idea that the tRNA scaffold is selectively necessary depend-
ing on the folding efficiency of aptamers for genetically tagged imaging.

4.3. Mango

The RNA aptamer ‘Mango’ binding to derivatives of fluorophore thi-
azole orange 1 (TO1) was developed in the series of fluorogenic
aptamers [24]. In the molecular structure analysis using the sequence
analyses and biochemical probing, the Mango was predicted to fold
into two-tiered all-parallel G-quadruplexes connected to an A-form du-
plex [24]. To reveal the mechanism of fluorescence activation by the
Mango, the crystallization of Mango-TO1 complex was determined.
The co-crystal structure of Mango-TO1 revealed a three-tiered G-
quadruplex that included three antiparallel quinine residues connected
to an A-form duplex through a GAAA tetraloop-like junction [32]. The
fluorophore bound on one of the flat faces of the G-quadruplex, stabi-
lized the Mango-TO binding for fluorescence. Therefore, the Mango en-
hanced the fluorescence of the fluorophore up to 1100-fold relative to
unbound fluorophore. As theMango showed the brightest fluorescence
among other Spinach and Broccoli fluorogenic aptamers, the feasibility
of in vivo imaging was determined in Caenorhabditis elegans
(C. elegans). To visualize the cellular RNAs with theMango, TO1 was di-
rectly injected into C. elegans syncytial gonads, either with or without
RNA Mango. The injection of dye alone showed the negligible fluores-
cence, but the injection of the Mango resulted in a strong fluorescence,
specifically localized to the syncytial nuclei of the gonad [24]. The un-
bleached bright fluorescence was observed over 2 h after injection
within time frame in vivo.

Given that the Mango showed the rigid fluorescence binding to tar-
getmolecules and onlyfluorogenic aptamersworking in vivomodel, the
optimization of the Mango are expected to appear for in vivomamma-
lian imaging.

4.4. Corn

The RNA aptamer ‘Corn’which activated the yellow fluorescence on
the binding of 3,5-difluoro-4-hydroxynenzylidene imidazolinone-2-
oxime (DFHO)was developed by the same group that isolated the Spin-
ach and the Broccoli [33]. The Corn showed improved photostability,
compared to Spinach and Broccoli, which enables quantifying RNA tran-
scription in living cells. As for a genetically encoded fluorescent RNA re-
porter, the Corn in a tRNALys scaffold was expressed in three main
subclass of Pol III promoters, 5S RNA, tRNA, and U6 promoters. The
transfection of these reporter plasmids into HEK293T cells led to yellow
fluorescence after addition of DFHO. But, in the treatment of actinomy-
cin D (an inhibitor of RNA polymerase), the reduction of yellow fluores-
cence was observed [33]. Although the Corn showed the enhanced
photostability, its dimerization makes unsuitable for imaging tags in
cells due to the structural changes [33].

4.5. New Mango

The new high-binding RNA Mango fluorogenic aptamers have been
isolated based on the microfluidics-based selection methods [34]. The
newly isolated Mangos showed as bright as or brighter than enhanced
green fluorescence protein (EGFP) when bound to their target small
molecule TO1. To test the cellular imaging of new Mango-tagged
RNAs, the subcellular localization of two small non-coding RNA (5S
and U6) was investigated in mammalian cells. For the imaging of 5S,
the human 5S ribosomal RNA was tagged with newMango by incorpo-
rating an F30 folding scaffold. The in vitro-transcribed 5S-F30-Mango
RNA was transfected into HEK293T cells. It showed up to 10 bright
RNA foci per cells. Themajority of 5S-F30-Mango foci were cytoplasmic
and a small faction in nuclear. In the subcellular localization studies, the
5S-F30-Mango foci overlapped with mitochondria, not with other sub-
cellular compartments such as P-bodies, endosomes or stress granules.
To confirm the observation were specific, the U6 snRNA (small nuclear
RNA)which is associatedwith ribonuclear protein (snRNP)were tagged
with new Mango in F30 folding scaffold. The transfected in vitro-
transcribed U6S-F30-Mango RNA showed 9 fold increased foci in nu-
clear. The U6-F30-Mango is was mainly overlapped with small nuclear
protein (snRNP) Lsm3, not mitochondria or ribosomes [34]. These re-
sults highlight the new Mango tag can be used to track the preferential
cellular locating of small cellular RNAs.

For the function as genetically encoded tags expressed in cells, the
plasmidwas constructed to express 5S rRNAunder RNApol III promoter
in pSLQ plasmid. The pSLQ-5S-F30-Mango construct exhibited an
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increased fluorescent signal in nucleolar compartments as well as cyto-
plasmic foci, demonstrating that the capability of new Mango tags to
function as efficient genetically encoded reports of RNAs. But the subcel-
lular localizationwas limited on ribosomal protein L7, not onmitochon-
dria. These results showed the inconsistent colocalization, compared
with the transfection of in vitro-transcribed 5S-F30-Mango RNAs.

Currently, live RNA imaging in eukaryotic cells is a big challenge
with these fluorescence aptamers due to themain issues; the low inten-
sity, rapid photo bleaching and aptamer's structural changes. Hence,
very few literatures have shown the successful imaging in mammalian
cells. In the comparison of fluorophore ligand binding and complex sta-
bilization studies, theMango has a large thermal stability and better dis-
crimination from a broad range of small molecules [35] and the Corn
shows improved photostability. Therefore, there are no doubt that the
Mango and the Corn could be good tools to elucidate theworkingmech-
anism of cancers biology fields.

4.6. Imaging of structured viral RNAs

In viral diseases, to investigate viral RNA dynamics, the full cDNA of
Sindbis virus (SINV) was constructed with two copies of tRNA-
scaffolded Spinach2 [36]. Live cell imaging revealed that the Spinach2-
tagged SINV viral RNAs mainly localized to the tip of filopodia of in-
fected cells where they contact adjacent non-infected cells. Later, viral
RNAwas observed at the contact site of uninfected cells and then spread
to the cytosol. This study clearly demonstrates that fluorogenic aptamer
tag might be a good tool to investigate the dynamic of viral RNAs in vi-
rology fields.

4.7. Aptamer-based Förster resonance energy transfer (apta-FRET)

For the molecular interactions in living cells, two fluorescent RNA
aptamers, Spinach and Mango, were engineered using RNA origami
scaffolds for detection of conformational changes, called aptamers-
based Förster resonance energy transfer (apta-FRET) [37]. To obtain
FRET, the Spinach and Mango were placed in close proximity on the
scaffolds and genetically encoded in the plasmid. The apta-FRET con-
structs expressed in E. coli showed the tolerable FRET output [37], sug-
gesting that the apta-FRET system might be used as real-time imaging
in living cells and biosensors.

4.8. Summary

Fluorogenic RNA aptamers, such as Spinach, Broccoli, Mango, Corn,
and newMango are very powerful tools that can be genetically encoded
tags with a gene of interest for live-cell imaging. But, still remaining is-
sues are how well tolerated when they are engineered. To get the an-
swer, one study was performed how well these fluorogenic RNA
aptamers are tolerated when engineered for structured cellular RNAs
[38]. Nine distinct variants of Spinach and Broccoli were inserted at
the same position in 16S ribosomal RNA (rRNA) for comparative stud-
ies. Among the nine variants, Baby Spinach and Broccoli yielded supe-
rior fluorescence in live-cell imaging of E. coli. However, most variants
of Spinach and Broccoli impaired cell growth depending on the se-
quences and length of the aptamers, showing the toxicity. Hence, the
optimization is indispensable. As all of strategies described here enables
the design of sensors to image essentially any molecules in living cells,
the fluorogenic RNA aptamer tags have diverse applications for imaging
of intracellular RNA dynamics (Fig. 3). Also, theoretically, RNA aptamers
can be readily generated against any biomolecules, new fluorogenic
aptamers are expected to be developed.

5. RNA aptamers for regulating gene expression in E. coli

Sequence-specific DNA-binding proteins called transcription factors
(TFs) regulate transcription activation or repression, playing a critical
role in the control of gene expression in living organisms [39, 40]. For
the proof of concept studies, RNA aptamers have been developed to tar-
get the TFs to regulate the gene expression in both prokaryotes and eu-
karyotes. As the regulation of gene expression by aptamers is a very
promising therapeutic strategy, the representative examples of gene
regulation by aptamers are depicted in this section.

5.1. Transcription-activating aptamers in E. coli

Artificial RNA aptamers have promising roles as non-coding regula-
tory RNAs used for gene regulation andmolecular engineering. Over the
last decade, the functional role of regulatory RNAs in gene expression
has been well developed in prokaryotes, specifically transcriptional ac-
tivation of gene expression by aptamers in E. coli. The RNA aptamers
against the bacterial transcriptional regulator Tet repressor (TetR) acti-
vated transcription by modulating the DNA-binding activity of the TetR
[41]. The activity of intracellularly expressed TetR aptamers directly cor-
related with its expression level and stability. The same group, again,
isolated inhibitory RNA aptamers against the repressor protein lambda
phage cI as a transcriptional activator in E. coli [42]. Upon intracellular
aptamer expression, expression of the reporter gene was increased
35-fold. These studies illustrate valuable strategies for the fine regula-
tion of genetic circuits by using synthetic RNA aptamers.

Conventionally, artificial aptamers are isolated against their targets
with a synthetic aptamer library pool. To systematically search for nat-
ural RNA aptamers that regulate transcription through direct interac-
tion with RNA polymerase (RNAP) in bacteria, genomic SELEX; a
genomic library of E. coli as a source of RNA sequences and the E. coli
RNAP holoenzyme as bait, were performed [43]. Following the next-
generation sequencing and functional analysis, 15,000 of natural RNA
aptamers to RNAP (RAPs)were identified in the E. coli genome. Thema-
jority of identified RAPs (64.3%) was characterized inhibitory RAPs
(iRAPs) that encoded in the strand opposite to the annotated genes act-
ing like transcriptional ‘anti-interference’. The antisense iRAPs curbed
transcriptional interference by cis-acting as pro-termination signals, po-
tentiating the expression of sense-encoded genes [43]. This study shows
that natural RNA aptamers have potential as a self-regulatory system.

5.2. Conditional control of gene expression

Robust synthetic tools are useful for the control of cellular gene reg-
ulation. As a proof-of-concept study for ligand-mediated ribozyme
cleavage, a tetracycline (Tet) aptamer was grafted to the hammerhead
ribozyme and inserted into the 3′ untranslated region (UTR) of reporter
genes [44]. The working mechanism was that a ligand binding to the
aptamers destroyed a loop–loop interaction within the ribozyme
thereby inhibiting ribozyme cleavage and allowing gene expression.
For the function assay, the Tet-aptamer-ribozyme vector was
transfected into HeLa cells. The cells expressing the Tet-dependent
ribozymes showed increased expression of the reporter genes up to
8.7 folds in the presence of Tet, but not in absence [44].

As a proof-of principle concept, conditional control of gene expres-
sion by Tet-aptamer-ribozymes has been successfully established in
mammalian cells.

6. Transcription factor (TF)-targeting aptamers

Transcription factors (TFs) have pivotal roles in regulating gene ex-
pression during cell growth, development, and cellular homeostasis.
Therefore, the dysregulation of TFs is linked to many types of diseases,
whichmakes them attractive targets for therapeutic development. Sev-
eral natural prokaryotic and eukaryotic RNAs that modulate the activity
of TFs such as 5S RNA, 6S RNA, 7SK, hepatitis delta virus RNA, neuron re-
strictive silence element RNA, growth arrest-specific 5, have been al-
ready reported [45]. As nucleic acid aptamers can be encoded in
transgenes for endogenous expression, transcription-regulating
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aptamers have unique advantages for therapeutics. Hence, the intrigu-
ing concept of synthetic aptamers that target DNA-binding TFs is
depicted, with an emphasis on emerging cancer therapeutics.

6.1. Anti-forkhead box M1(FOXM1) aptamers

The transcription factor FOXM1 is a member of the fork head/
winged-helix (Fox) family that activates a network of proliferation-
associated genes and is frequently overexpressed in cancers [46].
FOXM1 contains a highly conserved DNA binding domain (DBD); there-
fore, targeting the DBD of FOXM1 could suppress its transcriptional ac-
tivities and presents a potent therapeutic strategy in cancer [47]. The
DNA aptamer targeting the FOXM1 DBD (FOXM1 Apt) was isolated
and phosphorthioate-modified FOXM1 Apt (M-FOXM1 Apt) was con-
structed to increase its serum stability [48]. Both FOXM1 Apt and M-
FOXM1 Apt showed specific binding to FOXM1 proteins and M-
FOXM1 Apt improved the binding affinity from 172.1 nM to 63.86 nM.
M-FOXM1 Apt localized to the nuclei of cells after transfection. To test
the inhibition of transcriptional activities of M-FOXM1 in vitro, gel
shift assaywas performed. It abolished the binding of FOXM1on its con-
sensus binding sites at a dose-dependent manner. In biological func-
tional assays, M-FOXM1 Apt significantly inhibited cell proliferation at
the 48 h time point after treatment. The treatment of M-FOXM1 Apt
dramatically decreased the expression of FOXM1-target genes, such as
Cdc25B and Cycline B1, but not FOXM1 in breast cancer cell. It suggests
that the inhibitory effects of M-FOXM1 result from disturbing FOXM1
transcriptional activation but not from directly affecting FOXM1 expres-
sion [48].

6.2. Anti-heat shock factor (HSP) aptamers

The Heat shock factor (HSF1) is a TF that regulates chaperone pro-
tein expression for cell survival under stress conditions, particularly in
malignant cancers [49]. Anti-HSF1 aptamers isolated against Drosophila
HSF1 proteins (iaRNAHSF1) was delivered into HeLa cervical carcinoma
cells in the formof a synthetic gene containing a hammerhead ribozyme
[50, 51]. The iaRNAHSF1 expression induced morphological changes and
apoptosis in cervical cancer cells but not in normal cells, showing its
cancer specific effects. Levels of various molecular chaperone proteins
such as heat shock protein 70, calnexin, transglutaminase 2, and
glucose-regulated protein 78, were also significantly decreased in
aptamer-expressing cells, suggesting that the inhibition of molecular
chaperons by iaRNAHSF1 is due to a general decrease in HSF1 activity
on its gene targets.
6.3. Anti-nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) aptamers

The transcription factor NF-kB is an important activator of gene in-
volved in immune functions such as inflammation, the synthesis of cy-
tokines and interferons, apoptosis, and cancers [52, 53]. Hence, the
inhibition of NF-kB dependent gene activation is one of good strategies
for enhancing the activities of anticancer drugs. For the solublemolecu-
lar decoys ofNF-kB, RNA aptamerswas identified against the p50homo-
dimer form of NF-kB (p502). In vitro assays, the selected anti-NF-kB
aptamers competitively inhibited DNA binding by NF-kB [54]. The fol-
lowing studies have been performed to optimize the RNA aptamer for
binding to NF-kB [55]. The optimized anti-NF-kB aptamers demon-
strated the specific decoy activity, inhibiting transcriptional activation
by its NF-kB target protein. In the expression of bivalent of anti-NF-kB
p50 aptamers, the decoy activity was enhanced [55]. This study has a
strong implication that the expression of therapeutic decoy RNAs have
possibility to modulate gene expression. The anti-NF-kB p65 was also
isolated by the same group in parallel [56]. The selected anti-NF-kB
p65 aptamers had the similar decoys effect in competition assay.
Hence, the potential therapeutic strategy is to combine the p50 and
p65 aptamers to form a heterodimeric aptamer that is competent for si-
multaneous binding of both subunits of NF-kB heterodimers.
6.4. Anti-runt-related transcription factor 1 (RUNX1) aptamer

The transcription factor RUNX1 is an important regulator of hemato-
poiesis and important partner in leukemia [57, 58]. For the leukemia
therapeutics, RNA aptamers were isolated to the recombinant RUNX1
Runt-Homology-Domain (RHD) and its interaction partner, the core-
binding factor β protein (CBFβ) [59]. In competition experiments, the
identified anti-RHD-CBFβ aptamers disrupted the formation of DNA-
RHD-CBFβ complexes, suggesting that the RNA aptamers could act as
molecular DNA mimics, adopting three-dimensional structures with
similar physico-chemical properties to cognate RHD DNA.

Image of Fig. 3
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7. Therapeutic intracellular targeting aptamers (intramers) and
drug screening

The aptamers have been developed against the cell surface receptors
for the targeted therapeutics and delivery [60]. Their successful stories
arewell constructed in the field of therapeutic development in viral dis-
ease and cancers. But, rather than the cell surface receptor aptamers, in-
tracellular targeting aptamers (intramers) are depicted for the new
fields of therapeutic development in this section.

7.1. Intramers in viral diseases

Therapeutic intramers have been actively developed against viral
proteins such as human immunodeficiency virus (HIV) Tat [61] and re-
verse transcriptase [62], hepatitis C virus NS3 protease/helicase [63, 64],
NS5B RNA-dependent RNA polymerase [65], and severe acute respira-
tory syndrome NTPase/helicase [66]. But mutation of the viruses
changes the structure of these target proteins, nullifying the effects of
anti-viral drugs. Accordingly, anti-viral drug development is moving to-
ward more highly conserved targets such as viral UTR regions.

HIV-1 is a single-stranded RNA lentivirus of the family Retroviridae.
Its genome is 9.2 kb with multiple open reading frames, flanked by a
UTR at both the 5′ and 3′ ends [67]. For the universal anti-viral effects,
RNA aptamers have been isolated targeting the first 308 nt of the 5′-
UTR, which is highly conserved in HIV-1 [68]. After 14 rounds of selec-
tion, the 64-nt length of anti-HIV-1 UTR aptamerwas isolated. In the se-
quence analysis, the hexanucleotides (5′-GGCAAG-3′) within anti-HIV
UTR aptamers were found to be complementary to the apical loop of
the poly (A) domain in the repeated region (R) located in both the 5′-
and 3′-UTRs of HIV, indicating that the hexanucleotide sequence is a pu-
tative binding site. Use of in silico aptamers-target analysis, anti-HIV
UTR aptamer was truncated to the 16 nt-long stem-loop RNA aptamers
including the hexnucleotides (RNApt16). But, for the function assays,
the RNApt16 and unmodified full-length of anti-HIV UTR aptamers did
not show any inhibitory effects with transfection. But, chemically syn-
thesized RNApt16 showed inhibitory effects of 85 ± 5%, suggesting
that improving the half-life is pivotal. By following studies, the full
length anti-HIV UTR aptamerswere cloned into a humanU6 snRNA cas-
sette, pU614, for stable hairpin-loop domains. HEK293T cells were
transfected with the in vitro transcribed anti-HIV UTR aptamers from
the U6 plasmid, which inhibited HIV particle production upto 80 ± 7%.

7.2. Intramers in aging and age-related diseases

7.2.1. Alzheimer's disease (AD)
Proteasomes have a critical role in protein homeostasis regulation

via ubiquitin (Ub)-dependent proteolysis when proteins are intrinsi-
cally disordered [69]. The Ub-proteasome system has its own quality
control mechanisms, one of which is the proteasome-associated
deubiquitinating enzyme ubiquitin carboxyl-terminal hydrolase 14
(USP14). Deletion or smallmolecule inhibition of USP14 results in accel-
erated proteasomal degradation of various target substrates [70], sug-
gesting that USP14 is a therapeutic target for treating diseases caused
by the accumulation of damaged andmisfolded proteins, such as neuro-
degenerative diseases. In one study, anti-USP14 RNA aptamers were
isolated based on the protein SELEX and found to facilitate the degrada-
tion of Alzheimer's disease-implicated Tau proteins via enhanced pro-
teolytic activities of proteomes and inhibition of deubiquitinating
activity. This results suggests that USP14 aptamers as a promising ther-
apeutic option for Alzheimer's disease [71].

7.2.2. Diabetic nephropathy
An extracellular matrix protein of periostin is a secreted proteins

that functions as both a cell attachment protein and an autocrine or
paracrine factor that signals through the cell adhesion molecules αvβ3

and αvβ5 integrin [72]. Pathophysiologically, it involves wound repair
[73] and tumorigenesis [74]. Originally, anti-peripstin DNA aptamers
developed to inhibit breast cancer growth and metastasis [75]. But, re-
cently accumulated evidence suggests that the high expression of
periostin is involved in renal fibrosis through the hyper activation of
transforming growth factor-β1 (TGF-β1) pathway [76, 77]. Indeed, the
accumulation of periostin is associated with progressive renal fibrosis
in diabetic nephropathy by the activation of TGF-β1, which is regarded
as one of the main mediators of the deleterious effects of diabetic ne-
phropathy [78, 79]. To determine the feasibility of anti-periostin DNA
aptamers for the therapeutics for renal fibrosis in diabetic nephropathy,
the biological function of anti-periostin DNA aptamers was determined
in diabetes mellitus animal model. It showed that anti-periostin DNA
aptamers attenuated increased blood urea nitrogen levels and expres-
sion of fibronectin and tubule interstitial fibrosis under diabetic condi-
tions in vivo [80], suggesting that anti-periostin DNA aptamers might
be a potential therapeutic to treat fibrosis in diabetics.

The periostin also promotes hepatic fibrosis by modulating hepatic
stellate cell activation via αv integrin interaction in mice [81]. Hence,
anti-periostin DNA aptamers have implication for the applicable thera-
peutics to treat liver fibrosis.

7.2.3. Cancers
Identifying cancer specific aptamers is pivotal to increase the thera-

peutic index for cancers. The recently developed cancer specific
aptamers targeting cancer plasma membrane have been well function-
alized to delivery therapeutic small RNAs, small molecules, antibodies,
and peptides, even novel cancer specific biomarker discoveries [82].
The RNA aptamers targeting the cancer stem cell (CSC) surface marker
CD133 [83] and other markers such as CD117, EpCAM, prostate CSC,
HER2, and MRP1 have been well characterized for the cancer specific
therapeutic effects [84]. Along with these aptamers, cancer specific
point mutations and isotypes are very attractive targets for the specific
anti-cancer effects. Herein, the representative cancer specific intramers
are depicted.

Protein with a single amino acid substitution is the cause of a pleth-
ora of human diseases [85]. Also, point mutations in multiple tumor
suppressor proteins cause cancers [86] Actually, N50% of human cancers
is related tomutations in p53, a tumor suppressor, and the single amino
acid substitution p53R175H is one of the mutations at the p53R175
which is a dominant mutation of p53 [87]. The p53R175H mutation
abolished the function of the p53 wide type (WT) and confers a gain
of anti-apoptotic effects in lung cancer cells [88]. To select p53R175H
specific RNA aptamers, contrast screen SELEX was used with WT p53
proteins. RNA aptamers binding to WT p53 was discarded and the
RNAs binding to the p53R175H were selectively recovered and ampli-
fied. After five round of SELEX, RNA aptamers that bind specifically to
p53R175H have been successfully isolated [89]. The specific binding to
p53R175H, but not the WT p53 was confirmed by gel shift assays. Fur-
ther in vitro function assay, intracellular delivery of anti-p53R175H
aptamers with nanoparticles did not affect cell growth harboring WT
p53 and another type of p53 mutant, p53R273H. But, anti-p53R175H
aptamers clearly showed the inhibition of cell growth harboring
p53R175H. For the further lung tumor cell xenografted animal model,
p53R175Hmutant harboring tumor cells were subcutaneously injected
to the nudemice. The p53R175H-RNA aptamers coatedwith nanoparti-
cles were injected two times at day 5 and day 8 by subcutaneously to
the tumor. It showed significantly slower lung tumor growth by induc-
ing the apoptosis [89].

β-arrestins, the ubiquitous cellular scaffolding proteins, have been
considered attractive therapeutic targets because of their role as signal-
ing mediators in critical tumorigenesis pathways [90]. Two isoforms of
β-arrestins, β-arrestin 1 and 2, sharing high sequence homology and
similar structures have distinct roles in signaling [91]. The genetic abla-
tion ofβ-arrestin 2 protects animal from the progression ofmyeloid leu-
kemia [92]. For the therapeutic purpose, β-arrestin 2 specific RNA
aptamers were isolated with counter SELEX against β-arrestin 1 [93].
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The anti-β-arrestin 2 aptamer showed the high binding affinity to β-
arrestin 2, but 35–500 fold lower binding affinity to β-arrestin 1. For
the intracellular delivery strategy, the DNA ‘targeting aptamer’ which
is nucleolin aptamers were linked with ‘therapeutic aptamer’ of anti-
β-arrestin 2 aptamers by complementary base pair annealing. This
nucleolin-β-arrestin 2 aptamer chimeras allowed delivering intramers
in chronic myelogenous leukemia cells without any viral vector or
transfection agents. The nucleolin-β-arrestin 2 aptamer chimeras
showed fully functional inhibition of β-arrestin 2 signaling cascades,
showing down-regulation of β-catenin and Gli [93]. Consequently, the
nucleolin-β-arrestin 2 aptamer chimeras inhibited the leukemia cell
growth by colony forming assays [93]. The anti-tumor effects were not
determined in vivo.

The translational dysregulation for the increased cellular prolifera-
tion and pro-oncogenic mRNAs is a hallmark of many cancers [94, 95].
Such mRNAs hold the high structured 5′UTRs requiring high levels of
eukaryotic initiation factor 4A (eIF4A) helicase activity for efficient
translation [96]. The recent observation of increased eukaryotic initia-
tion factor 4A (eIF4A) activity in the breast cancer malignancy [97]
also prove thatmRNAs aremost dependent on eIF4A1 activity in cellular
transformation,which ismaking eIF4A an attractive target for therapeu-
tic intervention. Indeed, RNA aptamers to eIF4A have been character-
ized using protein-based SELEX methodology [98]. In vitro functional
assays, anti-eIF4A showed the inhibition of cap-dependent translation
by blocking ATP hydrolysis [98]. In the working mechanism of anti-
eIF4A aptamer, it was proposed that anti-eIF4A aptamers inhibited the
conformation changes necessary for ATP hydrolysis. Based on the fact
that the malignant cells become ‘addicted’ to the altered translational
landscape [99], the selected anti-eIF4A aptamer has a great potential
as therapeutics against all type of malignant cancers.

The still remaining challenges of intramers for therapeutic options
are delivery. But, the above two studies clearly showed the successfully
delivery of intramers into the cells using nanoparticles or aptamers.
Hence, aptamers targeting intracellular antigens are promising thera-
peutic fields to be expanded in cancers.

7.3. Intramers for drug screening

Traditional approach to study the function of a given protein in the
living cells is based on the small molecule drug that exhibits high spec-
ificity, affinity, and inhibitory activity. The majority aptamers show the
inhibitory of protein function. Therefore, one intriguing idea was
brought up that aptamer/protein complex with verified intracellular
functionality was used to develop assays to screen small-molecule li-
braries [100]. The main concept was to displace the aptamer from its
target protein, releasing the fluorescence signals if a small molecule
competes with the aptamer/protein interaction. For the high-
throughput screening, reporter ribozyme was developed to screen a
96 member sample library of antibiotics for molecules that could dis-
rupt the interaction between HIV Rev and its cognate RNA. If small mol-
ecules competewith the binding site of the aptamer/protein complexes,
the ribozyme become active and cleaves a substrate labeled with a fluo-
rescence tag and a quencher. In the cleaved state, the two products rap-
idly dissociate from the ribozyme, resulting in a fluorescence signal. In
results, the screen identified one compounds, coumermycin A1, that
inhibited the HIV-1 virus replication in cell culture experiments [100].
This proof of concept study well establishes the novel small drug inhib-
itor screen assays by using interference with aptamer/protein
interactions.

8. Conformation-selective aptamers

8.1. Allosterically modulating aptamers

Currentmolecular biology techniques have the limited ability to dis-
tinguish the conformational changes of proteins. Aptamer's superior
target recognition function allows us to use as a tool to detect the con-
formation changes of target proteins. Indeed, a very compelling study
has been investigated how sophistically aptamers can detect the confor-
mational changes and how it affect the downstream signaling in G-
protein-coupled receptors (GPCRs). GPCRs are the seven-α-helical
transmembrane-spanning receptors and over 800 members are identi-
fied in the human genome [101]. GPCRs are very popular targets in
pharmaceutic industries and one-third of pharmaceutical agents
targeting GPCRs are currently available on themarket for the treatment
of various human diseases [101]. The GPCRs undergo conformational
changes that activate intracellular signaling cascades in response to ag-
onist binding. It exhibits conformational heterogeneity in both ligand-
occupied and ligand-free states [102, 103]. To take the full advantage
of aptamer's high target recognition to detect the conformational
change of GPCRs by binding of agonist, a highly diverse RNA library
combined with the next-generation sequencing and bioinformatics
analyses were used to isolated RNA aptamers that bound a prototypical
GPCR, the β2-adrenoceptor (β2AR) [104]. For the SELEX, β2AR proteins
were produced by baculovirus-mediated expression in Spodoptera
frugiperda 9 (Sf9) insect cells. To keep the active conformation state of
β2AR for selection of RNA aptamers, an agonist of BI167107 was used.
In results, several aptamers were grouped into three categories: 1) con-
formational selective aptamers (A1, A2, and A13) for the active form of
the β2AR on the BI167107-bound; 2) binding specific aptamers (A15
and A16) for inactive form of the β2AR; 3) clear selective aptamers
(A11) binding to both unoccupied and BI167107-bound forms of the
β2AR [104]. For further characterization, the modulation of transitions
between active and inactive conformation as well as the stabilization
of the ligand-specific conformation was explored using agonists, antag-
onists, and inverse agonists. Comparing with the control, aptamers A1
and A13 robustly bound to agonist-occupied β2AR which was corre-
lated with agonist efficacy, and this binding was markedly reduced in
the presence of antagonists. But, interestingly, the A2 aptamer did not
correlate with ligand efficacy. To investing the working mechanism,
the receptor pulldown assay with BI167107-occupied β2AR was per-
formed. Surprisingly, the aptamer A2 displayed a unique selectivity to-
ward a β2AR conformation stabilized by inverse agonists, suggesting
that the aptamer A2 stabilizes a unique active conformation of the
β2AR that is distinct from that stabilized by aptamers A1 andA13. To in-
vestigate the ability of aptamers to stabilize active β2AR conformations,
the fluorescence spectroscopic studies (that is, the decreased fluores-
cence intensity upon the conformational changes) were performed
with a β2AR labeled with a bimane probe. The results showed the en-
hanced effects of A1, A2, and A13 (that is, a further decrease in fluores-
cence intensity) when they were combined with full agonist, signifying
further stabilization of active conformations by aptamers. To investigate
the binding epitopes and structure basis of the interactions, negative
stain electronmicroscopy (EM) and single-particle reconstruction anal-
ysis was utilized. The visualization of aptamer-β2AR complex showed
that A16 appeared to interact with the extracellular region of the recep-
tor. On the contrary, the A1, A2, and A13 bound at the intracellular re-
gion of the β2AR, suggesting that binding of the aptamers to the active
state of β2AR inhibited the receptor in the presence of an agonist by en-
gaging an allostericmechanism [104] (Fig. 4A). It indicates the aptamers
might be used allosteric inhibiters. There was reported no relationship
between binding affinity and the functional effects on β2AR aptamers.
This study supports the idea that the binding site of the aptamer on tar-
gets, and not binding affinity, is important for functional effects.

8.2. Conformation-specific aptamers

Heat shock protein 70 (Hsp70) is a ubiquitous molecular chaperone
that plays a critical role in proteostasis. Driven byATPase activity, Hsp70
holds two conformations, Hsp70-ATP and Hsp70-ADP [105].
Conformation-specific RNA aptamers against Hsp70-ATP, but not
Hsp70-ADP, have been isolated [106]. The anti-Hsp70-ATP aptamers
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inhibited the ATPase activity of Hsp70 during ATP hydrolysis. As Hsp70
is increasingly being recognized as a drug target in a number of age re-
lated diseases such as neurodegenerative, protein misfolding diseases
and cancers, anti-Hsp70-ATP specific aptamers have great potential in
therapeutic applications.

The activating protein-1 (AP-1) family of transcriptional factors con-
sists of homodimers and heterodimers of Jun or Fos that regulate a vari-
ety of transcriptional processes in response to stimuli and recognize the
AP-1DNAbinding site [107]. The different homodimer and heterodimer
compositions of Jun and Fos showpromoter-specific differences in tran-
scription activation [108]. These AP-1 dimers regulate in variable cellu-
lar pathways including cell proliferation, apoptosis and tumorigenesis
[109]. However, currentmolecular biology techniques are unable to dis-
tinguish the difference between the roles of cJun/cJun homodimers ver-
sus cJun/cFos heterodimers. To build the foundation to investigate the
different AP-1 dimer compositions, DNA aptamers have been isolated
using the cJun homodimer protein based SELEX [110]. The binding spec-
ificity of DNA aptamers to homodimers of cJun/cJun, but not to cJun/
cFos heterodimers was confirmed with the gel shift assays. In competi-
tion assay, the anti-cJun aptamer blocked the homodimerization of cJun
from binding AP-1 DNA. The cJun homodimers are not only capable of
binding cis-elements on DNA to activate transcription but can also
function as transcriptional co-activators by binding directly to other
transcription factors NFATc2 for synergistic activation of interleukin 2
(IL-2) [111]. Therefore to determine the biological function of anti-
cJun homodimer DNA aptamers, the transcriptional inhibition of IL-2
was assayed. The anti-cJun dimer aptamer repressed the expression of
IL-2 in luciferase assay [110] (Fig. 4B).

8.3. G-quadruplexes in aptamer structures

The specificity of aptamers reflects the arrangement of loops and
stems and the hydrogen bonds that stabilize their three-dimensional
structures. The structural stability of aptamers relies on a core formed
by a stacked G-quadruplex. G-quadruplexes are guanine-rich sequences
with extremely stable secondary structures. G-quadruplexes are formed
when guanines are organized into planar quartets in which each base is
connected to two other bases via Hoogsteen base pairing. Hydrogen
bonds between each pair of guanines involve four donor/acceptor
atoms, so G-quadruplexes have eight hydrogen bonds in total [112].
However, in some cases, very stable G-quadruplex aptamers have
shown cross-binding to several different proteins. For example, the
16-mer G-quadruplex DNA aptamer binds HIV-integrase, interleukin-
6, and HIV-gp120 [113, 114]. The G-quadruplex RNA aptamers showed
cross-binding to VEGF165, PDGF-AA, and PDGF-BB [115]. The structural
stability of aptamers, mainly viaG-quadruplex formation, is very impor-
tant, but it may reduce the specificity of aptamers in some cases. Thus,
the G-quadruplex required for aptamer stability has been considered a
double-edged sword.

9. Immune responses to chemically-modified aptamers

Recently, concerns regarding potential immune stimulation by syn-
thetic DNA aptamers in human blood have been raised [116]. To avoid
the immune stimulation, numerous types of non-natural chemicalmod-
ifications have been developed for the functional diversity of DNAs,
xenonucleic acid (XNA, artificial genetic polymers) [117], and RNAs
[118]. Currently, widely used chemical modification in RNA aptamers
are 2′O-methyl (2′OMe) and 2′Fluoro (2′F). To investigate the immune
responses of chemically-modified RNA aptamers in vitro level, 2′OMe
and2′F nucleotideswere incorporated into RNA aptamers. The 2′Fmod-
ification abrogated the stimulation of toll-like receptors 3 and 7, but en-
hanced the activity of retinoic acid-inducible gene 1 [119]. The 2′F
modification with 5′ triphosphate (5′ppp) increased cell death and
interferon-β expression in human cancer cells compared with 2′ hy-
droxyl with 5′ppp, whereas chemically synthesized 2′F RNA aptamers
without 5′ppp did not. Interestingly, replacement of 2′F with 2′OMe in
5′ppp RNA aptamers completely abolished the expression of IFN-β
and inflammatory cytokines, suggesting that the main immune re-
sponse of RNA aptamers is due to 5′ppp. [119].

Themost commonly used chemical modification during SELEX is 2′F
by in vitro transcription. Indeed, generation of 2′F-5′ppp RNA aptamers
during SELEX is unavoidable. Hence to avoid the immune responses:
first, after the SELEX, chemically synthesized aptamers should be used

Image of Fig. 4
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for in vivo assays and clinical trials. Second, 2′OMe modification might
be considered during the SELEX; but, unfortunately, there are no cur-
rently available polymerases to incorporate 2′OMe during the SELEX.

To increase the pharmacokinetics, PEGylation of the aptamers is an
often used strategy. In the clinical trial with Pegnivacogin (PEGylated
anti-coagulation factor IXa RNA aptamers), the adverse immune re-
sponses were found [120]. But, it was later discovered that the reported
severe allergic reactionswas due to preexisting antibodies to PEG [121].

10. Conclusions and future perspectives

Over the past decades, the great efforts are made to investigate the
endocytic mechanism of aptamers and their subcellular distribution in
the molecular and cellular level. The main endocytic mechanisms of
aptamers are categorized into the clathrin-dependent or –independent,
depending on the type of targets or cells. The variations of intracellular
distributions are also observed depending on the type of cells. Upon the
binding of aptamers to their intracellular targets, antagonistic aptamers
induce the alternation of intracellular distribution of their targets and
the inhibition of biological functions, suggesting the potential of intracel-
lular therapeutic applications. Indeed, there have been exciting improve-
ments in intracellular aptamer, intramer, development; gene regulating
aptamers, anti-TF aptamers for therapeutics, and conformation specific
aptamers for allosteric inhibitors in cancers. However, in spite of great
achievement of therapeutic intramers, the translation to the clinic is
very slow. Hence, to facilitate the successful translation of therapeutic
intramers, the few strategies have been considered.

First, improvement of the endosomal escape. As described, internal-
ized aptamers localize to endosomes and lysosomes. For biological ac-
tivity, the aptamers must reach the cytosol, escaping the endosome.
When the aptamers are endocytosed via a receptor-mediated clathrin-
dependentmechanism, the rate of access to the cytosol mainly depends
on the expression of receptors, the rates of receptor recycling, and
siRNAAptamer

Endosom
destabil

Endosomal trafficking

Double-stranded R

Fig. 5. Endosomal escape of aptamers with peptides. Polyhistidine conjugation to an aptame
destabilization to enhance the release of the chimera into the cytosol.
endosomal escape efficiency. Typically, a small percentage (b0.01%) of
endocytosed nucleic acid-based therapeutics are able to escape the en-
dosome [122]. Hence, the facilitating of endosomal escape is pivotal to
increase the efficacy of therapeutic intramers. For improving the
endosomal escape, currently available endosomal escaping aids are
small-molecule endosomolytic agents, such as chloroquine. An emerg-
ing alternative to improve endosomal escape is to conjugate
endosomolytic peptides directly to the RNAmolecules [122]. For exam-
ple, anti-PMSA aptamer-siRNA chimeras were conjugated to pH-
dependent polyhistidine (His) [123]. The His18 tag was shown to be re-
markably effective in endosomal destabilization and improved the gene
silencing effects of the chimera [123] (Fig. 5). Thus, conjugation of
aptamers with tissue-penetrating or endosomal escaping peptides will
facilitate the translation of therapeutic intramers to the clinic.

Second, transcription-activating aptamers for therapeutics.
Aptamer-mediated targeting of TFs is an emerging approach to suppress
intractable protein targets. So far, transcription-activating aptamers
mainly have been developed in E. coli, but not mammalian cells. Tran-
scription activation and targeting of transcriptional cofactors with
aptamers could lead to remarkable efficacywith surprisingly little toxic-
ity to normal tissues. Therefore, membrane-bound transcription factors,
such asNotch [124], will be also excellent targets for the development of
therapeutic aptamers.

Third, Functional changes of truncated aptamers. Recently emerged
major issue is the functional changes of aptamers after truncation. For
instance, AMPA and kainite receptors are different subtypes of gluta-
mate ion channels. One group found a full-length aptamer that blocked
AMPA receptors specifically, but a truncated version of the same
aptamer equally inhibited both the AMPA and kainite receptors. [125,
126], suggesting that the aptamer could serve multiple functions after
truncation. Even though the dual function of this aptamermight be clin-
ically beneficial, the functional or structural changes of aptamers after
truncation should be carefully investigated.
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