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Intracellular delivery of oligonucleotides is important for their
use as therapeutic drugs. The conjugation of molecules
interacting with cell membrane proteins to enhance their inter-
nalization into cells is an effective strategy for delivering
oligonucleotides. In the present study, we focused on creating
aptamers, which are single-stranded oligonucleotides that
bind target molecules with high affinity and specificity, as
membrane protein-binding molecules. With an evolutionary
selection approach using a random DNA library containing a
uracil derivative with a hydrophobic functional group at the
5 position, we successfully obtained aptamers that are effi-
ciently internalized into A549 cells. The efficacies of the ap-
tamers were tested by further conjugation with MALAT1-tar-
geting antisense oligonucleotides (ASOs), and the expression
levels ofMALAT1RNAwere examined. The aptamer-ASO con-
jugates were taken up by A549 cells, although there was no
observable reduction in MALAT1 RNA levels. In contrast, the
activity of the aptamer-ASO conjugate was potentiated when
endosomal/lysosomal escape was enhanced by the addition of
chloroquine. Thus, we showed that the hydrophobic modifica-
tion of the nucleobase moiety is useful for developing highly
internalizing aptamers and that endosomal/lysosomal escape
is important for the intracellular delivery of ASOs by aptamers.

INTRODUCTION
Drug delivery systems are used to deliver the drugs to desired tissues,
organs, cells, and subcellular organs through a variety of drug carriers,
and the use of appropriate drug delivery systems has been shown to
improve drug potency.1 The carriers increase the specificity of
small-molecule drugs in target organs for easy cellular uptake (e.g.,
antibody drug conjugates),2 and they also enhance the efficacy of
macromolecular drugs by improving the intracellular translocations.3

For instance, lipid nanoparticles and conjugation with N-acetylgalac-
tosamine have greatly improved the efficacy of oligonucleotide
therapeutics in the liver.4,5 Lipid nanoparticles can protect oligonucle-
otides from degradation and enhance their uptake into cells via endo-
cytosis. Therefore, the delivery of small interfering RNAs (siRNAs)
and antisense oligonucleotides (ASOs) using nanoparticles has been
widely studied.6 Ligands that interact with cell membrane proteins
and are taken up into the cell can be covalently linked to oligonucle-
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otides to enhance delivery. Various types of ligands, such as peptides,7

glycans,8 antibodies,9 and aptamers,10 have been studied for efficient
intracellular delivery of siRNAs and ASOs.

Aptamers are single-stranded oligonucleotides that specifically bind
target molecules, including small molecules or recombinant pro-
teins.11 Aptamers that bind cellular membrane proteins can be inter-
nalized into cells and have been studied as drug carriers.12 As drug
carriers, aptamers have the advantages of low immunogenicity,
smaller size than antibodies, and adaptability to chemical production.
ASOs/siRNAs and aptamers can be synthesized consecutively with a
DNA synthesizer. For example, a sense strand fused to an aptamer is
synthesized, and then an antisense strand is annealed to the sense
strand.10,13,14 Such aptamer-siRNA conjugates can be cleaved by
Dicer in the target cell and the siRNA incorporated into the silencing
complex.10 ASO-aptamer conjugates have been less studied than the
siRNA/microRNA (miRNA)-aptamer conjugates, and their perfor-
mance has not been fully discussed.15 There is limited knowledge
about the aptamers suitable for ASO or siRNA delivery. Therefore,
more cell-internalizing aptamers need to be generated, and their func-
tions as ASO/siRNA carriers need to be studied.

Aptamers are developed from a random library via systematic evolu-
tion of ligands by exponential enrichment (SELEX).16,17 In this
method, oligonucleotides that bind to the target molecule are sepa-
rated from those that do not bind and subsequently amplified. There
are two methods for obtaining cell-internalizing aptamers. One
method is to generate aptamers for specific cellular membrane pro-
teins, in which caseecombinant proteins or cells that express high
levels of target proteins are used as targets for SELEX.18,19 The other
method is to generate aptamers against the target cells.20 After treat-
ment of the cells with a library, the oligonucleotides in the cells are
recovered. In this method, called cell-internalization SELEX, it is
not necessary to determine the target protein prior to SELEX. The
Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.11.016
mailto:y-kasahara@nibiohn.go.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.11.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Selection of cell-internalizing aptamers

(A) Chemical structure of Utrp. (B) Schematic representation of cell-internalization

SELEX.
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advantage of cell-internalization SELEX is that aptamers against
unknown membrane proteins can be generated within their native
environment. In addition, by adjusting the SELEX selection method,
aptamers can be developed that exhibit unique intracellular behav-
iors. Recently, aptamers that localize to the nucleus were developed
using an endogenous ligase.21 Beyond their development, it is impor-
tant to investigate the intracellular behaviors of these highly internal-
ized carriers.

One of the features of aptamers is the ease of introducing artificial nu-
cleic acids. SELEX using artificial nucleic acids has been extensively
studied for several recombinant proteins, and various modifications
that enhance binding affinities have been identified.22 One of the
most successful modifications is the aromatic ring modification of
the 5 position of uracil.23 The aromatic ring gives the aptamers a
high binding affinity owing to hydrophobic interactions.24 Although
natural RNA and DNA aptamers have been mainly used with a few
exceptions,25,26 modifications to nucleobases have not been
frequently applied in cell-internalization SELEX. Considering the
previous results of nucleobase-modified aptamers,23 aromatic ring
modification is expected to enhance the cell-internalization ability
of aptamers.

Herein, we introduced artificial nucleic acids into a SELEX library and
carried out cell-internalization SELEX to develop aptamers with high
cell-internalizing ability. The intracellular behaviors of the developed
aptamers were investigated using real-time PCR and confocal laser
microscopy. Furthermore, the aptamers were conjugated with an
ASO, and the behavior of the resulting conjugate was evaluated.
Our findings will accelerate the use of aptamers as drug carriers.
RESULTS
Selection of aptamers

We prepared two SELEX libraries, a natural DNA library and an
artificial DNA library. For the artificial DNA library, we introduced
5-((3-indolyl)propionamide-N-allyl)-20-deoxyuridine (Utrp) synthe-
sized from 5-aminoallyl-20-deoxyuridine triphosphate (N-1062;
TriLink BioTechnologies, CA, USA) instead of deoxythymidine (Fig-
ure 1A).27 Our library consisted of a forward primer region (20 bases),
a random region (30 bases), and a reverse primer region (20 bases).
Utrps were introduced in the random and reverse primer regions
with KOD Dash DNA polymerase. KOD DNA polymerase could
incorporate 5 position-modified deoxyuridine triphosphates (dUTPs)
into the SELEX library by primer extension.28 Cell-internalization SE-
LEXwas carried out against a human lung cancer cell line (A549) with
each library. Cells were incubated with each SELEX library for 30min,
and the oligonucleotides that penetrated the cells were collected by
lysing the cells after washing (Figure 1B). Washing conditions were
made more stringent as SELEX progressed to obtain aptamers with
high cell-internalizing ability. The collected oligonucleotides were
amplified by PCR. The sense strands of the PCR products were puri-
fied and used as the library of the next SELEX round with the natural
DNA library. With the artificial DNA library, antisense strands of the
PCR products were purified. The sense strands containing Utrp were
synthesized by single-primer PCR with deoxyadenosine triphosphate
(dATP), deoxycytidine triphosphate (dCTP), deoxyguanosine
triphosphate (dGTP), and Utrp triphosphate (UtrpTP) using the puri-
fied antisense strands. The obtained sense strands containing Utrp

were purified and used as the library for the next SELEX round. After
eight rounds of SELEX, the sequences of each library round were
investigated using next-generation sequencing (NGS). The results
of NGS were analyzed by FASTAptamer29 or AptaSUITE,30 and
similar sequences were clustered. In the artificial DNA library, the to-
tal number of sequences in the top 10 clusters accounted for more
than 75% of the eighth round (Figure S1). Representative sequences
were selected from the top 5 clusters (DNA-1 to DNA-5) in the nat-
ural DNA library and the top 10 clusters (Apt-1 to Apt-10) in the arti-
ficial DNA library for further studies. The sequences and the number
of Utrps of the aptamers are listed in Table S2. The number of Utrps in
the random region (30 bases) of the aptamers ranged from 5 to 10,
with an average of 7, suggesting that a higher number of Utrps does
not necessarily correlate to higher uptake of the aptamer into the cell.
Cell-internalizing ability of the aptamers

To determine the cell-internalizing abilities of the selected aptamers,
DNA-1 to DNA-5 and Apt-1 to Apt-10, we quantified the aptamers
that penetrated the cells by using real-time PCR. The comparison
of the natural DNA library and the artificial DNA library revealed
that the artificial DNA library internalized into the cells about 3- to
5-fold higher than did the natural DNA library (Figures S2 and
S4B). In A549 cells incubated with the aptamers for 30 min, DNA-
1 to DNA-5 showed low cell-internalizing ability (less than 3-fold
that of the DNA random library) (Figure S3). On the contrary, all
Utrp-containing aptamers penetrated the cells more easily than did
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Figure 2. Cell-internalizing ability of generated

aptamers

(A and B) Quantification of the aptamers internalized into

cells. The natural DNA library and Apt-1 to Apt-10 were

incubated with A549 cells for 30 min (A) and 4 h (B) at

37�C. The amounts of internalized aptamers were evalu-

ated using real-time PCR and were normalized to the

amount of internalized DNA library. Error bars show the

mean ± SD values of three culture wells. The experiments

were repeated three times independently, with similar

results. (C and D) Fluorescence images were taken every

20 min, while the Alexa 594-labeled natural DNA library,

Apt-2, Apt-5, Apt-6, Apt-9, and Apt-10 were incubated

with A549 cells at 37�C. (C) Images were taken after 4 h of

incubation. Cell nuclei were stained with Hoechst 33342.

Scale bars represent 30 mm. (D) The average number of

observed red fluorescence dots in a cell was counted

using CellPathfinder. With live-cell confocal imaging, the

medium, which contained aptamers, showed weak fluo-

rescence. The contrast of the images was adjusted to the

levels so that the fluorescence of the medium was not

visible using CellPathfinder. (E) Alexa 594-labeled natural

DNA library, Apt-2, and Apt-10 were incubated with

HepG2, MCF7, and PC-9 cells at 37�C for 4 h. After in-

cubation, cell nuclei were stained with Hoechst 33342.

The staining solution was replaced with a growth medium,

and the fluorescence images were taken. Scale bars

represent 20 mm. The contrast was adjusted using Cell-

Pathfinder.

Molecular Therapy: Nucleic Acids
the natural DNA random library (Figure 2A). Notably, Apt-2 had
more than 20-fold higher cell-internalizing ability than that of the
DNA random library. With an incubation time of 4 h, Apt-1 to
Apt-10 were internalized almost 10-fold more than the DNA random
library (Figure 2B), with Apt-5 demonstrating the maximum cell
internalization. The substitution of Utrps in the aptamers with deox-
ythymidine reduced their internalization abilities (Figures S4A and
S4B). This suggests that Utrp plays an important role in the function
of aptamers.

Using real-time PCR, we were able to relatively quantify the amounts
of aptamers taken up into cells, even small amounts that could not be
detected by fluorescence microscopy. However, we cannot exclude
the possibility that the aptamers quantified by real-time PCR may
not be internalized even if they bind to the cellular membrane. In
addition, since only aptamers with primer sequences were amplified
using real-time PCR, it was not possible to quantify aptamers rapidly
degraded by cells, even if they had easily entered. Therefore, to
confirm the internalization of aptamers from another perspective,
live-cell imaging of Alexa Fluor 594 (Alexa 594)-labeled aptamers
was performed using confocal laser microscopy. Imaging of A549
cells incubated with Alexa 594-labeled aptamers every 20 min for
442 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
6 h revealed that the aptamers did not remain
in the cellular membrane, with Apt-2 and Apt-
10 displaying high cell-internalization capacity
(Figure 2C). Intense red fluorescence was
observed as a dot-like structure, and the number of red fluorescence
dots increased with incubation time. The change in the average num-
ber of dots in a cell over time is shown in Figure 2D. For Apt-2 and
Ap2-10, the number of fluorescence dots was saturated at approxi-
mately 4–5 h of incubation. In contrast, no colored dots were
observed with Apt-5, for which the real-time PCR demonstrated effi-
cient cellular uptake.

Subsequently, we investigated the internalization pathway of Apt-2
and Apt-10 by incubating the aptamer-treated cells on ice or
chlorpromazine, an inhibitor of clathrin- and caveolae-mediated
endocytosis.31 It was observed that the treatments decreased the inter-
nalization of the aptamers (Figure S5A). Moreover, the aptamers
bound to the cells detached by EDTA and cell scraper, but not to
the cells detached by trypsin/EDTA (Figure S5B). These results sug-
gested that the aptamers bound cellular membrane proteins and
internalized the cells via the endocytosis pathway. Furthermore, we
determined the dissociation constants (KDs) of aptamers against
A549 cells using flow cytometry. The KDs of Apt-2, Apt-5, and
Apt-10 were 198, 295, and 301 nM, respectively (Figure S5C); howev-
er, no correlation between the affinity for A549 cells and the internal-
ization activity of the aptamers was observed.



Figure 3. Co-localization of aptamers and endosome/lysosome marker

Fluorescence images were taken every 20 min, while Alexa 594-labeled Apt-2 and

Apt-10 were incubated with GFP-Rab5- or GFP-LAMP1-expressing A549 cells.

Images that were taken after 6 h of incubation are shown. (A) GFP-Rab5 was ex-

pressed. (B) GFP-LAMP1 was expressed. Cell nuclei were stained with Hoechst

33342. Scale bars represent 10 mm. The contrast of green channels is different in (A)

and (B). The contrast of the images was adjusted to the levels so that the fluores-

cence of the medium was not visible using CellPathfinder. See also Figure S6.
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Next, we tested the internalization of Apt-2 and Apt-10, which were
shown to have high cell-internalizing imaging ability into other cell
lines. PC-9 (lung cancer cell line), MCF-7 (breast cancer cell line),
and HepG2 (liver cancer cell line) cells were incubated with Alexa
594-labeled aptamers. Fluorescence images at 4 h of incubation are
shown in Figure 2E. The internalization of Apt-2 and Apt-10 was
observed for HepG2, MCF-7, and PC-9 cells. At this time point, the
DNA library was not internalized into these cells. This result suggests
that Apt-2 and Apt-10 were internalized into cells via interaction with
the proteins that are also expressed in HepG2, MCF-7, and PC-9 cells
as well as A549 cells.
Localization of aptamers

The dot-like fluorescence observed by fluorescence microscopy sug-
gests that the aptamers localized in endosomes or lysosomes. To
confirm this, the co-localization of the internalized aptamers and
early endosome/lysosome markers was evaluated by live-cell imaging
using confocal laser microscopy (Figure 3). GFP-Rab5 and GFP-
LAMP1 were expressed using their respective baculoviruses. Rab5 is
an early endosome marker, and LAMP1 is a lysosome marker. Alexa
594-labeled Apt-2 and Apt-10 were incubated with cells expressing
Rab5 or LAMP1, and the cells were imaged every 20min for 6 h. Fluo-
rescence images taken after a 6-h incubation are shown in Figure 3.
The aptamers co-localized slightly with GFP-Rab5, but mainly co-
localized with GFP-LAMP1. These findings suggest that the internal-
ized aptamers accumulated in lysosomes.

ASO delivery by aptamers

To investigate the delivery of ASOs by the aptamers, we prepared
ASO-aptamer conjugates by primer extension using primers with
an ASO sequence at the 50 end (Figure 4A). In this study, we used a
15-mer phosphorothioate gapmer ASO modified with locked nucleic
acids to target MALAT1. The internalization of the ASO-aptamer
conjugates into cells was checked using confocal laser microscopy
(Figure 4B). Attachment of the ASO to the 50 end of aptamers did
not reduce the ability of Apt-2, Apt-5, or Apt-10 to internalize into
cells. Moreover, the ASO-aptamer conjugates internalized into cells
more quickly than did the ASO itself. In cells transfected with ASO
or ASO-aptamer conjugates using Lipofectamine 3000, real-time
PCR showed that ASO efficiently degraded the target MALAT1
RNA (Figure S7A). Furthermore, we also found that with Lipofect-
amine 3000, the ASO-aptamer conjugates degraded MALAT1 RNA
more efficiently than did the ASO alone. However, the ASO-library
conjugates also degraded the target RNA with similar efficiency (Fig-
ure S7B), suggesting that the increased efficiency of RNA degradation
by the ASO-aptamer conjugates was not dependent on the aptamer
sequence. Furthermore, we investigated the transfection efficiency
of FAM-labeled ASO and ASO-library conjugates (Figure S7C),
which indicated that the length of oligonucleotides also affects the
rate of internalization and the intracellular behavior of
oligonucleotides.

Next, we examined the target RNA degradation activities of the ASO
and the ASO-aptamer conjugates in the absence of lipofection re-
agents to evaluate how aptamer conjugation affects ASO activity.
Cells were incubated with the ASO-aptamer conjugates for 8 h. The
medium was replaced with the culture medium, and cells were incu-
bated for an additional 16 h. The inhibition of gene expression by
ASO was measured using real-time PCR (Figure 4C). Contrary to ex-
pectations, conjugation of Apt-2, Apt-5, and Apt-10 did not increase
MALAT1 RNA degradation, indicating that the ASOs delivered into
the cell by conjugation with aptamers do not reach the target RNA.

Endosomal escape by chloroquine

To promote endosomal/lysosomal escape of ASO-aptamer conju-
gates, we used a small molecule, chloroquine, which becomes
protonated in acidic environments (e.g., those in the late endosome
and lysosome) and disrupts the membranes of late endosomes and ly-
sosomes.32,33 As shown by the real-time PCR data in Figure 4D, the
ASO did not reduce the amount of MALAT1 RNA in the same way
as the non-targeting ASO (NEG) in A549 cells treated with chloro-
quine. However, ASO-Apt-2 and ASO-Apt-10 conjugates degraded
the target RNA in a dose-dependent manner. In the absence of chlo-
roquine, 400 nM ASO-Apt-2 did not affect the RNA level of MA-
LAT1, whereas in the presence of chloroquine, the RNA level was
reduced to less than 40% with 100 nM ASO-Apt-2. Moreover, with
chloroquine, we observed high cellular accumulation and nuclear
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 443
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translocation of ASO-aptamer conjugates (Figure S9). This high accu-
mulation might be the result of lysosomal dysfunction by chloro-
quine. Chloroquine could increase the pH of endosome/lysosome
and inhibit aptamer degradation and exocytosis. There was a possibil-
ity that chloroquine could increase the internalization activity of ap-
tamers. However, this increase might not be the main reason for the
increase in RNA degradation activity, because even a higher concen-
tration of ASO-aptamer conjugates did not degrade RNA in the
absence of chloroquine. This suggests that the lack of activity of
ASO-aptamer conjugates in the absence of chloroquine was not due
to low intracellular uptake of ASO-aptamer conjugates, but it was
rather due to insufficient escape from endosomes or lysosomes.

DISCUSSION
In this study, we successfully generated cell-internalizing aptamers by
cell-internalization SELEX. The aptamers selected from the artificial
DNA library showed higher cell-internalizing ability than did those
from the natural DNA library. Aptamers with hydrophobic genetic
alphabets, artificial extra base pairs, have a high cell-internalizing
ability.26 This report and our results suggest that the incorporation
of hydrophobic groups, such as aromatic rings, into nucleobases im-
proves hydrophobic interactions between aptamers and membrane
proteins to enhance the cell-internalizing ability of aptamers. In
addition to the hydrophobic genetic alphabet,26 introduction of a
non-hydrophobic genetic alphabet expands the diversity of libraries
and results in successful cell-SELEX.34 In the present study, we
showed that introduction of hydrophobic modification resulted in
high cell-internalizing ability without expanding the diversity of li-
braries. However, the high affinity against membrane proteins does
not ensure a high cell-internalizing ability. The nature of the target
proteins (e.g., expression levels and recycling) influences the internal-
ization of the aptamers. Although Apt-2, Apt-5, and Apt-10 did not
show a very high KD, Apt-2 and Apt-10 had a high cell-internalizing
ability. This difference between Apt-2/Apt-10 and Apt-5 could be due
to the nature of their target proteins, indicating that the high cell-
internalizing ability of the aptamers is dependent on the binding of
the aptamers to proper targets. The introduction of hydrophobic
modification may enable aptamers to get high affinity and bind to
membrane proteins to which natural DNA aptamers cannot bind.
Therefore, both the hydrophobic modification and the nature of
target proteins are important for high cell-internalizing ability.

We investigated aptamer internalization by two methods: real-time
PCR and confocal laser microscopy. Microscopic images showed
that Apt-2 and Apt-10 had the highest internalization capacity, while
the results of real-time PCR after 4 h of incubation showed that the
amount of Apt-2 and Apt-10 in the cells was similar to or less than
that of Apt-5. This difference could be due to differences in the stabil-
ity of the aptamers inside the cells. This consideration is consistent
with the localization of Apt-2 and Apt-10. Accumulation in lyso-
somes may induce the degradation of aptamers. The amount of inter-
nalized Apt-10 was much lower than that of Apt-2 in the real-time
PCR experiment at 30 min of incubation; however, by 4 h of incuba-
tion, real-time PCR and imaging for both aptamers were similar.
444 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
Thus, the difference at the 30-min incubation point might be caused
by variations between the internalization and/or degradation speeds
of Apt-2 and Apt-10.

Our aptamers did not increase RNA degradation with aptamer-deliv-
ered ASO, possibly because of lysosomal accumulation. The deliveries
of ASO,15 siRNA,10 RNA,35 and DNAzyme18 using aptamers have
been shown to increase their activities. However, some differences
were observed between the current study and previous studies that
showed increased activity of aptamer-delivered oligonucleotide ther-
apeutics. Although in some of the above reports, the internalization of
the aptamers was mediated by endocytosis, as in the present study,
our aptamers did not increase ASO activity, which indicated that
different proportions of aptamers could have escaped the endosome.
In the present study, we first developed aptamers by cell-SELEX
without specifying target membrane proteins; therefore, the behavior
of aptamers after endocytosis could have differed depending on the
kinds of membrane proteins with which they interact. Earlier studies
have suggested that the discovery of membrane proteins that prefer
the endosomal escape pathway could identify promising aptamer tar-
gets. For example, Wang et al.18 reported a low-density lipoprotein
(LDL) receptor-targeting aptamer that internalized into Huh-7 cells
and enhanced DNAzyme activity. Nucleolin was also reported as a
good target.15 Thus, it is important to establish a selection method
for aptamers that prefer endosomal escape to lysosomal accumulation
while performing SELEX without specifying target proteins. In this
study, we collected all of the sequences that internalized into cells,
but it would be useful to specifically recover the sequences according
to distinct cellular compartments.21

Second, we introduced an artificial nucleic acid with a hydrophobic
moiety, which might have affected the endosomal escape of aptamers.
The pathway after endocytosis depends on the type of protein,36 and
with high binding affinity by the artificial nucleic acid,24 the intracel-
lular behavior of aptamers is more affected by the nature of the pro-
teins to which the aptamers bind.

In this study, we enhanced endosomal/lysosomal escape by using
chloroquine. With chloroquine, 100 nM ASO-Apt-2 decreased MA-
LAT1 RNA to lower than 40%. However, even with chloroquine,
400 nMASO decreasedMALAT1 RNA only to 70% (data not shown).
Based on these results, the amount of ASO-Apt-2 in endosomes could
have been at least 8-fold higher than that of ASO. Despite higher en-
dosomal accumulation, ASO-aptamer conjugates did not increase
RNA degradation without chloroquine. Thus, there is a possibility
that attachment to aptamers reduced the rate of endosomal escape
by ASO. In a previous study, phosphorothioate ASOs internalized
into cells via the endocytosis pathway37 and were released from endo-
somes by interactions with various proteins (e.g., STX538 and
M6PR39). This suggests that the attachment of the aptamers altered
the interactions between ASO and intracellular proteins, and if the
attachment to aptamers hindered endosomal escape by ASO, the
release of ASO from aptamers in the endosome might improve
mRNA degradation. Moreover, the attachment of ASO to aptamers



Figure 4. ASO delivery by aptamers

(A) Construction of ASO-aptamer and ASO-primer conjugates. ASO-primer conjugates were ASOs with the forward primer sequences of aptamers. (B) FAM-labeled ASO,

aptamers, and ASO-aptamer conjugates were incubated with A549 cells at 37�C. After 1 h of incubation, the cells were fixed and permeabilized, and fluorescence images

were subsequently taken with a CV7000 screening system. Cell nuclei were stained with Hoechst 33342. Scale bars represent 20 mm. The contrast was adjusted using

CellPathfinder. (C) ASO and ASO-aptamer conjugates were incubated with A549 cells for 8 h, the oligonucleotides were removed, and the cells were further incubated for 16

h. MALAT1 expression was evaluated by qRT-PCR. GAPDH expression was used as a control, and MALAT1 expression was normalized to control cells treated with PBS

alone. NEG, non-targeting antisense oligonucleotide. Error bars show the mean ± SD values of three independent experiments. See also Figure S8A. (D) ASO and ASO-

aptamer conjugates were incubated with A549 cells in the presence of 100 mMchloroquine for 8 h, after which the oligonucleotides and chloroquine were removed. The cells

were incubated without the oligonucleotides and chloroquine for 16 h. MALAT1 expression was evaluated by qRT-PCR. GAPDH expression was used as a control, and

MALAT1 expression was normalized to control cells treated with chloroquine alone. Error bars show the mean ± SD values of five independent experiments. Statistical

significance was assessed using Student’s t test. *p < 0.0005 (ASO-apt-2 [100 nM] versus ASO [100 nM] or ASO-primer [100 nM] and ASO-apt-10 [100 nM] versus ASO

[100 nM]), **p < 0.005 (ASO-apt-10 [100 nM] versus ASO-primer [100 nM]). See also Figure S8B.

www.moleculartherapy.org
by hybridization with RNA or a biodegradable linker could be a useful
strategy.

This study has a potential limitation. We used only one ASO, so there
is a concern that the sequence or target of other ASOs could affect the
delivery efficiency of our aptamers. When aptamers have a comple-
mentary strand of ASOs, ASOs can hybridize with aptamers intramo-
lecularly. This hybridization disrupts the aptamers’ structure and
function. Therefore, while conjugating another ASO with aptamers,
the aptamers’ function should be checked. Furthermore, if attach-
ment of an ASO disrupts aptamers’ function, suitable linkers and po-
sition (50 or 30) should be investigated.

In summary, we successfully generated cell-internalizing aptamers
with hydrophobic base modification, and the aptamers could deliver
ASO inside A549 cells. Lysosomal accumulation hindered RNA
degradation with aptamer-delivered ASO.With chloroquine, endoso-
mal/lysosomal escape was enhanced, and aptamer-delivered ASO
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 445
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increased RNA degradation. Thus, endosomal/lysosomal escape is a
bottleneck of ASO delivery with our aptamers. The development of
aptamers that efficiently escape from endosomes will accelerate the
use of aptamers as ASO/siRNA carriers.

MATERIALS AND METHODS
Cell culture

A549 (JCRB0076), HepG2 (JCRB1054), and MCF-7 (JCRB0134) cells
were obtained from the JCRB Cell Bank (Osaka, Japan). PC-9
(RCB4455) cells were obtained from the RIKEN BioResource Center
(Ibaraki, Japan) through the National Bio-Resource Project of the
MEXT/AMED, Japan. A549, HepG2, and MCF-7 cells were cultured
in DMEM (10% [v/v] fetal bovine serum and 1% penicillin-strepto-
mycin). PC-9 cells were cultured in RPMI 1640 (10% [v/v] fetal
bovine serum and 1% penicillin-streptomycin). Cells were cultured
at 37�C and 5% CO2.

Cell-internalization SELEX

The natural DNA library (antisense strand and sense strand) was pro-
cured from Japan Bio Service (Saitama, Japan). The sequences of ol-
igonucleotides used are listed in Table S1. Modified libraries were pre-
pared by primer extension (14 cycles at 94�C for 30 s, 54�C for 30 s,
74�C for 1 min) in the presence of forward primer_FAM (0.4 mM),
KOD Dash DNA polymerase (0.025 U/mL) (Toyobo, Osaka, Japan),
dATP (0.1 mM), dGTP (0.1 mM), dCTP (0.1 mM), UtrpTP
(0.1 mM), and antisense strand DNA library (80 nM). The scheme
of UtrpTP synthesis is shown in Scheme S1 (UtrpTP can also be pur-
chased from TriLink [N-2065]). The modified libraries were purified
with denaturing polyacrylamide gels. One day before selection, cells
were plated at a density of 1.2 � 106 cells per 6-cm dish. Natural
and modified DNA libraries were initially dissolved in PBS (with
0.5 mMmagnesium chloride) and further diluted with binding buffer
(DMEM + 0.1 mg/mL yeast tRNA [Invitrogen, Carlsbad, CA, USA])
to final concentrations of 100 nM (round 1) or 50 nM (rounds 2–8)
and 50 nM (rounds 1 and 2) or 25 nM (rounds 3–8), respectively.
For selection, the seeded cells were incubated with binding buffer
for 5 min. The binding buffer was discarded, and the diluted library
was added. After a 30-min incubation period, the cells were washed
with 0.5 M NaCl and PBS. The washing conditions of each round
are described in detail in Table S3. Cells were collected by trypsiniza-
tion and centrifugation at 300 � g for 5 min. The pelleted cells were
lysed with 500 mL of DNAzol Direct (Molecular Research Center,
Cincinnati, OH, USA) for 30 min at room temperature or overnight
at 4�C.

For natural DNA library SELEX, eluted DNA was subjected to PCR
(20–22 cycles under conditions described above) in the presence of
forward primer_FAM (0.4 mM), reverse primer_PHO (0.3 mM),
KOD Dash DNA polymerase (0.005 U/mL), and dNTPs (0.2 mM).
The antisense strand of the amplified library was degraded by a 60-
min incubation with lambda exonuclease (0.025 U/mL) (New England
Biolabs, Ipswich,MA, USA). The sense strand was purified with dena-
turing polyacrylamide gels, and the purified library was used for the
next selection. The selection process was repeated eight times.
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For modified-library SELEX, the eluted DNA was subjected to PCR
(18–20 cycles under conditions described above) in the presence of
forward primer_PHO (0.3 mM), reverse primer_HEX (0.4 mM),
KOD Dash polymerase (0.005 U/mL), and dNTPs (0.2 mM). The
sense strand of the amplified library was degraded by a 60-min incu-
bation with lambda exonuclease (0.025 U/mL). The mixture was de-
salted using a Vivaspin instrument (Sartorius, Goettingen, Germany).
The remaining antisense strand (80 nM) was subjected to one primer
extension (16 cycles under conditions described above) in the pres-
ence of forward primer_FAM (0.4 mM), KODDash DNA polymerase
(0.025 U/mL), dATP (0.1 mM), dGTP (0.1 mM), dCTP (0.1 mM), and
UtrpTP (0.1 mM). The modified libraries were purified with dena-
turing polyacrylamide gels, and the purified library was used for the
next selection. The selection process was repeated eight times.

NGS

The libraries resulting from each round were modified by an adaptor
sequence attachment and purified with denaturing polyacrylamide
gels. The libraries were subjected to NGS using MiSeq (Illumina,
San Diego, CA, USA) according to the supplied manual, and the ob-
tained results were analyzed using FASTAptamer29 (natural DNA li-
brary) or AptaSUITE (artificial DNA library).30

Preparation of aptamers

Antisense DNA strands of the aptamers were purchased from Invitro-
gen. The antisense strands (0.5 mM) were subjected to one primer
extension in the presence of a forward primer (0.4 mM), KOD Dash
DNA polymerase (0.025 U/mL), dATP (0.05 mM), dGTP
(0.05 mM), dCTP (0.05 mM), and UtrpTP (0.05 mM). In preparing
ASO-aptamer conjugates, the antisense strands with phosphate mod-
ifications at the 30 ends were used to make purification easier. The for-
ward primer with the ASO sequence at the 50 end was purchased from
GeneDesign (Osaka, Japan). The aptamers were purified with dena-
turing polyacrylamide gels. The purification and mass spectrometry
(MS) of the aptamers were verified using liquid chromatography
(LC)-MS (Figure S10).

Real-time PCR for aptamer quantification

One day before the experiment, cells were plated at a density of 3.0�
104 cells per well in a 96-well plate. The aptamers and natural DNA
library (100 nM) were dissolved in PBS (with 0.5 mM magnesium
chloride) and diluted in binding buffer (DMEM + 0.1 mg/mL yeast
tRNA) to a final concentration of 10 nM. The seeded cells were
initially incubated in binding buffer for 5 min, which was replaced
with the diluted aptamers for an additional 30 min or 4 h of incuba-
tion. Cells were washed twice with 0.5 M NaCl and incubated in the
same solution for 5 min, then subsequently washed with PBS. Cells
were collected by trypsinization and centrifugation at 800 � g for
5 min, and the cell pellets were dried under reduced pressure. Dried
pellets were lysed with 20 mL of DNAzol Direct by overnight incuba-
tion at 4�C. The lysates were diluted with deionized water and sub-
jected to real-time PCR with the forward primer (0.2 mM), reverse
primers (0.2 mM), and Applied Biosystems PowerUp SYBR Green
master mix (Applied Biosystems, Foster City, CA, USA) using a
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StepOnePlus real-time PCR system (Applied Biosystems). Data were
analyzed by the standard curve method using standards prepared
with the DNA library at 10, 1, 0.1, 0.01, and 0.001 pM (or 10, 1,
0.1, 0.02, 0.01 pM) diluted with deionized water.

Live-cell confocal imaging

A549 cells were plated overnight at a density of 8.0� 103 cells per well
in a 96-well plate (Screenstar 655866; Greiner Bio-One International,
Kremsmünster, Austria). HepG2 andMCF-7 cells were plated at a den-
sity of 1.0� 104 cells per well, while PC-9 cells were plated at a density
of 1.2 � 104 cells per well. The aptamers and natural DNA library
(1 mM) were dissolved in PBS (with 0.5 mM magnesium chloride)
and diluted inDMEM (10% [v/v] fetal bovine serum) to a final concen-
tration of 200 nM. For A549 cells, cell nuclei were stained withHoechst
33342 (5mg/mL inDMEM, 10% [v/v] fetal bovine serum). The staining
mediumwas replaced with the aptamers, and fluorescence images were
taken every 20 min for 6 h on a CV7000 screening system (Yokogawa,
Tokyo, Japan) using a �60 objective lens with excitation at 405 and
561 nm. During the experiment, the stage incubator was kept at
37�C and 5%CO2. For HepG2,MCF-7, and PC-9 cells, cells were incu-
bated with aptamers for 4 h. After incubation, cell nuclei were stained
withHoechst 33342 (5 mg/mL inDMEMor RPMI 1640, 10% [v/v] fetal
bovine serum). The staining medium was replaced with a growth me-
dium, and fluorescence images were taken on the CV7000. The images
were analyzed with CellPathfinder (Yokogawa). The contrast of the red
channel was adjusted to the levels so that the fluorescence of the me-
dium, which contained Alexa 594-labeled aptamers, was not visible.
The contrast of the blue channel was adjusted to the levels so that
only the fluorescence of the nucleus was visible.

Flow cytometry assay

Cells that were almost 90% confluent were detached using 5 mM
EDTA (PBS) and cell scraper or 2.5 g/L trypsin in 1 mM EDTA.
The cells were washed with PBS and suspended in binding buffer
(with 1 mg/mL BSA). The cells were filtered with a cell strainer and
counted. The numbers of cells were adjusted to 1.0 � 106 cells per
mL, and 40 mL of cell suspension was dispensed to a 96-well plate.
10 mL of FAM-labeled aptamer solution was added to the cell suspen-
sion, and the cell was incubated on ice for 30 min. After incubation,
the cells were washed twice with FCM wash buffer (PBS with 0.5 mM
magnesium chloride and 1 mg/mL BSA) and fixed with 4% parafor-
maldehyde for 10 min. The fixed cells were again washed with FCM
wash buffer and suspended in the same solution. The fluorescence in-
tensity of the cells was monitored with LSRFortessa X-20 (BD Biosci-
ences, CA, USA), and the mean fluorescence intensity (MFI) was
analyzed with FACSDiva. To determine KD, the MFIs were plotted,
and the points were fitted using ImageJ according to the following for-
mula: Y = BMAXX/(KD + X), where X is aptamer concentration and Y
is MFI.

Co-localization study

Cells were plated at a density of 8.0 � 103 cells per well in 96-well
plates (Greiner Bio-One International). After 6 h, CellLight BacMam
2.0 early endosome or lysosome-GFP (Invitrogen) was added to the
culture medium at a dose of 30 particles per cell. After 18 h of incu-
bation, the addition of aptamers and imaging were carried out under
the same conditions as live-cell confocal imaging, with excitation at
405, 488, and 561 nm. The images were analyzed with CellPathfinder
(Yokogawa). The contrast was adjusted to the same as used for the
live-cell confocal imaging.

Confocal fluorescence imaging with cell fixation

FAM-labeled ASO-aptamer conjugates and ASO at a final concentra-
tion of 100 nMwere added to cells plated at a density of 1.4� 104 cells
per well in 96-well plates and incubated for 1 h at 37�C and 5% CO2.
Cells were washed with PBS, fixed with 4% paraformaldehyde for
10 min, and permeabilized for 5 min with 0.2% Triton X-100 in
PBS. After three washes with PBS, cell nuclei were stained with
Hoechst 33342 in PBS. The staining solution was replaced, and cells
were imaged using a CV7000 with a�60 objective lens and excitation
at 405 and 488 nm. The images were analyzed with CellPathfinder.
The contrast of the blue channel was adjusted to the levels so that
only the fluorescence of the nucleus was visible.

ASO delivery

ASO-aptamer conjugates and ASO diluted as described earlier were
added to an overnight culture of cells plated at a density of 8.0 �
103 cells per well in a 96-well plate and incubated for 8 h. The treat-
ment medium was replaced with DMEM (10% [v/v] fetal bovine
serum), and cells were further incubated for 16 h. cDNA synthesis
was carried out with a SuperPrep cell lysis & RT kit for qPCR (Toyobo)
according to the manufacturer’s guidelines. The cDNA was subjected
to real-time PCR with a forward primer (50 nM), reverse primers
(50 nM), and Applied Biosystems PowerUp SYBR Green master
mix (Applied Biosystems) using a StepOnePlus real-time PCR system.
The primers for MALAT1 and GAPDH are listed in Table S1. Data
were analyzed with the comparative DDCt method.MALAT1 expres-
sion levels were normalized with GAPDH expression levels.

For the experiments with chloroquine, cell density was 1.0� 104 cells
per well, and ASOs were diluted with DMEM containing 125 mM
chloroquine diphosphate and 10% (v/v) fetal bovine serum to a final
chloroquine concentration of 100 mM. Subsequent operations were
the same as in experiments without chloroquine.

For transfection, cells were plated at a density of 8.0 � 103 cells per
well in a 96-well plate. The ASO-aptamer conjugates and ASO were
dissolved in PBS (with 0.5 mM magnesium chloride) to the
concentrations of 1, 2, and 4 mM. The ASOs were mixed with Lipo-
fectamine 3000 (Invitrogen) and P3000 reagent according to theman-
ufacturer’s guidelines. The mixtures were added at 10 mL/well into
90 mL of culture medium, and the cells were incubated for 24 h. Sub-
sequent operations were the same as in experiments without
Lipofectamine.

SUPPLEMENTAL INFORMATION
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