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Aptamers are short single-stranded oligonucleotides selected to
bind with high affinity and specificity to a target. In contrast to
antibodies, aptamers can be produced in large-scale in vitro sys-
tems without the need for any biological agents, making them
highly attractive as targeting ligands for bioimaging and drug
delivery. For in vivo applications it is often desirable to multi-
merize the aptamers in order to increase their binding strength
and overall specificity. Additional functionalities, such as imag-
ing and therapeutic agents, as well as pharmacokinetic modi-
fiers, need to be attached in a stoichiometric fashion. Herein,
we present a robust method for assembly of up to three ap-
tamers and a fluorophore in a single well-defined nanostruc-
ture. The process is entirely modular and can be applied to
any aptamer requiring only a single reactive “click handle.”
Multimerization of two aptamers, A9g and GL21.T, previously
shown to target cancer cells, led to a strong increase in cell up-
take. A similar effect was observed for the prostate-specific
membrane antigen (PSMA)-targeting A9g aptamer in mice
where multivalent aptamer binding led to increased tumor
specificity. Altogether, this method provides a platform for
multimerization of aptamers with advantages in terms of
combinatorial screening capacity and multifunctional design
of nanomedicine.

INTRODUCTION
Bioimaging of diseases and delivery of precision medicine depend on
the specific recognition of biomarkers to guide the process. A vital
component is the development of suitable targeting ligands capable
of selectively recognizing these biomarkers with high specificity.1

The most successful example of this is humanized monoclonal anti-
bodies (mAbs) specifically designed to recognize surface-bound dis-
ease biomarkers. However, due to the bulky nature of mAbs and
the high development cost of antibody-based therapeutics, it is
important to explore alternatives.

Aptamers make up an attractive class of targeting ligands. These are
short DNA or RNA oligonucleotides, typically �20–80 nucleotides
(nt) long, selected for their ability to bind to a target molecule or a
particular cell type.2 Several therapeutically relevant aptamers have
been selected and characterized in vitro and in vivo, including ap-
tamers for vascular disorders, eye disease, and cancer.3 Aptamers tar-
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geting cancer are particularly common, and a number of both DNA
and RNA aptamers are currently in preclinical development.4 These
include aptamers that bind to the clinically relevant biomarker, pros-
tate-specific membrane antigen (PSMA), a type II integral transmem-
brane glycoprotein with N-acetyl-L-aspartyl-L-glutamate peptidase
activity that is significantly overexpressed on the surface of certain
prostate cancer cells.5

Despite significant progress, the clinical translation of aptamers has
been remarkably slow, and several prime candidates have failed dur-
ing the early stages of clinical development. A particular problem ap-
pears to be poor efficacy in vivo, possibly due to low bioavailability
and/or specificity.

In order to address these issues, many researchers have looked to anti-
bodies for clues on how to improve the in vivo performance of ap-
tamers. The most striking difference between antibodies and aptamers
is that aptamers lack the increase in binding strength that arises from
bitopic recognition. A simple solution would therefore be to assemble
constructs displaying multivalent aptamers. Indeed, several such struc-
tures have been described in the literature. For example, bivalent vari-
ants of the 4-1BB and OX40 RNA aptamers were designed for cancer
immunotherapy. Both aptamers bind to immune co-stimulatory recep-
tors on T lymphocytes. The 4-1BB aptamer was dimerized by hybrid-
ization via a 21-nt 3ʹ overhang engineered on each aptamer to fit the
distance requirement of the two receptor interactions.6 In contrast, a
biotinylated OX40 aptamer was assembled via non-covalent associa-
tion with streptavidin.7 This latter approach was also used tomultimer-
ize two biotinylated PSMA aptamers and two similarly modified small
interfering RNAs (siRNAs).8

Although these studies demonstrate a modest increase in aptamer
binding affinity, using streptavidin as a vehicle does not allow full
control of ligand stoichiometry, especially when combining ap-
tamers with different functionalities. Furthermore, clinical trial
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Functionalization of the HJ Scaffold with

In Vitro-Transcribed Anti-PSMA Aptamers

(A) Schematics of A10-3- and A9g-functionalized HJ

constructs (HJ-Q3.A10-3 and the HJ-Q3.A9g). Bases

attached to LNA are shown in red, 2ʹ-OMe in gray, and

2ʹ-F/RNA in dark blue (see Figure S1 for nucleotide

identities). Arrows indicate the 3ʹ ends. (B) A 12% native

PAGE gel showing the assembly of a HJ, HJ-Q3.A10-3,

and HJ-Q3.A9g. All three HJs have a Cy5 fluorophore

(red) on the Q2 strand for detection by gel electrophoresis

and in flow cytometry. Green shows SYBR Gold nucleic

acid stain. The size marker is an ultra-low-range DNA

ladder. The size marker xylene cyanol in the DNA ladder

appears as a red spot from the Cy5 scan. (C) Uptake of

HJ-Q3.A10-3 and the HJ-Q3.A9g (50 nM) in LNCaP/

PC3� cells, analyzed by flow cytometry. The bars repre-

sent the quantified fluorescence from three biological

replicates normalized to the free HJ. Uptake of both HJ-

Q3.A10-3 and the HJ-Q3.A9g was significantly higher

than for free HJs and only occurred in PSMA-positive

cells. Statistical analysis was performed by one-way

ANOVA followed by a Tukey’s post hoc test. Error bars

represent mean ± SD. *p < 0.05, ****p < 0.0001. MFI,

median fluorescence intensity.
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reports have shown that bacterial streptavidin induces undesirable
immune responses and is therefore not suitable for therapeutic
purposes.9

Recently, several groups have used DNA or RNA origami as a plat-
form to multimerize aptamers. Owing to the principles of Watson-
Crick base pairing, the spatial distance and stoichiometry of aptamers
in such constructs can be precisely designed to improve aptamer
binding. In one study, two thrombin-binding aptamers were incorpo-
rated into different RNA origami designs at different positions.10 The
greatest anticoagulant activity was observed when the two thrombin
aptamers were in close proximity, in contrast to thrombin aptamers
alone. While this strategy has certain advantages, the stability of
such large DNA and RNA structures in biological systems may
pose a concern, as these are susceptible to opsonization by the mono-
nuclear phagocyte system as well as endonuclease and exonuclease ac-
tivity in serum.11

Another promising approach has been to use nanoparticles to display
a large number of aptamers;12 however, nanoparticles suffer from
biocompatibility issues, including uncontrolled liver retention, pas-
sive retention, as well as contamination from their synthesis.13 As a
result, there is an unmet need to establish a clinically safe and in vivo-
stable scaffold for multimerizing aptamers in a stoichiometrically
controlled fashion in combination with other types of targeting li-
gands, imaging tracers, and payloads.
Molecular Therap
We have recently developed a modular platform
system termed the Holliday junction (HJ), which
is capable of combining up to four different func-
tionalities in a single, well-defined structure.14

The HJ consists of four 12-nt-long, chemically

modified nucleic acid modules with a chemical handle on each 5ʹ end,
allowing simple click chemistry-based bioconjugation. This 3- to 4-
nm large scaffold is highly stable in vivo, pharmacokinetically tunable,
and can be targeted to specific organs using small-molecule ligands.14

In this study, we extend the use of the HJ to study the effect of aptamer
multimerization for tumor targeting. By using simple copper-free
click chemistry, we conjugated one to three aptamers covalently to
the chemically modified HJ and demonstrated an increased homing
to study the effect on targeting cancer cells in vitro and tumors in vivo.

RESULTS
Functionalization of the HJ with In Vitro-Transcribed Anti-PSMA

Aptamers

The locked nucleic acid (LNA)-based HJ scaffold14 was used as a plat-
form for attachment and multimerization of aptamers. It consists of
four 12-nt oligonucleotides (Q1, Q2, Q3, and Q4) containing a
mixture of 2ʹ-O-methyl (2ʹ-OMe) and LNA nucleotides (indicated
in gray and red, respectively, in Figure 1A).

As an initial strategy we replaced the Q3 arm with an extended version
of the well-described PSMA-targeting aptamers A9g (43 nt)15,16 and
A10-3 (39 nt),17 both of which have been shown to bind specifically
to PSMA-expressing cells. The A10-3 aptamer was particularly inter-
esting since it had been shown to facilitate internalization of an siRNA
when hybridized to a 21-nt single-stranded extension,18,19 indicating
y: Nucleic Acids Vol. 22 December 2020 995
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Figure 2. Covalent Conjugation of HJs with

Synthetic Aptamers

(A) Reaction scheme for functionalization. The aptamer

strands were reacted with NHS-azide bifunctional linkers,

and the Q-oligonucleotides were labeled with NHS-

DBCO linkers. After purification, the two strands were

conjugated by copper-free click chemistry. (B) HPLC

chromatogram of Q1-DBCO, GL21.T-N3, and the Q1-

GL21.T conjugate. (C) A 12% denaturing PAGE showing

the products of the purified click reaction of Q1, Q3, and

Q4 with GL21.T. (D) Elution profiles of Q1-DBCO, A9g-

N3, and the Q1-GL21.T conjugate. (E) Products of click

reactions with Q1, Q3, Q4, and A9g analyzed on a 12%

denaturing PAGE gel. The size marker in both gels is an

ultra-low-range DNA ladder.
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that A10-3 could be annealed to a nucleic acid scaffold without inter-
fering with the binding activity of this aptamer.

Both aptamers were produced as in vitro transcripts with 5ʹ exten-
sions mimicking the Q3 arm of the HJ (Figures 1A and S1). The
aptamers were gel-purified and subsequently assembled with the
Cy5-labeled Q2 and the remaining Q1 and Q4 arms of the HJ.

HJs assembled efficiently with both Q3.A10-3 and Q3.A9g replacing
the Q3 arm. However, due to the absence of LNA-stabilized bases, it
was found that an excess of both Q3.A10-3 and Q3.A9g was required
to efficiently assemble the HJs; therefore, some residual aptamer tran-
scripts were observed (Figure 1B). To test the targeting ability of the
aptamer-presenting HJs, PSMA-positive prostate cancer cells
(LNCaP) and PSMA-negative cells (PC3�) were incubated with
Cy5-labeled HJ-Q3.A10-3 and the HJ-Q3.A9g and analyzed by flow
cytometry for cell association (Figure 1C). Both aptamers retained
996 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
their binding capabilities when attached to the
HJ scaffold based on the observation that both
constructs bound significantly better to LNCaP
cells compared to control HJ. Moreover, this ef-
fect was receptor-dependent, as the cell associa-
tion in PC3� cells was not significantly different
from the naked HJ. From these results the A9g
aptamer appears to be the most potent targeting
agent in accordance with previous reports.15,16

Covalent Conjugation of Aptamers

While hybridization of in vitro-transcribed
strands was sufficient to attach a single aptamer
to the HJ scaffold, such a strategy is not feasible
for the assembly of multiple aptamers. To retain
the LNA in all four strands, we devised a chem-
ical conjugation strategy to create multivalent
aptamer constructs.

Based on the results of the initial cell-associa-
tion studies, we chose not to proceed with the
A10-3 aptamer, as this did not appear to bind particularly well to
PSMA-positive cells under these conditions. In order to address the
flexibility of our approach, we included another unrelated aptamer,
the 34-nt-long 2ʹ-fluoro (2ʹ-F) pyrimidine-modified aptamer
GL21.T, which is a truncated version of the 92-mer GL21 aptamer re-
ported to specifically bind the malignant human glioblastoma cell line
U87MG.20,21 The GL21.T aptamer was originally shown to bind with
high affinity to the membrane-bound receptor tyrosine kinase (RTK)
AXL.21

The GL21.T and A9g aptamers were chemically synthesized with a 5ʹ-
amino functional group and subsequently covalently conjugated to
Q1, Q3, and Q4 oligonucleotides in a two-step copper-free click reac-
tion, which is described in detail in Materials and Methods (Fig-
ure 2A). The Q oligonucleotide-aptamer conjugates were then puri-
fied by reverse-phase high-performance liquid chromatography
(RP-HPLC), resulting in essentially pure products (Figures 2B–2E).



Figure 3. Assembly of Multimeric Aptamers on the

HJ Platform

(A) Schematic illustration of the self-assembly process of

aptamer-functionalized HJ. (B–D) Assembly of HJs with

one to three copies of GL21.T (B), A9g (C), or DNAcont (D)

aptamers with Cy5-labeled (red) Q2 for detection. Green

signal is the SYBR Gold scan. The size marker in all gels is

an ultra-low-range DNA ladder.
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HJs were assembled with either purified GL21.T or A9g conjugates in
one to three copies in equimolar amounts together with the remaining
Q oligonucleotides. The Q2 oligonucleotide was labeled with Cy5 in
all constructs to allow detection. All combinations of the HJs self-
assembled with very high efficacy (>90%), thus eliminating the
need for post-assembly purification (Figure 3).

Cell Targeting of Multimeric Aptamers

The membrane-bound RTK AXL is expressed on several different
cancer cells, including the lung cancer cell line A549 but not the breast
cancer cell line MCF-7.21 To test the binding activity of the GL21.T-
functionalized HJs, we incubated HJ alone or HJs carrying one, two,
or three aptamers on Q1, Q3, and Q4 with the AXL-positive cell line
A549 and two AXL-negative cell lines, MCF-7 and KB, and used flow
cytometry to analyze specific binding efficiency. The results showed a
significant increase in A549 cell uptake that correlated with the num-
ber of aptamers attached to the HJ (3-, 8-, and 11-fold increase with
one, two, and three copies of GL21.T, respectively; Figures 4A and
4C).

To our surprise, an almost identical uptake was observed in the nega-
tive control MCF-7 cells while no appreciable uptake was detected in
the KB cells. This uptake pattern was confirmed by confocal micro-
scopy (Figure S2). These results are in marked contrast to the obser-
Molecular Therap
vation by Cerchia et al.,21 who found that the
GL21.T aptamer did not associate with MCF-7
cells. The unexpected result led us to investigate
the AXL expression profile in all three cell lines
by flow cytometry analysis (Figure S3). Using an
AXL-specific antibody, flow cytometry showed
that AXL was highly expressed in both A549
and KB cells, but absent in MCF-7 cells. We
conclude that GL21.T is unlikely to recognize
the AXL receptor and decided not to pursue
further experiments using GL21.T.

TheA9g-functionalizedHJs were similarly tested
for their ability to mediate binding and internal-
ization in PSMA-positive (PC3+ and LNCaP)
and PSMA-negative (PC3�) cells following the
approach of Dassie et al.16 We treated PSMA-
positive and PSMA-negative cells with HJ alone
or conjugated to one, two, or three A9g aptamers
with Cy5-labeled Q2 and analyzed the cell asso-
ciation by flow cytometry (Figure 5A). Both PSMA-positive cell lines
showed markedly increased uptake of A9g-conjugated HJ compared
to the naked HJ. Importantly, there appears to be a clear avidity effect,
most strongly observed between one to two copies of A9g (8-, 28-, and
42-fold increase with one, two, and three copies of A9g, respectively,
compared to HJ alone for PC3+ cells, and 6-, 9-, and 14-fold increase
with one, two, and three copies of A9g, respectively, compared to HJ
alone for LNCaP cells). In contrast, we saw no appreciable uptake in
the PSMA-negative PC3- cells for any of the three constructs. This
result was confirmed by confocal microscopy, where the extent of the
Cy5 signal correlated with the number of aptamers attached to the
HJ, as shown in Figures 5C and S6. The primarily intracellular signal
suggests that A9g-conjugated HJs are internalized (Figure S6). As an
additional negative control, we attached a non-binding 46-nt single-
stranded DNA oligonucleotide (DNAcont) to the HJ in one to three
copies (Figure 3D). HJs carrying up to three copies of DNAcont did
not bind significantly better than did naked HJ to any of the cell lines
tested (Figures 4B and 5B). This demonstrates that cell uptake is facil-
itated by the aptamers and is not due to the increased charge of the
assembled constructs.

In Vivo Tumor Targeting of HJ-A9g

To investigate whether multimerization of the A9g anti-PSMA ap-
tamer can drive to tumor targeting in vivo, we engrafted male nude
y: Nucleic Acids Vol. 22 December 2020 997
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Figure 4. Internalization of Multimeric GL21.T Aptamers

(A) Relative uptake of GL21.T-functionalized HJs in A549,MCF-7, and KB cells analyzed by flow cytometry. The bars represent the quantifiedMFI from cells treated with three

different concentrations (25, 50, or 100 nM) of HJs in three biological replicates, from two independent experiments, normalized to HJ-Cy5. Representative histograms are

(legend continued on next page)
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mice with PC3+ (PSMA-positive) and PC3� (PSMA-negative) cancer
cells.

One nanomole of Cy5.5-labeled HJs without or with one, two, or three
copies of conjugatedA9g aptamers, aswell as freeCy5.5-labeledA9g ap-
tamer as a control (Figure 6A), was injected subcutaneously in mice
bearing one PC3+ and one PC3� tumor on each flank. The mice were
sacrificed 24hafter injection, and their organs and tumorswere scanned
ex vivo (Figure S7). We observed an approximately 4-fold stronger tu-
mor accumulation with the triple-conjugated HJ in the PC3+-derived
tumors compared to PC3� tumors (Figure 6B), with a trend showing
increased PC3+ tumor localization as a function of aptamer copies.

DISCUSSION
The capacity of nucleic acid aptamers to recognize cell surface pro-
teins has enabled their use as targeting ligands for cancer and other
disease-related cells. However, to ensure selective binding to a small
proportion of cancer cells in the background of the whole body, it
may be necessary to multimerize the aptamers to achieve multi-topic
recognition of cancer signals. In this study, we demonstrated that a
small, stable oligonucleotide structure, the HJ, can be used as a scaf-
fold to multimerize cancer-targeting aptamers and achieve enhanced
receptor-mediated targeting of cancer cells in vitro and in vivo.

Previous studies have used the A10-3 and GL21.T aptamers as target-
ing agents for siRNAs, based on annealing with an antisense
strand.18,22 We found that a similar approach could be used to attach
an aptamer to themultifunctional HJ structure, while maintaining the
targeting function of the aptamer. By simple elongation of one
in vitro-transcribed HJ oligonucleotide with the A10-3 or A9g anti-
PSMA aptamers, the system was shown to mediate effective uptake
in PSMA-positive cells. However, due to the lack of stabilizing LNA
residues in the transcribed RNA, this method could not be extended
to multimerized copies of aptamers.

In order to take full advantage of the HJ structure and multimerize ap-
tamers in a truly modular manner, we used a two-step covalent conju-
gation strategy, in which chemically synthesized aptamers were
coupled to HJ oligonucleotides using click chemistry. The advantage
of this protocol is that we readily can prepare different HJ structures
from the purified arms without the need for further purification. Using
two cancer-specific aptamers, that is, AXL receptor-specific GL21.T
and PSMA-specific A9g, we successfully self-assembled HJs configured
of one, two, and three aptamers as well as a fluorophore for bioimaging
purposes. We observed a strong avidity effect in cell binding and inter-
nalization upon multimerization for both aptamers. When testing the
cell specificity, we found that GL21.T also bound to MCF-7 cells,
shown for HJ-A9g constructs in Figure S4. (B) Flow cytometry analysis of HJs carrying

MCF-7, and KB cells. The bars represent quantified MFI from cells treated with 50 nM H

groups in each cell line, statistical analysis was conducted using two-way ANOVA follow

each increase in valency. (C) Confocal microscopy of HJ-GL21.T internalization in A549

on a white background, blue shows DAPI nucleus stain, and green shows WGA-Alexa

Figure S5. Brightness and contrast are kept constant in all images. Scale bars, 21 mm.
although this cell line is reported, and confirmed by us, to be AXL nega-
tive. These unanticipated results could partially be explained by the fact
that the predecessor of GL21.T, namely GL21, was selected using dif-
ferential whole-cell systematic evolution of ligands by exponential
enrichment (SELEX) according to the recently retracted paper by Cer-
chia et al.20 In fact, several studies have found inconsistencies in bind-
ing affinity and specificity of aptamers that are selected using similar
approaches. Another cause of inconsistency has been associated with
the means by which selected aptamers are characterized.23,24 Although
negative selection steps are included during cell-SELEX, aptamers with
low target specificity are inevitably co-selected due to high target den-
sity on the cell surface. In fact, Cerchia et al.21 disclosed that the GL21.T
also binds to the ectodomain of RTK Tyro3 (Sky, Dtk) with a dissoci-
ation constant (KD) of �43 nM. TYRO3 is an understudied RTK that
belongs to the TAM (TYRO3, AXL, MERTK) family of RTK and has
an extracellular domain that shares great similarity with that of
AXL.25 Furthermore, the AXL-negative MCF-7 cells have been re-
ported to express TYRO3.26 We speculate that the AXL-independent
binding of GL21.T to MCF-7 cells may be explained by the structural
similarity between TYRO3 and AXL and the fact that TYRO3 is highly
expressed in MCF-7.

The avidity effect from multimerizing the aptamers observed in vitro
was less strong in vivowhere an�4-fold increased tumor accumulation
was observed. This result is in contrast to the strong accumulation of a
monovalent A9g in PSMA-positive tumors with no detectable signal
for a non-binding aptamer reported by Dassie et al.16 Certainly, this
inconsistency may arise from variations in the experimental setup,
particularly when comparing preclinical animal studies.

A multimerized receptor-targeting system for tumors could be highly
applicable for improving clinical imaging, e.g., using PSMA-11 posi-
tron-emission tomography (PET) tracer,27,28 or for delivery of drugs
and radiochemicals. Many prostate cancer drugs have to be given in a
suboptimal dose due to their predominant accumulation in the kid-
neys, which could lead to renal toxicity.29 To address these issues,
the HJ could be envisioned as a useful theranostic platform for
achieving both more sensitive imaging and, at the same time, lower
kidney toxicity. Also, by functionalizing the system with both the
A9g and the A10-3, it is possible that the different binding and inhib-
itory properties of these two aptamers could be used to form a multi-
paratopic, PSMA-specific inhibitory HJ.

MATERIALS AND METHODS
Sequences

The sequences used in this study are as follows: Q1: 50-NH2-C6-mC+-
CmG+TmCmCmT+GmA+GmCmC-3ʹ; Q2: 5ʹ-NH2-C6-mCmA+
one to three copies of non-binding control DNA oligonucleotide (DNAcont) in A549,

Js in three biological replicates, normalized to HJ-Cy5. For comparison of multiple

ed by a Tukey’s post hoc test. Error bars represent mean ± SD. ****p < 0.0001, for

cells. Red shows signal from Cy5 coupled HJs, gray shows the Cy5 signal converted

488 membrane stain. Orthogonal view of internalized HJ-3xGL21.T is provided in
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Figure 5. Internalization of Multimeric A9g Aptamers

(A and B) Relative uptake of A9g-functionalized HJs (A) or HJ-DNAcont (B) in PC3+ (PSMA++), LNCaP (PSMA+), and PC3 (PSMA�) cells analyzed by flow cytometry. The bars

represent the quantifiedMFI from cells treated with 50 nM of the denoted HJ construct (three biological replicates, from two independent experiments) normalized to HJ-Cy5.

Statistics were analyzed by two-way ANOVA followed by Tukey’s post hoc test. Error bars represent mean ± SD. ****p < 0.0001, for each increase in valency. (C) Confocal

microscopy images of HJ-A9g internalization in PC3+ cells. Red shows Cy5, gray shows a converted Cy5 signal, blue shows DAPI nucleus stain, and green showsmembrane

stain. Brightness and contrast are kept constant in all images. Scale bars, 21 mm.
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Figure 6. In Vivo Tumor Targeting with Multimeric

A9g-Conjugated HJ

(A) Schematics of assembled HJ-A9g constructs and free

A9g-Cy5.5. (B) Relative tumor accumulation between

PSMA-positive and PSMA-negative tumors paired in the

same mouse. Statistical analysis was performed using

one-way ANOVA followed by a Tukey’s post hoc test.

Number ofmice in each groupwas at least four. Error bars

represent mean ± SD. *p < 0.05.

www.moleculartherapy.org
CmA+GmTmG+GmA+CmGmG-3ʹ; Q3: 5ʹ-NH2-C6-mG+GmC+
TmCmAmCmC+GmA+TmC-3ʹ; Q4: 5ʹ-NH2-C6-mGmA+TmC+
GmGmAmC+TmG+TmG-3ʹ; GL21.T: 5ʹ-NH2-C6-rAfUrGrAfUfCr
ArAfUfCrGfCfCfUfCrArAfUfUfCrGrAfCrArGrGrArGrGfCfUfCrA
fC-3ʹ; A9g: 5ʹ-NH2-C5-rGrGrGrAfCfCrGrArArArArArGrAfCfCfUr
GrAfCfUfUfCfUrAfUrAfCfUrArArGfUfCfUfCrGfUfUfCfCfC-3ʹ;
Q3.A10-3 template, forward: 5ʹ- TAGAATTCTAATACGACTCACT
ATAGGGCTCACCGATCGGGAGGACGATGCGGA-3ʹ; Q3.A10-3
template, reverse: 5ʹ-TTAGGAGTGACGTAAACATGGCTGATCC
GCATCGTCCTCCCGATCGGTGAGCCC-3ʹ; Q3.A9g template, for-
ward: 5ʹ-TCTAATACGACTCACTATAGGGCTCACCGATCTTGG
GACCGAAAAAGACCTGACTTCTATACTAAGTCTACGTTCCC-
3ʹ; Q3.A9g template, reverse: 5ʹ-GGGAACGTAGACTTAGTATA
GAAGTCAGGTCTTTTTCGGTCCCAAGATCGGTGAGCCCTAT
AGTGAGTCGTATTAGA-3ʹ; DNA control: 5ʹ-NH2-C6-CGACGAC
GACGACGACGACGACCCCTCGTCGTCGTCGTCGTCG TCG-
3ʹ. LNA nucleotides are denoted with “+,” RNA with “r,” 2ʹ-F nucle-
otides with “f”, and 2ʹ-OMewith “m.”A9g and GL21.T aptamers were
purchased fromDharmacon. Q1, Q2, Q3, and Q4were synthesized by
the group of Jesper Wengel (University of Southern Denmark
[SDU]), as previously described.14 All DNA strands were purchased
from Sigma-Aldrich.

In Vitro Transcription of Q3.A10-3 and Q3.A9g

For the aptamer construct Q3.A9g, a DNA template was prepared by
mixing equimolar amounts of the forward (Q3.A9g template, for-
ward) and reverse (Q3.A9g template, reverse) primer. For the
Q3.A10-3 derivative, the forward (Q3.A10-3 template, forward) and
reverse (Q3.A10-3 template, reverse) primers were first annealed
and then extended with Klenow enzyme as described by the manufac-
turer (Thermo Scientific). The resulting template DNA was gel-puri-
fied before transcription.

Both templates were mixed in T7 buffer (80 mM HEPES [pH 7.5],
2.5 mM NTP mix [ATP, CTP, 2ʹ-F- deoxycytidine triphosphate
(dCTP), 2ʹ-F-deoxyuridine triphosphate (dUTP)], 0.1 mg/mL BSA,
20 mM MgCl2, 10 mM DTT, 1 mM spermidine, and 20 mL of pyro-
phosphatase [50 U/mL]) in a total volume of 200 mL. Transcription
was initiated by the addition of Y639F T7 RNA polymerase (purified
in-house) and incubated at 37�C overnight (O/N). The transcripts
were gel-purified followed by phenol/chloroform extraction and
ethanol precipitation. All RNAs were subsequently analyzed on a
12% denaturing PAGE gel.

Conjugation and Assembly of HJ

For detection purpose, the Q2 oligonucleotide was reacted with 100-
fold molar excess of N-hydroxysuccinimide (NHS)-Cy5 or NHS-
Cy5.5. For the synthesis of oligonucleotide-aptamer conjugates, Q1,
Q3, and Q4 oligonucleotides were reacted with 50-fold molar excess
of NHS-dibenzocyclooctyne (DBCO), while the synthetic aptamers
were reacted with 50-fold molar excess of NHS-azide. All reactions
with activated NHS esters were carried out in 100 mM HEPES (pH
8.2), 30%–50%DMSO at 25�C, 500 rpm for 4–24 h. All NHS reagents
were purchased from Lumiprobe.

Copper-free click reactions between DBCO-labeled Q oligonucleo-
tides and azide-labeled aptamers were carried out in 100 mM
HEPES (pH 7.5), 45% DMSO at 30�C, 500 rpm shaking for 4 h.
The reactions were carried out in a 1:1.5 ratio of Q oligonucleotide
to GL21.T aptamer, to correct for the amount of unreacted aptamer
without azide label remaining in solution or with a 2.5-fold excess of
Q-DBCO to A9g to allow for better separation in the HPLC purifi-
cation. All reaction products were analyzed on a 12% denaturing
PAGE gel.

Reaction products were purified by RP-HPLC on a Phenomenex Ki-
netex XB C18 column with a MeCN gradient from 5% MeCN, 5%
triethylammonium acetate (TEAA) to 95% MeCN over 25 min,
6 min 95%MeCN, and 7 min 100%MeCN. Conjugates of Q oligonu-
cleotides and the A9g aptamer were purified using 10% TEAA. Frac-
tions containing the products were collected and lyophilized.

HJs were assembled by mixing all four oligonucleotides in equal
amounts in a final concentration of 200 mMKOAc for in vitro exper-
iments and PBS for in vivo use. The samples were heated to 70�C and
cooled to 4�C following a linear temperature ramp during 90 min in a
thermocycler. All assemblies were analyzed by 12% native PAGE.

Cell Culture

The prostate cancer cell lines PC3+ (PSMA+) and PC3 (PSMA�)
were a kind gift from Dr. Paloma Giangrande from the Department
of Internal Medicine, University of Iowa, USA. The A549 and
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MCF-7 cells were generously provided by Dr. Vittorio de Franciscis
from the Institute of Endocrinology and Experimental Oncology,
CNR, Napoli, Italy. Both KB and LNCaP cells were purchased
from ATCC.

PC3 cells were grown in F12 Kaighn’s modification medium (GE
Healthcare), KB cells were grown in RPMI 1640 medium (Sigma-Al-
drich), LNCaP cells were grown in RPMI 1640 medium (ATTC),
A549 cells were grown in RPMI 1640 medium (Gibco), and MCF-7
cells were grown in Eagle’s minimal essential medium EMEM
(ATCC), all supplemented with 10% fetal bovine serum (FBS)
(Gibco) and 1% penicillin/streptomycin (P/S) (full medium), at
37�C, 5% CO2. For seeding for flow cytometry and confocal micro-
scopy, the cells were washed with Dulbecco’s phosphate-buffered sa-
line (PBS) and released by incubation with 0.05% trypsin-EDTA (1�)
(Gibco) for 5–10 min. The cells were centrifuged at 200� g for 5 min
and resuspended in full medium. Cell number and viability was deter-
mined with a Via-1 cassette counting chamber (ChemoMetec), using
the software NucleoView NC-200.

Culture flasks, microscopy slides, and 24-well plates for LNCaP cells
were coated with 100 mg/mL poly-L-lysine (PLL) (Sigma-Aldrich) in
PBS, and incubated at room temperature (RT) for 15 min. The excess
PLL was removed by washing three times with PBS, before the addi-
tion of cells.
Flow Cytometry

Cells were seeded at 100,000–150,000 cells per well in 24-well plates
1 day prior to analysis. For uptake experiments with in vitro-tran-
scribed aptamers, PC3- and LNCaP cells were treated for 45 min
with medium, Cy5-labeled HJ, or HJ-anti-PSMA aptamers
(50 nM) before harvesting the cells for flow cytometry. For uptake
studies of the covalently conjugated aptamers, A9g and GL21.T,
the cells were pre-incubated with 100 mg/mL salmon sperm DNA
for 10 min to block unspecific binding. The cells were treated in
three replicates with medium, 50 nM Cy5-labeled HJ, or aptamer-
functionalized HJs for different periods of time (2 h for GL21.T
and 45 min for A9g). For antibody detection of the AXL receptor,
cells were pre-incubated for 10 min with 100 mg/mL human immu-
noglobulin G (IgG) to block unspecific antibody binding, and sub-
sequently incubated with 7 nM AXL mAb-phycoerythrin (PE)
(DS7HAXL), or mouse IgG1k isotype control-PE (eBioscience),
for 15 min. After incubation, the cells were washed three times
with PBS and trypsinated for 10 min. Cells were resuspended in
full medium, transferred to Eppendorf tubes, and centrifuged for
10 min at 2,000 � g. The supernatant was removed, and the cells
were again washed with PBS, centrifuged, and resuspended in PBS
for analysis.

Flow cytometry of HJ-Q3.A10-3 and HJ-Q3.A9g was done on a Gal-
lios flow cytometer (Beckman Coulter), while analysis of synthetic
A9g, GL21.T, and DNAcont was performed on a NovoCyte flow cy-
tometer (ACEA Biosciences) using the NovoExpress software.
1002 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
Confocal Microscopy

For confocal microscopy, 50,000–100,000 LNCaP cells were seeded
on PLL-coated slides, while A549, PC3, and MCF7 cells were seeded
on uncoated slides in full medium 1 day prior to treatment. Samples
were added to the medium of the cells (medium, Cy5-labeled HJ or
HJ-aptamer in 200 nM) and incubated at 37�C for 45 min for A9g
and 2 h for GL21.T. The medium was removed, and the cells were
washed three times with PBS. The cells were stained with 200 mL of
2.5 mg/mL wheat germ agglutinin (WGA)-Alexa 488 (Thermo Scien-
tific) for 15 min at 37�C. The cells were washed three times with PBS
and fixed by adding 200 mL of 4% paraformaldehyde (PFA) and incu-
bated at 37�C for 15 min. Samples were washed with PBS, dried, and
stained with one drop of DAPI ProLong Gold (Invitrogen) to each
position on the slide. After mounting of the cover slide, the sample
was incubated at 4�C O/N. Cells were imaged on a confocal laser
scanning microscope (Zeiss LSM 700) with a �63 oil objective. All
images within one experiment were acquired with identical laser
and filter settings and subsequently adjusted for brightness and
contrast equally in Fiji software for improved visualization.
Animal Experiments

All animal studies were approved by the Animal Experiments Inspec-
torate, under the Danish Veterinary and Food Administration Li-
cense no. 2013-15-2934-00901. All animals were provided with stan-
dard rodent diet and water. All animals were kept in groups of four to
five mice per cage throughout the experiments.

Male athymic nude mice (BALB/c-AnNRj-Foxn1nu) were xeno-
grafted by subcutaneous injection of PC3+ and PC3� cells in the right
and left flank, respectively (1 � 106 cells per tumor), dissolved in ice-
cold Matrigel (BD Biosciences). Approximately 4 weeks following tu-
mor grafting, HJs were injected intravenously with 200 mL of PBS or
1 nmol of sample resuspended in 200 mL of PBS. Mice were sacrificed
24 h post-injection by cervical dislocation. The tumors and organs
were collected and scanned for Cy5.5 fluorescence in an IVIS Spec-
trum in vivo imaging system (Xenogen, Caliper Life Sciences, Hop-
kinton, MA, USA). Using the software Living Image version 4.3.1
(Caliper Life Sciences), the fluorescent signal was subjected to spectral
unmixing by using the system’s in-built Cy5.5 filter settings and a
mouse control treated with only PBS. Specifically, images were first
subjected to spectral unmixing using the organs from a PBS-treated
mouse as a negative control. Regions of interest were identifiedmanu-
ally before recording the fluorescent signal. In the further analysis, we
used the average radiant efficiency.
Statistical Analysis

All statistical analyses were performed in Prism 8 (GraphPad, San
Diego, CA, USA). All data are presented as mean ± SD. Statistical
analysis for comparing multiple groups in each cell line was analyzed
by either one-way or two-way ANOVA with a post hoc Tukey’s test.
Brackets with asterisks represent statistical differences as follows: *p
<0.05, **p <0.01, and ****p <0.0001. The specific statistical method
used and the number of replicates are described in the figure legends.
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