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The EphA2 receptor tyrosine kinase is overexpressed in most
solid tumors and acts as the major driver of tumorigenesis.
In this study, we developed a novel approach for targeting
the EphA2 receptor using a 20-fluoro-modified pyrimidine
RNA aptamer termed ATOP. We identified the ATOP EphA2
aptamer using a novel bioinformatics strategy that compared
aptamers enriched during a protein SELEX using recombinant
human EphA2 and a cell-internalization SELEX using EphA2-
expressing MDA231 tumor cells. When applied to EphA2-ex-
pressing tumor cell lines, the ATOP EphA2 aptamer attenuated
tumor cell migration and clonogenicity. In a mouse model of
spontaneous metastasis, the ATOP EphA2 aptamer slowed pri-
mary tumor growth and significantly reduced the number of
lungmetastases. The EphA2ATOP aptamer represents a prom-
ising candidate for the development of next-generation tar-
geted therapies that provide safer and more effective treatment
of EphA2-overexpressing tumors.

INTRODUCTION
Various solid tumors, such as ovary,1,2 prostate,3,4 pancreas,5 glioblas-
toma,6,7 lung,8 melanoma,9,10 esophageal,11 colorectal,12–14 bone sar-
comas,15,16 and breast,17–19 are reported to express high levels of the
tyrosine kinase receptor EphA2. Furthermore, we and others have
demonstrated that overexpression of the EphA2 receptor plays a
key role in the aggressiveness and metastatic potential for many of
these tumors.4,19,20

EphA2 expression in adult epithelial cells is low and is occupied by the
ephrin ligand that is expressed on the surface of adjoining cells. The
EphA2-ephrin interaction initiates the established EphA2 signaling
cascade.21 The EphA2 receptor transmits signals that negatively regu-
late epithelial cell growth, inhibit cell migration, and induce EphA2
internalization and degradation.22 However, malignant cells demon-
strate weakened cell-cell contacts, which prevents association of the
EphA2 receptor with ephrin and leads to EphA2 receptor upregula-
tion.23 EphA2 receptors can also signal in the absence of ligand bind-
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ing21,24 and alter downstream signaling in a noncanonical way that
contributes to the metastatic process by promoting cell migration
and invasion.24,25 Therefore, EphA2 is a critically important therapeu-
tic target. Agents that promote EphA2 activation can be useful for sup-
pressing cancer cellmalignancy. Various strategies have been employed
to target and modulate EphA2 activation. Monoclonal antibodies have
been developed that mimic the actions of ephrin A126,27 and target the
large extracellular domain of EphA2 that is frequently upregulated by
tumor cells.28 Peptides and antibodies that bind the ephrin-binding
pocket have been used to specifically deliver cytotoxins, but their appli-
cation is limited due to modest binding affinity.29–31

Aptamers are short single-stranded nucleic acid oligomers (ssDNA or
RNA) that form complex three-dimensional shapes and bind with
high affinity and specificity to target molecules.32 Aptamers possess
key advantages; their production does not depend on bacteria, cell
cultures, or animals. Unlike antibodies, aptamers can be chemically
synthesized to fine-tune their properties for specific applications
such as increasing serum stability, improving pharmacokinetics,
and delivering small molecules or imaging agents.33 Despite the
Food and Drug Administration having only approved of one ap-
tamer-based drug,34 the therapeutic potential of aptamers is
confirmed by clinical trials, including the NOX-A12 aptamer that in-
hibits CXCL12 inhibitor and the ApTOLL aptamer that antagonizes
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Protein SELEX

(A) Schematic representation of the procedure carried out to individualize rhEpha2 binding aptamers.

(B) Progression of human EphA2 selection was determined via SPR.
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Toll-like receptor 4, which demonstrate the safety and efficacy of sys-
temic administration.35–39

Aptamers are identified through a simple and economic procedure
termed SELEX40 (systematic evolution of ligands by exponential
enrichment). In vitro protein-based aptamer selections have the
advantage of identifying high-affinity aptamers against a known
target protein; however, recombinant purified proteins may not
fold into the correct tertiary structures and many of the aptamers
identified from protein SELEX may not bind the target protein
when expressed by cells.41 Cell-based aptamer selections have
the advantage of identifying aptamers that bind proteins expressed
by a target cell population, but the target protein may be unknown
or many of the enriched aptamers may have a low affinity for the
target protein. In this study, we identified a 20-fluoro-modified py-
rimidine RNA aptamer we termed ATOP (aptamer top of the list)
that selectively binds the EphA2 receptor. We identified ATOP us-
ing a novel aptamer bioinformatics strategy applying an aptamer
clustering algorithm to identify co-enriched aptamers with similar
structures from two independent SELEX processes, one using
protein SELEX with recombinant EphA2 and a second using
cell-internalization SELEX with EphA2-expressing MDA231 cells.
We observed that the ATOP EphA2 aptamer exhibits antitumori-
genic effects in vitro by inhibiting tumor cell migration and clono-
genicity. In an in vivo orthotopic mouse model of Ewing sarcoma,
the ATOP aptamer significantly attenuated tumor growth and
significantly reduced metastatic potential. These in vitro and in vivo
data support the clinical potential of the ATOP aptamer as a tar-
geted therapeutic to prevent EphA2-associated tumor growth and
metastasis.

RESULTS
Identification of RNA aptamer sequences against rhEphA2 that

selectively internalize into EphA2-expressing cells

To identify aptamers that selectively bind to recombinant human
EphA2 (rhEphA2), an in vitro protein-SELEX procedure (Figure 1A)
was performed. To avoid selecting specific tag binding aptamers, a pre-
clear step was introduced before each round of selection (Table S1). Se-
lection was assessed using a surface plasmon resonance (SPR) assay
(Figure 1B). Round 8 exhibited significant specificity for rhEphA2
compared with human Her2 (hHer2) used as a negative control (Fig-
ure S1). Despite round 9 demonstrating a significant increase in relative
binding affinity, the selection was continued for another two rounds to
decrease the aptamer library’s diversity while simultaneously increasing
the overall affinity for the intended target, rhEphA2.

In parallel, a cell-internalization SELEX was conducted to enrich for
aptamers that selectively internalize into EphA2-expressing human
cells41 (Figure 2A). The EphA2-expressing MDA231 human breast
adenocarcinoma cell line was identified as an ideal cell line due to
its high expression of hEphA2 compared with other cell lines (Fig-
ure S2B). To ensure specificity of the aptamers, a double counter-se-
lection step was used during the cell-internalization SELEX process.
Unbound and surface-bound RNA were discarded after a stringent
high-salt wash (0.5M NaCl) allowing for the recovery of internalized
aptamers (Table S2). Ten rounds of selection were performed, and
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 759

http://www.moleculartherapy.org


Figure 2. Cell-internalization SELEX

(A) Schematic representation of the procedure carried out to identify aptamers that specifically internalize into EphA2-expressing cells.

(B) Progression of the selection was determined via qRT-PCR adding an internal reference control RNA for normalization. Error bars depict ±SD (n = 3).
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cell-specific internalization of each selection round was assessed by
quantitative reverse-transcription polymerase chain reaction (qRT-
PCR) (Figure 2B).

The starting aptamer libraries and all selection rounds from both the
cell-internalization SELEX and protein SELEX were prepared for
next-generation sequencing (NGS) on the Illumina platform. NGS
data from both selections were analyzed to generate a non-redundant
database of all unique aptamers with normalized read counts42

from each selection round. From this dataset, aptamer sequences
were evaluated and filtered for a continuous positive log2 fold change
(log2FCR 1) enrichment across selection rounds to identify potential
candidates. From this analysis, 753 aptamer candidates were identified
from the cell-internalization SELEX and 857 aptamer candidates were
identified from the protein SELEX that exhibited continuous positive
log2FC enrichment. Next, an unpublished updated version of an ap-
tamer clustering algorithm43 was applied to identify convergent struc-
tural motifs between the two selections. Our working hypothesis was
that a subset of aptamers from the cell-internalization SELEX could
be identified that share a common sequence/structural motif with ap-
tamers enriched during the protein SELEX for the hEphA2 receptor.
These aptamers would be capable of targeting the hEphA2 receptor
expressed by cells. The clustering algorithmpredicts themost likely sec-
ondary structure using RNAfold44 (Vienna Package 2.0) of each ap-
tamer and then calculates the tree distance45 between pairs of predicted
structures using RNAdistance (Vienna Package 2.0). The clustering al-
gorithm generates networks of aptamers within a set maximum tree
distance that can be visualized using Cytoscape.46 The clustering algo-
rithm was run with increasing thresholds of tree distance until ap-
tamers from the two different selections exhibited inter-connections
760 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
(Figure 3A). The clustering algorithm can also examine sequence relat-
edness; however, structural clustering was given priority due to the
different lengths of the starting libraries (N20 vs. N30). The aptamer
from the protein SELEX with the greatest number of connections
with the cell-internalization SELEX aptamer was identified (Figure 3B)
and used to create a sub-network of that aptamer and all directly con-
nected aptamers (Figure 3C). The aptamer structures from within this
sub-network were visually compared with obtain a common sequence/
structure motif (Figure 3D), termed ATOP.

Specificity of the selected aptamer toward the target protein

To validate the specificity and affinity of ATOP for human EphA2, the
dissociation constant (KD) of ATOP for hrEphA2 was determined by
SPR (BIAcore). Human recombinant EphA2 was immobilized and
the binding kinetics with different concentrations of ATOP was
measured (Figure 4A). The apparent KD of ATOP for hrEphA2 was
observed tobewithin thepicomolar range.Next,we evaluated the ability
of the aptamer to bind to the EphA2 receptor in the context of a Ewing
sarcoma cell line that naturally expresses high levels of EphA2on the cell
surface, such as A673 (ES) (Figure S2A). The KD was calculated using
50-end cyanine 5 (Cy5)-labeled aptamers andflow cytometry. The bind-
ing data, obtained as mean fluorescent intensity (MFI), were fitted after
subtracting data attained from a non-related scramble sequence (SCR)
used as a normalization control. The KD indicated that ATOP had high
affinity for A673 cells, with a value in the nanomolar range (Figure 4B).
To further confirm specificity for EphA2-expressing tumor cells, a pull-
down assay was performed with biotinylated ATOP and SCR control
aptamer using cell extracts from A673 cells. The ATOP aptamer was
able to pull-down endogenous EphA2 with high specificity, whereas
only low non-specific binding was detected with the SCR control



Figure 3. Networks of cell-internalization SELEX aptamers and protein SELEX aptamers related by predicted secondary structure

(A) Interconnected aptamers (nodes) with structural similarity between cell-internalization SELEX (green nodes) and protein SELEX (blue nodes).

(B) One network included nodes from both SELEX processes. Red arrow highlights the node from protein SELEX presenting most inter-connections with aptamers from cell-

internalization SELEX.

(C) Isolation of the protein SELEX aptamer nodes and all directly connected nodes from both the protein and cell-internalization SELEX. Red arrow indicates the cell-

internalization SELEX aptamer with the largest number of reads and greatest log2FC enrichment identified as ATOP.

(D) ATOP aptamer secondary structure predicted by using RNA Structure version 6.3.
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aptamer (Figure 4C). Together, these data confirmed the success of the
parallel SELEX strategy using protein SELEX and cell-internalization
SELEX for identifying aptamers that bind rhEphA2 with high affinity.

Aptamer serum stability

An important characteristic of aptamers for their applicability in the
biomedical field is represented by their stability, as RNA is very sen-
sitive to nuclease degradation. ATOP contains 20F-Py modifications
that confer resistance to nuclease degradation. We examined the
stability of the ATOP aptamer incubated in human serum (50%)
over time. We observed that the ATOP aptamer is stable for 8 h in
human serum followed by gradual degradation (Figure 5A). The
approximate human serum half-life as determined by band intensity
quantification (Figure 5B) was 48 h.

Internalization capability and functional aspects of the aptamer

To serve as a therapeutic, the ATOP aptamermust be able to internalize
into EphA2-expressing cells in a receptor-dependent manner,
mimicking the antitumorigenic effect that EphA2’s natural ligand pro-
vokes. The internalization potential of ATOP was evaluated with A673
cells and RH4 cells, an alveolar rhabdomyosarcoma (ARMS) cell line,
that both express high levels of EphA2 (Figure S1A). The ATOP ap-
tamer or the SCR control aptamer were incubated on cells for 1 h and
the internalized aptamer RNA recovered after a stringent high-salt
wash (0.5M NaCl) was assessed by qRT-PCR. As expected, the ATOP
aptamer internalized into EphA2 overexpressing cells significantly
better than the SCR control aptamer in both the A673 and RH4 cells
(Figure 6A). Moreover, ATOP internalization was performed in
MDA-MB-231 cells for 30 min to corroborate that the mechanism of
internalization was receptor specific. Interestingly, at shorter times,
only ATOP could be detected inside the cells (Figure S3). To confirm
these results, we treated the A673 and RH4 cells with fluorescently
labeled (Cy5) ATOP and SCR aptamer and assessed internalization
byflowcytometry following the same stringent high-saltwashdescribed
above.We observed the same trendwith significantlymore internalized
Cy5 ATOP associated with the A673 and RH4 cells compared with the
Cy5 SCR control aptamer (Figure 6B). Next, we comparedATOP inter-
nalization with the A673 cells that highly expressed EphA2 against
RH28 cells, another ARMS cell line that expresses significantly lower
EphA2. As anticipated, the ATOP aptamer internalized preferentially
to A673 cells over the RH28 cells (Figure 6C). To visualize the aptamer
localization within the cell we performed fluorescence microscopy on
the A673 cell line treated with Cy5 ATOP aptamer and co-stained for
the EphA2 receptor (Figure 6D and Figure S4). We observed that the
majority of the ATOP aptamer resides within the cytoplasm of the
A673 cells, suggesting ATOP aptamer internalization.
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Figure 4. Binding specificity of the selected aptamer

(A) Binding curve of ATOP toward recombinant human EphA2 evaluated by SPR. A value for the dissociation constant KD of 240.5 pMwas calculated using BIAevaluation 4.1

software.

(B) Binding curve of ATOP toward EphA2-expressing A673 cell line evaluated by FACS. The binding data, obtained as MFI, were fitted after being subtracted from the SCR.

A value for the dissociation constant KD of 386.5 nM was calculated with GraphPad Prism 9. Error bars depict ±SD (n = 3).

(C) Aptamer-mediated pull-down. A673 cell lysates (500 ng) were incubated with 200 or 400 nM of APT or control aptamer (SCR), purified on streptavidin beads and im-

munoblotted with anti-EphA2 antibody. Fifty micrograms of total cell extract (input) was loaded as reference. Bands intensities were calculated using Fiji software and fold

change with respect to the SCR control sequence is expressed below the right image. A ponceau of the membrane was performed for loading control (right image).
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We next examined the functional effect of ATOP aptamer internali-
zation on the clonogenicity and migration capability of several tumor
cell lines from different tumor types, including ES, ARMS, or triple-
negative breast cancer (TNBC) that overexpress EphA2 membrane
receptor (Figure S2A). To assess clonogenicity, cells were seeded at
a low density and treated with either ATOP aptamer or SCR control
aptamer starting at 24 h. Cells were treated with aptamer every 3 days
until the formation of clones was observed with the control cells
(approximately 15 days). The ATOP aptamer attenuated clonogenic-
ity potential of the tumor cells at concentrations as low as 100 nM
(Figures 7A and 7B). To assess migration capability, cells were pre-
treated with 250 nM of the ATOP aptamer or the SCR control
aptamer for 6 h before transwell migration assay. The ATOP aptamer
reduced the migratory capacity of tested cells with no effect on the
migratory capacity of the cells treated with the SCR control aptamer
(Figures 7C and 7D).

These results confirm that ATOP is a promising candidate for tar-
geting EphA2 receptor while exerting a therapeutic effect. Given
the reported role of the EphA2 receptor in cancer, the effect induced
by ATOP treatment is likely due to its capacity to internalize in a re-
ceptor-specific manner, thus promoting the receptor degradation
that diminishes the tumorigenicity capacity of the tested cells
(Figure S5).
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In vivo experiments

For the analysis of aptamer biodistribution, a fluorescently labeled
ATOP aptamer and SCR control aptamer bearing a cyanine7 (Cy7)
moiety were used. A single dose of Cy7-ATOP or Cy7-SCR, at a con-
centration of 1.6 mg/kg was injected intravenously (i.v.) via tail vein of
the mice bearing a tumor (A673 cells) of approximately 800 mm3.
Fluorescence of tissues from treated mice was measured at different
time points. At 30 min post-injection, both aptamers were detected
within the abdomens of treated mice. Fluorescence peaked at 1 h
and decreased quickly until 72 h, when a small signal could be de-
tected (Figures 8A and 8C). Fluorescence in the tumor of Cy7-
ATOP aptamer-treated mice could be detected 8 h post-injection,
with the signal increasing until 72 h. In contrast, the Cy7-SCR control
aptamer was not detected in the tumor at any time point. Following
euthanasia at 72 h, fluorescence was detectable in the liver and kid-
neys for both aptamers. Only fluorescence in the tumor was detected
with Cy7-ATOP, while Cy7-SCr yielded no signal in the tumor (Fig-
ure 8B). These results support that the Cy7-ATOP aptamer accumu-
lated specifically in the primary tumor comprised of EphA2-express-
ing A673 cells, while the control aptamer, Cy7-SCR, did not.

Following confirmation that the ATOP aptamer reached the sarcoma
tumor, inhibition of tumor growth or metastasis formation was eval-
uated using a previously described metastatic assay.47 With this



Figure 5. Aptamer serum stability was measured in 50% human serum at

the indicated times

(A) At each time point, RNA-serum samples were collected and evaluated by

electrophoresis in a 15% denaturing polyacrylamide gel. Gel was stained with

ethidium bromide and visualized using a Gel Doc EZ Imager. (B) Bands were

quantified using ImageJ.
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model, luciferin-labeled A637 Ewing sarcoma tumor cells are injected
into the gastrocnemius muscle in athymic immunodeficient mice.
Once the tumor volume exceeds 800 mm3 (�15–20 days after inocu-
lation) the gastrocnemius muscles are surgically resected, and the
occurrence of lung metastasis is observed by in vivo luciferin reading
of the whole mice or ex vivo luciferin detection of the lung. Mice were
treated with the ATOP aptamer or SCR control aptamer at a dose of
1.6 mg/kg via i.v. tail vein injection every third day, from day 1
through day 22. Tumor volumes were smaller in ATOP aptamer-
treated mice compared with SCR aptamer-treated mice. Furthermore,
time to gastrocnemius muscle surgery was significantly extended by
the ATOP aptamer (Figure 8D). Following gastrocnemius muscle
resection, the incidence in lung metastasis was reduced to 22% with
the ATOP aptamer-treatedmice compared with SCR aptamer-treated
mice (Figure 8E). Thus, ATOP aptamer, selected for EphA2 speci-
ficity, effectively inhibited primary tumor growth, delayed time of
surgery, and reduced lung metastasis in athymic mice.

DISCUSSION
In this study we identified an EphA2 20-fluoro-modified pyrimidine
RNA aptamer ATOP that, in an in vivo mouse model of Ewing
sarcoma metastasis, slowed primary tumor growth and reduced the
number of lungmetastases. The ATOP EphA2 aptamer was identified
using an aptamer clustering algorithm to identify a common
sequence-structure motif between two parallel selections: protein
SELEX48 using hEphA2 and cell-internalization SELEX49 using
MDA231 cells that express EphA2. This strategy leverages the
strengths associated with each SELEX process to identify aptamers
that recognize a target protein in its endogenous conformation with
high affinity and offers an alternative to Toggle SELEX, Hybrid
SELEX,50 and Ligand Guided Selection SELEX.51 Conducting the
two SELEX strategies independently of each other and then bio-
informatically comparing them using the clustering algorithm has
two distinct advantages over integrated SELEX strategies such as Tog-
gle SELEX. First, the rigor of a common sequence-structuremotif con-
taining aptamers being enriched for the same target across two dispa-
rate SELEX strategies. Second, conducting two independent SELEX
methods does not require alternating SELEX methods, which may
impart an unintended bias. For example, should a toggle SELEX start
with the protein SELEX first or the cell-internalization SELEX? How-
ever, one distinct disadvantage of our method is that two independent
SELEX processes requires more effort than a single Toggle SELEX.

The ATOP EphA2 aptamer is distinguished from other aptamers that
have been recently described as potential EphA2 targeting moi-
eties.52,53 The latter studies used an unbiased cell-based SELEX pro-
cess that required identification of the target protein after the aptamer
selection using biochemical methods (e.g., protein pull-down fol-
lowed by mass spectrometry). Interestingly, the affinity for these
EphA2 aptamers, A40s and EA-3, does not reach the affinity reached
by the ATOP aptamer. An ELONA assay was used to determine the
KD of the A40s aptamer for recombinant EphA2 (KD = 0.76 ±

0.2641 nM). The EA-3 aptamer KD for recombinant EphA2 was
not reported. Potentially, the higher affinity of the ATOP aptamer
compared with these other EphA2 aptamers for EphA2 may be due
to how we identified ATOP using data from both a protein-based
SELEX and cell-internalization SELEX.

In recent years, accumulated evidence has suggested that EphA2 and
its ligands influence human cancer initiation, tumor growth, and
metastasis. EphA2 overexpression has been shown both at the
mRNA and protein levels in established cell lines and human tumor
tissue specimens. Data from different studies suggest that the re-
ceptor is overexpressed in 61% of glioblastoma multiforme patient
tumors,54 76% of ovarian cancers,1 85% of prostate adenocarci-
nomas,55 and 95% of pancreatic carcinomas.56 In contrast, EphA2
protein expression in normal tissue is typically low, except for tis-
sues that contain a high proportion of dividing epithelial cells,
such as the brain, colon, urinary bladder, uterus, testis, and prostate;
nevertheless, its expression is still lower than in tumor samples.57

Based on these observations, EphA2 is a promising therapeutic
target for cancer treatment. Several targeting regimens, including
antibodies, peptides, small-molecule inhibitors, and ADC, have
shown significant antitumor activities alone or in combination
with other therapies in EphA2-positive cancer models.21 Therefore,
ATOP might represent a great opportunity to target EphA2 to treat
these tumors. Nevertheless, further studies must confirm the ATOP
aptamer specificity for EphA2 including evaluating the affinity for
other members of the ephrin family of receptors. The internalization
capacity of the ATOP aptamer should be further evaluated for
EphA2-expressing cells and confirmation of the antitumorigenic
response we observed with the mouse model of Ewing sarcoma
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 763
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Figure 6. Internalization of the aptamer into cells

(A) Aptamer (ATOP and SCR) internalization into RH4 and A673 was evaluated by qRT-PCR and normalized to an internal RNA reference control for PCR. Efficiency of

internalization shown is relative to the SCR sequence.

(B) Internalization of fluorescent labeled aptamers (ATOP and SCR) into RH4 and A673 was measured by flow cytometry (MFI) and normalized against the SCR sequence.

(C) Discrimination of ATOP internalization between Epha2+ (A673) and EphA2– (RH28) cells was evaluated by flow cytometry (MFI) and normalized against the SCR sequence.

(D) Confirmation of ATOP internalization on A673 was done using confocal laser scanning microscopy. DAPI (cyan), EphA2 (green), and ATOP-Cy5 (red). Data are presented

as means ± SD. Statistical significance was achieved by Student’s t test from at least three different experiments: ****p % 0.0001.
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metastasis. It has been widely described that EphA2 activation upon
ligand binding decreases the oncogenic signaling within tumor cells
and causes its rapid degradation upon internalization.24,58 This
observation is in concordance with our results showing that the
ATOP aptamer can reduce chemotactic cell migration and colony
formation in vitro on several EphA2-positive cell lines. Further-
more, in vivo, we have evidence of ATOP aptamer accumulation
within tumors in vivo that is associated with a reduction in tumor
development and lung dissemination.

Altogether, the potency and selectivity of ATOP suggests an oppor-
tunity to develop a highly potent and safe therapeutic strategy for the
treatment of cancers that overexpress EphA2. In fact, the internali-
zation capabilities of the ATOP aptamer suggest that it may be used
as a delivery vehicle based on existing aptamer conjugate technology
with small interfering RNAs (siRNAs). RNA interference therapeu-
tics represent a fundamentally new avenues to treat human disease
by addressing targets that are otherwise “undruggable.”59 To achieve
764 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
efficient therapeutic posttranscriptional gene-silencing, siRNAs
must be selectively delivered to diseased cells and tissues. This spe-
cific delivery to disease cells is one of the main hurdles for translating
siRNAs for clinical use. An important breakthrough for targeted
siRNA delivery was the use of GalNAc, a carbohydrate moiety that
binds with high affinity to the highly liver-expressed asialoglycopro-
tein receptor 1 (ASGR1, ASPGR) and facilitates the uptake of
antisense oligonucleotides and siRNAs into hepatocytes by endocy-
tosis.60 However, for targeting other tissues than the liver, novel
moieties must be identified, and aptamers are a viable alternative.
From this perspective, aptamer-linked siRNA chimeras are a prom-
ising tool that has been widely explored in the last decade.61 Like-
wise, drug conjugates comprising a tumor-homing carrier tethered
to a cytotoxic agent via a linker that are designed to deliver an ul-
tra-toxic payload directly to the target cancer cells is another prom-
ising use for ATOP. Drug conjugates using antibodies as carriers are
being developed worldwide.62 However, these antibody-drug conju-
gates (ADCs) have encountered several limitations for their use



Figure 7. Functional effect of ATOP on EphA2+ tumor cell lines

(A) Quantification of the colony formation assay. Cells were treated with 100 nM of ATOP or SCR every 72 h for 15 days and their capacity to form clones was evaluated.

(B) Representative images of cells stained with crystal violet.

(C and D) Quantification of the migration assay in Boyden chambers. Cells were treated with 250 nM of ATOP or SCRA for 6 h before being subjected to migrate for 24 h.

Representative images of stained cells that migrated to the other side of the membrane are shown in (D). Data are presented as means ± SD. Statistical significance was

achieved by Student’s t test from at least three different experiments: **p % 0.01, ***p % 0.001, ****p % 0.0001.
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in targeted delivery. Mainly, they are protein based, and thus are
difficult to manufacture, especially in large scale, as the risk of
batch-to-batch variation is high. Secondly, if used long term, there
is the potential of stimulating an anti-drug antibody response to
the drug, inactivating the drug. Therefore, use of ADC is a key mile-
stone. Other delivery systems must be developed to overcome the
aforementioned limitations and, indeed, other classes of drug
conjugates are emerging. A potential alternative may be cell-pene-
trating peptides (CPPs), a diverse class of tailored peptides with
well-developed cell-permeability characteristics. However, CPPs
are not cell-type specific, hampering their clinical use.63

In contrast, aptamers are produced by chemical synthesis, a more reli-
able process of large-scale production. In addition, aptamers are
much less immune-stimulating. Further characterization and under-
standing of the long-term effects of their use is needed, as aptamers
have not been on themarket for long. Finally, aptamers have a smaller
molecular weight (�20,000 vs. �150,000 Da for mAbs) and easily
penetrate tissues, including tumors, when used for therapeutic pur-
poses.38 Moreover, their smaller size may help minimize off-targeted
effects, as the drug that does not reach the target will be quickly
secreted. The superior performance of aptamers over antibodies in tu-
mor penetration has been addressed by Xiang et al.64 Yet, despite the
fact that aptamers can be chemically modified to decrease their sus-
ceptibility to degradation by nucleases and increase their circulating
half-lives, antibodies still present a better stability in circulation and
a lower degradation rate.

Further studies are needed to optimize aptamers before they become a
powerful tool for delivering either RNA therapeutic molecules or
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conjugated standard of care for a more specific and effective treat-
ment. Nevertheless, the therapeutic potential of ATOP alone, com-
bined with the amount of information interlacing EphA2 with cancer
progression, warrants success for this RNA aptamer as an antitumoral
targeted oligonucleotide therapy.
MATERIALS AND METHODS
Cell lines

Cell lines were either donated or acquired: A673 and TC252 (ES) were
gifted fromDr. Heinrich Kovar (St. Anna Children’s Cancer Research
Institute, Vienna, Austria); RH4 (ARMS) was gifted from Dr. Peter
Houghton (The Research Institute at Nationwide Children’s Hospital,
Columbus, OH); RH28 and RMS13 (ARMS) were gifted from
Dr. Beat Schäfer (Department of Oncology and Children’s Research
Center, University Children’s Hospital, Zurich, Switzerland); MDA-
MB-231, HS-578T, and HCC70 (TNBC) were purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). HEK293, hTERT, and MDA-MB-231,
used for the cell-internalization SELEX, were acquired from the
American Type Culture Collection (ATCC, Manassas, VA).

Cells were cultured in RMPI 1640-GlutaMAXmedium supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 1%
(v/v) penicillin/streptomycin and were incubated at 37�C in a humid-
ified atmosphere of 5% CO2 in air. Unless otherwise specified, cell cul-
ture reagents were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA). Exponentially growing cells within two sequential
passages were used for all experiments. Cells were routinely tested
for mycoplasma.
RNA library and primers

For the SELEX procedure, a 20-fluoro-pyrimidine (20-F-Py)-modified
RNA library with a variable region of 30 nucleotides (nt) for the
in vitro SELEX and 20 nt for the cell-internalization SELEX, and
two fixed regions of 16 nt for the amplification reaction, was gener-
ated by in vitro transcription using amutant Y639F T7 RNA polymer-
ase and chemically synthesized DNA templates (IDT). The in vitro
transcription reactions for the library and all subsequent rounds of
SELEX were supplemented with 20-fluoro-modified CTP and UTP
(TriLink BioTechnologies, San Diego, CA) to generate RNAs that
were nuclease resistant.

The forward selection primer sequence was: 5ʹ-TAATACGACTCAC
TATAGGGAGGACGATGCGG-3ʹ; and the reverse selection primer
Figure 8. In vivo assay

Biodistribution of Cy7-ATOP and Cy7-SCR in an orthotopic model of sarcoma tumors.

(A) Real-time biodistribution of Cy7-ATOP and Cy7-SCR in an orthotopic model of sarco

were imaged at different time points using IVIS on lateral view.

(B) Ex vivo imaging of major organs and tumors after euthanasia, 72 h after i.v. aptame

(C) Quantification of abdominal and tumoral radiance efficiency on aptamer-treated mi

(D) Mice free of surgery (Kaplan-Meier plots) of aptamers treatment on tumor-bearing m

(E) Incidence of lung metastasis in aptamer-treated mice (n = 10). *p % 0.01 by Stude
was: 50-TCGGGCGAGTCGTCTG-30. The forward primer contained
a T7 promoter sequence for the in vitro transcription.

In vitro protein SELEX

Iterative rounds of selection were carried out by modifying the previ-
ously described SELEX protocol.40,65

Recombinant human EphA2 (R&D Systems, Minneapolis, MN, cat.
no. 3035-A2) was used as the target protein in the selection step,
whereas recombinant human glyoxalase (R&D Systems, cat. no.
4959-GL) was used as the pre-cleared protein in the counter-selection
step. Recombinant human Her2 (R&D Systems, cat. no. 10126-ER)
was used for specificity checking. All proteins contained a C-terminal
6-histidine tag to allow binding with the cobalt-conjugated magnetic
beads (Dynabeads Talon, cat. no. 101.01D, Invitrogen, Waltham,
MA) that were used to separate aptamer-His-tagged protein
complexes.

Before each cycle, cobalt-conjugated magnetic beads previously
washed with binding buffer (BB; 20 mM HEPES [pH 7.4], 150 mM
NaCl, and 2 mM CaCl2) were incubated in the presence of target or
pre-clear protein at 37�C for 20 min with occasional agitation. Each
round of SELEX was started with a counter-selection step to avoid se-
lecting for aptamers that non-specifically recognize the target protein:
2 nmol of 20-F-Py-RNA was first incubated with the preclear protein
(recombinant human glyoxalase) immobilized on magnetic beads at
37�C for 30 min. Supernatant from this incubation was then trans-
ferred to target protein immobilized on magnetic beads and again
incubated at 37�C for 30 min for the selection step. Unbound
RNAs were removed by washing several times with the binding
buffer, whereas the bound sequences were recovered by total RNA
extraction using the TRIzol Reagent (Invitrogen). Extracted RNAs
were reverse transcribed, PCR-amplified, and the DNA template
was in vitro transcribed to generate the 20-F-Py-RNA that was utilized
in the subsequent round of selection. During the selection process, se-
lective pressure was enhanced progressively by increasing the
numbers and times of washings and by decreasing the concentration
of the target protein used (Table S1).

Cell-internalization SELEX

The selection is a modification of the previously described cell-inter-
nalization SELEX.49,66

Several cell lines expressing low levels of EphA2 (HEK293, hTERT,
and MCF10A) were used in the counter-selection step to maximize
ma tumors at different time points. Representative images of n = 3 are shown. Mice

r injection.

ce.

ice (n = 20). ***p < 0.0001 by Mantel-Cox test.

nt’s t test.
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the negative selection process and augment the potential to identify
an aptamer specific to the EphA2 receptor in the context of the cell
membrane. MDA-MB-231 (EphA2+) was used as the target cell line
for the selection step, as it highly overexpresses the receptor (Fig-
ure S1B). All cell incubations were carried out at 37�C with 5% CO2.

In each round the prepared random 20-F-Py-RNA pool was diluted
in DPBS+/+ buffer (Gibco) supplemented with 100 mg/mL yeast
tRNA (Invitrogen). Two counter-selection steps using two different
EphA2-negative cell lines were performed before the selection step
(Table S2). This was done to avoid selecting RNA sequences that
internalize through other RTKs. The supernatant (containing
RNA aptamers that do not internalize into the non-target cells)
was then transferred to target cells. To remove unbound and sur-
face-bound aptamers, target cells were washed with ice-cold DPBS
adjusted to 0.5M NaCl (high-salt wash) for 5 min, ensuring that
the recovered RNA corresponded to the fraction that was internal-
ized. The extracted RNA was then reverse transcribed into DNA,
PCR amplified, and in vitro transcribed to RNA, then subjected to
the next cycle. To increase the stringency of the selection and pro-
mote a faster enrichment of the 20-F-Py-RNA pool, internalization
times and RNA concentrations were reduced, while the number of
washes was increased.

NGS and aptamer bioinformatics analysis

Aptamer selection round dsDNA was prepared for NGS42,49 by PCR
using primers that contained Illumina adapter sequence and a unique
barcode for each selection round. Amplicons were agarose gel puri-
fied, concentration determined by Qubit, pooled, and quality assessed
by Agilent Bioanalyzer. Pooled amplicons were sequenced using the
Illumina HiSeq platform. Reads were filtered for quality and data
were processed to identify the variable region of the sequenced ap-
tamers and compiled into a single database.42 Aptamers were
analyzed for structure similarity using an unpublished updated
version of an aptamer clustering algorithm (https://github.com/ui-
icts/aptamer) developed by W.H.T.43

SPR measurements

(1) For monitoring of the in vitro selection, SPR measurements were
performed with a BIAcore 3000 (GE Healthcare Life Sciences,
Boston, MA) in BB (20 mM HEPES [pH 7.4], 150 mM NaCl,
and 2 mM CaCl2). The immobilization of histidine-tagged hu-
man EphA2 (56.9 kDa, R&D Systems, no. 3035-A2) on a CM5
sensor chip was performed under standard conditions recom-
mended by the manufacturer (GE BIAcore) and protocols
described previously.67,68 After immobilizing human EphA2
onto CM5 chips (Cytiva, Marlborough, MA), 20-F-Py-RNA
from select rounds of selection were subsequently passed over
the chip. The flow rate was set at 5 mL/min, and the EphA2 ap-
tamers were injected at a concentration of 10 mM over the sensor
chip for 5 min at 37�C (association and dissociation time). After
each run, the surface was regenerated with 50 mM aqueous
NaOH for 5 s at 15 mL/min. To correct for refractive index
changes and instrument noise, the response of the control surface
768 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
data was subtracted from the responses obtained from the reac-
tion surface using GE BIAcore.

(2) For the determination of the dissociation constant of the
selected ATOP aptamer, SPR experiments were carried out at
Aptarion Biotech AG (Berlin, Germany). A BIAcore 2000 in-
strument (GE Healthcare Life Sciences) equipped with a C1
sensor chip (Cytiva) was used. The recombinant human
EphA2 receptor (56.9 kDa, R&D Systems, no. 3035-A2) was
immobilized using amine-coupling chemistry. In brief, after
the chip was equilibrated with 10 mM HEPES and 150 mM
NaCl (pH 7.4), the surfaces of the flow cells were activated
for 10 min with a 1:1 mixture of 0.1 M NHS (N-hydroxysuc-
cinimide) and 0.4 M EDC (3-(N,N-dimethylamino) propyl-N-
ethylcarbodiimide) at a flow rate of 10 mL/min and at a tem-
perature of 37�C. The EphA2 receptor at a concentration of
40–90 nM in 10 mM sodium acetate (pH 4.0) was immobilized
at a density of �200 RU. On a reference flow cell, 600 nM
bovine serum albumin (66.5 kDa) in 10 mM sodium acetate
(pH 5.0), was immobilized at a comparable density. Both
flow cells were blocked with a 7-min injection of 1 M ethanol-
amine (pH 8.0). To collect kinetic binding data, concentrations
series of the aptamers in 20 mM HEPES, 150 mM NaCl, and
2 mM CaCl2 (pH 7.4) supplemented with 0.01% Tween 20,
were injected over the two flow cells at a flow rate of
30 mL/min and at a temperature of 37�C. The complex was al-
lowed to associate and dissociate for 120 and 150 s, respec-
tively. The surfaces were regenerated with 1 M NaCl for 30
s. After subtracting the response of the aptamers on the refer-
ence surface and the response of the buffer itself from the
binding response (double referencing), the resulting binding
curves were fitted to a Langmuir 1:1 stoichiometric binding
model to determine the kinetic constants. Data analysis was
done using the global data analysis option available within
BIAevaluation 4.1 software.

Serum stability

Aptamer was incubated at 4 mM in 50% type AB human serum
(Euroclone, Milano, Italy) for 1 h to 7 days. At each time point,
16 mL (64 pmol RNA) was withdrawn and incubated for 1 h at
37�C with 2 mL of proteinase K solution (600 mAU/mL) (QIAGEN,
Hilden, Germany) to remove serum proteins that may interfere with
electrophoretic migration. Following proteinase K treatment, 18 mL
denaturing RNA dye (Invitrogen) was added to the samples that
were then stored at �80�C. All time point samples were separated
by electrophoresis into 15% denaturing polyacrylamide gel (7 M
urea). The gel was stained with ethidium bromide and visualized
by UV exposure.

Cell-binding and cell-internalization assays

(1) The qRT-PCR method was used. The indicated cells were
plated in a six-well plate at a density of 3 � 105 per well.
Twenty-four hours after plating, cells were washed with
serum-free medium and incubated with 100 mg/mL yeast
tRNA in serum-free medium at 37�C for 15 min (blocking
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step). Aptamers were then added to the cells at a concentration
of 200 nM and incubated for 1 h at 37�C, gently swirling every
30 min. A scramble RNA sequence (SCR) was used as a nega-
tive control. Unbound RNA aptamers were discarded, and cells
were washed first with cold PBS, followed by a short wash with
cold 0.5M NaCl PBS (high-salt wash) and a 5-min wash with
cold PBS 0.5 M NaCl at 4�C. Finally, cells were washed again
with cold PBS before collection.

RNA was recovered by direct lysis using the ML buffer (NucleoSpin
miRNA kit, Macherey-Nagel, Dueren, Germany) spiked with 0.01
pmol of an internal control aptamer called M12-13, which refers to
a generation of aptamers that utilizes a different set of primers for
amplification (Sel1) than those used for EphA aptamer selection
(Sel2). Recovered RNA was quantified by qRT-PCR using the Itaq
Universal Sybr Green One Step Kit (Bio-Rad, Hercules, CA) and a
LightCycler 489 II Thermal Cycler (Roche, Basel, Switzerland). All re-
actions were done in a 10-mL volume in triplicate.

The set of primers used were either the SEL2 set of primers or the
SEL1 set of primers used for amplifying the aptamer reference control
M12-13 (SEL1 FW: GGGGGAATTCTAATACGACTCACTATAGG
GAGAGAGGAAGAGGGATGGG, SEL1 RV: GGGGGGATCCAG
TACTATCGACCTCTGGGTTATG; SEL2 FW: TAATACGACTCA
CTATAGGGAGGACGATGCGG, SEL2 RV: TCGGGCGAGTCGT
CTG), or the SCR set of primers used to amplify the scramble
sequence (SCR FW: ACCGAAAAAGACCTGGC, SCR RV: GGAAC
GTAGACTTAGTATAG).

Samples were normalized toM12-23, as well as the PCR amplification
efficiency of each aptamer relative to SCR aptamer. Fold change was
obtained by applying the DDCT mathematical model from Pfaffl.69

Sequences of the M12-23 aptamer used for normalization as well as
the SCR and ATOP are shown in Table S3.

(2) Flow cytometry was used for selected sequences synthesized with
a 50-Cyan5 moiety (BioSpring, Frankfurt, Germany). For the
binding assay performed to calculate the de-dissociation constant
(KD), resuspended cells (A673) were washed with BB (DPBS+/+
containing 100 mg/mL yeast tRNA and 100 mg/mL BSA) and
counted. A total of 300,000 cells per point were incubated with
the oligo sequence (ATOP or SCR) at a concentration ranging
from 10 nM to 2 mM in 500 mL for 30 min at 37�C under mild
agitation. Cells were washed twice, and bound aptamers were
analyzed using a Gallios flow cytometer and Kaluza Analysis
2.1 software (Beckman Coulter, Brea, CA). Raw data can be found
in Table S4. The fitting curve, in which the binding values in
terms of MFI are plotted against the increasing concentration
of radioligand, was designed using GraphPad Prism 7 after sub-
traction from the blank (MFI values of the SCR aptamer). The
equilibrium binding constant was then calculated as the aptamer
concentration needed to achieve a half-maximum binding at
equilibrium [Y = Bmax � X/(Kd + X)].
For the internalization assay, 300,000 cells/well were seeded in a 6-well
plate. Twenty-four hours after plating, cells were washed with serum-
freemedium and incubated with 100 mg/mL yeast tRNA in serum-free
medium at 37�C for 15min (blocking step). Cells were then incubated
with the oligonucleotides for 2 h at 37�C.Unbound and surface-bound
aptamers were removed by washing the cells twice with cold 0.5 M
NaCl PBS (high-salt wash) before collection using trypsin. The inter-
nalized fraction was analyzed again using aGallios flow cytometer and
Kaluza Analysis 2.1 software (Beckman Coulter).

(3) Fluorescence microscopy: functionalization of the aptamer
sequence with a Cy5 moiety was used to check for its localization
within cells using a confocal microscope. Cells (A673) were plated
on round coverslips (24-well plate) at a density of 75,000 cells per
condition. The next day, medium was removed and cells were
washed with incubation buffer serum-free medium containing
yeast tRNA (100mg/mL) at a concentration of 100mg/mL to avoid
non-specific binding. Aptamer was then added at a concentration
of 400 nM and incubated for 6 h to allow for internalization before
permeabilization and primary antibody incubation. Following the
6-h incubation period, cells were washedwith PBS, fixedwith cold
PFA at 4% for 20 min at room temperature and washed again.
Cells were then permeabilized, blocked, and incubated with the
primary antibody overnight at 4�C. The next day, cells were
washed, incubated with the secondary antibody, and finally
mounted using ProlongGold antifade reagentwithDAPI (Invitro-
gen, no. P36935). Cells were visualized at 60� using a Zeiss LSM
900 with an Airyscan 2 microscope (Zeiss, Oberkochen, Ger-
many). Images were analyzed using Apeer software (Zeiss).
Western blot analysis

Cells were lysed with radioimmunoprecipitation assay buffer (RIPA
buffer, Thermo Scientific) containing protease inhibitors (Complete
Mini Protease Inhibitor Cocktail Tablets, Roche) and phosphatase in-
hibitors (PhosStop, Phosphatase Inhibitor Cocktail Tablets, Roche)
by incubation for 30 min on ice. Samples were centrifuged at
13,000 � g, at 4�C, for 20 min and the protein content of the super-
natants was determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific).

Lysate aliquots (R40 mg) were resolved by 8%, 10%, 12%, or 15%
SDS-PAGE (depending on protein molecular weight) and transferred
to 0.2-mm pore nitrocellulose membranes (Bio-Rad). After blocking
in a solution of 5% non-fat milk in 0.1% Tween PBS (PBS-T) at
room temperature for 1 h, membranes were incubated overnight at
4�C with the primary antibody: EphA2 (Cell Signaling, no. 6997,
Danvers, MA), phospho-EphA2 (Ser897) (Cell Signaling, no. 6347),
p44/42 MAPK (Erk1/2) (Cell Signaling, no. 4695), Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling, no. 4376), or
a-tubulin (Sigma-Aldrich, no. T6199, St. Louis, MI). Blots were
then incubated at room temperature for 1 h with a horseradish perox-
idase-conjugated secondary antibody (1:2,000) and the peroxidase ac-
tivity was detected by enhanced chemiluminescence (ECL WB
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substrate, Thermo Scientific), following the manufacturer’s instruc-
tions, in an Amersham Imager 600 (GE Healthcare). Immunodetec-
tion of b- and a-tubulin was used as a loading reference.

Pull-down assay

EphA2-expressing cells were cultured until confluence and collected.
After washing with PBS, cell pellets were lysed directly using a cytoplas-
matic extraction buffer (10 mM HEPES [pH 7.6], 60 mM KCl, 1 mM
EDTA, 0.075% [v/v] NP40, 1 mMDTT, and protease/phosphatase in-
hibitors) and vortexed. The lysates (supernatant) were then collected
after 5 min incubation on ice followed by a 5-min centrifugation at
1,500 rpm (cold centrifuge, 4�C). Protein concentrationwas quantified,
and 500mg of cell extracts incubatedwith 200 or 400 nMof biotinylated
EphA2 aptamer or biotinylated scrambled aptamer in the presence of a
non-specific competitor (yeast tRNA) at a final concentration of
100 mg/mL in a total volume of 500 mL (diluted in lysis buffer).

After 30 min incubation at room temperature on a rotating track, cell
extracts were incubated for another 30 min in the presence of 50 mL of
Dynabeads MyOne Streptavidin C1 (Invitrogen), previously washed
twice with water and once in lysis buffer.

After incubation the supernatant was discarded and the beads were
washed three times (5 min each wash) with lysis buffer. Bound pro-
teins were eluted and denatured by adding 30 mL Laemmli buffer
3� (Bio-Rad) and heating at 100�C for 10 min. After 10 min centrifu-
gation at 13,200 rpm, recovered proteins were subjected to SDS-PAGE
(10%) western blot, with the input being represented by 10 mg of the
whole-cell extract. Proteins were separated by electrophoresis and
then blotted with anti EphA2 primary antibody (Cell Signaling).

Colony formation assay

A low number of cells (250 or 500 per well depending on the cell line)
were plated in a 12-well plate and kept at 37�Cwith 5%CO2. Aptamer
treatment was performed at a concentration of 100 nM every 72 h
starting 24 h after seeding. When colonies reached saturation
(�14 days after seeding), colonies were fixed with cold MetOH for
10 min and stained with crystal violet (Sigma-Aldrich) for 20 min. Af-
ter washing and drying, images were taken and cells were bleached
with 10% glacial acetic acid for 30 min to measure optical density
of the solution at 570 nm using a Biotek PowerWave XS Microplate
Reader (Marshal Scientific, Hampton, NH).

Migration assay

Migration was carried out following the Boyden chamber principle.
Cellswere pre-treated for 6 hwith 250 nMof eitherATOPor SCR.Cells
were then trypsinized, resuspended in RPMI serum-free medium, and
counted.Cells (150,000) in 150mL serum-freemediumwere thenplated
into the upper side of a 24-well Transwell Permeable Support (Cultek,
Madrid, Spain). FBSmedium (10%) was placed on the lower side of the
chamber and served as the chemoattractant for inducing migration.
The same concentration of oligo was maintained in both sides of the
chamber. Cells were incubated for 24 h. Cells that had migrated to
the other side of the membrane were fixed with ethanol (EtOH) 70%
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and stained with crystal violet. Images of the membrane were taken us-
ing an Eclipse 80i (Nikon,Melville, NY)microscope. The percentage of
migrated cells was evaluated by eluting crystal violet with 10% glacial
acetic acid and reading the absorbance at 570 nm wavelength.

In vivo assay

(1) Aptamer treatment in an in vivo orthotopic mouse model: animal
models for tumor growth or metastatic detection were performed
as described by López-Alemany andTirado.47Athymic nudemice
were used (Hsd:Athymic Mide-Foxn1nu, Envigo, Indianapolis,
IN). In brief, 1 � 106 A673 luciferin-labeled cells were resus-
pended in 0.1 mL PBS and injected into the gastrocnemius mus-
cles of 6-week-old female mice. Mice were randomized into two
groups (each n= 20) andwere treated by i.v. injection of aptamers,
ATOP or SCR, 20 nmol/mice (1.6 mg/kg) after cell inoculation
every 3 days from day 1 until day 22. The growth of primary tu-
mors was monitored by periodic measurements of the limb using
a caliper. Tumor volume was calculated according to the formula
(L� l2/2), where L is the longer diameter and l the shorter diam-
eter. The inoculated animalsweremonitored in vivo everyweek by
bioluminescence imaging. Anesthetized mice were injected intra-
peritoneally with D-luciferin (150 mg/kg, Caliper Life Science,
Hopkinton, M) and imaged with 1-min acquisition times using
an IVIS Luminar XR System Apparatus (Perkin Elmer, Waltham,
MA). Once primary tumor-bearing limbs reached a critical vol-
ume (800 mm3), 15–20 days after inoculation, gastrocnemius
muscles were surgically resected. Mice were maintained anesthe-
tized with a 2% isoflurane/5% O2 mixture during all surgical pro-
cedures in an anesthesia apparatus (Vet-Tecnic, Barcelona,
Spain). Injuries were sealed using a TB10 silk suture (B. Braun,
Germany). After surgery, the formation of lung metastases was
monitored by weekly in vivo IVIS readings. At the endpoint of
the experiment, mice were euthanized, lungs were harvested,
and an ex vivo IVIS reading was performed. Primary tumors
and lungs were fixed in 4% buffered paraformaldehyde for histo-
pathological analysis. Mice were cared for according to the Insti-
tutional Guidelines for the Care and Use of Laboratory Animals.
Ethics approval was provided by Catalan Government Animal
Care Committee (permit no. 9745).

(2) Aptamer biodistribution: mice were injected with 5 � 105 A673
luciferin-labeled cells as described above. Tumor growth was
monitored and, when the tumor-bearing limb reached a critical
volume (800 mm3), mice were randomly divided into two groups
and treated with a single i.v. injection of fluorescent-labeled ap-
tamers with cyanine 7 (Cy7): Cy7-ATOP or Cy7-SCR at a con-
centration of 1.6 mg/kg. Fluorescence of in vivo whole mice
was read at 30 min, and at 1, 2, 8, 24, and 78 h, using IVIS (l exci-
tation = 740 nm and l emission = 800 nm). After 72 h of aptamer
injection, mice were euthanized and ex vivo fluorescence in tu-
mor, heart, liver, kidneys, and spleen was measured.
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