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Despite the benefits associated with radiotherapy and chemo-
therapy for glioblastoma (GBM) treatment, most patients expe-
rience a relapse following initial therapy. Recurrent or progres-
sive GBM usually does not respond anymore to standard
therapy, and this is associated with poor patient outcome.
GBM stem cells (GSCs) are a subset of cells resistant to radio-
therapy and chemotherapy and play a role in tumor recurrence.
The targeting of GSCs and the identification of novel markers
are crucial issues in the development of innovative strategies
for GBM eradication. By differential cell SELEX (systematic
evolution of ligands by exponential enrichment), we have
recently described two RNA aptamers, that is, the 40L sequence
and its truncated form A40s, able to bind the cell surface of hu-
man GSCs. Both aptamers were selective for stem-like growing
GBM cells and are rapidly internalized into target cells. In this
study, we demonstrate that their binding to cells is mediated by
direct recognition of the ephrin type-A receptor 2 (EphA2).
Functionally, the two aptamers were able to inhibit cell growth,
stemness, and migration of GSCs. Furthermore, A40s was able
to cross the blood-brain barrier (BBB) and was stable in serum
in in vitro experiments. These results suggest that 40L and A40s
represent innovative potential therapeutic tools for GBM.

INTRODUCTION
Among the malignancies of the brain, glioblastoma (GBM) has the
worst prognosis, with a median survival of 15 months.1 The disease
relapse rate is very high. Very often the disease rapidly evolves and
patients succumb in a few months. The current state of care for pa-
tients suffering of GBM is surgical resection, when possible, followed
by temozolomide (TMZ) chemotherapy combined with radiotherapy.
However, in patients undergoing relapse the standard therapy has
minimal benefits.1 The improvement in omics approaches to GBM
has led to the identification of specific molecular markers able to
stratify patient subgroups and to better improve GBM treatment
and survival prediction. The genetic loss of chromosomes 1p/19q is
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predictive of an increase in sensitivity to both radiotherapy and
chemotherapy.2 The presence of mutations of IDH1 or IDH2 genes
is indicative of an evolution of the GBM from a low-grade glioma,
and usually their presence is associated with a more favorable prog-
nosis, whereas the overexpression of epidermal growth factor recep-
tor (EGFR) variant III is usually associated with a worse prognosis.
Methylation of the O-6-methylguanine-DNA methyltransferase
(MGMT) gene promoter is usually associated with a better response
to TMZ treatment and it characterizes a subpopulation with a better
prognosis. Identification of new biomarkers is needed for a better sub-
stratification of patients and to adopt new therapeutic strategies.3

GBM stem cells (GSCs) are a heterogeneous subpopulation of cells
characterized by an increased resistance to conventional GBM thera-
pies and could cause tumor relapse. Therefore, identification and
eradication of GSCs are an important challenge to treat GBM.4,5

Within key molecules in GBM development are the Eph (erythropoi-
etin-producing hepatocellular carcinoma) receptors family members.
These receptors are mainly expressed in early development and are
crucial for embryonic development, regulating processes such as
cell migration and adhesion.6 Expression of Eph receptors that is
very low in adult and differentiated tissues becomes upregulated in
a number of human malignancies such as melanoma and breast,
lung, and ovarian cancer, as well as glioma.7,8 In these malignancies,
contrary to an Eph receptor, the endogenous ligand ephrin appears
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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downregulated.9 In GBM, Eph receptor A2 (EphA2) has been pro-
posed as a novel molecular marker and therapeutic target since it is
strongly overexpressed in GBM cells but not in normal brain.10,11

The overexpression of EphA2 correlates with poor patient outcome,
and it is essential in the maintenance of the pool of GSCs, promoting
their invasiveness in vivo.12 EphA2 overexpression promotes GSC
tumorigenesis in GBM, and its blockage strongly induces a tumor-
suppressive phenotype.13 Moreover, EphA2 is co-expressed with
other stem cell markers such as CD133 and integrin alpha 7.13,14

Aptamers are short sequences of single-stranded oligonucleotides
generated by a SELEX (systematic evolution of ligands by exponential
enrichment) approach; they bind to molecular targets in the same
fashion as antibodies.15 Due to their intrinsic properties, such as selec-
tivity, easy modification, low immunogenicity, and high affinity for
their targets, they appear to be an ideal novel therapeutic agent for
GBM treatment to improve the standard of care.

In this study we characterized biological functions of the 20-fluoropyr-
imidine-containing RNA aptamer 40L and its truncated form A40s,
recently identified by our group.16 These two aptamers (long and
short) are able to specifically recognize GSCs and to discriminate
them from differentiated cells. Both aptamers appear to be function-
ally active on GSCs, inhibiting stem properties, growth, and migra-
tion. We characterized 40L and A40s as a high-affinity ligand for
EphA2, which is overexpressed by a subset of GSCs grown as
tumorspheres.
RESULTS
Functional Effects of Aptamers

To determine the functional effects of aptamers on GSC growth, we
used primary stem cells derived from GBM patients. We first per-
formed a limiting dilution assay (LDA) on GSC#83 upon treatment
with the 40L aptamer. Data were analyzed using ELDA (extreme
limiting dilution analysis) software.17 Cells treated with 40L for
2 weeks showed an approximately 50% reduction in the estimated
stem cell frequency compared to the starting pool of the aptamer se-
lection G0, used as a control (Figure 1A). Furthermore, as determined
by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, 40L inhibited cell viability by about 50% after 6 days
of treatment (Figure 1B). We also assessed stem cell/differentiation
marker expressions on 40L incubation on GSC#83 and GSC#1. We
found that 400 nM of 40L induced downregulation of the stem cell-
specific transcriptional factor Nanog and upregulation of the astro-
cyte differentiation marker glial fibrillary acidic protein (GFAP) (Fig-
ure 1C). We then compared the effects of 40L on GSC#1 and GSC#83
on cell migration. We found that 40L interfered with the ability of
both cell lines to migrate (Figure 1D).

Next, we tested whether the truncated aptamer preserves the func-
tional properties of the long sequence, evaluating the efficacy of
A40s to reduce colony formation with a LDA. We found that
similar to the long aptamer, A40s reduced stem cell frequency about
40%–50% in GSCs of several patients (#1, #83, #74, and #163) (Fig-
ures 2A–2D).

We also assessed stem cell/differentiation marker expression on A40s
incubation. A40s is able to affect stemness, inducing downregulation
of stem cell markers such as Nestin, Oct4, CD133, Nanog, and Olig2
as detected by qRT-PCR, immunofluorescence, or western blot anal-
ysis (Figures 2E–2H). Furthermore, A40s treatment increases the dif-
ferentiation marker GFAP (Figures 2F and 2H), indicating that the
active functional site of 40L is preserved in the shorter A40s aptamer.

Moreover, as for the long aptamer, A40s demonstrated reductions in
both GSC viability and migration (Figures S1A and S1B). Conversely,
no functional effect was detected on differentiated cells. In fact, as
shown in Figures S1C and S1D, no change was observed in viability
and migratory ability upon A40s treatment in differentiated cells.
Taken together, these results indicate that once bound to GSCs, 40L
and A40s elicit an intrinsic biological activity that is expressed by a
strong reduction of stemness characteristics, suggesting that these ap-
tamers could be used to target stem cell phenotypes.

EphA2 Is an A40s and 40L Target

In order to identify a 40L and A40s aptamer target, we first performed
a receptor tyrosine kinase (RTK) proteome profile array.18 After incu-
bation of GSC#1 with 40L or G0, the phosphorylation of EphA2 was
mainly impaired in 40L-treated cells compared to G0 (Figure 3A).
Then, we performed a protein pull-down experiment incubating
the protein extract of GSC#1 and GSC#83 with biotinylated A40s
and scrambled control. Eluted proteins were analyzed by mass spec-
trometry (MS). Among the identified proteins, in both groups we
restricted the analysis for proteins whose expression was annotated
for cellular component as “membrane” and “cell surface” with a false
discovery rate (FDR) q-value <0.003. Eight proteins were shared be-
tween the two analyzed samples (GSC#1 and GSC#83), and among
them EphA2 was the only one with a clear cell component annotation
of cell surface, further indicating EphA2 as a candidate target for A40s
(Figure 3B). Notably, we found that EphA2 expression levels correlate
with the A40s aptamer GSC binding profile reported previously.16

Indeed, EphA2 was overexpressed in GSC#1, GSC#83, GSC#74,
and GSC#163 spheres compared to the differentiated counterpart,
and it was present at higher levels in the two cell lines used for the ap-
tamer cell SELEX16 (Figure 3C). Moreover, as shown in Figure 3D,
EphA2 is overexpressed in U251-derived stem-like cells compared
to U87MG-derived stem-like cells in which EphA2 is absent. Indeed,
A40s selectively binds U251-derived stem-like cells but not U87MG-
derived stem-like cells, as previously demonstrated.16

To establish the specific interaction of A40s with EphA2, aptamer
pull-down proteins were analyzed by western blot with anti-EphA2
antibodies. Results confirmed A40s binding to EphA2 (Figure 4A).
Furthermore, overexpression of EphA2 made the differentiated
U87MG cells able to be bound by A40s (Figure 4B). By using
enzyme-linked oligonucleotide assays (ELONAs)19 with the recombi-
nant protein, we further proved the direct interaction between the
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 177
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Figure 1. Functional Activity of 40L

(A) 20 wells per dose of cells were treated with the aptamer, and limiting dilution analysis (LDA) was performed. Confidence intervals for stem cell frequency are shown.

Estimates of stem cell frequency are reported in the graph; bars indicate lower and upper confidence intervals for stem cell frequency as calculated by ELDA software.

(B) Stem cells were incubated with 400 nM of 40L and cell viability was evaluated by an MTT assay after 6 days of treatment. Results are presented as mean ± SD of three

independent experiments. (C) Quantitative real-time PCR was performed to analyze GFAP and Nanog levels in GSCs#1 or GSCs#83 upon 2 weeks of treatment with 40L at

400 nM. Representative experiments are shown and results are expressed relative to the background binding, detected with the starting pool of sequences used for se-

lection. (D) Overnight cell migration was analyzed by a transwell migration assay upon 72 h of treatment with 400 nM of 40L aptamer. A representative experiment is shown.

Vertical bars indicate standard deviation values. **p % 0.01, ****p % 0.0001.
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A40s aptamer and EphA2 as a specific target (Figure 4C). Finally, by
using ELONAs we also determined the apparent dissociation con-
stant (KD) of A40s for the recombinant EphA2 (KD of 0.76 ±
178 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
0.2641 nM) (Figure 4D). Collectively, these data indicate that A40s
targets at high affinity and specificity the EphA2 expressed on the
cell surface of GSCs.



(legend on next page)
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Serum Stability and In Vivo Functional Aspects of A40s

An important feature for clinical translation of new therapeutics is
in vivo stability. Therefore, we evaluated the stability of A40s, incu-
bating the aptamer in human serum for up to 1 week. Serum RNA ap-
tamer samples were recovered at different time points and analyzed
through 15% polyacrylamide/urea (7 M) denaturing gel (Figure 5A).
The aptamer was found to have good stability; it is gradually degraded,
but at least the 45%of the sequence remains stable in 90%serum for 8 h.

Moreover, in order to evaluate the aptamer use in vivo for future
applicability of this molecule, we investigated the capability of A40s
to cross a healthy blood-brain barrier (BBB) after systemic injection.
A40s proved to be able to reach the brain and to be present until 1 h
upon its systemic injection (Figure 5B). As a result, our in vivo and
in vitro data altogether demonstrate that A40s is able to reach the tu-
mor, overcoming the BBB when systemically injected.
DISCUSSION
The presence of GSCs within GBM represents a major impairment for
the treatment of this tumor. It is well established that GSCs are usually
more resistant to conventional therapy and give rise to recurrence and
more aggressive tumors.4,5 Therefore, their targeting is an important
goal for cancer therapy. The use of specific “bullets” targeting the
GSCs in combination with conventional therapy for the differentiated
population could represent a more effective approach to treat GBM,
ameliorate the patient’s condition, andprolong survival by reducing tu-
mor recurrences. Several proteins have been shown to be overexpressed
inGBMand in particular in theGSC population. Among them, EphA2
and EphA3 are the most investigated, showing a role in self-renewal of
the GSCs compartment and blocking their differentiation.20

In this study, we demonstrated that A40s targets specifically EphA2
both as a recombinant protein and when expressed on the cell surface
of the stem-like population of GBM. Indeed, EphA2 is a transmem-
brane receptor tysosine kinase overexpressed in stem-like cells and is
required for self-renewal and GBM tumor propagation.13 We showed
that EphA2 expression was restricted to GSCs, indicating that EphA2
may represent a good candidate to discriminate between GSCs and
differentiated cells. Other investigation14 has also reported this same
observation on EphA2 expression and its inverse correlation with cell
differentiation, supporting our idea that EphA2 is amarker for discrim-
inating between GSCs and differentiated cells. Moreover, EphA2
knockdown has been demonstrated to suppress both self-renewal
and tumorigenicity, and several intracellular pathways such as AKT,
JNK, and mTORC1 have been reported to crosstalk with EphA2
Figure 2. A40s Effects on GSC Stemness

(A–D) LDA was performed using ELDA (A, #1; B, #83; C, #74; D, #163). Confidence inter

the graph; bars indicate lower and upper confidence intervals for stem cell frequency, as

after treating the cells for 2weekswith 400 nMA40s sequences or negative control. (E an

GSCs #1 (E) and #83 (F). Representative experiments are shown, and results are express

*p% 0.05, **p% 0.01. (G) Confocal microscopic images display CD133 (red), Nestin (re

and pink arrows indicate cell surface localization of EphA2. (H) Western blots show down

respectively.
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signaling, regulating the GSC proprieties.7 In its mechanisms of action,
the A40s aptamer could induce an internalization of the EphA2 recep-
tor, decreasing the amount of the receptor on the cellular surface, or it
could impair the activation of the intracellular crosstalk responsible of
the maintenance of GSCs.

EphA2 has been reported as a promising therapeutic and molecular
target for GBM diagnosis and therapy.21,22 Indeed, we showed that
upon binding to EphA2, the A40s aptamer downregulated self-
renewal and the expression of the stem-like phenotype, reducing
the cell viability of GSCs. The ability of A40s to bind and specifically
recognize EphA2 highlights this aptamer as a great candidate for se-
lective inhibition and targeting of GSCs.

Ourfinding strongly enlarges the possibility of using theA40s as a novel
targeting molecule for EphA2. To our knowledge, our aptamer is the
first example of a novel molecule able to recognize and inhibit specif-
ically EphA2 and, through this, to impair GSC expansion in GBM tu-
mor. Different strategies are under investigation in order to block its
signaling13 or to develop novel immunotherapeutic vaccines.23 For
example, GLPG1790 is a small inhibitor molecule shown to inhibit
various Eph receptor kinases, resulting in reducing tumor growth and
stem cell populations.24 In fact, in a preclinical model it was shown to
stop EphA2 receptor signaling, mimicking the ephrin A1-mediated
phosphorylation.25 However, GLPG1790 lacks specificity, since it
shows an inhibitory activity also on othermembers of the Eph receptor
family such as EphA3 and EphB4.24 Another pan-inhibitor of the Eph
receptor family, UniPR1331, was also shown in a xenograft model to
inhibit GBM angiogenesis and vasculogenesis through EphA2
blockage.26 Amore specific approach targeting indirectly EphA2-over-
expressingGSCpopulationswas done byArnold et al.27 who developed
an antibody against CD44, conjugated with an antisense oligonucleo-
tide against EphA2 mRNA, able to be internalized in GSC populations
and to reduce EphA2 expression. Highlighting the importance of
EphA2 targeting, several attempts have also been done in the reeduca-
tion of the immune system with a generation of panel of chimeric an-
tigen receptor (CAR)-T cells for EphA2 as a novel GBM immuno-
therapy strategy.28 As we have previously reported, A40s is able to
serve as a targetingmoiety for therapeutic small interfering RNAs (siR-
NAs)/microRNAs (miRNAs),29 thus combining the intrinsic inhibitory
potential of EphA2 intracellular signaling to the selective silencing of
GBM tumor targets as STAT3 and miR-10b.30,31

An important limit for the development of therapeutic strategy
for GBM is the passage of the molecules through the BBB.
vals for stem cell frequency are shown. Estimates stem cell frequency are reported in

calculated by ELDA software. (E–H) Changes in GSCmarker expression are shown

d F) Quantitative real-time PCRwas performed to analyze stemnessmarkers levels in

ed in relationship to the background effect detected by using a scrambled sequence.

d), and EphA2 (green) staining in GSCs. Yellow arrows show CD133-negative cells,

regulation and upregulation of principal GBM stemness and differentiation markers,



Figure 3. EphA2 Is the Target of 40L and A40s

(A) Reduction of EphA2 phosphorylation is shown through a receptor tyrosine kinase (RTK) proteome profile array after treating GSCs with 40L or G0. For control, reference

spots of each array are shown. (B) A protein pull-down protocol is optimized for detection of A40s-binding proteins in GSC#1 and GSC#83. Eluted proteins were analyzed by

mass spectrometry, and the most significant common membrane proteins are shown in the table. (C) EphA2 levels in several stem cells are compared to a differentiated

counterpart. (D) The EphA2 level is shown in U251 derived stem-like cells, U87MG derived stem-like cells, and differentiated cells.
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Even if only molecules smaller than 400 Da and lipophilic are
considered able to cross the BBB,32 recent evidence supports
the ability of aptamers to overcome the BBB;31,33 in fact, recep-
tor- and/or channel-mediated endocytosis, fluid-phase pinocy-
tosis, and transcytosis could be implicated in BBB permeability
to aptamers.34 In this study, we demonstrated that A40s was
able to reach the brain in healthy mice. Moreover, previously
we have demonstrated that A40s and CD133 were co-stained
in sections from human brain tumor, indicating that A40s local-
izes in human brain cancer stem cells.

As a result, our in vivo and in vitro data indicate that not
only A40s can be stable in human serum, allowing systemic
administration, but it is also able to reach the brain, where it
can potentially give this anti-tumoral effect by targeting GSCs,
halting tumor growth, and reducing tumor relapse. Taken
together, these data suggest that A40s is a good candidate to selec-
tively target EphA2 on GSCs and show potential applicability as a
therapeutic tool to block a GSC population and thus GBM
recurrence.

MATERIALS AND METHODS
Patient-Derived Tumor Stem Cells and Continuous Cell Lines

GBM tissue-derived stem cells were obtained from the Institute of
Neurosurgery,35,36 School of Medicine, Università Cattolica, Rome,
Italy, as indicated previously.16 U251MG and U87MG cell lines
were from ATCC and were cultured in DMEM (Sigma-Aldrich,
Milan, Italy) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic and antimicotic (Thermo Fisher Scientific,
Milan, Italy)
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 181

http://www.moleculartherapy.org


Figure 4. A40s Binds EphA2 with High Affinity

(A) Pull-down EphA2 expression is analyzed by SDS-PAGE.

(B) EphA2 overexpression in differentiated U87MG cells

results in increasing A40s binding ability. (C) ELONA is used

to prove A40s binding to recombinant human EphA2 and

(D) to calculate KD of the A40s-EphA2 complex. Vertical

bars indicate standard deviation values.
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Western Blot Analysis

Western blot analysis was performed as described previously.37 Band
intensity quantification was performed using ImageJ software.38 Pri-
mary antibodies were as follows: anti-b3-tubulin, anti-Sox2, anti-
Nestin, anti-EphA2, anti-GFAP, anti-Nanog, anti-OLIG2 (Santa
Cruz Biotechnology, MA, USA), anti-b actin (Sigma-Aldrich), and
anti-CD133 (Proteintech, Manchester, UK). Secondary antibodies
were goat anti-rabbit and anti-mouse immunoglobulin G (IgG)
(from Santa Cruz Biotechnology).

RNA Extraction and Quantitative Real-Time PCR

Total RNAs (miRNAs and mRNAs) were extracted using EuroGold
TriFast (EuroClone, Milan, Italy) according to the manufacturer’s
protocol. All RNAs were reverse transcribed as described previ-
ously.39 To amplify genes of interest we used the following primers:
b-actin forward, 50-TGCGTGACATTAAGGAGAAG-30, reverse,
50-GCTCGTAGCTCTTCTCCA-30; NANOG forward, 50-CAAAG
GCAAACAACCCACTT-30, reverse, 50-TCTGGAACCAGGTCTTC
ACC-30; GFAP forward, 50-CTGCGGCTCGATCAACTCA-30,
reverse, 50-TCCAGCGACTCAATCTTCCTC-30; OCT4 forward, 50-
CGAAAGAGAAAGCGAACCAG-30, reverse, 50-GCCGGTTACA
GAACCACACT-30; Nestin forward, 50-ACCTCAAGATGTCCCT
CAGC-30, reverse, 50-ACAGGTGTCTCAAGGGTAGC-30.

Immunofluorescence Analysis

Mechanically disaggregated stem cells were forced to adhere on poly-
lysine-coated glass coverslips for 15 min, or, alternatively, differenti-
ated cells were directly seeded on coverslips after treating them for
2 weeks with 200 nM A40s or scrambled sequence. Fixed cells with
4% paraformaldehyde were permeabilized with PBS/0.5% Triton
X-100 for 15 min at room temperature. Thereafter, they were blocked
182 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
in PBS/1% BSA for 30 min at room temperature,
and, after two washes with PBS, incubated with
phycoerythrin (PE) mouse anti-human anti-
CD133 (BD Biosciences), mouse anti-Nestin,
and rabbit anti-EphA2 (Santa Cruz Biotech-
nology) diluted in PBS/1% BSA for 1 h at 37�C.
Anti-Nestin and anti-EphA2 coverslips were
treated with allophycocyanin (APC) goat anti-
mouse Ig and fluorescein isothiocyanate (FITC)
goat anti-rabbit IgG (BD Biosciences), respec-
tively, for 30min at 37�C. Coverslips were washed
three times with PBS, mounted with Gold anti-
fade reagent with DAPI (Thermo Fisher Scienti-
fic), and the cells were visualized by confocal
microscopy (LSM 700, Zeiss, Milan, Italy). Images were captured at
the same settings, enabling direct comparison of staining patterns.

Proteome Profiler Array

A human phosphorylated (phospho-)receptor tyrosine kinase (RTK)
array kit (R&D Systems) was used according to the manufacturer’s
protocol. GSC#1 (45 � 104) cells were treated with 400 nM 40 L or
with the negative control G0 for 3 h at 37�C and then incubated
with 20% FBS for 20 min at 37�C. Cells were harvested and lysed,
and 75 mg of proteins was incubated with the human phospho-RTK
array (R&D Systems). Finally, EphA2 phosphorylation spots were
evaluated by aligning them with the pairs of reference spots.

In Vitro Limiting Dilution Assay

The assaywas performed as previously described byAdamoet al.40 1, 5,
or 10 cells per well were seeded in stem cell medium onto a 96-well
plate. Two weeks after seeding, the number of wells containing spher-
oids for each cell plating density was counted, and extreme limiting
dilution analysis was performed using software available at http://
bioinf.wehi.edu.au/software/. For clear and unambiguous understand-
ing, the reciprocal of 95% confidence intervals for 1/(stem cell fre-
quency) generated by ELDA software was calculated and is shown in
the corresponding graph. Given the long period of treatment, aptamers
were renewed in wells twice a week at a concentration of 100 nM.

Aptamer-Based Pull-Down Assay

Protein identification was performed with an adapted protocol
described previously by Berezovski et al.41 To isolate protein targets,
6 million GSCs (#1 and #83) were lysed with sodium deoxycholate
(Sigma-Aldrich) at 0.1% (w/v) in 10 mM PBS with Ca2+, Mg2+

(Sigma-Aldrich) and incubated with a biotinylated-scrambled

http://bioinf.wehi.edu.au/software/
http://bioinf.wehi.edu.au/software/


Figure 5. A40s In Vivo Distribution

(A) Time course analyzed through denaturing poly-

acrylamide gel electrophoresis illustrates A40s stability in

90% human serum at 37�C. (B) Biotinylated A40s in

mice brain were quantified 30 min and 1 h after aptamer

intracardiac injection in left (sx) and right (dx) brain hemi-

spheres. A representative experiment is shown. Vertical

bars indicates standard deviation values. ***p<0.001,

****p<0.0001.
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oligonucleotide (TriLinK Biotechnologies, San Diego, CA, USA) at
200 nM for 30 min at room temperature, as a counterselection step.
Then, lysates were incubated with streptavidin MagneSphere para-
magnetic particles (Promega, Milan, Italy) for 30 min at 4�C. After-
ward, unbound proteins were incubated with biotinylated A40s
(TriLinK Biotechnologies) at 200 nM for 30 min at room tempera-
ture. A40s-protein complexes were incubated with streptavidin Mag-
neSphere paramagnetic particles (Promega) for 30 min at 4�C.
Collected beads were washed twice with cold 10 mM PBS with
Ca2+, Mg2+ (Sigma-Aldrich). Thus, incubation with 8 M urea for
1 h at 4�C led to protein denaturation and release from the aptamer
and magnetic beads. Pull-down proteins were separated by SDS-
PAGE (10% polyacrylamide gel), transferred to nitrocellulose mem-
branes (Millipore, Bedford, MA, USA), and immunoblotted for
EphA2 antibody (Santa Cruz Biotechnology).

Mass Spectrometry Identification of Aptamer Target

Putative targets of A40s in GSC#1 and GSC#83 were pulled down
by affinity chromatography as indicated in “Aptamer-Based Pull-
Down Assay” above. Samples were analyzed by an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific) coupled to an Ulti-
Mate 3000 nanoRLSC (Dionex, Thermo Fisher Scientific). Peptides
were separated on an in-house column (Polymicro Technologies),
15 cm � 70 mm inner diameter (ID), packed with Luna C18(2)
(3 mm, 100 Å) (Phenomenex) and employing a water/acetoni-
trile/0.1% formic acid gradient. Samples were loaded onto the
column for 105 min at a flow rate of 0.30 mL/min. Peptides were
separated using 2% acetonitrile in the first 7 min and then using
a linear gradient from 2% to 38% acetonitrile for 70 min, followed
by a gradient from 38% to 98% acetonitrile for 9 min, then at 98%
of acetonitrile for 10 min, followed by a gradient from 98% to 2%
acetonitrile for 3 min and a 10-min wash at 2% acetonitrile. Eluted
peptides were directly sprayed into a mass spectrometer using pos-
itive electrospray ionization (ESI) at an ion source temperature of
250�C and an ion spray voltage of 2.1 kV. The Orbitrap Fusion
Tribrid was run in top speed mode. Full-scan MS spectra (m/z
[mass-to-charge ratio] of 350–2,000) were acquired at a resolution
of 60,000. Precursor ions were filtered according to monoisotopic
precursor selection, charge state (+2 to +7), and dynamic exclusion
(30 s with a ±10 ppm window). The automatic gain control set-
tings were 4e5 for full Fourier transform MS (FTMS) scans and
1e4 for MS/MS scans. Fragmentation was performed with colli-
sion-induced dissociation (CID) in the linear ion trap. Precursors
were isolated using a 2 m/z isolation window and fragmented with
a normalized collision energy of 35%. Proteome Discoverer 2.1
(Thermo Fisher Scientific) was used for protein identification.
The precursor mass tolerance was set at 10 ppm and 0.6 Da
mass tolerance for fragment ions. The search engine SEQUEST-
HT implemented in Proteome Discoverer was applied for all MS
raw files. Search parameters were set to allow for dynamic modi-
fication of methionine oxidation, acetyl on the N terminus, and
static modification of cysteine carbamidomethylation. The search
database consisted of nonredundant/reviewed human (20,326 pro-
teins) protein sequences in FASTA file format from the UniProt/
SwissProt database. The FDR was set to 0.05 for both peptide
and protein identifications.

Aptamer-Based ELONA

Assays were performed as previously described.19 Nunc-Immuno Plate
MaxiSorp 96-well plates (Thermo Fisher Scientific) were left untreated
or were coated with 30 nM purified EphA2 extracellular domain (R&D
Systems, Milan, Italy, CF 3035-A2) overnight at 4�C. Wells were
blocked for 2 h at room temperature with PBS containing 3% BSA,
washed twice with PBS, and then incubated for 2 h at room temperature
in PBS with 200 nM biotinylated A40s aptamer (TriLinK Biotechnol-
ogies) or an unrelated aptamer (scrambled) as a negative control.
Following two washes with PBS, samples were incubated with horse-
radish peroxidase (HRP)-conjugated streptavidin (Thermo Fisher Sci-
entific) for 1 h at room temperature andwashed twice with PBS. Signals
were reveled with tetramethylbenzidine (TMB) substrate solution
(Thermo Fisher Scientific) and stopped with the stop solution for
TMB substrate (Thermo Fisher Scientific). Absorbance at 450 nm was
measured with aMultiskan FCmicroplate photometer (Thermo Fisher
Scientific).

Determination of a KD

The KD for the A40s-GSC complex was determined by performing
custom TaqMan small RNA assays (Thermo Fisher Scientific) or,
alternatively, the A40s-recombinant human EphA2 complex KD

was determined by performing an aptamer-based ELONA, as previ-
ously described. Fitting curves were designed by using GraphPad
Prism 6 software.
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20-F-RNA A40s was incubated until 7 days in 90% human serum
(type AB human serum, EuroClone) at a starting concentration of
4 mM. At each time point, A40s (16 pmol) was recovered and incu-
bated for 1 h at 37�C with 0.5 mL of proteinase K solution (600
mAU/mL) in order to remove serum proteins, which interfere with
electrophoretic migration. Then, 9 mL of the denaturing gel loading
buffer (1� TBE, 95% formamide, 10 mM EDTA, and bromophenol
blue) were added to each sample before storing at �80�C. All time
point samples were loaded on 15% polyacrylamide/urea (7 M) dena-
turing gel. The gel was visualized by UV exposure after ethidium bro-
mide staining.

In Vivo Experiments

BBB crossing was assessed with intracardiac injection of 1,600 pmol
of biotinylated A40s or saline solution in healthy, housed athymic
CD-1 nude mice (nu/nu). The aptamer amount was determined by
performing qRT-PCR.

Statistical Analysis

Continuous variables are given as mean ± 1 standard deviation (SD)
or standard error of the mean (SEM). Statistical values were defined
using GraphPad Prism 6 (GraphPad, San Diego, CA, USA) software,
by Student’s t test (two variables), or one-way ANOVA (more than
two variables). A p value %0.05 was considered significant for all
analyses.

Plasmid Transfections

EphA2-yellow fluorescent protein (YFP) was a gift from Kalina Hris-
tova (Addgene, plasmid #108852).42 EphA2-YFP or control vector
were transfected by using Lipofectamine 3000 reagent (Thermo
Fisher Scientific).
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