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Chronic kidney disease (CKD) is a progressive pathological
condition marked by a gradual loss of kidney function. Treat-
ment of CKD is most effective when diagnosed at an early stage
and patients are still asymptomatic. However, current diag-
nostic biomarkers (e.g., serum creatinine and urine albumin)
are insufficient for prediction of the pathogenesis of the dis-
ease. To address this need, we applied a cell-SELEX (systematic
evolution of ligands by exponential enrichment) approach and
identified a series of DNA aptamers, which exhibit high affinity
and selectivity for cytokine-stimulated cells, resembling some
aspects of a CKD phenotype. The cell-SELEX approach was
driven toward the enrichment of aptamers that internalize
via the endosomal pathway by isolating the endosomal frac-
tions in each selection cycle. Indeed, we demonstrated co-local-
ization of selected aptamers with lysosomal-associated mem-
brane protein 1 (LAMP-1), a late endosomal and lysosomal
marker protein, by fluorescence in situ hybridization. These
findings are consistent with binding and subsequent internali-
zation of the aptamers into cytokine-stimulated cells. Thus, our
study sets the stage for applying selected DNA aptamers as
theragnostic reagents for the development of targeted therapies
to combat CKD.
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INTRODUCTION
The diagnosis of chronic kidney disease (CKD) is currently based on
the estimated glomerular filtration rate (eGFR) and urinary albumin
excretion. A progressive decrease in the former results in stages G1
(preserved eGFR) to G5 (severely reduced eGFR, often necessitating
initiation of renal replacement therapy), and the latter is defined as
stages A1 (normal urinary albumin excretion) to A3 (albuminuria
in excess of 300 mg/day).1 A recent report on the global prevalence
of CKD based on stages of glomerular filtration rate was published
by Mills et al.2 in 2015. The authors estimated that 225.7 million
men and 271.8 million women are affected, which clearly indicates
that CKD is a major public health problem.
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CKD has an important impact at both the patient level, by decreasing
quality of life and life expectancy,3,4 and at the population level, by
increasing health care costs and the demand for health care services.5

eGFR and albuminuria reflect glomerular function abnormalities but
do not allow investigators to draw conclusions on disease pathophys-
iology, which is definitely multifactorial. Glomerular pathology is
only one component to consider, as many lines of evidence suggest
that tubulointerstitial disease is at least as important6 and even
represents a final common pathway. The histopathology is character-
ized by an infiltration of inflammatory cells, tubular cell loss, (myo)
fibroblast accumulation, and rarefaction of the peritubular vascula-
ture, accompanied by deposition of the interstitial matrix,7 and
most studies suggest that progression to renal failure correlates
more closely with tubular than with glomerular damage.7–9 As a proof
of concept, Grgic et al.10 recently developed a unique mouse model of
kidney injury and presented evidence that acute injury to the prox-
imal renal tubules is sufficient to produce the full spectrum of patho-
logical changes associated with progressive CKD.

Thus, the proximal tubular epithelial cells are important contributors
to the pathophysiology of CKD and therefore represent an especially
interesting target for treatment.11 It was shown that these cells not
only are passive downstream targets of injury induced by molecules,
which can pass the injured glomerular filter, but, importantly, per se,
contribute to the progression of injury via induction of a pro-inflam-
matory state. Accordingly, these findings suggest that interventions
aimed at proximal signaling events originating from tubules may
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Figure 1. In Vitro Selection Scheme for DNA

Aptamers

Cytokine-stimulated (CK+) renal proximal tubular epithelial

RPTEC/TERT1 cells were used for selection. Enrichment

of aptamers was assessed by a radioactive binding assay

employing CK+ cells. Unstimulated (CK�) cells were used

as an internal control. Following pre-selection, endo-

some-based selection was performed by cell homoge-

nization followed by continuous sucrose gradient centri-

fugation. The enrichment process was performed for

another four rounds and assessed by a radioactive

binding assay. Cell-internalized aptamers were cloned

and sequenced from the sixth to ninth rounds of selection.
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prevent pathological changes that lead to CKD10 and, ideally, therapy
would exclusively target tubular cells with an altered phenotype.

To simulate these conditions, we employed a renal proximal tubular
epithelial cell (RPTEC) system. RPTEC/TERT1 cells represent a hu-
man RPTEC line, immortalized by stable overexpression of the cata-
lytic subunit of human telomerase (TERT1).12 These cells resemble
the proximal tubular cell type found in vivo, with respect to charac-
teristic morphological and functional properties such as the expres-
sion of amino peptidase N, parathyroid hormone (PTH)-sensitive
cyclic AMP (cAMP) induction, sodium-dependent phosphate uptake,
and other transport activities including glucose and albumin up-
take.12,13 In addition, RPTEC/TERT1 cells are reported to be stimu-
lated by distinct pro-inflammatory and pro-fibrotic cytokines such
as interleukin (IL)-1b, oncostatin M (OSM), or transforming growth
factor (TGF)-b1.14,15 These factors contribute to the progression of
tubulointerstitial fibrosis by mediating a local inflammatory response
and/or by affecting a proximal tubular cell phenotype. IL-1b and
OSM, for example, represent early and strong stimulators of pro-in-
flammatory CCL2 mRNA expression in RPTEC/TERT1 cells.14

In recent years, aptamers have been sought as a promising tool
for various biomedical applications (e.g., in diagnosis, therapy, and
biomarker discovery).16,17 Aptamers are short single-chained nucleic
acids that fold into defined 3D structures that can bind to various
ligands. They are identified by an iterative enrichment process,
termed SELEX (systematic evolution of ligands by exponential
enrichment), and interact with cognate target molecules with high af-
finity and specificity.18 Aptamers bind to a plethora of different target
structures (e.g., proteins, small molecules, peptides, or entire cells).
The latter seeks to fulfill demands for the generation of molecular tar-
geting tools targeting specific cells and cell types, a need which has
emerged in the last decade.
Molecular Thera
To address this demand, sophisticated cell-
SELEX procedures have been developed to
enable the enrichment of cell-type-specific ap-
tamers. For example, aptamers specifically
recognizing tumor cells, such as lymphoma or
prostate cancer, were generated and validated.
These aptamers are demonstrated to represent
valuable molecular tools for the development of diagnostic and tar-
geted therapy approaches.17

Hence, in this study, we employed a cell-SELEX approach and aimed to
identify cell-internalizing DNA aptamers that specifically target cells
with a pathophysiologically altered phenotype. Following a conven-
tional SELEX procedure, aptamers were isolated specifically from the
endosomal fractions of cytokine-stimulated cells, resembling aspects
of CKD. By employing this approach, we selected and identified seven
DNA aptamers, designated as Apta-1 to Apta-7, which exhibited high
affinity and selectivity for the target cells compared to controls. Based
on fluorescence in situ hybridization, aptamer candidates exhibit high
binding affinity and subsequent internalization into cytokine-stimu-
lated RPTEC/TERT1 cells. Overall, our study demonstrates a novel
approach for selection of cell-internalizing DNA aptamers, which are
potential molecular probes for diagnosis and/or targeted drug delivery
to circumvent proximal tubular injury and thus progression of CKD.

RESULTS
In Vitro Selection of DNA Aptamers for CKD

For in vitro selection, we employed a single-strandedDNA (ssDNA) li-
brary consisting of approximately 1015 different DNA molecules and
containing a 43-nucleotide (nt) randomized region, flanked by 18-nt
and19-ntprimer sequences at the 50 and30 ends, respectively (Figure 1).
From this library, DNA aptamers that were able to specifically differen-
tiate between cytokine-unstimulated and cytokine-stimulated cells
(designated as CK� cells and CK+ cells, respectively) were selected.

The renal proximal tubule is one of the primary targets of renal injury,
which drives inflammation, tubular atrophy, and the formation of
interstitial fibrosis.8,10 To this end, for in vitro selection, we employed
a RPTEC line (RPTEC/TERT1) as a model system. RPTEC/TERT1
cells were stimulated with a mixture of pro-inflammatory and
py: Nucleic Acids Vol. 8 September 2017 199
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Figure 2. Binding and Internalization of Respective

EnrichedDNAAptamer Pools That Target Cytokine-

Stimulated Cells

(A and B) Binding activities of enriched pools of DNA

aptamers, which were either isolated from whole cells (A)

or from endosomal vesicles (B) of cytokine-stimulated

(CK+) cells, were evaluated by a radioactive binding

assay. Experiments were performed in three independent

trials. Bar graphs represents the mean ± SD. (C) Enriched

pools of cell-internalized aptamers from endosomal ves-

icles of CK+ cells (B) were PCR amplified, analyzed on a

denaturing polyacrylamide gel, and visualized by ethidium

bromide staining.
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pro-fibrotic cytokines such as IL-1b, OSM, or TGF-b1, which all have
been reported to contribute to the progression of tubulointerstitial
fibrosis by mediating a local inflammatory response and/or by
affecting the proximal tubular cell phenotype.14,15 Subsequently,
CK� or CK+ cells were employed for selection of DNA aptamers.

In the first six selection cycles, we incubated the DNA library with
CK+ cells, unbound nucleic acids were removed by washing, and
the retained sequences were recovered under denaturing conditions.
The recovered sequences were amplified by PCR, and the single-
stranded sequences were generated by strand displacement and em-
ployed as an input library in the subsequent selection cycle. With
increasing selection cycles, more stringent washing conditions and
DNase treatment were employed, prior to aptamer recovery, to elim-
inate aptamers that were only loosely bound to the surface of CK+

cells and not taken up by them (Materials and Methods).

The enrichment of the DNA library was investigated by radioactive
labeling of DNA aptamers obtained from individual selection cycle
(see the Materials and Methods). These experiments revealed a se-
lective binding of the enriched DNA libraries to CK+ compared to
CK� cells (Figure 2A). Specifically, a 2.5-fold and 2.2-fold increase
in binding of the DNA library was observed in selection cycles 3
and 6, respectively, compared to 1.3-fold for the starting DNA li-
brary. In these analyses, we also observed that levels of tightly
bound (and/or subsequently potentially internalized) DNA ap-
tamers to CK+ cells increased gradually up to 3.6-fold in selection
cycle 6 (0.38%), relative to the starting library (0.11%). Increased
binding of the enriched DNA library to CK� cells (0.08% to
0.18%) was also observed, albeit to a lesser extent (2.1-fold) (Fig-
ure 2A). This indicates that specific cell surface molecules might
be recognized by members of the enriched DNA library, which
200 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
are also present on unstimulated cells and
whose expression level is increased upon
stimulation.

Selection of DNAAptamers Associatedwith

Endosomal Uptake

The renal proximal tubule of the kidney is a
major site where reabsorption of proteins and
other substances (e.g., carrier-bound vitamins and trace elements)
from glomerular filtrates are facilitated via endocytosis.19–21 To
develop potential molecular probes with high efficiency for not
only diagnosis but also potential targeted drug delivery, we thus
aimed to preferentially select cell-internalizing DNA aptamers
with high specificity to CK+ cells. Hence, a more stringent selection
process was employed for the successive rounds of selection. To that
end, we isolated DNA aptamers in selection cycles 6–9, which were
associated with endosomal vesicles within CK+ cells, by cell homog-
enization followed by sucrose gradient centrifugation.22

Previous studies reported that most eukaryal cells are able to inter-
nalize molecules from their surroundings via different mechanisms
(e.g., endocytosis or pinocytosis).23,24 Internalization of molecules
can be facilitated by endosomal vesicles, which are derived from
the invagination of the plasma membrane to form a new intracel-
lular membrane-limited vesicle about 0.05–0.1 mm in diameter.25

In receptor-mediated endocytosis, extracellular molecules (the li-
gands) are internalized selectively through binding with their specific
receptor on the plasma membrane. Ligand-receptor complexes
incorporated into the intracellular transport vesicles are fused with
early endosomes and either sorted for recycling back to the plasma
membrane or delivered to late endosomes and lysosomes for
degradation.25,26

RPTECs facilitate reabsorption of >80% of proteins and other sub-
stances from the glomerular filtrates via receptor-mediated endocy-
tosis.26 Hence, using an endosome-based selection approach, we
specifically enriched for DNA aptamers being internalized via the en-
dosomal pathway, which is known to also transport receptor proteins
(e.g., receptor tyrosine kinases, which undergo constitutive endocy-
tosis or internalization into the cell).27



Figure 3. Binding Activities of Selected DNA

Aptamers to Cytokine-Stimulated Cells

(A) Sequences of individual ssDNA aptamer candidates.

G-quartet or G-rich motifs (underlined) within the random

sequences (n = 43) of the individual aptamer are indi-

cated. (B) Analysis of the consensus sequences of

selected aptamers (A) employing WebLogo software.

Results represent stacks of nucleic acid symbols based

on a multiple alignment. The height of the symbols within

the stack denotes the relative frequency of the nucleic

acid, while the overall height of the stack represents the

sequence conservation at that position. (C) Relative

binding of full-length aptamers (A) labeled with [g-32P]-

ATP was analyzed by radioactive binding assay, em-

ploying cytokine-unstimulated (CK�) or stimulated (CK+)

cells. Results are presented as the mean ± SD from three

independent experiments.
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In our analysis, the cell-internalized DNA library, isolated from endo-
somes after each round of selection, was amplified by PCR and em-
ployed for the following rounds of selection. Binding analysis of the
respective DNA aptamer pool, internalized by CK+ cells (Figure 2B)
from each selection cycle, showed that the amount of bound DNA ap-
tamers significantly increased in the sixth selection cycle (1.5%)
compared to the amount of the unselected DNA library (0.20%; Fig-
ure 2B) in CK+ cells.

In the seventh selection cycle, the internalized DNA aptamer
pool was further enriched (2.5%; Figure 2B), while DNA aptamer
binding was reduced to 1.4% for the eighth and ninth selection
cycles (1.4%) in respect to the unselected DNA library. This
loss of binding might be attributed to the variation in the popu-
lation of DNA molecules within a library from each selection
cycle. The selectivity of the enriched DNA libraries to CK+ cells
was determined by employing CK� cells in the binding experi-
ment (Figure 2B).

We determined that the amount of bound DNA from selection cycles
6–9 was 2-fold to 5-fold higher in CK+ cells (1.4%–2.5%) compared to
CK� cells (0.4%–0.6%). The respective endosomal fractions, contain-
ing DNA aptamers, were analyzed by western blotting, employing an
antibody that recognizes lysosomal-associated membrane protein
2 (LAMP-2), a protein previously reported to be present in late endo-
somes and lysosomes28 (Figure S1). Subsequently, the amplified DNA
aptamer pool from each selection cycle was analyzed by denaturing
PAGE (Figure 2C).
Molecular Thera
The DNA libraries from selection cycles
6–9 were cloned and analyzed by Sanger
sequencing. Sequences that did not conform
to the expected nucleotide length (i.e., 18-base
50 primer plus 43-base random region plus 19-
base 30 primer) were excluded. In this analysis,
we obtained 39, 38, 22, and 28 reads in the sixth,
seventh, eighth, and ninth cycles, respectively.
Sequence analysis revealed that 67% of the obtained reads harbored
G-rich sequences. The reads from the sixth to ninth cycles were
pooled, and single copy sequences were eliminated. Subsequently,
we selected DNA aptamer candidates exhibiting G-rich or G-quartet
core motifs, based on their multiple occurrence from each selection
cycle and/or high number of reads.

Identification and Characterization of ssDNA Aptamers as

Molecular Probes for Detection of Surface Markers in Cultured

Cells Resembling Aspects of CKD

Following the sequence analysis of the DNA libraries from the sixth to
ninth selection cycles, which were obtained from endosomal fractions
of CK+ cells, we identified seven aptamer candidates (Figure 3A) that
showed selective binding and/or internalization into CK+ cells (Fig-
ure 3C). By examining the randomized region of the respective ap-
tamers, we observed an increased occurrence of guanine residues
within the selected region of the aptamers (i.e., Apta-1, Apta-2,
Apta-3, Apta-4, Apta-5, Apta-6, and Apta-7, respectively), potentially
forming G-quadruplex structures (except for Apta-5, which lacked
this sequence motif). The guanine-rich (G-rich) consensus sequence
of all identified aptamers (Figure 3B) was verified by WebLogo
software.29

Previous studies reported that G-rich DNA sequences can assemble
into four-stranded tertiary structures, designated as G-quadru-
plexes30 with a predicted sequence motif of d(G3+N1-7G3+N1-
7G3+N1-7G3+).31 G-quadruplex structures are formed by layers of
square planar of guanines (G-quartets or tetrads) stabilized by
py: Nucleic Acids Vol. 8 September 2017 201
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Hoogsteen hydrogen bonding, while their formation is induced by
monovalent cations at physiological conditions.32 Rhodes and Lipps32

reported that G-quadruplexes are able to form parallel or anti-parallel
structures, depending on the orientation of the G-quartet in a strand,
and exert essential roles in different biological processes (e.g., DNA
replication, gene expression, and telomerase maintenance).

To determine the selectivity and relative binding activity of DNA ap-
tamers to CK+ cells, we performed a radioactive binding assay employ-
ing chemically synthesized DNA aptamers. Selective binding and
internalization of aptamers was assessed by employing CK� or CK+

cells, respectively. All individual aptamers exhibited selective binding
to CK+ versus CK� cells, showing a 4- to 9-fold increase in bound ap-
tamers to CK+ cells (0.97% to 2.5%) compared to CK� cells (0.22% to
0.42%; Figure 3C). The fold change of bound aptamer in CK+ cells
with respect to CK� cells was highest for Apta-1 (9-fold), followed
by Apta-5 (6-fold), Apta-4 and Apta-7 (5-fold), and Apta-2, Apta-3,
and Apta-6 (4-fold), respectively. Importantly, a significantly higher
binding affinity was observed for all individual aptamers relative to
the corresponding DNA library from which they were derived. These
data suggest that all individual aptamers exhibit increased binding to
and/or internalization into CK+ cells and thus might recognize bio-
markers present in injured renal proximal tubular cells.

Predicted Secondary Structures of Selected Cell-Internalizing

DNA Aptamers Containing a G-Quartet Motif

G-quadruplexes represent highly stable structures with a common
folding motif and they are polymorphic, since they can exhibit
different strand configurations (e.g., a parallel or anti-parallel strand
configuration with different sequence combinations from t-loop and
tail strands). Despite the diversity of G-quadruplex structures, they
can elicit specific target recognition of many molecules with a similar
scaffold.33 It is noteworthy that the G-quartet motif of all individual
DNA aptamer candidates, except Apta-5, (Figure 3A) exhibits tail
strands and loops of different lengths and sequence combinations,
yet all of these selected aptamers confer target recognition to CK+

cells, some of which even display very similar binding activities. In
addition, Apta-5, which contains G-rich sequences but lacks the
G-quartet sequence motif, also exhibited significant binding activity.
These observations may not only reflect the conformational plasticity
of selected aptamers containing the G-quartet motif, but they might
also be due to the presence of various target sites on CK+ cells, recog-
nized by the different aptamers.

We analyzed the predicted secondary structures of all individual ap-
tamer candidates to identify potential secondary structure binding
motifs that elicit target binding on CK+ cells, employing m-fold soft-
ware.34 The primer sequences were included in sequence-structure
motif prediction, as they might play a role in folding and target bind-
ing of aptamers. Analysis of the secondary structure of aptamer can-
didates revealed that each aptamer forms a unique structure (Fig-
ure S2). Within the 2D structures, the G-quartet motif of Apta-1,
Apta-3, Apta-4, and Apta-6 is located within a loop, whereas the
G-quartet motif of Apta-2 and Apta-7 is part of a loop and stem struc-
202 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
ture. However, whether the 2D structures, predicted by m-fold, might
indeed be present has to be elucidated in future experiments; in
particular, since, due to the presence of G-quartet motifs, alternative
2D structures, not predicted computationally by the m-fold program,
might be formed.

Minimal Sequence Motif of Apta-1 Binding to Cytokine-

Stimulated Cells

Since all individual aptamers, except one, harbored G-rich stretches
and/or represented potentially G-quadruplex-forming structures,
we wanted to elucidate the minimal length of the G-quartet motif,
which allows efficient binding/internalization to CK+ cells. To that
end, we deleted the constant regions from the Apta-1 aptamer, result-
ing in a 43-nt randomized region, and/or shortened the selected
random region to 32 nt, containing the G-quartet motif only (Fig-
ure S3A). Removal of the constant regions, however, largely abolished
binding of Apta-1 to CK+ cells (Figure S3B), indicating that these re-
gions might add significantly to target binding of Apta-1 to CK+ cells.

Although the roles of G-quadruplex loops and tail strands have not
yet been clearly elucidated, until now, previous studies have indeed
shown that the loops and tail strands are able to influence the G-quad-
ruplex interactions with target molecules, including their stability and
structural conformation and thus their target specificity.35,36 Because
the head and tail sequences of G-quartet motif are obviously required,
only full-length aptamers were employed for all of the following
experiments.

Surface Binding of DNA Aptamers to Cytokine-Stimulated Cells

The target recognition of ssDNA aptamers (i.e., cellular membrane
receptors) is attributed to their ability to form unique 3D struc-
tures.37,38 Through specific interaction, aptamers might subsequently
be internalized via receptor-mediated endocytosis and trapped by en-
docytic vesicles, and they can also undergo endosomal escape or
release.38 In the proximal tubule, reabsorption of proteins and other
molecules from the glomerular filtrates is mainly facilitated by recep-
tor-mediated endocytosis, which is mediated by megalin and cubilin
membrane receptors under normal conditions. Indeed, efficient reab-
sorption of proteins and substances from glomerular filtrates is a vital
function of RPTECs.19,21

Various cell surface receptors are upregulated in response to renal
injury, such as TGF-b1,39 kidney injury molecule-1 (KIM-1),40,41

angiotensin type I (AT1R),42 and urokinase,43 leading to interstitial
inflammation and renal fibrosis. The megalin receptor represents
also a key factor in tubulointerstitial injury, as it facilitates increased
endocytosis of glomerular filtrate products in RPTECs, leading to
activation of pro-inflammatory cytokines.44

Therefore, to examine whether the observed binding activity of the
aptamer candidates is mediated by surface biomarkers, which might
be upregulated in CK+ cells, we performed a surface binding assay.
Hence, selected DNA aptamer candidates (Apta-1, Apta-4, and
Apta-7, respectively) exhibiting the highest binding activity were



Figure 4. Surface Binding of Selected Aptamers—Apta-1, Apta-4, and Apta-7—to Cytokine-Stimulated Cells

(A) Cytokine-stimulated (CK+) cells were fixed with paraformaldehyde and incubated with 50 nM AlexaF488-labeled full-length DNA aptamers (Apta-1, Apta-4, Apta-7, or

scrambled [Scr] sequence, respectively) for 30min at 37�C. Surface-bound aptamers were quantified by a fluorescence-based detection assay employing a plate reader. The

experiment was performed in triplicate from two independent trials. The bar graph represents the mean ± SEM. Statistical analysis was performed by using the Student t test.

***p < 0.001. (B) CK+ cells, which were incubatedwith aptamers as in (A) under comparable conditions, were analyzed by confocal imaging. Green fluorescein signal indicates

surface-bound aptamers. Scale bars represent 20 mm.
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used for surface staining of CK+ cells. To that end, cells were fixed
with paraformaldehyde and subsequently treated with the Alexa
Fluor-labeled aptamers. The amount of surface-bound aptamer was
determined by a fluorescence intensity-based assay employing a plate
reader. Indeed, increased surface binding was determined for Apta-1
(4.5-fold), Apta-4 (3.5-fold), and Apta-7 (5-fold), compared to a
scrambled control sequence (Scr) of Apta-1 (Figure 4A).

In parallel, we also performed confocal imaging under similar binding
conditions. As expected, confocal imaging analysis of CK+ cells
showed that the fluorescence intensity signal of Apta-1, Apta-4, and
Apta-7 was more pronounced than that of the scrambled sequence
(Figure 4B). These results are consistent with the increased expression
of cell surface markers in CK+ cells (see above) in response to IL-1b,
OSM, and TGF-1b stimulation. This might also explain the observed
binding specificity of selected aptamer candidates to CK+ cells. In
addition, these biomarkers (which might serve as target recognition
sites of the aptamer candidates) may mirror the biomarkers present
in injured RPTECs in patients with CKD.

Internalization of DNA Aptamers via the Endosomal Pathway

Since the aptamer candidates were selected specifically from endoso-
mal fractions of CK+ cells, we aimed to demonstrate that internaliza-
tion of aptamers is indeed mediated by endosomal vesicles. To that
end, we analyzed the co-localization of fluorescein isothiocyanate
(FITC)-labeled Apta-7 and LAMP-1, a marker for late endosomes
and lysosomes, in CK+ or CK� cells, respectively (Figure 5A). A
scrambled DNA sequence was used as a negative control. Compared
to the scrambled sequence, cellular internalization of Apta-7 was
observed, which co-localized with LAMP-1 (predominantly in the
perinuclear region of CK+ cells), thereby indicating similar distribu-
tion of Apta-7 and late endosomes and/or lysosomes.

To further examine the cellular uptake of Apta-7, we performed a
time-course binding experiment employing ATTO-labeled Apta-7
or a scrambled sequence as a control. An increased amount of inter-
nalized Apta-7 was detected with an increasing incubation period,
whereas almost unchanged levels of the scrambled DNA control
were detected throughout the incubation period (Figure S4A).
Furthermore, the cellular uptake of Apta-7 was higher than that of
the Scr for all of the time points indicated (i.e., 5.6-fold at 15 min,
5.0-fold at 30 min and 7.9-fold at 60 min, respectively), suggesting
that cellular uptake of Apta-7 is regulated by an endosomal pathway.

In RPTECs, filtered proteins aremainly reabsorbed via clathrin-medi-
ated endocytosis involving megalin and cubilin receptors,45 and the
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 203
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Figure 5. Internalization of G-Rich Aptamer Candidates Is Facilitated by Endosomal Vesicles

(A) Cytokine-unstimulated (CK�) or stimulated (CK+) cells were incubated with 100 nM of either FITC-labeled (green) Apta-7 or a scrambled sequence (Scr) as an internal

control. Co-localization of Apta-7 with the late endosomal and lysosomal marker LAMP-1 (red) was analyzed by confocal imaging. Nuclear staining (blue) was performed

employing DAPI. (B) CK+ cells were either left untreated or treated with 200 mM chloroquine, a reported inhibitor of clathrin-mediated endocytosis, for 2 hr. Following

chloroquine treatment, cells were incubated with AlexaF488-labeled full-length aptamers (Apta-1, Apta-4, Apta-7, or a scrambled sequence). Cells were washed with acid

and fixed with paraformaldehyde, and fluorescence signals were determined employing a plate reader. The experiment was performed in triplicate. The bar graph represents

the mean ± SD. Statistical analysis was performed by using the Student t test. *p < 0.05, **p < 0.01. Scale bard represent 5 mm. ns, non-significant.
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regulation of this pathway involves two NPXYs motifs that sequester
protein complexes (i.e., clathrin and AP-2), which are involved in
coated pit formation.19,46 Clathrin-coated vesicles (CCVs) facilitate
internalization of ligand-receptor complexes by fusing with early en-
dosomes. This pathway involves endosomal luminal acidification that
facilitates ligand-receptor dissociation, ligand processing, receptor re-
cycling or degradation, vesicular trafficking, and fusion to late endo-
somes and lysosomes.26

To determine whether CCVs facilitate internalization of the aptamer
candidates, we performed an inhibition assay employing chloroquine,
a known inhibitor of clathrin-mediated endocytosis.47 Cytokine-
stimulated or CK+ cells were either untreated or treated with chloro-
quine inhibitor for 2 hr prior to incubation of AlexaF488-labeled ap-
tamers (Apta-1, Apta-4, and Apta-7). Following aptamer binding and
internalization, cells were washed with acid to remove surface-bound
aptamers, fixed with paraformaldehyde, and analyzed employing a
plate reader. Analysis of fluorescence signals showed that chloroquine
treatment significantly reduced the internalization of Apta-1 (p <
0.001) and Apta-7 (p < 0.01), but not Apta-4 (p > 0.05) (Figure 5B),
relative to the untreated cells.

Although these data suggest that clathrinmay indeed play a role in the
internalization of Apta-1 and Apta-7, respectively, they also indicate
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that other vesicles and/or mechanisms are involved in regulating
endocytosis of the remaining aptamer candidates, as in the case of
Apta-4, thereby indicating that the selected aptamers might interact
differently with surface markers.

Specificity and Binding Affinity of DNA Aptamer Candidates to

Cytokine-Stimulated Cells

Initially, we tested the specificity of selected aptamers such as Apta-7 by
employing additional control cells using differentiated cells only (desig-
nated as CK�/�) for binding/internalization experiments. We exam-
ined the binding activity of ATTO-labeled Apta-7 in CK�/�, CK�,
and CK+ cells, respectively, and compared it to the binding activity of
the scrambled sequence (Figure S4B). As expected, an Apta-7 fluores-
cence signal was significantly increased in CK+ cells compared to a
scrambled sequence. A residual fluorescence signal of Apta-7 was also
detected inCK� cells butwas surprisingly not detectable inCK�/� cells,
whereas comparable amounts of an Scr were detected for all cell condi-
tions. These data are consistent with the presence of shared target bind-
ing sites in CK� and CK+ cells, which are possibly induced in response
to cellular stress caused by starvation (as also shown in Figure 5A), and
demonstrate the specificity of the selected aptamer to CK+ cells.

Binding of Apta-7 was also investigated in other cell lines that
were either non-stimulated or stimulated with cytokines. Under



Figure 6. Binding Specificity and Affinity of Cell-Internalizing Aptamer Candidates—Apta-1, Apta-4, and Apta-7—to Cytokine-Stimulated Cells

(A) Apparent binding affinity constants (Kdapp) of AlexaF488-labeled full-length aptamers (Apta-1, Apta-4, and Apta-7) to cytokine-stimulated (CK+) cells were determined

by fluorescence intensity measurement. A scrambled sequence (Scr) was used as an internal control. Cells were incubated with increasing concentrations of aptamers

(i.e., from 0 to 100 nM) for 30 min at 37�C. Subsequently, cells were washed and fixed with paraformaldehyde, and fluorescence signals of bound and internalized

aptamers were analyzed employing a plate reader. The fluorescence intensity mean values were fitted employing SigmaPlot software to determine the apparent binding

affinity constants of selected aptamers. The experiment was performed in triplicate from two independent trials. The bar graph represents the mean ± SE calculated from

the SigmaPlot. (B) Confocal image analysis of CK+ cells treated with 50 nM AlexaF488-labeled full-length aptamers. The experiment was performed as in (A) under

comparable conditions (i.e., buffer and incubation condition). Green fluorescent signals indicate aptamers bound/internalized into cells. Blue signals indicate nuclear DAPI

staining. Scale bars represent 5 mm.
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non-stimulated conditions, Apta-7 showed higher binding to HeLa
(human cervical cancer) cells than to MCF-7 (human breast cancer)
cells. A weak binding signal of Apta-7 was also observed in N2A
(mouse neuroblastoma) cells and undifferentiated RPTECs (Fig-
ure S4C). Binding of Apta-7 to HeLa andMCF-7 cells might be attrib-
uted to the presence of similar or identical target molecules recog-
nized by Apta-7.

The specificity of Apta-7 was also examined in these cell lines under
stimulated conditions. We show that binding of Apta-7 was enhanced
in stimulated cells (Figure S4D) when compared to non-stimulated
cells (Figure S4C) for all cell lines. Importantly, our data revealed
that the specificity of Apta-7 is clearly higher in CK+ (5-fold) than
in N2A (2-fold), MCF-7 (3-fold), or HeLa cells (2-fold), respectively,
suggesting that Apta-7 predominantly recognizes target molecules in
CK+ cells compared to other tested cell lines.

Binding Constants of Selected Aptamers to Cytokine-

Stimulated Cells

To determine the apparent binding affinity constant (Kdapp) of Apta-1,
Apta-4, and Apta-7 in stimulated RPTEC/TERT1 (CK+) cells, we per-
formed a fluorescence-based binding assay. Different titers of
AlexaF488-labeled aptamers (i.e., from 0 to 100 nM) were incubated
with CK+ cells for 30 min in standard cell culture conditions. The
Kdapp was calculated using SigmaPlot software (https://systatsoftware.
com/products/sigmaplot/product-uses/sigmaplot-product-uses-analysis-
of-ligand-binding-data/). The specificity and binding curves of
selected aptamer candidates are shown in Figure 6A. The binding assay
demonstrates that Apta-1 exhibits the highest binding affinity, fol-
lowed by Apta-4 and Apta-7, based on their calculated apparent affin-
ities of 46 ± 4, 69 ± 27, and 82 ± 19 nM, respectively. A significant
increase in fluorescence intensity from 12.5 nM to 100 nM was
observed for the three aptamers compared to the fluorescence signals
of the scrambled sequence.

Comparable buffer conditions were employed, and binding and inter-
nalization of selected aptamer candidates was assessed by confocal
imaging (Figure 6B). Confocal image analysis showed that the
fluorescence signals, detected in CK+ cells incubated with either
AlexaF488-labeled Apta-1, Apta-4, or Apta-7, respectively, were
significantly increased compared to the cells incubated with an Scr,
thus confirming the specificity of aptamer binding to CK+ cells. Using
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confocal microscopy, we also observed that the subcellular localiza-
tion of all of the aptamer candidates resided mainly in the cytoplasm.

DISCUSSION
Early diagnosis and therapeutic intervention remains a crucial and a
major challenge in patients with CKD. Since biomarkers for early
diagnosis of CKD (i.e., proximal tubular injury) are currently largely
missing, we selected specific DNA aptamers for an improved diag-
nosis of CKD by a cell-SELEX approach. To that end, a selection pro-
cess for isolating cell-internalizing DNA aptamers with high speci-
ficity and affinity to CK+ cells was established.

We performed the cell-SELEX selection first by a whole-cell-based
selection, followed by an endosome-based selection. With this
approach, we were able to identify seven aptamers, internalized into
cells by an endosomal pathway, exhibiting high specificity for CK+

cells. This approach also favors isolation of aptamers that bind to
the native folding and/or modification state (e.g., glycosylation, phos-
phorylation, etc.) of potential target molecules17,48–50 over other se-
lection approaches. These aptamers might be employed to identify
novel cell surface markers (e.g., receptors), which subsequently
become internalized into cells via the endosomal pathway, and to
elucidate the mechanisms underlying CKD progression.

As the selection process was performed within a short time period
(i.e., within 30 min), this suggests that selected aptamers exhibit rapid
binding and internalization into cells. We verified that the internali-
zation of selected aptamers was facilitated by endosomal vesicles, em-
ploying late endosome/lysosome markers LAMP-2 and LAMP-1 for
western blot analysis and confocal imaging, respectively.

Based on our findings, we envisage the use of these aptamers as poten-
tial molecular tools for CKD, since they display specific recognition to
target sites and penetration into CK+ cells. Based on their sequence,
selected aptamers harbor G-rich or G-quartet motifs that have high
propensity to form G-quadruplexes known to be implicated in
different biological processes (e.g., cellular and viral replication or
transcriptional regulation).51–53 Previous studies also showed that
G-quadruplex structures have clinical applications (e.g., in the treat-
ment of cancer or HIV infection, as thrombin inhibitors, or in the
sensing of viruses).52,54,55 This supports the idea that selected aptamer
candidates may also have potential clinical applications. As depicted
in binding and confocal image analyses, we show that these aptamer
candidates elicit high specificity and affinity to target molecules,
which are displayed on the cell surface of CK+ cells.

Diagnostic applications of selected aptamers might be exerted as fol-
lows: subsequent to injection into organisms, nucleic acids are rapidly
cleared from the blood via the kidney.56,57 Thus, it can be envisioned
that selected aptamers might display an increased retention time
upon intravenous injection into patients with CKD compared to
healthy controls, which can subsequently be analyzed by PCR analysis
of the urine (in which the amount of the secreted aptamer in the urine
is compared to an Scr, not retained by the kidney). In addition, the
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identified aptamers might be employed not only for CKD diagnosis
but could also be used in therapeutic approaches by targeting drugs
to injured renal tubule tissues of patients with CKD through covalent
attachment to selected aptamers.

Indeed, RPTECs have been the target of various treatment ap-
proaches. In 1996, Oberbauer et al.58 used an anti-sense oligonucleo-
tide for in vivo suppression of the renal Na+/Pi cotransporter by hy-
bridizing a 20-mer phosphorothioate oligonucleotide to the message
for the rat kidney sodium phosphate cotransporter NaPi-2 close to the
translation initiation site, exerting anti-sense effects in the renal prox-
imal tubule. The sodium-glucose cotransporter 2 (SGLT2) inhibitor
empagliflozin was recently tested in a prospective randomized pla-
cebo-controlled study in a large group of patients with type 2 diabetes
mellitus. These drugs inhibit the reabsorption of glomerular filtered
glucose by proximal tubular epithelial cells. Empagliflozin, when
added to standard glucose-lowering therapy, significantly reduced
cardiovascular mortality59 and progression of renal disease.60 Thus,
our study may provide a new prototype by applying selected DNA ap-
tamers as diagnostic tools and/or carriers for delivery of drugs for
treatment of renal proximal tubule injury associated with CKD.

MATERIALS AND METHODS
Cell Culture Reagents and Antibodies

Cell culture reagents were purchased from Gibco (Life Technologies).
Other materials and reagents were obtained as follows: OSM (Sigma),
IL-1b (R&D Systems), TGF-b1 (PeproTech), anti-LAMP-1 and anti-
LAMP-2 antibodies (BD PharMingen), random DNA library (D3),
aptamers and primer sequences (Integrated DNA Technologies),
and glass-bottom 24-well plates (Eppendorf). All other reagents were
obtained from Sigma unless otherwise indicated.

Cell Culture

Renal proximal tubule RPTEC/TERT1 cells were cultured as previously
described.12,14 Briefly, cells were grown in a serum-free mixture of
DMEM/F-12 (1:1) medium containing ITS [insulin (5 mg/mL), trans-
ferrin (5 mg/mL), selenium (5 ng/mL)], GlutaMAX (2 mM), epithelial
growth factor (EGF) (10 ng/mL), hydrocortisone (36 ng/mL), and
penicillin (100 U/mL)/streptomycin (100 mL/mL) at 37�C in a humid-
ified 5%CO2 atmosphere. Cells were fed every 2–3 days and grown to a
confluent state for 10 days. Subsequently, cells were made quiescent
by incubation in serum- and supplement-free medium containing
penicillin/streptomycin only for 48 hr. Following incubation, cells
were either left unstimulated (CK�) or were stimulated (CK+) with
TGF-b1 (10 ng/mL), IL-1b (10 ng/mL), and OSM (10 ng/mL) for
another 48 hr. Cells were washed twice with 1� PBS prior to the selec-
tion procedure or binding experiments.

Cell-SELEX Selection Process

The sequence of the DNA library used for selection was 50-GC
TGTGTGACTCCTGCAA-N(43)-GCAGCTGTATCTTGTCTCC-30.
The library contained �1015 random sequences, flanked by two con-
stant priming sequences at the 50 and 30 ends, respectively. The whole-
cell selection process was carried out for six cycles. The library input
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used for the initial cycle was 1 nmol. In the following cycles, the li-
brary input was subsequently decreased to 640 pmol for the second
cycle, was then decreased to 166 pmol for the third and fourth cycles,
and was reduced to 83 pmol for the fifth and sixth cycles, respectively.
The selection process was previously described in detail.16 Briefly,
prior to selection, the library was diluted in SELEX binding buffer
(SBB) containing 0.5 mg/mL BSA, 0.5 mg/mL salmon sperm DNA,
1 mM CaCl2, and 1 mM MgCl2 in 1� PBS and was subsequently
boiled at 95�C for 5 min. The library was cooled on ice for 10 min.
Prior to incubation, CK+ cells were washed twice with 1� PBS and
then added to the library for 30 min at standard cell culture condi-
tions. Following incubation, cells were washed with SELEX washing
buffer (SBB solution without salmon sperm DNA) and subsequently
treated with DNase. The stringency of selection was increased by
increasing the amount of DNase (50–200 U), and the number and
volume of washing steps (2–4 times) in the succeeding selection
cycles.

For DNA aptamer extraction, the phenol-chloroform-isoamyl
alcohol (PCI) extraction method was employed. Cells were trypsi-
nized, and the cell suspension was boiled for 5 min at 95�C. One
volume of PCI was added to the cell suspension, and the mixture
was vortexed vigorously and centrifuged for 5 min at 13,000 � g.
The upper phase was transferred into another tube; subsequently,
one volume of chloroform was added. The mixture was vigorously
vortexed and centrifuged for 5 min at 13,000 � g. The upper phase
was passed through a Sephadex G25 column, and the filtrate was
added with a one-tenth volume of 3 M sodium acetate and two vol-
umes of 100% ethanol. Subsequently, the reaction mixture was incu-
bated at�80�C for 20 min. Aptamer precipitates were centrifuged for
30 min at 13,000 � g. The pellet was washed with 70% ethanol, air
dried, and re-suspended in 100 mL DNase-free water.

For the amplification, eluted DNA aptamers were amplified by PCR
using the following oligonucleotides: 50-FAM-GCTGTGTGACTC
CTGCAA-30 (sense oligonucleotide) and 50-GGGCGATCGTAAGA
TCGCCC-spacer C18 (HEG)-GGAGACAAGATACAGCTGC-30

(anti-sense oligonucleotide). Thermal cycling conditions were as fol-
lows: initial 5-min denaturation at 95�C, 16–24 cycles of denaturation
(95�C, 1 min), annealing (64�C, 1 min), elongation (72�C, 1.5 min),
and final elongation (72�C, 7 min). PCR products were verified by
agarose gel electrophoresis; subsequently, the sense DNA strands
were isolated by strand displacement, employing polyacrylamide gel
electrophoresis on an 8% denaturing gel. The 50 FAM (6-carboxy-
fluorescein)-labeled sense DNA strands can be visualized by UV light
and separated from the anti-sense strands containing a C18 spacer
(HEG), which adds a hairpin structure and migrates more slowly
than the sense strands. Subsequently, a pool of sense DNA strands
was eluted from the gel and re-suspended in DNase-free water.
Selected pools of aptamers were prepared for the next round of
selection.

To monitor the enrichment of aptamers, a radioactive binding assay
was performed. An isolated pool of sense DNA strands was amplified
employing an unmodified sense oligonucleotide: 50-GCTGTGTG
ACTCCTGCAA-30 and a spacer C18 (HEG)-containing anti-sense
oligonucleotide 50-GGGCGATCGTAAGATCG CCC-spacer C18
(HEG)-GGAGACAAGATACAGCTGC-30. PCR products were puri-
fied and analyzed by PAGE to isolate the unmodified sense DNA
strands, which were labeled with gamma-ATP-32P [g-32P] (Hart-
mann Analytics) using T4 polynucleotide kinase (NEB). Radioac-
tively labeled aptamers were used for binding assay employing CK+

and CK� cells (see details below). The enrichment of the selected ap-
tamer pool was monitored every three cycles.

Following whole-cell-based selection, we aimed to enrich cell-inter-
nalized DNA aptamers. Thus, we performed endosome-based selec-
tion following the fifth selection cycle. Here, selection was performed
on a larger scale using a 10-cm cell culture plate; thus, the amount of
the aptamer pool was upscaled by a factor of six. Endosome-based se-
lection (see details below) was performed for another four cycles, and
the amount of aptamer used was 500 pmol for the sixth and seventh
cycles, which was reduced to half (250 pmol) for the eighth and ninth
cycles. The enrichment of cell-internalized aptamers was also exam-
ined by radioactive binding assay (see details below).

For identification of individual cell-internalized DNA aptamers,
pools of aptamers from the sixth to ninth cycles were prepared for
cloning and sequence analysis. Initially, an eluted pool of sense
DNA strands from each cycle was PCR amplified using unmodified
primers as follows: sense oligonucleotide 50-GCTGTGTGACTC
CTGCAA-30 and anti-sense oligonucleotide 50-GGAGACAAGATA
CAGCTGC-30. PCR products were purified using the QIAquick
PCR Purification Kit (QIAGEN). Purified PCR products were then
used for cloning employing the CloneJET PCR Cloning Kit (Fermen-
tas). Generated constructs were used for transformation of Escheri-
chia coli competent cells (Invitrogen), which were subsequently
plated on ampicillin-resistant yeast extract tryptone (YT)-agar plates.
Isolated clones were subjected for colony PCR in a 98-well plate
format. PCR products were randomly selected and verified on a 2%
agarose gel. Purified PCR products were analyzed by Sanger
sequencing (ABI Prism 3100-Sequencer; Life Technologies) and se-
quences were analyzed by SeqMan software.61

Isolation of Endosomes

Isolation of endosomes was performed as described by de Ara�ujo
et al.,22 with a few modifications. Briefly, CK+ cells, incubated with
aptamers, were washed three times with cold 1� PBS; , 2.5 mL 1�
PBS containing a protease inhibitor was subsequently added. Cells
were harvested by careful scraping and were subsequently transferred
to a 15-mL Falcon tube and centrifuged at 112 � g for 5 min at 4�C.
Cell pellets were washed in homogenization buffer (HB) (250 mM su-
crose and 3 mM imidazole, pH 7.4) containing protease inhibitors
(HB+) and were then centrifuged at 700 � g for 10 min at 4�C. Cells
were re-suspended gently in 200 mL HB+ buffer and homogenized
by pipetting the cell suspension back and forth through a 22-gauge
needle. Homogenization efficiency, indicated by intact nuclei,
was verified by microscopy. Homogenized cells were subsequently
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centrifuged at 1,000� g for 10 min at 4�C to separate the nuclei pellet
from the post-nuclear supernatant (PNS). The sucrose concentration
in the PNS was adjusted to 40%–41% using 62% sucrose solution. The
PNS was loaded into a SW41 centrifuge tube and overlaid with 7 mL
35% sucrose solution. HB+ buffer was then added to fill the tube. The
sample was centrifuged at 197,000 � g for 3 hr at 4�C. Following
centrifugation, the endosomal fraction (indicated by a milky band
formed at the interphase) was collected for DNA extraction as
described previously. Prior to DNA extraction, an aliquot of the endo-
somal fraction was taken for western blot analysis to verify the pres-
ence of endosomal vesicles, employing anti-LAMP-2 antibody.

In Vitro Binding Assays

Aptamer binding and uptake was investigated by employing either
radioactive- or fluorescein-labeled aptamers. For radioactive binding
assay,16 10 pmol of a pool or of an individual aptamer was labeled at
the 50 end with [g-32P]-ATP (Hartmann Analytics) using T4 polynu-
cleotide kinase (NEB), according to the manufacturer’s instructions.
10 mL dH2O was added to the reaction mixture and subsequently pu-
rified on a Sephadex G25 column. The eluate was added to a tube con-
taining 1 mL SBB solution, boiled for 5 min at 95�C, and cooled for
10 min on ice. Prior to incubation with aptamers, CK+ and CK� cells
were washed twice with 2 mL pre-warmed 1� PBS. Cells were subse-
quently incubated with radioactively labeled aptamers for 30 min at
standard cell culture conditions. Following incubation, the superna-
tant containing the unbound aptamers was transferred into a scintil-
lation bottle. Cells were washed twice with 2 mL SELEX washing
buffer (SBB without salmon sperm DNA), and the washing buffer so-
lution containing loosely bound aptamers was transferred into
another scintillation cup. Cells were trypsinized, scraped off the plate,
and transferred into a separate scintillation tube. Radioactivity was
measured and quantified by a scintillation counter (LS 6500 Multi-
purpose Scintillation Counter; Beckmann). The percentage of bound
aptamers was calculated by dividing the count rate of bound aptamers
(cells) by the sum of bound (cells) and unbound (supernatant and
wash buffers) count rates.

For the fluorescence-based binding assay, we employed aptamers
labeled with red fluorescein (ATTO564) or green fluorescein
(AlexaF488), which were chemically synthesized and purified by
high-performance liquid chromatography (HPLC). Glass-bottom
24-well plates were used for cell plating. The aptamer concentration
used for the binding experiments was 50 nM. To determine the bind-
ing constants, aptamer concentrations from 0 to 100 nM were em-
ployed with 2-fold serial dilutions. The volume of SBB buffer added
in each well was 300 mL. Following the incubation of aptamers and
the subsequent washing step (as described above), cells were fixed
with 4% paraformaldehyde (PFA) for 10 min at room temperature
and washed thrice with 1� PBS for binding and uptake experiments.
For surface binding, cells were fixed prior to the incubation of ap-
tamers. Fluorescence detection and quantification of bound aptamers
were performed employing a plate reader (Infinite 200Pro; Tecan).
The aptamer binding curve and Kdapp were analyzed employing
SigmaPlot software (https://systatsoftware.com/products/sigmaplot/
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product-uses/sigmaplot-product-uses-analysis-of-ligand-binding-
data/).

Fluorescence In Situ Hybridization

Microscopy of surface-bound DNA aptamers was performed by
confocal imaging (SP5; Leica). Stimulated RPTEC/TERT1 cells
(CK+) were washed twice with 1� PBS, fixed with 4% PFA for
10 min at room temperature, and again washed thrice with 1�
PBS. Subsequently, cells were incubated with 50 nM AlexaF488-
labeled individual aptamers (Apta-1, Apta-4, and Apta-7) in SBB
buffer for 30min at 37�C. An Scr was used to determine the specificity
of selected aptamers. Following incubation, cells were washed thrice
with SELEX washing buffer and mounted on a glass slide employing
Mowiol. Images were taken using the same confocal microscopy pa-
rameters for all of the samples.

For binding and uptake analysis, CK+ cells were incubated with
50 nM AlexaF488-labeled individual aptamers (Apta-1, Apta-4,
Apta-7, and Scr) for 30 min at 37�C and were washed thrice with SE-
LEX washing buffer. Cells were fixed, washed, and mounted on glass
slides. Similar confocal microscopy parameters were employed for all
of the images taken.

To investigate co-localization, CK+ and CK� cells were treated with
either 100 nM FITC-labeled Apta-7 or Scr as a control. Cells were
washed twice with SELEX washing buffer, fixed with PFA, and
washed thrice with 1� PBS. Subsequently, cells were permeabilized
with 0.2% Triton X-100 for 5 min at room temperature and washed
thrice with 1Mowiol PBS. Cells were blocked with 5% BSA for
30 min and incubated with anti-LAMP-1 mouse antibody in 3%
BSA/1� PBS for 2 hr at room temperature. After incubation with
the antibody, cells were washed thrice with 1� PBS, and the second-
ary antibody in 1% BSA/1� PBS was added to the cells. Following in-
cubation for 1 hr at room temperature, cells were washed and incu-
bated with DAPI for 10 min. Cells were again washed and mounted
on a glass slide employing Mowiol.

Cellular Uptake Inhibition Assay

Stimulated RPTEC/TERT1 (CK+) cells were either left untreated or
treated with 200 mM chloroquine, a known inhibitor of clathrin-
mediated endocytosis, for 2 hr at standard cell culture conditions.
Subsequently, cells were washed with 1� PBS and incubated with
50 nM AlexaF488-labeled aptamers (Apta-1, Apta-4, Apta-7, and
Scr) in SBB solution for 30 min at standard cell culture conditions.
Following incubation, cells were washed twice with SELEX washing
buffer, once with 0.5 M NaCl plus 0.2 N acetic acid to remove un-
bound or surface-bound aptamers, and again twice with 1� PBS.
Cells were then fixed with 4% PFA for 10 min and were again washed
thrice with 1� PBS. Cellular uptake of aptamers was analyzed and
quantified by fluorescence detection employing a plate reader (Infin-
ite 200Pro; Tecan).

Statistical Analysis

The Student t test was used for statistical analysis.
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