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Selection and Characterization of an a684 Integrin
blocking DNA Aptamer

Katharina Berg', Tobias Lange? Florian Mittelberger', Udo Schumacher? and Ulrich Hahn'

The heterodimeric laminin receptor a6B4 integrin plays a central role in the promotion of tumor cell growth, invasion, and
organotropic metastasis. As an overproduction of the integrin is often linked to a poor prognosis, the inhibition of integrin
064 binding to laminin is of high therapeutical interest. Here, we report on the combination of a cell-systematic evolution of
ligands by exponential enrichment and a bead-based selection resulting in the first aptamer inhibiting the interaction between
06p4 integrin and laminin-332. This Integrin a6B4-specific DNA Aptamer (IDA) inhibits the adhesion of prostate cancer cells
(PC-3) to laminin-332 with an IC_; value of 149 nmol/l. The K, value concerning the aptamer’s interaction with PC-3 cells amounts
to 137 nmol/l. Further characterization showed specificity to a6 integrins and a half-life in murine blood plasma of 6 hours.
Two truncated versions of the aptamer retained their binding capacity, but lost their ability to inhibit the interaction between
laminin-332 and PC-3 cells. Confocal laser scanning microscope studies revealed that the aptamer was internalized into PC-
3-cells. Therefore, in addition to the adhesion-blocking function of this aptamer, IDA could also be applied for the delivery of

siRNA, microRNA or toxins to cancer cells presenting the integrin a.6p4.
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Introduction

Integrins are off heterodimeric cell surface receptors that
mediate stable adhesion between cells and their extracellular
environment as well as amplifying signals from growth factor
receptors and other extracellular stimuli.™ In mammalian cells,
there are 18 alpha-subunits and 8 beta-subunits resulting in
24 different integrins. These bind extracellular matrix or cellular
adhesion proteins, e.g., collagens, laminins or Arginin—Glycin—
Aspartat (RGD)-containing proteins.245

The a6B4 integrin belongs to the group of laminin-binding
integrins and is presented by epithelial cells, Schwann cells,
keratinocytes, and endothelial cells.2¢ Upon binding to lam-
inin, 06B4 integrin leads to the assembly of hemidesmo-
somes, which mediate stable adhesion by connecting the
intracellular keratin cytoskeleton to the basement mem-
brane.”® Additionally, the B4 integrin has distinctive cytoskel-
etal and signaling functions via its 1,017 amino-acid-long
cytoplasmic domain.2®' During wound healing, this domain
can be phosphorylated by protein kinase C or interactions
with growth factor receptors resulting in the release of the
06B4 integrin from hemidesmosomes.'™""* After relocaliza-
tion from the keratin to the actin cytoskeleton, the phosphor-
ylation of the integrin promotes the formation of filopodia and
lamellae, as well as stimulating key signaling pathways facili-
tating migration and wound closure.215-'8

Different types of cancer cells use this mechanism of cyto-
skeleton remodeling to promote invasive signaling through
cooperation with growth factor receptors and alteration of
the transcriptome. Under conditions where hemidesmo-
somes are disassembled, binding of a6p4 integrin to lam-
inin can activate both phosphoinositide 3-OH kinase (PI3K)
and RhoA, a small GTPase. Activation of these signaling

pathways then facilitates tumor cell growth, invasion, and
metastasis.2 14151820 This central role in tumor progression
explains why upregulation of the 0634 integrin gene expres-
sion is often linked to poor prognosis.®?'?2 Furthermore,
Hoshino et al.?® found out, that 06p4 integrins on the surface
of exosomes play a key role in the lung-specific metastasis by
formation of a pre-metastatic niche. Therefore, an inhibition
of the a6P4 integrin laminin interaction is of high therapeuti-
cal interest to reduce cell growth, invasion, and metastasis.

A promising strategy is the blockage of the laminin binding
site at the surface of a6p4 integrin by an appropriate macro-
molecule. Rabinovitz and Mercurio'” showed that targeting
the 06B4 integrin with a monoclonal antibody inhibited the
migration of colon adenocarcinoma cells significantly. While
monoclonal antibodies are commonly employed to specifi-
cally target cell surface proteins, they exhibit a number of sig-
nificant drawbacks. Those include their high production cost,
limited shelf life, and their high molecular weight preventing
access to many biological compartments.242> A promising
alternative to protein-based strategies for targeting cell sur-
face markers was presented in the early 1990s in the form of
small nucleic acid ligands.?2® This emerging class of thera-
peutics, with over 900 generated species today,?® was termed
aptamers. They are selected in vitro by an iterative process
referred to as systematic evolution of ligands by exponen-
tial enrichment (SELEX).262 Aptamers can be selected
for a wide spectrum of targets ranging from small organic
molecules, dyes,?® and heavy metals to proteins®® and nano-
materials and even bacteria or eukaryotic cells.®'* To date
11 aptamers are in clinical trials, where they are applied as
therapeutics for the treatment of macular degeneration,3®
coagulation,** different forms of cancer,® and inflammatory
diseases.?3¢
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Here, we report on the selection of a DNA aptamer inhibit-
ing the interaction between 0634 integrin and laminin-332.

Results

Selection and identification of aptamers binding to 0634
integrin

To select a DNA aptamer specific for o634 integrin in its
native state, we started with a cell-SELEX approach using
prostate cancer cells (PC-3).3% Cells were plated in a cell
culture dish and incubated with the starting DNA library con-
taining 10 different species. After an enrichment of binders
to PC-3-cells in the first two rounds, PC-3 4 Integrin (ITGB4)
knockdown cells were used in a preselection step to deplete
aptamers specific for cell surface marker other than 06034
integrin. However, the counter selection strategy was insuf-
ficient to prevent enrichment of nontarget specific aptam-
ers as binding of the library to the knockdown cells could be
detected via flow cytometry after selection cycle five. There-
fore, in round six, we switched to a conventional SELEX with
immobilized recombinant a6p4 integrin to improve the speci-
ficity. The library in round 12 showed an increased binding
to the PC-3 cells via flow cytometry (Figure 1a, green) and
was cloned and sequenced (see Supplementary Table S1).
Twenty different nucleic acids were obtained with no apparent
sequence identity shared between the individual molecules.
Therefore, all nucleic acids, cyanine-5 labelled, were tested
for their binding affinity using flow cytometry (Figure 1b). The
highest affinity showed nucleic acid 28, henceforth termed
Integrin 0.6B4-specific DNA Aptamer (IDA, green), followed
by nc36 (blue). The starting library did not bind to PC-3-cells
at all (red).

The K, value for the interaction of IDA with a6B4 integrin
in its natural environment was determined by flow cytometry.
Therefore, a dilution series of fluorescently labelled IDA was
incubated with a constant number of PC-3 cells. The resulting
mean values were normalized to the highest binding event
and plotted against the aptamer concentration with python
(version 3) (Figure 2). The fitted K value for the binding of
IDA (blue) to PC-3 cells was 13722 nmol/l. The dilution
series of the control DNA (green) gave a much lower fluores-
cence signal compared with IDA.

Inhibition assay

To test the ability of IDA and nc36 to block the interaction
between o06B4 integrin and laminin-332, we performed an
inhibition assay. 0634 integrin presenting PC3-cells and pri-
marily 61 presenting LnCap cells (see Supplementary
Figure S1) were pre-incubated with the aptamers IDA or
nc36 and then transferred to 96 well plates precoated with
laminin-332. After washing, attached cells were counted with
the CellTiter-Glo® Assay (Promega).

IDA (violet) inhibits the binding of PC-3 cells to laminin-332
with a P value < 0.001 compared with untreated cells (green)
and a value <0.05 compared with aptamer nc36 (blue).
LnCapcells (red) did not show any binding to laminin-332
(Figure 3a). Next, we wanted to identify the IC, value of IDA
in a dilution series of the aptamer. The resulting lumines-
cence signal was normalized to bound PC-3 cells as 100%
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(Figure 3b). The apparent K of IDA was 123+44 nmol/l. The
IC,, value was determined to be ~149 nmol/l.

Specificity

To analyze the specificity of IDA, it was incubated at 37
°C with PC-3 cells and PC-3 integrin 4 knockdown cells.
A clear fluorescence shift could be detected for PC-3 cells
presenting the integrin after incubation with IDA (Figure 4a,
blue). Although there appears to be moderate binding of
IDA to B4-deficient cells, the fluorescence shift is much less
pronounced (green). As the reduced fluorescence shift is in
accordance with a reduction of 06 integrin surface levels (see
Supplementary Figure S2), this indicates an o6 integrin
specificity. To assure that IDA is specific for o6 integrins, we
performed an electrophoretic mobility shift assay with human
recombinant integrins 064, a6p1, radP1 and murine o6p4,
respectively (Figure 4b). IDA bound to human o634 (violet)
and o6B1 (blue) as well as to murine a6p4 (green), but not
to 04B1 (red). Raw data are provided in the supplementary
material section (see Supplementary Figure S3)

Internalization of IDA into PC-3 cells

The internalization of IDA into PC-3 cells was analyzed with
a confocal laser scanning microscope. Therefore, PC-3 cells
were incubated with either cyanine 5 (cy5)-labelled IDA
(IDA-cy5) or control DNA (coDNA-cy5). IDA was able to bind
the cell surface at 4 °C (see Supplementary Figure S4a)
and was internalized into the cells at 37 °C (Figure 5a),
whereas the control coDNA-cy5 did not appear to even
bind to the cells (Figure 5b, Supplementary Figure S4b).
To determine, if IDA is able to induce internalization of the
064 integrin, cells surface levels after aptamer incubation
were analyzed by flow cytometry (see Supplementary Fig-
ure S5). No significant decrease of these levels could be
detected after 5, 10 or 15 minutes of aptamer incubation at
37 °C. This indicates that IDA is internalized upon natural
receptor recycling.

Truncation of IDA

In order to truncate IDA, secondary structure predictions were
performed using the RNA structure webserver (see Sup-
plementary Figure S6a).*® This software predicted a long
unpaired region consisting of the forward primer and three
small stem loops. The last loop was imparted into the reverse
primer. Two smaller constructs were designed, named IDA-A
and IDA-B. IDA-A was shortened to 44 nucleotides includ-
ing all three stem loops, whereas IDA-B had 36 nt includ-
ing only the two stem loops in the former randomized part
(see Supplementary Figure S6b,c). Both constructs were
able to bind to PC-3 cells as analyzed by flow cytometry (see
Supplementary Figure S7). However, they lost the ability to
block the integrin-laminin-binding as confirmed by an inhibi-
tion assay (see Supplementary Figure S8).

Determining the stability of IDA

The stability of IDA was analyzed in murine blood plasma
over a period of 24 hours (Figure 6). IDA had a half-life time
around 6 hours. Raw data are provided in the supplementary
material (see Supplementary Figure S9)
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Figure 1 Flow cytometric analyses. (a) An enrichment of binding nucleic acids in higher rounds could be detected via flow cytometry. Green:
library round 12, blue: library round 10, violett: library round 6, red: starting library, grey: untreated cells. (b) FACS analysis of cloned nucleic
acids. Green: nc28, blue: nc36, pink: nc41, orange: nc 47, grey: nc50, violet: nc25, red: starting library, grey: untreated cells. The nucleic acid

nc28 showed the highest affinity to PC-3 cells.
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Figure 2 Determination of the K, value for the interaction of IDA
with PC-3 cells (blue); control DNA (green). A dilution series from
500 to 15.6 nmol/l was incubated with a constant amount of cells
and analyzed by flow cytometry. Bound DNA was normalized to 500
nmol/l as 100%.

Discussion

Aptamers are an emerging class of therapeutics as up to
date 11 aptamers are under clinical trials.?® To increase this
number, a variety of different SELEX approaches were devel-
oped, including the selection of aptamers targeting recombi-
nant proteins as well as whole cells.*® Even complete in vivo
selections have been performed.*!

As cancer cells use the a6p4 integrin/laminin-332 inter-
action to activate signaling pathways promoting tumor cell
growth, invasion and metastasis, the inhibition of this inter-
action is of high therapeutic interest.2'415182042 |n order to
select an aptamer with the ability to block this interaction, we
combined a cell-SELEX, which had the advantage for pro-
teins being in their natural state, with a bead-based selection

to further enhance the specificity of the selected library. This
selection strategy resulted in the identification of 20 differ-
ent clones with no sequence identity. Only the best binder,
termed IDA, was also able to inhibit the adhesion of PC-3
cells to laminin-332 with a resulting IC_; value of 149 nmol/l.
Binding of the aptamer to PC-3 cells was shown to depend
on o6 integrins and an electrophoretic mobility shift assay
further verified specificity to human recombinant integrins
o6B4 and a6P1, respectively. No binding could be detected
to 04B1, but the aptamer recognizes murine 06p4. This data
indicate that the aptamer binds to a6 integrins, which opens
the possibility to block the interaction of o631 with other lami-
nins as well. As both a6 integrins presented on exosomes
play a key role in lung-tropic metastasis, the inhibition of both
integrins is beneficial.?®> Additionally to IDA’s function as an
inhibitor, the aptamer could be used as a tumor marker for
cancer cells highly presenting a6 integrins, e.g., squamous
or thyroid carcinomas or for the detection of these exosomes.

The internalization of the aptamer opens the possibility to
deliver drugs directly to cancer cells overexpressing the 0634
integrin. Several aptamer-drug conjugates have been pub-
lished so far including siRNA, microRNA, toxins, and func-
tionalized nanoparticles.**4

Truncated IDA was still able to bind to PC-3 cells in an
o634 integrin-dependent manner. Blocking of the cell surface
protein for laminin, however, was impaired after shortening of
the aptamer. This observation indicates that the binding site
of the aptamer is near but not identical to the binding pocket
of the a6P4 integrin. Therefore, the inhibition could be caused
by a region of the aptamer that is not essential for binding to
its target protein but rather extending from the binding side,
masking the laminin binding pocket of the a:6B4 integrin.

For an in vivo application, the stability of the aptamer is
of great importance. We studied the stability of IDA in blood
plasma, resulting in a half-life time around 6 hours. For a fur-
ther application, modifications of the aptamer need to be per-
formed to increase the IC, value as well as the stability. This
could be done using modified nucleotides or by combination

www.moleculartherapy.org/mtna
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Figure 3 IDA inhibits the interaction between PC-3 cells and laminin-332. (a) PC-3 cells were incubated with IDA (violet), nc36 (blue)
or without DNA (green) in a laminin-coated plate. Only IDA showed a reduced binding of PC-3 cells. LnCap cells not presenting the integrin
showed no adhesion (red). (b) Dilution series of IDA (1.25 umol/I-39 nmol/l) to determine the IC_ value and the K.
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Figure 4 Determination of the specificity of IDA. (a) Flow cytometry analysis. IDA binds to PC-3 cells (blue) with a higher affinity than to
B4 integrin knockdown cells (green). The auto fluorescence of knockdown cells is shown in dark grey, the fluorescence of PC-3 cells in light
grey. (b) Electrophoretic mobility shift assay. The aptamer binds to murine (green) and humane (violet) recombinant a6p4 integrin, as well as
humane a6B1 (blue), but not to recombinant a4p1 (red).

Figure 5 Confocal laser scanning microscopy analyses. (a) IDA is internalized by PC-3 cells. (b) The nonbinding DNA showed no
fluorescence signal.
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Figure 6 Stability assay of IDA in murine plasma. The half-life
turned out to be around 6 hours.

with a nucleic acid binding to a different binding site of the
integrin, like nc36.

In summary, we selected a DNA aptamer inhibiting the
integrin—laminin interaction, which is also internalized into
target cells. Future studies need to reveal, if the aptamer
has an influence on the signaling pathways promoted by the
integrin.

Materials and methods

Chemicals. All chemicals were purchased from Sigma-Aldrich
(Hamburg, Germany), unless otherwise stated. Buffers were
prepared using deionized water obtained from a water purifi-
cation system (Millipore, Billerica, MA).

Oligonucleotides. All ssDNAs were synthesized, modified,
and purified by Sigma-Aldrich (Hamburg, Germany).

Proteins. All integrins were purchased from R&D Systems
(Abingdon, UK) and laminin-332 from Biolamina AB (Stock-
holm, Sweden).

Cell culture. Cell culture of PC-3 cells was carried out using
RPMI (PAN Biotech) with 10% FCS (PAA/GE Healthcare,
K41-001), 60 mg/mL penicillin (PAA/GE Healthcare, P11-010)
and 100 mg/mL streptomycin (PAA/GE Healthcare, P11-010)
at 37 °C and in water-saturated atmosphere containing 5%
CcO2.

Selection of aptamers forintegrin 4. The selection of aptamers
forintegrin4wasaccomplishedbyacombinationofcell-SELEX
and conventional SELEX using the recombinant .64 integrin.
The starting ssDNA library (GCCTGTTGTGAGCCTCCTAA
C-N39-CATGCTTATTCTTGTCTCCC) was purchased from
Sigma Aldrich HPLC-purified using the primers described
by Mayer et al.*® The forward primer contained a 5’ cyanine
5 label and the reverse primer a 5° phosphate needed for
strand displacement. Cells, cultured in a cell culture dish
(100x20mm), were incubated with 500 pmol of the starting
library at 37 °C for 30 minutes in selection buffer (1x PBS,
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3 mmol/l MgCl,, 1 mmol/l CaCl,, 1mg/ml BSA and 1mg/ml
salmon sperm DNA). In the first round, cells were washed
three times with the selection buffer. Cells were detached
with a cell scraper and binding ssDNAs were eluted with 50
pl preheated water at 80 °C for 5 minutes. After centrifugation
at 400xg for 5 minutes to remove the cells, eluted nucleic
acids were amplified using PCR amplification (30 seconds
at 95 °C, 1 minute at 60 °C, 1 minute at 72 °C) for an appro-
priate number of PCR cycles. The strand displacement was
done by Lambda Exonuclease digestion for 30 minutes at
37 °C.*" In round three, ITGB4 knockdown cells were used in
a preselection step. Therefore, the pool was incubated with
knockdown cells for 30 minutes at 37 °C. The supernatant
was then used in the selection step.

Beginning with round six, the procedure was changed to a
conventional SELEX. Therefore, the human recombinant o6
(X1) B4 Integrin (100 pmol) was coupled to magnetic Beads
(SIMAG-Carboxyl) with EDC-NHS and incubated with the
pool in 100 pl selection buffer at 37 °C for 30 minutes. The
beads were washed three times, with increasing washing
steps for later rounds, and eluted with 50 pl preheated water
at 80 °C for 5 minutes. Afterwards, an amplification step was
done as described above. Altogether 12 SELEX rounds were
done.

Cell inhibition assay. For analyzing the inhibition capacity
of the integrin B4 aptamer, a cell inhibition assay was done.
Therefore, a black 96-well plate was coated with 0.5 pg/ml
laminin-332 (Biolamina) in 60 ul RPMI overnight at 4 °C. Cells
were detached with accutase (PAN Biotech). 150,000 cells
were either left untreated or incubated with relevant nucleic
acids for 30 minutes at RT. For measuring the IC50 value, a
dilution series of IDA was done beforehand. After washing,
the 96-well plate twice with RPMI, the corresponding sam-
ples were added to the wells. After incubation at RT for 30
minutes, the plate was washed eight times with 60 pl 1xPBS.
Attached and viable cells were detected via CellTiter-Glo®
Assay (Promega). The data were plotted with python (ver-
sion 3) and fitted with a Hill1-Fit. Measurements were done
in triplicate.

Flow cytometry. The binding affinity of IDA to PC-3 cells as
well as the specificity of the aptamer was analyzed via flow
cytometry. Therefore, cells were detached with accutase for
2 minutes at 37 °C. In each case, 200,000 cells were washed
with 100 pyl RPMI and incubated with relevant ssDNAs for 20
minutes at RT.

For determining the K, value, a dilution series was done
beforehand. After two washing steps with 200 pl 1xPBS, the
fluorescence intensities of the cells were determined with a
FACS Calibur flow cytometer (BD Biosciences, San Jose,
CA) counting 10,000 events. The fluorescence was then eval-
uated using the BD CellQuest Pro software (Version 3.2.1).

For determining if IDA induces internalization, cells were
incubated with 5 pmol/l IDA or a control nucleic acid for 5, 10
or 15 minutes at 37 °C prior to a 4 integrin antibody staining.

Electrophoretic mobility shift assay. The specificity of IDA was
analyzed using an electrophoretic mobility shift assay. A con-
stant amount of radioactively labelled ssDNA (>1 nmol/l) was

www.moleculartherapy.org/mtna
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incubated with 750 nmol/l protein for 20 minutes at 37 °C.
After addition of 1 pl 6x DNA loading dye, the samples were
loaded on a 5% non-denaturing polyacrylamide gel (acryl-
amide/bisacrylamide 37.5:1). The separation was done at
60V and 4°C for 2 hours. The gel was frozen at -20 °C and
the bands were detected via autoradiography. The amount of
bound DNA was calculated by dividing the overall intensity
per lane with bound fractions. Measurements were done in
duplicate and plotted with python (version 3).

Laser scanning microscopy. Cells were sowed into a Nunc™
Glass Bottom Dish and cultivated for 24 hours to let them
reach 80% confluence. Then 100 nmol/l ssDNA was added
to the cells. After incubation at 4 °C or 37 °C for 20 min-
utes, cells were washed twice with RPMI without phenolred.
Results were observed with an Olympus 1X-81 microscope.

Stability assay. To determine the stability of IDA, a constant
amount of radioactively labelled ssDNA was incubated in
murine blood plasma at 37 °C for 24 hours. After 0, 1, 5, 15,
and 30 minutes and 1, 2, 4, 8 and 24 hours, respectively,
samples were taken, mixed with RNA loading dye and fro-
zen in liquid nitrogen. The samples were analyzed by a 10%
denaturing PAGE and bands were detected via autoradiogra-
phy. Band intensities were determined with Quantity One and
the amount of full length DNA in each lane was calculated
with the 0 minute sample as 100%. Measurements were
done in duplicate and plotted with python (version 3).

Supplementary material

Table S1. Name and sequence of used nucleic acids and
primers.

Figure S1. Determining the surface level of 06 (A) and 4 (B)
integrin on LnCap cells via flow cytometry. Grey: untreated
Lncap cells, green: Integrin specific antibody, red: Isotype
control.

Figure S2. Determining the surface level of a6 integrin on
PC-3 cells via flow cytometry. Black: PC-3 cells with an iso-
type control, dark green: PC-3 cells with an a6 integrin spe-
cific antibody, grey: PC-3 integrin 34 knockdown cells with an
isotype control, dark green: PC-3 integrin 4 knockdown cells
with an 06 integrin specific antibody.

Figure S3. Determining the specificity of IDA by electropho-
retic mobility shift assay. The aptamer binds to murine (lane
2) and humane (lane 3) recombinant a6p4 Integrin, as well
as humane o631 (lane 4), but not to recombinant 04p1 (lane
5). Lane 1 and 6 show the aptamer migration in the absence
of proteins.

Figure S4. Confocal laser scanning microscopy analyses.
(A) IDA binds to the surface of PC-3 cells at 4°C. The non-
binding DNA showed no fluorescence signal (B).

Figure S5. IDA does not induce internalization of o634 in-
tegrin determined by flow cytometry. Cell surface levels of
06B4 Integrin on PC-3 cells were analyzed with an ITGB4
antibody after preincubation of cells with 5 uM IDA at 37°C
for 5 (violet), 10 (blue) or 15min (green) or with a control DNA
(red). No significant change can be seen. An antibody isotype
control showed no binding to PC-3 cells (yellow).
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Figure S6. Structure analysis of IDA (A) and resulted Trunca-
tions. IDA-A (B) includes all three stem loops, whereas IDA-B
(C) contains only two of them.

Figure S7. FACS Analysis of truncated IDA-constructs. Grey:
untreated PC-3 cells, violet: IDA-cy5, orange: IDA-A-cy5,
pink: IDA-B. Both truncated nucleic acids are still binding.
Figure S8. The truncations are not able to inhibit the binding
of PC-3 cells to lam-332. Violett: IDA, orange: IDA-A, pink:
IDA-B, blue: nc36.

Figure S9. 10% denat. PAA-gel for detecting the stability of
IDA in murine blood plasma. Samples taken after O (lane 1),
1(lane 2), 5 (lane 3), 15 (lane 4), 30min (lane 5) and 1 (lane
6), 2 (lane 7), 4 (lane 8), 8 (lane 9) und 24 h (lane 10) of in-
cubation at 37 °C.
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