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Brief Communication

DNA Aptamer Assembly as a Vascular Endothelial
Growth Factor Receptor Agonist
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Controlling receptor-mediated processes in cells is paramount in many research areas. The activity of small
molecules and growth factors is difficult to control and can lead to off-target effects through the activation of
nonspecific receptors as well as binding affinity to nonspecific cell types. In this study, we report the development
of a molecular trigger in the form of a divalent nucleic acid aptamer assembly toward vascular endothelial growth
factor receptor-2 (VEGFR2). The assembly binds to VEGFR2 and functions as a receptor agonist with targeted
receptor binding, promoting receptor phosphorylation, activation of the downstream Akt pathway, upregulation of
endothelial nitric oxide synthase, and endothelial cell capillary tube formation. The agonist action we report
makes this aptamer construct a promising strategy to control VEGFR2-mediated cell signaling.

Introduction

RECENT ADVANCES IN tissue engineering, regenerative
medicine, and cell-based therapies necessitate the de-
velopment of novel strategies that allow for controlling cellular
processes. Of interest are approaches that are targeted, specific,
robust, and ultimately result in molecular pathway activation
and the transduction of signals that direct cellular responses,
such as stem cell differentiation or tissue matrix production.
For receptor-mediated cell processes, the identification of
stable receptor ligands showing precise binding, high speci-
ficity, and targeted activation represents an area of active re-
search [1].

Current efforts aim to use receptor-specific growth factors
and cytokines or their respective receptor-binding peptide
sequences as these are responsible for native interactions that
result in receptor activation. While inherently successful as
receptor agonists, these agents, often being difficult to control
spatially, can lead to off-target effects through the activation
of nonspecific receptors and binding to nonspecific cell types
[2,3]. Unfortunately, identification of therapeutic agents that
selectively activate specific cell surface receptor targets has
proven to be quite a challenge. Overcoming these limitations
in the control of receptor-mediated processes will result in
distinct improvements in directing cellular processes, such as
proliferation, migration, and differentiation.

A promising approach to achieving this goal is through the
use of nucleic acid aptamers, single-stranded oligonucleo-
tides that exhibit highly specific binding to intracellular and

extracellular target sites [4]. The high affinity and specificity
of aptamer binding can be attributed to their ability to form
complex three-dimensional structures [S]. Ever since their
isolation using the systematic evolution of ligands by expo-
nential enrichment (SELEX) process, which was developed
in the laboratory of Larry Gold at the University of Colorado
[6], aptamers have been studied extensively as diagnostic and
therapeutic tools for a wide range of applications [7-9]. In
addition, using this method, aptamers have been selected
against a wide array of targets from small molecules, pro-
teins, and bacteria to whole cells (ie, whole-cell SELEX)
[10,11].

The major advantages in using aptamers over traditional
antibodies and growth factors are their high affinity and tar-
geting specificity, as well as their nonimmunogenic nature.
Aptamers are also easily synthesized and can be modified to
confer nuclease resistance and thus stability [12]. With regard
to aptamer—receptor interactions, most work with aptamers
exploits the ability of aptamers to inhibit protein—protein
interactions, such as receptor—ligand interactions, thereby
rendering them receptor antagonists [12]. This approach has
been quite successful in the area of neovascularization and
angiogenesis inhibition [13—15]. The higher affinity of ap-
tamers to their targets compared with other receptor ligands,
such as antibodies or growth factors, makes them excellent at
blocking receptor activation.

As a departure from current strategies, we show the ability
of an engineered aptamer assembly to act as a receptor agonist
that activates vascular endothelial growth factor receptor-2
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(VEGFR2) on human endothelial cells. The activation of
VEGEFRs plays a crucial role in many processes of vascular
stem and mature cells, including cell proliferation, migration,
differentiation, survival, tissue factor production, and nitric
oxide production, as well as functions such as angiogenesis
[16]. VEGFR?2 is expressed on vascular endothelial cells and is
involved in angiogenic activities and thus is used in this study
[16]. With that in mind, herein, we report the use of a DNA
oligonucleotide sequence (aptamer) that when assembled into

a unique divalent assembly acts as a receptor agonist toward
VEGFR2.
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Materials and Methods
Aptamer design

The aptamers used in our study include an 8O0mer
VEGFR2-binding DNA aptamer with modified nucleic acids
that was obtained from Aptamer Sciences (AptSci, Pohang,
Gyeongbuk, South Korea) and used to confirm endothelial
cell binding. The sequence (Aptgomer) 1S shown in Fig. 1A.
Following validation of endothelial cell binding with the
commercially available aptamer sequence, subsequent re-
ceptor agonist studies were conducted with a modified 80mer

A
Aptamer sequences and configuration
Aptamer Description Sequence
5 GAT GTG AGT GTG TGA CGA GC5 ACG ACG 5C5 GG5 G5A A55 5A5 AAA
APlgomer 80mer monomer | G AC5 G5G 5A5 ASC AAC AAC AGAACAAGG AAA GG 3'
Apt,, Modified 80mer 5" GAT GTG AGT GTG TGA CGA GCT ACG ACG TCT GGT GTAATT TAT AAA
B0mer monomer GAC ACT GTG TAT ATC AAC AAC AGAACAAGG AAA GG 3'
5' GAT GTG AGT GTG TGA CGA GCT ACG ACG TCT GGT GTAATT TAT AAA
Apt, 5'-3'/spacer/5'-3' GAC ACT GTG TAT ATC AAC AAC AGA ACA AGG AAA GG 3"/ (PEG); spacer
ivalent P /5' GAT GTG AGT GTG TGA CGA GCT ACG ACG TCT GGT GTA ATT TAT
AAA GAC ACT GTG TAT ATC AAC AAC AGAACAAGG AAA GG 3’
B
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FIG. 1. Aptamer design and binding to endothelial cells. (A) Table showing aptamer sequences and configuration. (B) The
predicted secondary structure with the lowest free energy of the Aptygomer monomer (structure predicted by UNAfold). (C)
Schematic representation of the divalent aptamer assembly (Aptpiyaien) Showing two Aptyigomer monomers tethered to the 3" and 5°
ends to an 18-atom hexaethylene glycol spacer. (D) Schematic representation of the proposed method of action of the divalent
aptamer assembly to target and activate through dimerization, membrane-bound vascular endothelial growth factor receptor-2
(VEGFR?2). Images (E-J) show flow cytometry data of aptamer—endothelial cell binding. Unprobed human umbilical vein
endothelial cells (HUVECs) are shown in each panel as the gray histogram. The white histogram shows (E) positive binding of
CD309 (VEGFR?2) antibody; (F) negative binding from the isotype control; (G) positive binding of fluorescein isothiocyanate
(FITC)-conjugated Aptgomer aptamer; and (H) inhibition or decreased binding of the aptamer when blocked with soluble vascular
endothelial growth factor (VEGF) before aptamer incubation. (I) Positive binding of FITC-conjugated modified Aptyigomer aptamer
and (J) inhibition or decreased binding of the aptamer when blocked with soluble VEGF before aptamer incubation. Images (K-N)
show flow cytometry data of aptamer—endothelial cell binding in competition with soluble VEGF. Unprobed HUVECs are shown in
each panel as the gray histogram. The white histogram in each figure shows positive binding of 150 nM of the fluorescent-tagged
Aptvgomer Solution in competition with (K) 50nM, (L) 75 nM, (M) 100 nM, and (N) 150nM VEGF solutions.
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DNA aptamer of similar sequence, however, by replacing the
benzyl-containing modified bases (BndU) (indicated as 5 in
the sequence) with thymine (Integrated DNA Technologies,
Coralville, IA). The modification of the bases results in
slightly lower binding affinity; however, the binding speci-
ficity toward VEGFR?2 is maintained. The modified sequence
(Aptmsgomer) 18 also shown in Fig. TA.

Toward the goal of assessing aptamer agonist function,
we fabricated an aptamer assembly comprising two identical
Aptygomer monomers tethered to each end of an 18-atom
hexaethylene glycol spacer, thus creating a divalent assembly
(Aptpivaleny) (Integrated DNA Technologies). Polyethylene
glycol (PEG) was chosen to be the spacer of the divalent
aptamer assembly because it exhibits many qualities desir-
able for the functionality of our assembly. First, PEG shows
favorable biological properties, in that it is nontoxic and
nonimmunogenic. Additionally, the hydrophilic nature of
PEG helps to support water solubility of the assembly. Fur-
thermore, PEG is flexible and does not impose steric hin-
drance on aptamer molecules bound to it. Finally, PEG
molecules have been shown extensively in the literature to
prevent nonspecific binding and thus may prevent nonspe-
cific aptamer binding [17].

As another selection criterion, we considered that the root-
mean-square distance between the two subunits of VEGFR2
is reported as 3.5 A [18]. Therefore, to make possible the
binding of both receptor subunits, we selected the 18-atom
hexaethylene glycol spacer with an end-to-end chain length
of 21 A and a calculated Flory radius of 10.26 A [19] as this
length would make such a dimerization mechanism possible.
It should be noted that while we do not demonstrate this
mechanism in this work, based upon the length of our spacer,
it is possible with our Aptpivaiens @ssembly. The sequence,
predicted secondary structure with the lowest free energy,
and a schematic representation of the divalent aptamer as-
sembly are shown in Fig. IA-C.

Aptamer—endothelial cell binding

To determine the ability of the 80mer aptamer and the
modified base 80mer, Aptgomer and Aptyigomer respectively,
to bind to the VEGFR2, flow cytometric analysis was per-
formed using human umbilical vein endothelial cells
(HUVECS; Lonza, Baltimore, MD). HUVECS between pas-
sages 5 and 9 were cultured in endothelial cell basal media
(EBM-2; Lonza), supplemented with human epidermal
growth factor-2 (hEGF-2), hydrocortisone, human fibroblast
growth factor-basic (hFGF-b), vascular endothelial growth
factor (VEGF), insulin-like growth factor-1 (IGF-1), ascorbic
acid, and gentamycin/amphotericin-B, and 2% fetal bovine
serum (FBS) at 37°C in a CO, incubator.

The VEGFR2-binding aptamer (Aptgome:) and the modified
base aptamer (Aptygomer) CONtaining a terminal amine group
were obtained to allow for fluorescein isothiocyanate (FITC)
modification. The FITC tag was incubated with the amine-ter-
minated aptamers separately in borate buffer (pH 8.5) for 1 h at
room temperature with gentle mixing. The excess FITC was
removed through the use of three consecutive Zeba desalting
columns (Pierce Biotechnology, Rockford, IL) to ensure com-
plete removal of the dye. The amine group on the aptamer was
then linked to the isothiocyanate group, forming a thiourea-type
bond between the FITC molecule and the aptamer. The FITC-
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conjugated aptamer solution was suspended in phosphate-
buffered saline (PBS) (pH 7.4) and stored in the dark.

Control experiments included the use of VEGFR2 antibody
(CD309) and an IgG isotype control antibody for testing
nonspecific binding (BD Biosciences, San Jose, CA). In
preparation for flow cytometry, HUVECs were detached from
tissue culture polystyrene (TCPS) flasks using cell dissociation
media, then split into separate microcentrifuge tubes, each
containing a suspension of 300,000 cells. The FITC-conju-
gated aptamers, that is, Aptgomer and Aptygomer previously
prepared, were then incubated with HUVECs for 1h in sus-
pension to allow for the aptamer binding to the cell surface
VEGFR?2. This was followed by a washing step (three cen-
trifugal spins and washes) utilizing PBS containing 0.1%
Tween-20 to ensure the removal of nonspecifically bound
aptamer. The cells were suspended in PBS containing 4% FBS
and run on an Eclipse EC800 flow cytometer (Sony Bio-
technology, Champaign, IL). The data were analyzed using
FlowJo (Treestar, Ashland, OR) and plotted as a histogram.

To confirm binding specificity of the Aptgomer and
Aptysomer 10 @ separate experiment sample, HUVECs were
treated as described, except the cells were incubated with
2 ng/mL soluble VEGF before incubation with the aptamer to
block the target VEGFR2. In another experiment, we as-
sessed Aptygomer Dinding when in competition with soluble
VEGEF. In this experiment, HUVECs were incubated simul-
taneously with 150 nm Aptygomer and 50, 75, 100, or 150 nm
soluble VEGF. Flow cytometry was conducted to detect
changes in aptamer binding affinity in the presence of soluble
VEGF and the data were analyzed using FlowJo.

VEGFR2 phosphorylation

The activation of VEGFR2 by both the monomeric form and
divalent aptamer assembly was tested by assessing phosphor-
ylation events of VEGFR2 on HUVECs. Phospho-VEGFR2
was quantitatively measured spectrophotometrically using
Human Phospho-VEGF R2/KDR DuoSet IC (R&D Systems,
Minneapolis, MN). Briefly, HUVECs were grown in complete
media previously described to nearly 100% confluence on
TCPS. The cells were then serum starved overnight in basal
media (BM) containing 0.2% FBS and 0.1% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO). Immediately, before
stimulation, the HUVECs were washed with PBS, and then
stimulated for 10 min in unsupplemented BM, unsupplemented
BM containing 100 ng/mL. VEGF, unsupplemented BM con-
taining 300 nM Aptyvgomer, OF unsupplemented BM containing
150nM AptDivalem-

Following stimulation, the cells were first rinsed with ice-
cold PBS, and then incubated on ice for 15 min in ice-cold
lysis buffer containing 10 pg/mL each of protease inhibitors,
aprotinin and leupeptin (R&D Systems). The lysates were
collected and assayed by following the standard enzyme-
linked immunosorbent assay protocol provided by the man-
ufacturer (R&D Systems). The optical density of the samples
was immediately determined using a Synergy H1 microplate
reader (Biotek, Winooski, VT) with the absorbance measured
at 450 nm and wavelength correction set at 540 nm.

Signal pathway activation

Activation of the downstream Akt pathway by the divalent
aptamer assembly was assessed through immunological
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labeling and flow cytometry. HUVECs were grown to 80%
confluence on TCPS before stimulation, and then subse-
quently serum starved overnight in EBM-2 devoid of FBS
and growth factors. Following culture overnight in serum-
free media, the cells were stimulated for 20 min in un-
supplemented serum-free BM (EBM-2), unsupplemented
BM containing 2 ng/mL VEGF, or in unsupplemented BM
containing 300 nM Aptpivatent-

Following the stimulation, the cells were washed with
PBS, trypsinized, and split into microcentrifuge tubes con-
taining 300,000 cells. The stimulated cells were permeabi-
lized using a cold 100% methanol solution at 4°C for 15 min,
washed thrice to remove excess methanol, and fixed using
fluorofix buffer (Sony Biotechnology) for 30 min at room
temperature. The cells were again washed using PBS thrice to
remove any excess fixative in preparation for staining. The
cells were then probed using anti-phospho-Akt antibody
(Ser473) (EMD Millipore, Billerica, MA) (250 pg/sample)
for 1h in the dark with occasional gentle mixing. The cells
were subsequently washed thrice with PBS containing 0.05%
Tween-20 to remove nonspecifically bound antibody. The
cells, resuspended in PBS containing 4% FBS, were subse-
quently run on the Eclipse EC800 flow cytometer and the data
were examined and plotted using FlowJo.

Endothelial nitric oxide synthase expression

Changes in expression of endothelial nitric oxide synthase
(eNOS) were assessed using western blot analysis. Briefly,
HUVECs were grown in complete media previously described
to 80% confluence. Before stimulation, the HUVECs were
washed with PBS, and then stimulated for 24h in un-
supplemented BM (EBM-2 devoid of serum and growth fac-
tors), unsupplemented BM containing 2 ng/mL VEGF, or in
unsupplemented BM containing 300 nM Aptp;yaient- Following
stimulation, cells were lysed on ice for 15 min in 0.1% Triton
X in PBS containing 10 pg/mL protease inhibitor cocktail
(Sigma-Aldrich). Cellular proteins were resolved by 7.5%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and subsequently transferred to a polyvinylidene difluoride
(PVDF) membrane (Fisher Scientific, Waltham, MA).

After transfer, the membranes were divided with the top
portion being immunoblotted with anti-eNOS primary anti-
body (1:500; Abcam, Cambridge, United Kingdom) over-
night at 4°C. The lower portion of the membrane was probed
with anti-B-tubulin primary antibody to serve as a loading
control (1:500; Abcam). eNOS and [-tubulin protein ex-
pression was visualized using a horseradish peroxidase
(HRP)-conjugated goat anti-rabbit secondary antibody
(1:5,000; Abcam) and colorimetrically detected using the
Opti-4CN HRP substrate detection kit (Bio-Rad, Hercules,
CA). The membrane was digitally imaged and the intensity of
the resulting bands was quantified using ImageJ] software
version 1.46.

Capillary tube formation (angiogenesis)

To assess the function of the divalent aptamer assembly,
we conducted a capillary tube formation assay. Recall that
the divalent aptamer comprises tWo Aptygomer MONOMeErs
tethered at both ends of a PEG spacer. Therefore, to confirm
the effectiveness of our divalent assembly structure over the
monomeric aptamer, we also included the Aptygomer-
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Briefly, HUVECs were plated on a 48-well tissue culture
plate precoated with 250 pLL of Cultrex basement membrane
extract (Trevigen, Gaithersburg, MD). The cells were then
treated with 100 uL. each of unsupplemented BM (EBM-2
devoid of serum and growth factors), unsupplemented BM
containing 2 ng/mL VEGF, unsupplemented BM containing
300nM  Aptmgomers OrF unsupplemented BM  containing
150nM Aptpivaten- After 12h of incubation in a 5% CO,
humidified atmosphere at 37°C, the three-dimensional
structures formed by the cells in this matrix were examined
using an inverted phase-contrast microscope and digital im-
ages were recorded. Tube-like structures were further ana-
lyzed by measuring the sum of the lengths all tubules per field
using the image analysis software, AxioVision (Zeiss, v.4.5;
Carl Zeiss Microsystems, Thornwood, NY). Four randomly
selected low-power fields were examined for each sample.

Results and Discussion

In this study, we report the design of a supramolecular
aptamer assembly for targeted VEGFR2 binding and acti-
vation. The design of the aptamer assembly is based upon the
native interaction of soluble VEGF with both subunits of
surface-bound VEGFR2. When bound, soluble VEGF acts as
a bridge between the two subunits and results in their di-
merization. The rationale behind this approach has proven
successful in other surface receptors, such as OX40, a re-
ceptor expressed on activated T cells [20]. In this work, an
RNA aptamer scaffold was designed with agonist function by
binding to the receptor subunits of the OX40 receptor. In a
similar manner, we hypothesize that the aptamer assembly
described herein allows for the VEGFR2-binding aptamer at
each end of the 18-atom spacer to bind to each of the two
subunits comprising the VEGFR2 and facilitate dimerization.
A schematic demonstrating the proposed mode of action of
the divalent aptamer assembly is shown in Fig. 1D.

Receptor agonist activity is predicated on the ability of the
aptamer assembly to first bind the target receptor. The
Aptgomer Used in this work has a high VEGFR2-binding af-
finity with a K4 of 0.12nM (AptSci). However, the divalent
aptamer assembly comprises two identical monomeric units
of Aptysomer tethered to each end of an 18-atom hexaethylene
glycol spacer. To demonstrate specificity of the Aptgomer as
well as the Aptygomer monomer toward HUVECs, known for
high levels of VEGFR2 expression, flow cytometry was
performed on HUVECs probed with FITC-conjugated
Aptgomer (FITC-Aptgomer) and FITC-conjugated Aptyigomer
(FITC-Aptmsomer)- Controls included phycoerythrin (PE)-
labeled VEGFR2-specific antibody and PE-labeled isotype
control (BD Biosciences). Our results confirm VEGFR2 ex-
pression on HUVECs as evidenced by the rightward shift
(~82% positive) for the VEGFR2 antibody compared with
~ 6% positive for the isotype control (Fig. 1E, F).

To demonstrate binding specificity of the Aptgomer and
Aptmgomer toward the VEGFR2 target receptor, HUVECs
were incubated with Aptgomer and Aptygomer With and with-
out pretreatment with soluble VEGF. The flow cytometry
data demonstrate ~89% positive targeted binding of Aptg,.
mer t0 VEGFR2 compared with the diminished ~20% posi-
tive Aptgomer binding when pretreated with soluble VEGF
(Fig. 1G, H). Similarly, the data also showed ~62.5% pos-
itive targeted binding of Aptygomer t0 VEGFR2, while the
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cells pretreated with soluble VEGF showed diminished
binding (~ 15.8% positive) (Fig. 11, J). These data demon-
strate successful receptor—ligand binding, which is the criti-
cal first step in the complex process of membrane receptor
activation [21]. In addition, the cells preincubated with
VEGEF showed diminished aptamer binding, which indicates
specificity of the binding aptamer to the VEGF receptor.

Finally, the assessment of competitive binding of the ap-
tamer in the presence of VEGF at varying concentrations
showed that VEGF did not interfere with the aptamer binding
at concentrations ranging from 50 to 150 nM (Fig. 1K-N). In
addition, our preliminary data (not shown), from a separate
experiment conducted, indicate that over a period of 20 h the
bound monomeric aptamer (Aptygomer) 1S internalized by the
cell. This early finding is consistent with reports in the lit-
erature that showed internalization of aptamers by the target
cell [22,23]. Further investigation is required to study the
specific localization of the aptamer assembly within a cell.

The binding of soluble VEGF to VEGFR2 initiates a se-
quence of events resulting in receptor dimerization, kinase ac-
tivation, and autophosphorylation of specific tyrosine kinase
residues within the dimeric complex [24]. The activation of
tyrosine kinase through transphosphorylation between receptor
molecules is the first step leading to activation of intracellular
signal transduction pathways [21]. Therefore, to assess the ac-
tivation of a cell surface receptor, assessment of phosphoryla-
tion events is important. Toward this goal, HUVECs were
treated with BM supplemented with the Aptp;vaient APtvgomers
or soluble VEGF and assessed for VEGFR2 phosphorylation.

As expected, treatment of HUVECs with soluble VEGF re-
sults in activation of VEGF receptor-2 phosphorylation events
(Fig. 2A). We also show that treatment of HUVECs with Apt-
Divalent @S0 results in phosphorylation of VEGFR2 (Fig. 2A).
Furthermore, treatment of HUVECs with the divalent assembly
results in significantly greater phosphorylation relative to the
amount of phosphorylation from BM or BM containing mo-
nomeric Aptyigomer (Fig. 2A; P <0.05). These data reaffirm the
specificity of the divalent aptamer assembly and demonstrate
the promotion of VEGFR2 phosphorylation events on
HUVECs. More importantly, these data demonstrate the unique
advanced ability of the divalent assembly in receptor activation
that is not seen in the monomeric form. In fact, despite its ability
to bind VEGFR2, the addition of the monomeric aptamer
(Aptmgomer), from which the divalent assembly is composed,
resulted in no difference in phosphorylation over unsupple-
mented BM alone (Fig. 2A; P> 0.05). The induction of receptor
phosphorylation through an aptamer assemblage shown here
represents one of the early and few examples in the literature of
receptor activation through an aptamer complex.

The downstream events in VEGF receptor activation are
quite complex, involving multiple signal molecules and mul-
tiple molecular pathways, including the well-characterized
Akt pathway [16]. To further assess the effect of aptamer—
receptor binding, we examined the activation of this down-
stream molecular pathway. Akt pathway activation is involved
in numerous diverse biological processes, such as cell survival/
apoptosis, cell cycle control, angiogenesis, differentiation, and
cell growth and proliferation [25,26]. In addition, Akt pathway
activation has been associated with activation of VEGFR2
through treatment with soluble VEGF [27,28].

In this study, serum-starved HUVECs were treated with
Aptpivatent OF soluble VEGF, then phosphorylation of serine
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FIG. 2. Aptamer induced VEGFR2 activation and down-
stream molecular events. (A) Quantification of HUVEC
VEGFR?2 phosphorylation upon exposure to unsupplemented
basal media (BM), BM supplemented with 100 ng/mL soluble
VEGF, 150nM soluble divalent aptamer (Aptpiyaient), OF
300 nM monomer (Aptygomer)- Data shown are mean = stan-
dard deviation (SD). Images (B, C) show activation of the Akt
signal transduction pathway. HUVECSs are shown in each panel
as the gray histogram. The white histogram shows positive
binding of anti-phospho-Akt (Ser473) antibody, thus indicating
pathway activation upon stimulation with (B) 2 ng/mL soluble
VEGEF; and (C) 300 1M Aptp;yaienr- Image (D) represents en-
dothelial nitric oxide synthase (eNOS) protein expression from
HUVEGC: treated with unstimulated BM or BM supplemented
with 2 ng/mL soluble VEGF or 300 nM soluble divalent apta-
mer (Aptpivaten)- The top membrane shows eNOS-specific
protein bands, and the bottom membrane shows B-tubulin-
specific bands that were used as a loading control. eNOS pro-
tein band intensity was normalized to B-tubulin and quantified
using Image] software version 1.46. In figures (A, D), based
upon one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test, N.S. indicates no significant differ-
ence (P>0.05) and * indicates a statistically significant in-
crease (P <0.05).
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473 is detected with a phospho-Akt antibody and analyzed
through flow cytometry. Data reveal that treatment with the
APptpivalene Tesults in activation of the Akt pathway in levels
similar to that seen with soluble VEGF (Fig. 2B, C). The cells
treated with either Aptp;yatent OF soluble VEGF showed pos-
itive staining for phospho-Akt, ~97% and 93%, respec-
tively. Although the activation of the Akt pathway by soluble
VEGF is expected and has been shown by others [16], there
are currently no reports of Akt pathway activation triggered
by treatment with a DNA aptamer or an aptamer assembly as
we have fabricated. These promising results provide early
evidence that the Aptp;yalent @assembly, as designed, promotes
activation of VEGFR2 and causes downstream activation of
pathways that control critical cell functions.

eNOS is an important protein involved in the production of
nitric oxide in endothelial cells and is critical for regulation of
cardiac function and angiogenesis. Our protein expression

FIG. 3. Functional assess-
ment of VEGFR2-aptamer
binding. Representative phase-
contrast images of HUVECs
cultured on Matrigel treated
with (A) unsupplemented BM;
(B) BM supplemented with
2ng/mL soluble VEGF; (C)
150nM soluble divalent apta-
mer (AptDivalent); or (D) 300nM
monomer (Aptygomer). Images
in each panel show tube-like
structures formed. Quantifica-
tion of the tube length in mi-
crometers was taken from four
separate low-powered magnifi-
cation images using AxioVision
v.4.5 software. Data represent E
the meantSD of between 18

and 75 measurements taken
from each of four images. Based

upon one-way ANOVA with
Tukey’s multiple comparison
test, N.S. indicates no signifi-
cant difference (P>0.05) and

* indicates a statistically signif-
icant increase (P <0.05).
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experiments reveal that aptamer induced upregulation of
eNOS to levels comparable with what is seen in VEGF-
induced upregulation (Fig. 2D). Quantification of the protein
levels shows a statistically relevant increase in eNOS expres-
sion in HUVECs stimulated with VEGF or our divalent ap-
tamer assembly. These results are encouraging and indicate a
potential angiogenic downstream effect of receptor activation.

As a final functional assessment of the agonist behavior of
the Aptpivaten, We Utilized a tube formation assay. The tube
formation assay is well characterized and regarded as a
powerful tool to screen for various factors that promote or
inhibit in vitro angiogenesis. In addition, angiogenesis, as
measured in the tube formation assay, is mediated by VEGF
signaling through activation of VEGFR2 [29]. We demon-
strate that soluble Aptpiyatene promotes HUVEC migration
and capillary-like tube formation (Fig. 3A-D). When com-
pared with HUVECs stimulated with soluble VEGF, cells

¥

Basal media + VEGF

N.S.

Basal Media
+ AptDivalent

Basal Media
+ VEGF

Basal Media
+ AptMBBmef



DNA APTAMER AS A VEGF RECEPTOR AGONIST

stimulated with Aptpiyaene Show statistically similar tube
length measurements (Fig. 3B, C; P>0.05). The data also
indicate that the Aptpjyaten: 1$ more effective in inducing cap-
illary tube formation than the Aptygomer (Fig. 3E; P <0.05).

These data are particularly impactful as this is the first report
of a divalent aptamer assembly activating cellular processes
involved in promoting angiogenesis. In addition, these data
also show the potency of the divalent assembly to act as a
receptor agonist, while the monomeric form (Aptvgomer)
shows very little or no receptor phosphorylation and down-
stream angiogenic effect, despite exhibiting excellent binding
affinity toward VEGFR2. These data reaffirm the rationale
behind the design of the divalent aptamer assembly.

The data presented here demonstrate the ability of an ap-
tamer assembly to act as a receptor agonist for VEGFR2 on
human endothelial cells. Furthermore, we demonstrate the
function of the aptamer to promote endothelial cell capillary-
like tube formation, an important criterion demonstrating
functional agonist activity. Our mechanism utilizing an ap-
tamer agonist to modulate receptor response and activate
downstream signaling pathways in endothelial cells has not
been shown previously in the literature. This work can further
be extended to develop aptamer-based receptor agonists to
control other cell-mediated processes, such as differentiation,
proliferation, and apoptosis.

Future work will utilize structural biology techniques to
elucidate the binding specificity and localization of the divalent
aptamer toward the target VEGF receptor. Questions remain
about the structural mechanism by which the aptamer assembly
binds the receptor target and facilitates activation. It is currently
unknown where the aptamer binds the receptor subunits and if,
as we hypothesize, the aptamer assembly acts as a bridge be-
tween subunits. In addition, questions remain about the fate and
downstream effects of the aptamer postreceptor binding. In-
deed, this work opens the door to further research into the
structural or architectural requirements that promote not only
aptamer—target binding but agonist behavior as well. With
expanding interest, this novel strategy has tremendous potential
for the development of novel pharmaceuticals in the treatment
of a wide range of diseases, including inflammation, autoim-
mune diseases, and vascular disease. This work also has im-
plications in tissue engineering and regenerative medicine,
where controlling cell processes is critical for success.
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