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ABSTRACT

Biomedical applications of nucleic acid aptamers are
limited by their rapid degradation in biological fluids
and generally demand tedious post-selection modi-
fications that might compromise binding. One pos-
sible solution to warrant biostability is to directly
evolve chemically modified aptamers from xenobi-
otic nucleic acids (XNAs). We have isolated fully
modified 2’-O-methyl-ribose—1,5-anhydrohexitol nu-
cleic acid (MeORNA-HNA) aptamers targeting the rat
vascular endothelial growth factor 164 (rVEGFga4).
Three sequences have been identified that interact
with the target protein with affinities in the low-
nanomolar range and HNA modifications appeared
to be mandatory for their tight binding. The evolu-
tion of these XNA aptamers was accomplished us-
ing an in vitro selection procedure starting from a
fully sugar-modified library containing a 20mer 2'-
OMe-ribonucleotide region followed by a 47mer HNA
sequence. The high binding affinity and selectivity
of the selected aptamers were confirmed by sev-
eral methods including gel-shift, fluorescence polar-
isation, and enzyme-linked oligonucleotide assays.
The isolated HNA ligands exhibited higher specificity
to the rVEGF;6; and human VEGF,g5 isoforms com-
pared to rat VEGF2, while very low binding effi-
ciencies were observed to streptavidin and thrombin.
Furthermore, it was clearly demonstrated that the re-
sulting aptamers possessed a superior stability to
degradation in human serum and DNase | solutions.

INTRODUCTION

Aptamers are short nucleic acid molecules capable of bind-
ing with high affinity to a specific target. Over the last three

decades, they have been proven as useful tools in different
research fields, such as nanotechnology, medicinal chem-
istry, bioanalysis, and synthetic biology (1-3). Aptamer se-
lection is performed using an in vitro screening method
known as Systematic Evolution of Ligands by EXponential
enrichment (SELEX) (1,2). The simplicity of this method
has allowed for the generation of a myriad of RNA or DNA
aptamers against different targets ranging from ions and
small molecules to proteins and even whole cells (3).

However, despite the widespread production of aptamers,
their effective use as drugs and biosensors still faces a ma-
jor challenge with regard to their rapid degradation by cel-
lular nucleases (4,5). The introduction of suitable chemi-
cal variations in the sugar-phosphate backbone of natural
biopolymers has been suggested to prevent enzymatic hy-
drolysis. These include for instance various modifications
at the 2’-OH position of RNA, which led to the anti-human
VEGF 45 aptamer Pegaptanib (or Macugen), whose back-
bone alternates 2'-F-pyrimidines and 2’-OMe-purine nu-
cleotides added as in- and post-SELEX modifications, re-
spectively (6,7). The first direct in vitro selection of fully 2'-
OMe-modified aptamers binding to human neutrophil elas-
tase has been reported by using engineered thermostable
DNA polymerases for the synthesis and transcription of 2'-
OMe-modified libraries (8).

One more recent approach that has been introduced for
the selection of enzymatically stable aptamers starts from
xenobiotic nucleic acid (XNA) libraries (9). Since XNAs
significantly differ in their backbone structure from natu-
ral nucleic acids, they are inherently more resistant to cellu-
lar nucleases. The enzymatic production and enrichment of
XNA libraries has become viable owing to the directed evo-
lution of specialized XNA polymerases able to synthesize
XNA sequences from a DNA template and then transcribe
it back into DNA (10-12).

However, so far only a limited number of chemistries
have been demonstrated to be compatible with the in
vitro evolution of XNA ligands by the direct in-SELEX
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method. Specifically, a 2'-deoxy-2'-fluoroarabino nucleic
acid (FANA)-based aptamer has been described with affin-
ity for HIV-1 reverse transcriptase (13) along with thre-
ose nucleic acid (TNA) aptamers to human thrombin
(14), HIV-1 reverse transcriptase (15) as well as the small-
molecule ochratoxin A (16). Another highly promising ex-
ample of XNA molecule compatible with in-SELEX was
obtained by replacing the furanose ring of DNA with a six-
membered carbohydrate sugar moiety. The resulting 1,5-
anhydrohexitol (hexitol or HNA, Figure 1) nucleic acid can
form stable duplexes with DNA and RNA, while possess-
ing a remarkable nuclease (Turbo DNase I, 37°C, 2 h), acid
(pH 1, 40°C, 3 h), and alkaline (pH 13.9, 65°C, 1 h) sta-
bility in vitro as well as low toxicity of the monomers in
cell cultures (9,10,17-19). Two HNA aptamers against the
HIV trans-activation response RNA (TAR) and hen egg
lysozyme (HEL) have been previously selected using par-
tial and entirely random HNA libraries with dissociation
constants (Kp) in the nanomolar range (10).

In this study, we successfully accomplished the selec-
tion of three structurally unique 2’-O-methyl-ribose-1,5-
anhydrohexitol nucleic acid (MeORNA-HNA) aptamers
against the rat VEGF ¢4 target protein. These ligands were
demonstrated to bind to rVEGF ;¢4 with low-nanomolar
affinity by virtue of the HNA/2'-OMe modifications.
Herein, we describe in detail the successful SELEX pro-
cess for the screening of high-affinity aptamers from a
completely random sugar-modified MeORNA-HNA pool
(HNA-SELEX), including their synthesis, specificity, bind-
ing, and affinity measurements by enzyme-linked oligonu-
cleotide (ELONA), electrophoretic mobility shift (EMSA),
and fluorescence polarisation (FP) assays. These HNA ap-
tamers are the first examples of anti-VEGF aptamers with
an alternative sugar unit in their backbone displaying a re-
markable stability against DNase I and in human serum.
Furthermore, one of the selected MecORNA-HNA ap-
tamers, i.e. aptamer 2-21, exhibited moderate inhibitory ac-
tivity as shown by its ability to diminish VEGF-induced tis-
sue factor expression in human umbilical vein endothelial
cells (HUVEC). The results of this study are expected to
guide the future design and development of aptamer-based
diagnostics, biosensors, and therapeutics using sugar mod-
ified XNAs as both in vitro and in vivo biomolecular tools.

MATERIALS AND METHODS
Materials

Deoxyribonucleoside triphosphates (dNTPs), Taq DNA
polymerase, 10x ThermoPol buffer, MgSO,4, Lambda ex-
onuclease, 10x Lambda exonuclease reaction buffer, 10x
DNase I reaction buffer and 6x purple gel loading dye
were purchased from New England Biolabs. Turbo DNase
I, magnetic beads (Dynabeads M-280 Streptavidin), SYBR
Gold nucleic acid gel stain, CloneJet PCR cloning kit,
Micro BCA protein assay kit, the biotinylation reagent
EZ-Link Sulfo-NHS-LC-Biotin, Biotin Quantitation Kit
(HABA, Pierce) as well as the chemiluminescent (Super-
Signal West Pico or Femto) and calorimetric (1-Step Ul-
tra TMB ELISA) HRP substrates were also purchased
from ThermoFisher Scientific. The PCR purification kit

was obtained from Macherey-Nagel (NucleoSpin Gel and
PCR clean-up kit). Antibodies used in the immunodetec-
tion assays were a polyclonal rabbit anti-VEGFA antibody
(Abcam), HRP-conjugated polyclonal anti-FITC antibody
(ThermoFisher Scientific), HRP-conjugated streptavidin,
and HRP-conjugated polyclonal anti-rabbit IgG (Jack-
son Immuno Research). All unmodified oligodeoxyribonu-
cleotides and 2’-OMe-Pr2 were purchased from Integrated
DNA Technologies (IDT, Leuven). Pol6G12_521L HNA
polymerase and Pol521L_664K HNA reverse transcriptase
expression vectors were kindly provided by Dr P. Holliger
(MRC Laboratory of Molecular Biology, Cambridge, UK)
and Dr V. Pinheiro (KU Leuven, Belgium) (10). The poly-
merases were expressed and stored in aliquots at —80°C.
Human umbilical vein endothelial cells (HUVEC) were
provided by the Laboratory of Virology and Chemother-
apy (KU Leuven, Belgium). The rVEGF ¢4 target was ex-
pressed in the lab of Prof. P. Carmeliet (VIB, KU Leu-
ven, Belgium). Streptavidin and human «-thrombin were
purchased from ThermoFisher Scientific. Human VEGF 45
and rat VEGF,y were obtained from Bio-Connect Life Sci-
ence. All other chemicals were obtained either from VWR
or Sigma-Aldrich.

Methods

Hexitol nucleoside triphosphate (hNTP) synthesis as well
as oligonucleotide and rVEGF ¢4 target preparation are de-
scribed in detail in the Supplementary Data section.

MeORNA-HNA library synthesis and preparation. The
synthesis of MeORNA-HNA oligonucleotides was per-
formed using a 67-nucleotide randomized DNA template
(Lib25) and 2’-OMe-FAM-riboligonucleotide primer (2'-
OMe-Pr2, Supplementary Table S1). Each reaction (100 1)
contained 1 pl (41.7 pM) of pol6G12_521L HNA poly-
merase, 3 wM of primer, 1 wuM of DNA template, 125
M of each hNTP, 4 mM of MgSOy (final concentration),
and 1x ThermoPol reaction buffer. Primer and template
were melted at 95°C for 5 min, followed by annealing upon
slow cooling to room temperature (RT) prior to addition of
HNA polymerase, hANTPs, and MgSOy. The reaction mix-
tures were first incubated at 40°C for 10 min and then at
65°C for 1-24 h (9 h was optimal). Several reactions were
performed to obtain a sufficient amount of material for
the in vitro selection procedure. After synthesis, 2.5 pl (5
units) of Turbo DNase I and 11 pl of 10x DNase I reac-
tion buffer were added to the reactions, which were incu-
bated at 37°C for 2 h (0-12 h for optimization), followed
by inactivation of Turbo DNase I at 80°C for 15 min. The
reaction mixtures were subsequently purified using a Nucle-
oSpin clean-up kit according to the manufacturer’s recom-
mendations and quantified by 15% PAGE with fluorescein-
tagged primer standards (0.156-10 pmol of 2’-OMe-Pr2).

MeORNA-HNA aptamer synthesis and preparation. The
synthesis of the selected MeORNA-HNA aptamers was
performed as described above, with the exception that 1 WM
of the complementary DNA templates (Supplementary Ta-
ble S1 in the Supplementary Data) was used with either
FAM-tagged 2'-OMe-Pr2 (ELONAI, FP and EMSA) or
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Figure 1. Chemical structures of the natural deoxyribo (dN) and ribo (rN) nucleosides as well as modified nucleosides (hN — hexitol nucleosides, mN -

2’-OMe-ribonucleosides) investigated in this study.

biotin-tagged Bio-2'-OMe-Pr2 (ELONA?2) primers. The re-
action mixtures were incubated first at 40°C for 10 min, then
at 65°C for 3 h, and finally at 85°C for 2 min. The thermo-
cycle was repeated three times. After hydrolysis by Turbo
DNase I, the reaction mixtures were purified by 15% de-
naturing PAGE as described above in order to isolate the
aptamer sequences.

Preparation of the selection and negative selection matrixes.
For the selection matrix preparation, 100 pl (I mg) of
streptavidin-coated magnetic beads (M B) were resuspended
and transferred to a new 1.5 ml Eppendorf tube, washed
three times with 100 wl of 1x PBS, and incubated with 12
wl of bio-rVEGF ¢4 for 1 h at RT under shaking at 1000 rpm
(Supplementary Table S2). Subsequently, the beads were
washed 4-5 times with 100 wl of PBS-T and blocked with
100 pl of PBS-T-5% BSA for 30 min at RT and 1000 rpm.
Finally, the magnetic beads were washed three times with
100 wl PBS-T, and the resulting material was then used
for the in vitro selection. For the negative selection matrix
preparation, 100 pl of magnetic beads was blocked by 100
wl of PBS-T-5% BSA buffer and washed several times with
100 wl of PBS-T, as described above, without incubation
with the r'VEGF ¢4 protein.

Selection of MeORNA-HNA aptamers. For anti-
rVEGF ¢4 aptamer selection, the MeORNA-HNA
library was dissolved in the selection buffer (SB buffer,
Supplementary Table S2) and renatured (95°C for 5 min
followed by slow cooling to 8°C and equilibration to
RT). For the first two rounds of selection 500 pmol of
the MeORNA-HNA library in 100 w1 SB was incubated
with 100 pl (1 mg) of negative selection matrix (magnetic
beads in SB without target) for 30 min at RT and 1100
rpm; bead-binding sequences were discarded, and the
supernatant was used for the next selection step with ~160
pmol of biotinylated rVEGF ¢4 targets immobilized on
magnetic beads (selection matrix). The MeORNA-HNA
library was incubated with the selection matrix for 1 h
at RT upon shaking at 1100 rpm, followed by two wash-
ing steps with 100 pl of WB and shaking for 5 min at
RT and 1100 rpm after each washing step. The binding
sequences were eluted with 100 pl of elution buffer (EB,
Supplementary Table S2) upon incubation of the magnetic
beads for 10 min at 90°C and shaking at 1100 rpm. The
eluted aptamers were purified from the salt, target, and
buffer components by using a NucleoSpin clean-up kit
(with 400 pl NTC buffer and then two times elution from
the column with 25 wl H,O). The samples were analysed
after each step of each selection round by 15% denaturing
PAGE using FAM-labelled 2'-OMe-Pr2 as standard. The
gel was scanned using the Typhoon 9500 imaging system

(Cy2-channel) and quantified by the ImageQuant TL v8.1
software (both from GE Healthcare Life Science). Selection
stringency was increased by increasing the number, volume,
and timing of the washing steps as well as the molar ratio of
the MeORNA-HNA library to the target from ~3:1 (1-2
rounds, 2 washing steps) to 6:1 (3—5 rounds, two washing
steps) and 9:1 (6-7 rounds, three washing steps).

The eluted MeORNA-HNA sequences were lyophilized
and reverse transcribed into DNA using 1 pM of Cy5-
labeled DNA primer (Cy5-Prl), 500 wM of dNTPs, ap-
proximately 10-100 nM of the selected MeORNA-HNA
aptamers, and 0.5 pl of pol521L_664K reverse transcrip-
tase (10) in 20 pl of 1 x ThermoPol buffer with 4 mM of
MgSOy4. Primer and MeORNA-HNA template were an-
nealed before addition of the reverse transcriptase at 95°C
for 5 min, followed by slow cooling to RT and the mixture
was incubated at 65°C for 6-9 h (normally 9 h). Each 0.5-1
wl of reverse transcription products was PCR amplified in
20 wl of 1x ThermoPol buffer with 0.5 uM of primers (5'-
phosphorylated reverse P-Pr2 primer and Prl), 200 uM of
dNTPs, and 25 U/mL of Taq DNA polymerase. The sam-
ples were first denatured at 95°C for 1 min, followed by 10
cycles of repetitive denaturation at 95°C for 30 s, annealing
at 60°C for 30 s, extension at 68°C for 30 s, and final exten-
sion at 68°C for 5 min. The PCR reactions were repeated 1—
2 times to reach 500-1000 pmol of dsDNA product (<200
fmol of library per PCR tube). The final PCR product was
collected and each 200 wl PCR was digested by 100 U/ml
of lambda exonucleases (Aexo) in 1 x Lambda Exonuclease
Reaction Buffer at 37°C for 1 h, followed by \exo inacti-
vation at 80°C for 15 min. The reactions were ethanol pre-
cipitated, diluted with 100 wl H,O, and purified by using
a NucleoSpin clean-up kit and 50 pl of water (2 x 25 pl).
The samples were quantified, and the quality was checked
by 15% denaturing PAGE. The resulting sequences were ei-
ther used for further synthesis as described above followed
by a selection round (up to seventh SELEX round) or used
for cloning, sequencing, and analysis.

The selected oligonucleotides, recovered from the sev-
enth round, were cloned into the pJET1.2 plasmid using the
CloneJet PCR cloning kit according to the manufacturer’s
recommendations. The plasmid DNAs were isolated using
the MiniPrep DNA isolation kit and sequenced. The ap-
tamer sequences were analysed and grouped according to
their conservative motifs.

Sequence analysis. The sequence analysis was performed
using both the Jalview and EMBL-EBI software with either
the Clustal W or Clustal Omega sequence alignment algo-
rithm. The folding into secondary structures was generated
using the online Mfold program and the default settings
for RNA or DNA at 37°C. The appropriate DNA oligonu-
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cleotide templates for some recovered sequences were or-
dered and the synthesis of MeORNA-HNA material was
performed as described above.

Magnetic beads-based binding test of the selected aptamers.
Members of groups 1, 2 and 4-6 (Supplementary Table S3)
were analysed after MeORNA-HNA synthesis and purifi-
cation. Thus, 20 pmol of each renatured FAM-labelled in-
dividual sample in 10 pl of SB buffer was incubated with
10 pl of negative selection matrix for 30 min at RT and
1100 rpm. Then, the supernatant was incubated with 10
wl of the selection matrix (with 18 pmol target) for 30
min at RT and 1100 rpm. The resulting magnetic beads
were washed two times with 10 pl of WB buffer for 5 min
at RT and 1100 rpm; the samples were then eluted with
10 wl of EB buffer after 10 min incubation at 90°C and
1100 rpm. All samples were loaded on 15% PAGE using
the FAM-labeled 2’-OMe-Pr2 standard (0.078-10 pmol).
Gels were scanned as described above with the Cy2 chan-
nel. Aptamer binding was determined according to the re-
lation [El/ToJaptamer /[El/ToJinitial Lib2s, Where El and 1o are the
amounts of eluted and initial material, respectively, mea-
sured for each aptamer and normalized to the values of the
initial MeORNA-HNA library (Lib25). Next, the best 10
sequences were chosen for subsequent analysis by EMSA,
FP, and ELONA assays.

Electrophoretic mobility shift assay (EMSA). In this as-
say, 50 pl of the total reaction volume containing 25 nM
of renatured FAM-labelled MeORNA-HNA aptamers or
control solutions without or with 100 nM of rVEGF ¢4 in
SB was incubated for 2 h at RT upon shaking at 300 rpm.
After incubation, 10 wl of 6x purple gel loading dye was
added to the samples and 12 pl of the final solutions was
run on a 6% native polyacrylamide gel with 0.5x TBE (run-
ning buffer) at 150 V and ~18°C until the purple tracking
dye reached % of the gel (~ 3.5 h). The gel was scanned using
the Typhoon 9500 imaging system (Cy2-channel) and quan-
tified with the ImageQuant TL v8.1 software (both from GE
Healthcare Life Science).

Fluorescence polarisation assay (FP). 1In this assay, 20 nM
of FAM-tagged aptamer and control solutions was first re-
natured in SB and then 25 pl was added to each well (black
plates) containing either 25 pl of 800 nM of rVEGF ¢
in SB (400 nM final concentration in 50 wl total volume)
or 25 ul of SB only (S0). The plate was sealed with an
aluminium adhesive foil seal and the samples were incu-
bated for 2 h at RT upon shaking at 300 rpm. After incu-
bation, the plate was scanned on a ClarioStar microplate
reader (BMG Labtech, Isogen Life Science) using the 482—
16, LP504 and 530-40 filters. Focus and gain were adjusted
before measurements (using a sample without target). Dur-
ing scanning, 100 flashes with 0.2 s setting time were ap-
plied to each well. Wells containing 50 wl of SB were used
as background (BGR). The relative aptamer binding abil-
ities were calculated as follows: Binding = [(F4g2-16 aptamer
— Fug2.16 BGR)/(F530-40 aptamer — F530-40 BGR)] — [(Fas2-1650 —
Fa4g2-16 BGR )/ (F530-40 0 — F'530.40 BGR )] and normalized by the
binding of the initial MeORNA-HNA Lib25.

Enzyme-linked oligonucleotide assay (ELONA). To mea-
sure the specificity and binding affinity of the selected ap-
tamers to proteins by ELONA, two different approaches
were used (ELONAT1 and 2, see Supplementary Table S4 for
more details). In ELONAI, the target r'VEGF ¢4 and dif-
ferent competitors (thrombin, streptavidin, r'VEGF 5, and
hVEGF 45) were immobilized on microtiter plates via ad-
sorption. The microplates covered by 50 pl (per well) of
0.5 or 1 pg/ml protein solutions in PBS were incubated
overnight on ice upon gentle rotation, washed 4 times with
125 pl of WB, and blocked by 125 pl of BB for 2 h at RT
upon gentle rotation. The wells were then washed 4 times
with 125 pl of WB for 5 min, and 50 wl of the renatured
FAM-aptamer or control solutions was added, followed by
incubation for 1 h or overnight on ice upon gentle rotation.
For specificity tests, 25 nM of aptamer/control samples was
used. For Kp measurements by ELONA, serial dilutions
of 200 or 1000 nM aptamers/controls were employed. Af-
ter incubation, the plates were washed five times with 125
wl of WB for 5 min at RT upon gentle rotation. The anti-
FITC HRP-conjugated antibody was applied (1:3333 dilu-
tion in WB) for 2 h at RT upon rotation. The microplates
were washed as described above, dried on paper, and 50
pl of 1-Step Ultra TMB ELISA was added to each well
and incubated for 30 min at RT in the dark. The reactions
were stopped by addition of 50 wl of 2 M H;SO4 and the
protein-bound-aptamer complexes were quantified by mea-
suring the absorbance at 450 and 570 nm (background) us-
ing ClarioStar (BMG Labtech, Isogen Life Science).

In ELONAZ2, pre-blocked NeutrAvidin coated (deglyco-
sylated form of avidin) plates were used. The plates were
pre-washed four times with 200 .l of WB for 5 min at RT
upon gentle rotation. Biotinylated aptamers and controls
were renatured, then 100 pl of 50 nM of each oligonu-
cleotide sample was added to the wells. The plates were
incubated overnight on ice upon gentle rotation and then
washed four times as described above. Serial dilutions of
1000 nM rVEGF ¢4 (100 1) were added to the correspond-
ing well, and the target solutions were incubated overnight
at RT upon gentle rotation. After extensive washing, 100
wl of the rabbit anti-VEGFA antibody (1:500 dilution) to-
gether with the HRP-conjugated anti-rabbit-IgG antibody
(1:2500) was added. Each antibody was incubated for 1 h
upon rotation at RT and washed four times with WB for 5
min. The 1-Step Ultra TMB ELISA HRP substrate (100 1)
was used for detection as described above for ELONAT.

Stability of unmodified and modified aptamers in whole
human serum. The 5-FAM-MeORNA-HNA aptamers,
their unmodified counterparts, as well as V7tl and Macu-
gen control aptamers (0.1 wM each) were incubated in 95%
human serum at 37°C with a 100 p.l total reaction volume.
Aliquots (10 wl) of each reaction were removed at differ-
ent time intervals (0, 1, 3, 6, 24, 30, 48 and 72 h or up to
7 days for Macugen and MeORNA-HNA 2-21), quenched
by adding 20 pl of 2x gel loading dye, denatured at 95°C
for 10 min, and kept at —20°C before analysis by denatur-
ing 15% PAGE. Samples were visualized using the Typhoon
9500 imaging system (Cy2-channel).



Cellular inhibitory assay. The inhibitory effect of aptamers
was evaluated by a VEGF-induced tissue factor (TF) ex-
pression assay as previously described (20,21). Specifically,
HUVECs (100 000 cells/mL per well) were cultured in
EBM-2 (Endothelial Cell Basal Medium, LONZA) in 24-
well plates (Costar, Corning) at 37°C, under a 5% CO, at-
mosphere. The cells were washed twice with OPTI-MEM
(Gibco), and pre-incubated in OPTI-MEM (0.5 ml/well)
for 2 h. The medium was then aspirated, and 0.5 ml of
OPTI-MEM containing 0.3 nM hVEGF 45 and constant
0.6 (or 1 nM) or a range of aptamer concentrations (0.1-
100 nM) was added to the corresponding well. After 1 h
incubation, the total RNA was isolated by using a RNeasy
Mini Kit (QIAGEN). The obtained cDNAs were prepared
by reverse transcription, using OligoT primer (Supplemen-
tary Table S1), M-MLV Reverse Transcriptase (Life Tech-
nology), and 100 ng of each mRNA sample. The reverse
transcription products (1 pl) were used as templates for end-
point PCR with Tag DNA polymerase and Real-Time PCR
analysis with PowerUp SYBR Green Master Mix qPCR kit
(Applied Biosystems) using 0.5 wuM TF or actin primers
specific for human TF or B-actin mRNAs, respectively
(Supplementary Table S1). The expression of B-actin was
used as reference, and the relative TF mRNA expression
level was quantified using the 2~22€t comparative method.
In each plate, the experiment was repeated two or four times
under the same conditions, and the relative TF mRNA ex-
pression was calculated by comparison with that obtained
in the presence of hVEGF 45 and without any aptamer
(100% expression). The mean values with standard devia-
tions were taken as the final result.

RESULTS
MeORNA-HNA library synthesis

To define the functional potential of XNAs, we focused our
interest on the in vitro evolution of sugar-modified hexitol
nucleic acid (HNA, Figure 1) (22) due to its chemical and
enzymatic stability along with the ability to form stable du-
plexes and quadruplexes (23,24).

The MeORNA-HNA hybrid library used for this study
was synthesized using primer extension reactions directed
by a DNA template (Lib25) containing a random region
made of 25 nucleotides (nt) annealed to a FAM-labeled 2'-
OMe-RNA primer, in the presence of hexitol nucleoside
triphosphates (hNTPs) containing the four natural nucle-
obases. A specialized variant of the TgoT DNA polymerase
from Thermococcus gorgonarius, namely Pol6G12_521L
HNA polymerase, was used as catalyst (10). This genetically
engineered DNA-dependent HNA polymerase is able to
generate full-length HNA products using DNA templates
and either DNA or 2’-OMe-RNA primers. The resulting
FAM-labelled MeORNA-HNA library consisted of 20 2'-
OMe-ribonucleotides at the 5’ end, a central 25 mer random
hexitol sequence, and 22 fixed hexitol nucleotides at the 3’
end (Figure 2A).

The library synthesis conditions were optimized to gain
the maximum yield of the MeORNA-HNA product, which
is necessary to avoid the loss of enriched molecules through-
out the in vitro selection (Figure 2B). The optimal reac-
tion time and temperature were determined to be 9 h and
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65°C, respectively, thus yielding 70% of the MeORNA-
HNA product.

It has been reported that synthetic HNA molecules are
completely resistant to degradation by DNA nucleases
(17,18). Therefore, it was envisaged that the synthesized
MeORNA-HNA hybrid library would not undergo de-
tectable enzymatic degradation, allowing for an expedient
and simple method to achieve the separation of the desired
MeORNA-HNA product from the initial DNA template.
Accordingly, it was found that upon treatment with highly
processive Turbo DNase I, HNA remained stable even af-
ter 12 h incubation, while DNA was completely hydrolysed
within 2 h (Figure 2C).

MeORNA-HNA aptamer selection procedure

For this study, we chose the rat vascular endothelial
growth factor 164 (rVEGF¢) as model target protein,
since anti-r'VEGF ¢4 aptamers can be employed in well-
established in vitro and in vivo assays. Furthermore, this
protein has a high similarity with the therapeutically rel-
evant human VEGF4s, for which various DNA and
RNA aptamers have been successfully selected (Supplemen-
tary Table S5, (6,7,25-27)). During the selection process,
bound and unbound sequences were separated by exploit-
ing the streptavidin-biotin interaction using streptavidin-
coated magnetic beads (28,29). This method requires the
biotinylation of the target protein, which was performed us-
ing a 3-molar excess of biotinylation reagent to rVEGF¢4.
The success of the biotinylation reaction was confirmed by
western blot and HABA assays (Supplementary Figure S1).

The previously prepared MeORNA-HNA library com-
posed of approximately 10'# sequences was used as start-
ing point for the selection process. In order to prevent un-
specific interactions of the library with the streptavidin and
magnetic beads support, we introduced a step of negative
selection before each round of SELEX (Figure 3). During
this step, the streptavidin-magnetic beads without immo-
bilized protein were incubated with the MeORNA-HNA
library, and the supernatant was then added to the selec-
tion matrix with the immobilized biotinylated rVEGF¢4.
After extensive washing steps, the selected sequences were
eluted from the magnetic beads. The amount of eluted
MeORNA-HNA material was estimated using as stan-
dards the FAM-labelled 2’-OMe primer loaded in the gel
together with the library after each step of the selection
round (Supplementary Figure S2). The eluted sequences
were further transcribed back into DNA by a specific HNA-
dependent DNA polymerase (Pol521L_664K reverse tran-
scriptase) (10). Transcripts were PCR amplified using nat-
ural DNA primers and deoxynucleoside triphosphates. The
PCR was repeated 1-2 times to obtain a sufficient amount
(0.5-1 pmol) of DNA library for the next selection round.

For the preparation of the single-stranded DNA tem-
plates required for HNA synthesis, we performed the hy-
drolysis of the 5'-phosphorylated strand with Lambda ex-
onuclease (Aexo) (30,31). In order to avoid unspecific degra-
dation of the non-phosphorylated strand, the optimal incu-
bation time of the Aexo enzyme with the library was deter-
mined (Supplementary Figure S3). Full digests were already
obtained after 60 min in the presence of 0.2 U/l of Aexo
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Figure 2. MeORNA-HNA hybrid library synthesis. (A) A DNA oligonucleotide containing a 25 nt random region flanked by two fixed sequences at the
5" (22 nt) and 3’ (20 nt) ends was used as template. The MeORNA-HNA hybrid library was produced using a 2’-OMe-Pr2 primer, hNTPs, and specialised
DNA-depended HNA polymerase (TgoT Pol6G12_521L). The initial DNA template was digested by DNase I and the resulting ss MeORNA-HNA library
was purified and subjected to the in vitro selection process. (B) Final MeORNA-HNA products after synthesis resolved in 15% PAGE. (C) Products after
incubation with DNase I. After 15% PAGE scanned with Cy2 channel, only the FAM-labelled MeORNA-HNA product is visible (left); after staining
with SYBR Gold, both the MeORNA-HNA hybrid and DNA are visible (right). MW stands for molecular weight marker.

with no unspecific hydrolysis of the non-phosphorylated
single-stranded sequence occurring under these conditions.
The resulting ss DNA sequences were used once again as
templates in HNA synthesis reactions in the presence of the
specific HNA polymerase and subjected to the next selec-
tion round (Figure 3).

Aptamers binding

After seven rounds of selection, the enriched MeORNA-
HNA library was transcribed, amplified, and used for
cloning and sequencing. After recovering 54 clones, the ap-
tameric sequences were classified in 12 groups (including an
unsorted and a G-rich group, Supplementary Table S3), ac-
cording to the sequence analysis of the random regions and
conserved motifs. Some sequences underwent several dele-
tions or insertions in the random region during the selec-
tion process. It is likely that such errors are due to the use of
genetically engineered HNA polymerase and reverse tran-
scriptase with high error rates (10). The random regions of
the oligonucleotides contained 17-27 nt instead of 25 nt,

and only one sequence appeared more than once (clones 3—
17 and 3-23).

Five aptamer groups showing sequence similarity (Group
No. 1, 2, 4-6, for a total of 36 sequences) were chosen
for the subsequent analysis of their target binding proper-
ties. For this purpose, the corresponding DNA templates
of the MeORNA-HNA aptameric sequences were chemi-
cally synthesized and employed for aptamer synthesis using
FAM-labeled 2’-OMe-Pr2.

To determine the affinity of the seclected aptamers,
we first used a magnetic bead binding assay. The se-
lected MeORNA-HNA sequences were incubated with an
equimolar ratio of immobilized rVEGF ¢4, washed, and the
amount of eluted sequences was then analysed. This proce-
dure is similar to the in vitro selection from the random li-
brary described above and the same selection buffers were
employed. The eluted amount of material was compared
with that of the initial random pool and the sequences bind-
ing more efficiently (10 sequences, Table 1 (MB)) were fur-
ther investigated.
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Figure 3. Schematic representation of the in vitro selection of MeORNA-HNA aptamers. The initial library is incubated with streptavidin-coated mag-
netic beads first without and later with the immobilized biotinylated rVEGF 4. Unbound sequences are removed by extensive washing, while the bound
molecules are eluted, reverse transcribed, PCR amplified, and subjected to the next selection round.

Table 1. Binding analysis of the selected MeORNA-HNA aptamers

Binding” (%)

Aptamer Random region sequence” Size of random Group MB EMSA FP ELONA¢
1-18 AAATGCGGGGGTGGCTAGTGTGTGTGC 27 2 114 63 148 95
1-32 TGATGAATGTGGGTGTGAATTATGGT 26 2 121 39 156 63
2-8 ATCCACACACAAACTAATCAGCATG 25 6 114 197 140 133
2-15 CACACGTGATACGGATATGGTTAG 24 4 116 153 182 125
2-18 GTAACCGACACGGATTGAGTTGATG 25 4 115 167 79 61
2-21 ACTAACGAGCGTACATGTGCATTG 24 2 131 308 108 127
3-5 ATATGCGTGTTTATGTGTAAGTGT 24 5 105 77 134 70
3-7 TGAAACGCAATCTAGAGAGAAT 22 6 101 58 130 53
4-6 TATTGCGGCATTACTGGTACCATG 24 2 120 268 115 131
4-19 ATGTATACGAGCCGCAATGACCT 23 2 107 80 131 121
Lib25 NNNNNNNNNNNNNNNNNNNNNNNNN 25 - 100 100 100 100
V714 TGTGGGGGTGGACGGGCCGGGTAGA 25 - - 50 81 192

2All aptameric sequences can be found in Supplementary Table S3.

bMean values of the relative binding abilities of the selected aptamers compared to that of the initial MeORNA—HNA library (Lib25, taken as 100%). MB
- magnetic bead binding assay; EMSA — electrophoretic mobility shift assay; FP — fluorescence polarization; ELONA — enzyme-linked oligonucleotide

assay.

“ELONAI analysis was performed with r'VEGF ¢4 immobilized on a plate.

dAptamer to human VEGF g5 from (32) with a Kp of 1.4 nM as measured by SPR.

Specifically, we analysed the 10 best binding sequences
by EMSA,; this assay allowed to separate the free FAM-
aptamers from the aptamer-rVEGF 44 complexes by native
PAGE (Supplementary Figure S4 and Table 1). The bind-
ing ability of these MeORNA-HNA aptamers was com-
pared with those of the initial library, 2’-OMe-RNA primer
(Pr2), and unmodified DNA aptamer V7t1 with a known

nM-affinity to hVEGF 65 (32). From Figure 4A, it is ev-
ident that MeORNA-HNA chimeras 2-21, 4-6 and 2-15
formed stable dimeric structures, as indicated by the pres-
ence of two distinguishable bands on the native gel and pos-
sessed a higher binding to rVEGF ¢4 than the original li-
brary. Furthermore, the binding abilities of the 10 selected
aptamers were confirmed by fluorescence polarisation stud-
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performed 6 times. (C) Determination of the specificity of anti-rVEGF ¢4 aptamers using ELONA. An example of ELONA specificity experiment (left) and
the binding abilities of the aptamers (right) are shown. The target r'VEGF ¢4 as well as the protein competitors (BSA, hVEGF 45, 'VEGF 70, streptavidin
and thrombin) at the same concentration of 0.5 wg/mL were incubated with the 25 nM FAM-labeled aptamers and control oligonucleotide sequences.
The oligonucleotide-protein complexes were detected using the polyclonal anti-FAM HPR conjugated antibody with a calorimetric HPR substrate. The
absorbance was measured at 450 nm. Each experiment was performed 3-6 times. See Supplementary Figures S4-S7 for further details.

ies (Figure 4B, Supplementary Figure S5, and Table 1). The
FP of each fluorescently labelled aptamer was measured in
the absence or presence of r'VEGF 44 and compared to the
FP values of the library, Pr2 and V7t1. All aptamers except
for 2-18 and V7t1 exhibited a higher binding affinity to the
target protein than the initial library.

Aptamers specificity

Next, the selected aptamers were also examined with
regard to their selectivity by using the immunoassay
ELONA. This analysis was performed with the non-
biotinylated rVEGF ¢4 target as well as alternative com-
petitors (e.g. streptavidin, human o«-thrombin, human
VEGF 45 and rat VEGF ) and a negative control (se-
lection buffer with 0.1% of BSA). Figure 4C and Supple-
mentary Figure S7 show that aptamers 2-21, 4-6 and 2-
15 demonstrated a tighter binding to the target protein
rVEGF 44 than the initial MeORNA-HNA library. These
aptamers were also found to bind to the human VEGFg;s,
while they did not interact with r'VEGF |5, or unrelated
proteins such as streptavidin, thrombin and BSA. The ca-
pacity of binding both rVEGF ;¢ and hVEGF¢s but not
the r'VEGF |, isoform of the VEGFA protein suggested
that the selected aptamers primarily recognise the heparin-

binding domain (HBD) of the protein since 'VEGF 5 lacks
HBD.

To evaluate the importance of the HNA backbone on
the binding of the selected aptamers, the fully natural DNA
variants of MeORNA-HNA aptamers 2-21, 4-6 and 2-15
were chemically synthesized and subjected to the ELONA
assay together with their MeORNA-HNA counterparts
(Supplementary Figure S8). In all cases, the DNA aptamer
variants exhibited a 4- to 6-fold lower binding activity to
rVEGF g4 than their parent MeORNA-HNA aptamers.
These results confirm that the HNA modification signifi-
cantly contributes to the tight binding of the resulting XNA
aptamers to their biological target.

Aptamer affinity

The three aptamers that demonstrated enhanced specificity
and binding ability compared to the random pool, e.g.,
2-21, 4-6 and 2-15, were further studied with regard to
their affinity using different immunoassays. In particular,
two ELONA-based assays were performed. One featured
rVEGF g¢4-coated plates with different concentrations of
FAM-labeled aptamers (ELONAL1), while the other made
use of avidin-coated plates with immobilized biotinylated
aptamers and different concentrations of the r'VEGF ¢4 tar-
get (ELONA?2). The resulting binding affinities are pre-



sented in Figure 5A, B and Table 2. As reflected by these
Kp values, all three aptamers demonstrated affinities in the
nanomolar range, i.e., 0.3-0.4 and 10-13 nM as measured
by ELONA1 and ELONAZ2, respectively.

We then explored the affinities of aptamers V7tl, 2—
21, 4-6 and 2-15 to the human isoform of VEGF¢s by
ELONAL. The dissociation constant values of the selected
aptamers to hVEGF¢s resulted to be close to those mea-
sured against 'VEGF ¢4, and particularly ranging from 0.2
to 1.1 nM (Supplementary Figure S10). For comparison,
we also tested the well-known 2’-OMe and 2'-F-substituted
RNA aptamer Macugen, which has been shown to tightly
bind hVEGF 45 with a K of 50 pM (6). The affinities of
MeORNA-HNA 2-21 or Macugen to the rat and human
VEGTF targets were determined to be 1.1 and 4.1 nM or 8
and 16.4 pM, respectively (Figure 5C, D and Table 2).

Aptamers structure

The potential for secondary structure formation of
MeORNA-HNA sequences 2-21, 4-6 and 2-15 was
assessed using the Mfold software according to pre-defined
conditions (37°C). Since no software is currently available
to predict the folding of HNA or any other XNA, we
chose RNA as the closest folding form to that of the HNA
cognate molecule. In fact, it was previously demonstrated
that HNA sequences preferentially adopt RNA-like A-
form helical conformations (23). However, it should be
noted that the structures produced by Mfold may not be
highly accurate and behave differently under our selection
conditions. Figure 6 illustrates the predicted secondary
structures of all four aptamers based on their lowest free
energy (AG). As it can be seen, these aptamers displayed
complex hairpin stem-loop secondary structures including
24 stem-loop regions. In particular, the structures of ap-
tamers 2-21 and 4-6 shared analogous stem-loop patterns
with a high similarity in loop IV. All possible structures for
the selected aptamers obtained by using either the RNA or
DNA folding form can be found in Supplementary Figures
S12 and S13, respectively.

Stability of MeORNA-HNA aptamers in human serum

Subsequently, we tested the stability of the selected
MeORNA-HNA aptamers and their corresponding DNA
variants to nuclease degradation. As expected from the re-
sults obtained by previous DNase I enzymatic tests, the
MeORNA-HNA aptamers did not show signs of nucle-
ase digestion after 72 h of incubation at 37°C in 95% hu-
man serum (84-98% of the aptamers remained intact), while
their DNA cognates as well as the V7t DNA aptamer
were rapidly degraded within 24 h under the same condi-
tions (Figure 7A). Furthermore, aptamer 2-21 was com-
pared with Macugen by carrying out a stability assay in 95%
whole human serum for up to 7 days at 37°C (Figure 7B).
After seven days of incubation, 2'F/2’OMe-RNA Macu-
gen was almost completely degraded (7% of full-length ap-
tamer was detected), whereas aptamer MeORNA-HNA 2-
21 was nearly intact (83%). It was reasoned that the partial
hydrolysis (17%) of aptamer 2-21 might be due to the di-
gestion of the FAM-2'-OMe-RNA region of the aptamer.
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These results are consistent with the known biological sta-
bility of HNA relative to DNA and RNA, which proves the
significance of HNA biomolecules as convenient scaffolds
for the development of biologically stable nucleic acid drugs
(10,18).

Inhibitory assay

The inhibitory activity of MeORNA-HNA 2-21, 4-6 and
2-15 was evaluated in comparison with that of DNA V7tl
aptamer by a VEGF-induced tissue factor (TF) expres-
sion assay using HUVEC cells (20,21). It was found that
MeORNA-HNA 2-21 and 2-15 hybrid sequences were able
to reduce the mRNA expression level of TF by 33 4+ 7% and
12 + 9%, respectively, at a concentration of 0.6 nM (Figure
8A,,B). On the other hand, the MecORNA-HNA 4-6 and
V7tl aptamers slightly increased TF mRNA expression cor-
responding to 135 + 1% and 104 £ 12%, respectively. We
also determined the inhibitory effect of MeORNA-HNA
2-21 on TF mRNA expression in comparison with that of
Macugen, which was found to be 44 4+ 14% under identical
conditions (Figure 8C).

Dose-response studies were further conducted using the
same TF expression assay. Both MeORNA-HNA 2-21 and
Macugen inhibited VEGF ¢s-induced tissue factor mRNA
expression in HUVECsS in a concentration-dependent man-
ner. Particularly, the concentration of each aptamer re-
quired to inhibit 50% of the hVEGF¢5 binding (ICs)) was
234 4+ 7.8 and 15.7 &+ 2.8 nM for MeORNA-HNA 2-21
and Macugen, respectively (Figure 8D, Table 2).

DISCUSSION

Fully modified MeORNA-HNA hybrid aptamers against
rVEGF 44 have been evolved upon seven rounds of an in
vitro selection procedure starting from an entirely modi-
fied library composed of two fixed 2’-OMe-RNA (20 nt)
and HNA (22 nt) regions at the 5- and 3'-end, respec-
tively, together with a central random 25 mer HNA se-
quence. Their binding affinity to the target was measured
by different methods, including homogenous (FP, EMSA)
and heterogenous (ELONA) assays, with either the target
or library immobilized on a support. Overall, these bind-
ing studies revealed that three aptamers among the selected
functional sequences exhibited high affinity in the nanomo-
lar range to the rVEGF ¢ molecule. Specifically, the Kps
of the best aptamers fell in the 0.3-0.4 nM range, as deter-
mined by enzyme-linked oligonucleotide assay (ELONALI).
The binding affinities of the selected XNA aptamers were
compared to those of established unmodified DNA and 2'-
substituted RNA aptamers, i.e., V7t] and Macugen, respec-
tively. The Kp of V7t1 was comparable with those of the se-
lected aptamers, while the Kp of Macugen indicated a rel-
atively higher binding affinity. On the other hand, the se-
lected MeORNA-HNA chimeric aptamers showed a far su-
perior biostability in human serum up to 7 days, whereas
Macugen underwent complete degradation under the same
experimental conditions. These findings suggest that the use
of HNA aptamers might be particularly advantageous in di-
rect assays and procedures involving biological fluids, cells,
and serum, as well as for conducting in vivo experiments.
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Figure 5. Enzyme-linked oligonucleotide assays (ELONA) to determine the binding affinity of the selected aptamers. (A) ELONAI assay was performed
with r'VEGF a4 (1 pg/mL) coated plates and different concentrations of FAM-labeled aptamers. (B) ELONA2 assay was performed using avidin coated
plates with immobilized biotinylated aptamers (50 nM) and different concentrations of rVEGF ¢4 target. (C, D) Binding affinity comparison of MeORNA—
HNA 2-21 and Macugen aptamers to either r'VEGF ¢4 (C) or hVEGF 45 (D) at 1 pg/mL concentration. For more details see Supplementary Figures S9

and S11.

Table 2. Affinity and activity of selected aptamers and controls

Kp measurements, nM

ELONA1 ELONA2
Aptamer I‘VEGF164 hVEGF165 I‘VEGF164 ICS(), nM
2-15 0.29 £ 0.04 1.09 £ 0.09 9.6+ 1.1 n.d.
2-21 0.35 4+ 0.04 0.31 +0.03 126 +1.5 234+78
4-6 0.25 £0.05 0.23£0.03 100 £1.2 n.d.
V7tl 0.62£0.14 0.77£0.17 43£0.5 n.d.
Macugen 0.008 £ 0.01 0.016 £ 0.003 n.d. 15.7£28

4 Aptamer to hVEGF 45 from (6) with a Kp = 50 pM.

Notably, HNA modifications appear to be a prerequi-
site for high aptamer affinity. The target interactions and
high-affinity binding was significantly decreased upon re-
placement of the unnatural MeORNA-HNA by a fully nat-
ural DNA sequence. The selected aptamers also demon-
strated high specificity to the rat and human isoforms of
VEGTF, while no binding occurred to other targets such as
rVEGF |y, thrombin, streptavidin and BSA proteins. The
biological effect of the selected aptamers on the target was
further analysed in a cell culture assay by determining the
variation of VEGF-stimulated TF mRNA expression in pri-
mary HUVECs. While aptamer MeORNA-HNA 2-21 re-
duced the VEGF activity by 33 £ 7%, the selected can-

didate MeORNA-HNA 4-6 led to an increased activity
despite possessing closed structural elements and similar
hVEGF 45 binding activities. Strong binding aptamers may
therefore modulate the activity of the target in both direc-
tions. Moreover, the results of this cell inhibitory assay sug-
gested that under analogous conditions, MeORNA-HNA
2-21 inhibits TF mRNA expression in a dose-dependent
manner and its inhibitory effect is comparable with that of
Macugen (ICsg is 23.4 against 15.7 nM for Macugen).

In summary, with the present study we have established
an efficient in vitro selection approach of HNA-based ap-
tamers, which focuses on a direct selection from a fully
modified library. Such HNA-SELEX led to the isolation
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Supplementary Figures S14 and S15.

of high-affinity aptamers characterized by low nanomo-
lar Kps, high selectivity, and cellular activity. The result-
ing MeORNA-HNA sequences proved to be exception-
ally nuclease-resistant (10,17,18). Strong sugar-modified
binders with dissociation constants in the pM-nM range
against alternative targets have been evolved from com-
pletely modified XNA libraries, which represent the HNA,
TNA and FANA families of aptamers (10,13-16). Given the

growing interest in XNA oligonucleotides as highly stable
tools for diagnostics and therapy, the current study encour-
ages to further investigate the evolution of XNA aptamers.
The direct selection of HNA aptamers offers in fact a clear
advantage over the post-SELEX modification of DNA and
RNA aptamers.

The selected MeORNA-HNA hybrid aptamers represent
the first example of XNA molecules targeting the therapeu-
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Figure 8. Inhibition of the interaction between hVEGF 65 and its receptors by a range of aptamers. (A) PCR results after aptamer TF mRNA expression
inhibition. The upper gel shows the detection of TF mRNA by PCR amplification, while the lower gel illustrates the B-actin mRNA expression (positive
control). NTC stands for no template control, i.e., PCR without cDNA template. MW represents the 2-Log molecular weight ladder. (B) Relative TF mRNA
expression levels in HUVEC treated with hVEGF 45 in the presence or absence of each MeORNA-HNA aptamer and control V7tl aptamer (0.6 nM).
(C) Comparison of relative TF mRNA expression levels between MeORNA-HNA 2-21 and Macugen aptamers (1 nM). (D) Concentration-dependent
inhibitory effect of different concentrations (0, 0.1, 1, 10 and 100 nM) of MeORNA-HNA 2-21 and Macugen aptamers added to HUVEC treated with
hVEGF45. NC indicates the sample without hWVEGF¢5 and aptamers, while PC is the sample with hVEGF 45 (0.3 nM) but without aptamers.

tically relevant VEGF protein, which is known for playing
an important role in several pathological processes such as
tumor growth, rheumatoid arthritis, and age-related mac-
ular degeneration (33,34). Several successful examples of
anti-human VEGF 45 aptamers have been generated in the
past by other groups (Supplementary Table S5). However,
all these aptamers are made either of 2’-substituted-RNA or
DNA molecules, and no anti-VEGF aptamer comprising a
sugar moiety other than ribose in the backbone structure
has been reported so far. In view of the concurrent notable
affinity and stability exhibited by the selected aptamers,
HNA ligands could be finely tuned and ultimately devel-
oped into unique tools for use as therapeutics or biosen-
sors. Thus, future work will focus on the optimisation of
aptamer sequence and structure to create shorter and struc-
turally more stable XNA aptamers for in vivo testing with
improved affinity to VEGF. Furthermore, with a suitable
HNA-SELEX protocol in hand (HNA library synthesis, re-
verse transcription, library optimization, detection, etc.),
the selection of HNA-based aptamers will be extended to
undruggable, toxic, and nonimmunogenic targets that are
known to be inaccessible molecules for antibody genera-
tion.
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Supplementary Data are available at NAR Online.
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