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{13 VEGFR-1 & VEGFR2 DAF O ¥ A < —%H L, il
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Fig. 1 Binding properties of VEGF receptor 1 and 2

with vascular endothelial growth factor-A (VEGF-A)
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5 PR MY =2 LRI ~ D 53 AL 382 W AE 7 43 T D —
DELTHwLENRTWAS, L LA2S, H#fiz VEGFA
FEEEIMEL, By MEHORXSDENHY, T AN
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il CANEE E 7 VEGF % AR ICE &z 5 2 L 1g,
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@ MB: Magnetic bead

Next-generation sequencing analysis
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Fig. 2 Schematic of alternating consecutive selection
of DNA aptamers using VEGFR-1 and VEGFR-2
immobilized on magnetic beads (MB1 and MB2,
respectively) with next-generation sequencing analysis

Reprinted with permission from 10).
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THbH. Z0XHIRHHROHE, FHEDSIE, VEGFA DX

IIHERET HHIRT 75 X —DIRKR =T o 7.

3 VEGFR-1 & VEGFR2 |36 T AT 7% < —
DR

VEGFA D X 9 BT 75~ —%18 5701211,
VEGFR-1 & VEGFR2 ICW KGR T ABMT 75~ —%
BT HIVLENDH L. £ T, FH 5L, VEGFRI &
VEGFR-2 O =D OFERY 57123 LT, R H.IZ SELEX %
iT-72 (Fig. 2) 1

FEi L7228 H SELEX 2D WT, DU IS HIC 3§
5. FVITFFFY A2 LFFF (ODN) 54750 —¢&
LT, 84mer O T ¥ ¥ LAFI % FD 70mer O —4$H ODN
W7z BEST T 5 VEGFR-1, b L { I VEGFR2 %
B b L7z 2 oA E — X % V72 SELEX 21T\,
%Iy FTRHNR Y — 27 = v ¥ — 2 0w CRYIEN %
1572, 6 77 FETHEML, TOHE, Table 1 I1IRT
LOoOBMT 7%~ — %4 L7z, VEGFR-1 & VEGFR-2
DZDOORERG I LT, ZHIZ SELEX 21T\, K
I VEGFR2 IZH L TEL 2 ¥ a v 7o TWwaHIZH
b 5T, VEGFA & [HEEC, VEGFR2 12T VEGFR-1
W2 B AEA ARG T Ty < =S . T o
B SPICHsTWARWE DD, VEGFR-1 (BT 7%
~ —X° VEGF-A LIICHE G 52D 2 W RElE % R
L7

RIEEFILTIE, Aptol & Apt02 D M5 H AR EHERH] & L
TOWAEE Apt03- Apt07T DY 7+ ) VI 77~ =L LT
DOREREICE L TR T 5.

4 MAEFHARER & LTS 2T 75 < —

FEHLE, BoNLonT Ty —D) b Apt0l &
Apt02 DILFEF AN G- 2 BB L THRE L7z, 1dLol
K fHIZDOWTHRTADE, Table 1ITRT L HIS, Apt02 O
(2925 Apt0l X D I K % A L, VEGFR-1 & VEGFR-2

Table 1 K, values and G-score of the DNA aptamers against VEGFR-1 and VEGFR-2

K, (nM)”
Name Sequences (5' to 3') G-score ”
VEGFR-1 VEGFR-2
Aptl GTCGTGTTTGTTGTTGTTTTCATTTTTGCGGCCC 3.3 100 0
Apt2 GCTGATAGGATGGGTTGTAGGTCTAGGGGGGGGCC 1.5 32 20
Apt3 GTGATGGTCGGAGATGGATGGGGCAGCTTAGGTC 5.12 82.8 24
Apt4 GTCGTGGCGGGGTTTTGTTTTGGTCGGGGGGTG 1.19 164 20
Aptb GGGGGGTGGGGTCGGGTGTTGGTCGTGGGGGGCG 2.09 16.9 50
Apt6 TAGGTGGGTTCGGGGGTGCTGGTCGGGGGGTG 1.07 31.0 44
Apt7 TGGGTTTAGGTTGGGTGGTTGGGTGGGGGGGGCG 0.922 14.9 49

a) K, values were measured by using a surface plasmon resonance (SPR) sensor.

b) Estimation of G-quadruplex

formation by these aptamers was performed using QGSR mapper (https://bioinformatics.ramapo.edu/QGRS/

analyze.php, Analysis conditions; max length, 35; min Group, 2; loop size, 0-36).

The G-Score value is 52 in the

analysis of the T95-2T sequence (5-TTG GGT GGG TGG GTG GGT-3').
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Fig. 3 Secondary structures of (A) Apt0l and (B)
Apt02 estimated using m-fold.  G-rich sequences are
included in Apt02, but not in AptOl. G-scores of
Apt01 and Apt02 estimated by QGRS mapper are 0
and 20, respectively. G-quadruplex-forming guanine
residues in the Apt02 sequence, from 13G to 33G,
estimated by QGRS mapper are indicated as circles
surrounded by thick line.  Reprinted with permission
from 10).

R L TEWREBANEE AT 5 2 b s, — AR
B D Yk % TS 5 web Y — )V Td % m-fold" 2 1]
T5E, Apt0l & Apt02 13FEIZA T 2V — THE 2 TR T
LUREMED D B T L AURE NIz (Fig. 8). 22T, #he
NOEREBHNEH T2 &, Apt02 IZIE 77 = U AN EE &
AN EFTNTWZDITH L, Apt0l IZIZZFEFN TV
Moz, Apt02 O 7T = Y IUESEZ WS 5 W RETE % MG
$H72OII, FT=YUEHFHO T Y — IV TH S QGRS
mapper % V727, QGRS mapper 1&, AJJ L 723351
Mo 7T =V MNEHEBRT 2 WA RT A a7 &l
T35, NS VUVBOZT =y MEHZEET 52 L TH
LM 5 T95-2T L MFIEN BIHAERD G AT, 52 TH
2 EFOREE, Apt0l 1E, G AT TH0THDDITH
L, Apt02 @ B %] O G-Score 1 20 T & - 7= (Table 1).
Apt02 DEFIOWT, 77 = VFRIE130 5 7T = U FEHE 33
OHEOKKETHEN 7T =V 2T, 77 = HESH
RIEHCS B W RETEAS WV R S T

Z @ m-fold TOMEIE Tl 2 FERAY IZHERE$ 5 729012,
Apt01 & Apt02 DRI (CD) A% MM &l
L 7z. Fig. 413 Apt01 & Apt02 D CD A7 PV TH 5.
Apt02 @ CD AXZ bJViL, # 240 nm & 260 nm (2ZNZ
NAEEIEDOTY YRR EHT L. —77, Apt0l 134 250
nm & 280 nm ICZFNFNHEEIEDO Ty I YRR ERT. 3
FUNELT T = Y UHESHD CD A7 IV, #9240 nm
£ 260 nm 2, ThZENALIEDOTY by FRERT L
PHEERTVWAE I ERSY, Apt02 I3/3F LMY 7 =
YIEPRE R L TV WRESH S, —F, AR
ODN #9250 nm & 280 nm IZZNEFNHLIEDTY b ¥
WFEZERTZEHS, Apt0l Id Fig. 3 1R T X9 = AT
K- V—THEERTE L TSRS 5.
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Fig. 4 Circular dichroism (CD) spectra of Apt01 and
Apt02 in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, and 1.5 mM NaH,PO,, pH 7.4). CD
spectrum of Apt02 shows negative and positive peaks
at approximately 240 nm and 260 nm, respectively,
which corresponded with the spectrum of parallel
type G-quadruplexes. On the other hand, Apt01
shows negative and positive peaks at approximately
250 nm and 280 nm, respectively, which corresponded
with the spectrum of the typical double-stranded

oligodeoxynucleotides. ~Reprinted with permission
from 10).

Apt01 & Apt02 O % X 5 IZHREICT 572912, Aptol
& Apt02 D 260 nm & 295 nm DYWOLE DL %
WEL, BRI ER L7 (Fig. 5).

—f\Z, T = Y INEHOY G, B OBIZH R 295 nm
2B BRI RA S 5. Fig. 5A & Fig. 5B DHE 7
Oy MASRT L 9IS, Apt0l 7217 T% £ Apt02 B, 100 mM
NaCl Z & 10 mM V) ¥ BRERfT i H Tld, 295 nm (281F
B WICEE XA L v, —75, 100 mM NaCl DfAb D 12
100 mM KCl % & 10 mM V) v EEEEREZ W5 L, 77
SV EHOWEENA ) T LA Y ORI & o TEEAL
ENB 720, Apt02 @ 295 nm X BT 2 WOLEE LA § %
Fig. 4 IZ/R L72 Apt02 D CD AR MV b TERET
&, Apt02 X ZOMEETIC 7T = Y INESFHEKE T — 7
EROZEIWULSHTHE. T, TRV Y -7 )y s
HAEAT LA, WK 260 nm 128V 5 WOGEE XN L
YT EA P ZRT. Apt0l @ 260 nm T i i
TId, NaCl 2 &6 YREME T & KO 2 &) » MRk
R TSR 260 nm (2B POLEEZIM L (Fig. 5C).
ZOMFRE X ENZEN216TC L 176 C TH5H. ZOH
i, Aptol G FHICA T AV —THidExFo 2 L &R
3. —75. Apt02 OFEMHIL 260 nm T 7€ A Nl
TIERWA, WOBEMR RS L, E5I1Th) T4 4 VTR
TTIRZOZEHIWAT S (Fig. 5D). Thid, 77=>
PUESH O fFREECPE D 260 nm TOWIGEE O WA 22 22 LT
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Fig. 5 The ultraviolet (UV) melting profiles of
aptamers in 10 mM phosphate buffer containing 100
mM NaCl (black colored plots) or in 10 mM
phosphate buffer containing 100 mM KCI (white
colored plots); (A) AptO1 at 295 nm, (B) Apt02 at 295
nm, (C) AptOl at 260 nm, and (D) Apt02 at 260 nm.
The melting profiles normalized by the absorbance at
5°C are shown. The hypochromic transition is
observed only in UV melting curve of Apt02 at 295
nm in 10 mM phosphate buffer containing 100 mM
KCl, indicating that Apt02 possessed G-quadruplex.
In the UV melting curves of Apt0l at 260 nm,
hyperchromic transitions with a single sigmoidal
shape indicate that AptOl possesses the stem-loop
structure in the molecule. Reprinted with
permission from 10).
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BT 75 ~—i%, BERhOX 7 LT —¥IldoThH
fRIned L, BENWENOKEGEIHAI TS £oT,
BRT 75 < —DREN A5 7012, Mk Eh T
D Apt0l & Apt02 D X 7 L 7 — Ytk % §#4fi L 7. Fig. 6
RS £ 912, Aptol MR T 4 BRI LANIZIZ &
AEGIET HDIZH L, Apt02 13 4 REHRTH T LA LS
s, 24 REMBETE 2D, 86 % D Apt02 D EEFEM 1
Blrd 5. Zhud, /85 LVELY 7 = U N EEEE O T
(2 &0 R & OMEAEH Z3HI L, Apt02 A%\ 45
EEHLTWDZ L 2R

BOHNIZT 75 < — Apt0l & Apt02 D L5 H: O i5 HEEF
flis 272012, X I TFV»S%Z2RILT NV ETT 7Y
v — P72 e IR (HUVEC) %2 HwC
in vitro 2. — 7T v £ A Z47-72 (Fig. 7A). Fig. 7B
FEHEH D A ¥ 2 B ORRFGEZ, Fig. 7CGE X, 4, 7,
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Fig. 6 Stability of the obtained aptamer, Apt01 and
Apt02, during incubation in Medium 200PRF with
LSGS kit for 24 h, as determined by denaturing urea
polyacrylamide gel electrophoresis (PAGE). (A)
Representative images of denaturing urea PAGE.
Bands of intact aptamers are indicated with arrows.
(B) Graphical representation of PAGE results. The
fraction of intact aptamers (relative to the sample
without incubation in Medium 200 with LSGS kit) was
plotted as a function of time. The bar graphs
represent means tstandard error for three
independent experiments. Reprinted with
permission from 10).

24 W[ #2 D HUVEGs & v N7 =27 DA v ¥ 2% R 4k
BTHDH. HUVEC 2~ DU 7V EICHRIT 5 &, £ 24 BF
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72 VEGF165 TULH L 72 HUVEC T3, 4 Rt CEMImL
BRA Y VT2 2R LIGD, 24 K CF 2 — 7 038in
I 5. Apt02 & VEGF165 & [ Ak D 2B % /R 3. — i,
AptOl DFFET T, ¥ ba— Ve[ &) 238 %2R
L, BMAERA Y T — 213 4 BRICIIBIR IR, 24
BHBIOER SRS, F2— 7O, VEGFI65 & [k
IZApt02 IZ X o THIREEND L9 TH DA (Fig. 7C~
Fig. 7E), 2 ¥ bE—) & Apt0l DFICIZAEE LTS
Nawv, 251, Fa—7RBRICB T 2 HMEOKR A Y
TIX7 VFF FRSIOEELRRD &, BAMEME A A
T4 73y ba—=E LTHWET 7=V 35-mer (A35:
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA) % T W
Tb, HUVEC DF 2 — 7RI EE 52 hhofzl t
M5, HEDIZ Apt02 OEFIASIME FE 2R Z &b h
5. TDOXHIZ, Apt02 I3l L > VEGFR-1 Je TF-2 & ik
WA R RS, Fa—- TR EREST L2 LD R 5.
Apt01 & Apt02 DEWNE, FEEBAMEDE Y, 77 =1
EHREEICL B X2 L7 — Yk, VEGFR & O A TRAL
DFENG LI FSEFLBRRIEEL L EEZLNS.

5 YIZFV) T TTIR— LTHRETALIEET
T < —

BT 7% ~—%, FEMHEEAITHET, Ka XA b ThH5
&, ALFBHMINESTH L s, BIEMRHIET
U—7¢  LTHERDFTH 5B, SERT 75 ~<—13,
BT & DOBEEBIRIC & > TEOVAMELZLSE
5720, YI7FV T Ty —IEN, ST a—
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Fig. 7 In vitro tube formation assay using human
umbilical vein endothelial cells (HUVECs) on a three-
dimensional gel consisting of diluted Matrigel. The
cells were treated with Apt0Ol (10 puM), Apt02 (10
uM), or VEGF165 (10 ng mL™, 0.26 nM) for 24 h.
(A) Representative images of tube formation of
HUVECGs on Matrigel, which were treated by aptamers
or VEGF165. Scale bars are 1 mm. (B) Time
course of mesh number in the images of the HUVECs
networks at 2, 4, 7, 24 h. Error bars represent
standard deviation of the mean (n =3 plots). (C-F)
Box plot showing mesh number in the images of the
HUVECs networks at (C) 2, (D) 4, (E) 7, and (F)
24h. (n=3 plots). *P < 0.05 as compared to
control. ** P < 0.05 as compared to AptOl.
Reprinted with permission from 10).
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FHHOIE, SELEX#EE R Y — 7 2 U4 — T & o
THEBOT 75 3 —BMi%xH5 2 LRI Liz/0, d6
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572012, Apt03 75 Apt07 DRI D 7 7 & <~ —ElF D
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HOEREZLZWE L7z Fig. 8 IRT XIS, HODE
fii7 7% <— (F-Apt03-Q to F- Apt07-Q) 1, VEGF-1 124
ETHIEICXY, HY ZF AR KRIBICHAT 5. FHIC,
F-Apt03-Q 1, 2.3 fDHEMENHI A L7z, 22T, {EH
FX &L, Table 1127”3 VEGFR-1 12313 % K, fif & Feik
ToL, HOOKIRT 75 < —OHT, Apt03 O K, HA%K
BEWIHTH ), HMEEBAESRNZ b rs. —
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Fig. 9 CD spectra of Apt03 to Apt07, and T95-2T.
T95-2T are typical ssDNAs that form three-tetrads
G-quadruplexes with parallel-type. Four micromolar

of ssDNA samples were prepared in PBS.  Reprinted
with permission from 10).

Ji, VEGFR-1 & 13571, F-Apt03-Q #* 5 F-Apt07-Q O T
74 < —IZVEGFR2 2RI L T, HOLMEDOK E %ML
FH1 &R 29, FApt03-Q TlE, HOGMEIRAT 5.

VEGFR-1 f£7E T C F-Apt03-Q O HOG Y 7 F U Ashim S
BANZALTPRD 120, WERENT 217572 9, 7
Ty —BHIh DT = Y EAEICHER L7z, Table 112
RY LI, FT=rRELGORING, 77 = v UEH
Wk 2 T 5 W BetED 2. QGRS mapper % ffi> T
fET L CAB L, HIET X CORSIN Y T =~ U EHH
RIS 5 REED D 5. Apt03 7> 5 Apt07 DEFIIC B
J5 77 = Y NESERZ MRS 572012, &0FD CD
AR MVERRE L. Fig 9IRT LI, AT LR
77 = MEEHEE 2 RS 5 2 EAHIS TV % ssDNA
T 5 T952T (5“TTG GGT GGG TGG GTG GGT-3') ®
CD A7 MV, #5240 nm & 260 nm [ZZNZFNHED L
Eoay bR ER L FERIC, Aptos DAoL 7
7YX —DCD AXRZ PV T95-2T LD AT by
DR ERT. —Ti, Apt03 14 240 nm IZHD T Y b ¥
MEEZRL, 260 nm ICIED Ty by RIENS %
Mol INHORRDPS, Apt04 5 Apt07 13737 L v
By 7= Y NEHEMHEICH ) 22EhTwd 2 by
%. —7, QGRS mapper |2 & ZEHTTIE, Apt03 1377 =
YIUESAME D 7272 T D 2 LRI S N7z,
Apt03 @ CD Ml TIE 7 7 = & MU EHHE & O JLR 1 72 A~
7 MVIRR SN2,

Apt03 7> 5 Apt07 DI Z & HIZHIHEIST 572012, Rl
AR % WE L7z (Fig. 10). Apt04 %> 5 Apt07 T 295
nm (2B 2WOEEEIZIRA % (Fig. 10A). 2D & & DRl
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Vascular endothelial growth factor (VEGF) is a secreted protein that promotes angiogenesis,
and VEGF-A is an important molecule that binds to vascular endothelial growth factor receptor
(VEGFR)-1 and VEGFR-2 and activates VEGF signaling pathway. We have successfully
identified a set of nucleic acid aptamers that bind specifically to VEGFR-1 and VEGFR-2 using a
method with systematic evolution of ligands by exponential enrichment (SELEX) and next-
generation sequencer that can identify even low-frequency sequences. In this comprehensive
paper, we summarize the structural analyses of the obtained nucleic acid aptamers and their
functions as (1) angiogenesis promoters and (2) signaling aptamers.

Keywords: nucleic acid; aptamer; VEGR receptors; VEGF-A; signaling aptamer.



