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ABSTRACT: Angiogenesis, a process of new blood vessel formation, is crucial not
only for many physiological events but also for a number of diseases. The signaling
pathways through members of the vesicular endothelial growth factor (VEGF) family
play fundamental roles in angiogenesis. In this study, we identified inhibitory RNA
aptamers against human Flt-1, a receptor of VEGF. One of the isolates, aptamer #38,
showed a 50% inhibitory concentration (IC50) of 23 nM in the cell-based
autophosphorylation assay, and the IC50 value was decreased to 6.3 nM upon
removal of 32 dispensable nucleotides from parental #38 with a length of 72
nucleotides. Interestingly, the surface plasmon resonance-based or affinity resin-based binding study revealed that #38 and its
shortened derivative, #38Jr, do not interfere with binding of VEGF or heparin, a functional cofactor, to Flt-1. Importantly,
aptamer #38 does not affect the decoy activity of soluble Flt-1. These findings suggest that #38 prevents the conformational
activation of Flt-1 associated with VEGF. Therefore, aptamer #38 might provide us with a unique tool for blocking the VEGF
signaling specific to Flt-1, unlike most other known VEGF signaling blockers such as VEGF inhibitors, anti-Flt-1 antibodies, and
decoy soluble receptors.

Angiogenesis, a complex process of new blood vessel
formation, involves a number of different growth factors.

It is essential not only for many physiological events but also
for a number of diseases, including tumor progression,
psoriasis, rheumatoid arthritis, and diabetic retinopathy.1−3

The signaling pathways through members of the vesicular
endothelial growth factor (VEGF) family play fundamental
roles in angiogenesis. VEGF family cytokines function mainly
through binding to the three homologous receptor tyrosine
kinases, VEGF receptors (VEGFR1−3). Although VEGFR2
(also known as KDR) is thought to be a central receptor for the
pathways,1−3 we recently became aware of the physiological
roles of the other two receptors and their relationships to
diseases.
VEGFR1, also named Flt-1, is essential for the vascular

system organization,4 but expression of an Flt-1 mutant
defective only in the tyrosine kinase activity is sufficient for
the normal embryogenesis of mice.5 Thus, it has been
suggested that Flt-1 acts as a nonsignaling reservoir or a
decoy receptor.6 However, the physiological significance of Flt-
1-dependent signaling has been demonstrated recently. Not
only endothelial cells but also pluripotent stem cells express Flt-
1 on their surface, and the Flt-1-specific cytokine, placental
growth factor (PlGF), can reconstitute hematopoiesis by
recruiting the stem cells from the bone marrow.7 In addition,
selective activation of Flt-1 induces proliferation of hepatocytes
rather than endothelial cells.8 Although PlGF is not required for
embryogenic angiogenesis,9 its knockout displayed attenuated
responses to VEGF in pathological angiogenesis in mice.10

Furthermore, PlGF is necessary for angiogenic events in adult

tissues during ischemia, inflammation, wound healing, and
cancer.9 Thus, PlGF and Flt-1 might be attractive targets for the
treatment of diseases involving inflammation and angio-
genesis.11

Until now, several Flt-1 antagonists have been studied as
drug leads. For example, antibodies against Flt-1 suppressed
tumorigenic neovascularization, ischemic retina, and inflamma-
tory joint destruction in autoimmune arthritis.12 Hammerhead
ribozyme-mediated knockdown of Flt-1 resulted in dose-
dependent antimetastatic activity in the xenograft model of
human colorectal cancer and mouse tumor models.13−15 The
short interfering RNA-mediated knockdown showed the
suppression of laser injury-induced choroidal neovascularization
in mice, though its exact mechanism is unclear.16,17

In this study, we aimed to isolate inhibitory RNA aptamers
against human Flt-1 (hFlt-1) as the alternative drug lead.
Aptamers are short single-stranded nucleic acid molecules that
are selected in vitro from a large random sequence library based
on their high affinity for a target molecule by a process known
as SELEX (systematic evolution of ligands by exponential
enrichment).18−21 Similar to antibodies, aptamers show a high
affinity and specificity against a target, as well as additional
advantages, including their small size, easiness of chemical
production, and antidote design.21 One of the anti-Flt-1
aptamers selected in this study exhibits a unique inhibitory
feature.
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■ MATERIALS AND METHODS

SELEX. RNAs with 2′-fluoropyrimidine modifications were
prepared as previously described.22 For the preparation of an
initial DNA pool, a synthetic DNA was employed, 5′-
TAATACGACT CACTATAGGG CTGAAGGATG CCA-
N40-CCGAGTCGTG CCATCT-3′ [T7 promoter sequence
underlined, and N40 represents 40 nucleotides (nt) of random
sequence]. All synthetic DNAs were purchased from Operon
Biotechnologies. SELEX was performed against recombinant
extracellular domains of hFlt-1 fused to the C-terminal
hexahistidine-tagged Fc region of human immunoglobulin G
(IgG) (R&D Systems). Before the selection process, the
purified RNAs were folded by being denatured at 94 °C for 3
min and then cooled to 4 °C and incubated in buffer A [20 mM
Tris-HCl (pH 7.6), 150 mM NaCl, 1.5 mM CaCl2, 0.5 mM
MgCl2, and 0.05% Tween 20] for 10 min at 37 °C. To reduce
undesired, nonspecific adsorption of RNAs to resins, 2 mg/mL
tRNA (Sigma-Aldrich) and 1 mg/mL bovine serum albumin
(Sigma-Aldrich) were added to the folded RNAs.
Three types of resins, HisLink Protein Purification Resin

(Promega), rProtein A Sepharose Fast Flow (GE healthcare),
and anti-IgG aptamer-immobilized resin,23 were alternatively
utilized for the affinity capture of recombinant hFlt-1. Except
for the first round, negative selection was performed before
positive selection. For negative selection, the folded RNAs were
transferred to 3 μL of HisLink Resin without protein
immobilization, human IgG (Sigma-Aldrich)-immobilized
Protein A, or anti-IgG aptamer resin followed by incubation
for 10 min at room temperature. Then, the supernatant
containing unbound RNAs was collected and subjected to
positive selection. For positive selection, the RNAs were
transferred to 3 μL of the indicated resin with the recombinant
hFlt-1 immobilization, followed by incubation for 30 min at
room temperature. After the samples had been washed for the
indicated times with buffer A, tightly bound RNAs were eluted
from the resin via addition of EDTA-containing buffer [20 mM
Tris-HCl (pH 7.6) and 2 mM EDTA]24 and phenol/
chloroform extraction. The recovered RNAs were subjected
to reverse transcription, polymerase chain reaction, and in vitro
transcription to regenerate an enriched RNA pool as previously
described.22 After five to nine rounds of SELEX, variants in the
pool DNAs were cloned into a TA cloning vector (pGEM-T
Easy, Promega). Detailed conditions for positive selection in
each round are listed in Table 1.
Surface Plasmon Resonance (SPR) Assay. SPR analysis

was performed as previously described22 with minor
modifications. Buffer A was employed as running buffer, and
the data were obtained by subtracting the signals for a flow cell
via immobilization of the initial pool RNA. Recombinant

extracellular domains of human KDR were purchased from
R&D Systems.

Autophosphorylation Assay. VEGF-stimulated auto-
phosphorylation of Flt-1 or KDR was analyzed with 3T3-
FLT-1 or 3T3-KDR cells, respectively.25,26 The cell culture,
VEGF stimulation, and Western blotting were essentially as
described previously.25,26 Detection of phosphorylated hFlt-1
was performed by using affinity-purified rabbit anti-phospho-
Flt-1 (Y1213) (R&D Systems) and HRP-linked anti-rabbit IgG
(GE healthcare) antibodies as the primary and secondary
antibodies, respectively. Before the VEGF stimulation, 1/10
volumes of the 10-fold indicated concentrations of the folded
RNAs were added to the culture medium, followed by
incubation at 37 °C for 5 min. Recombinant human VEGF165
was purchased from R&D Systems.
Quantitative analysis of Flt-1 autophosphorylation was

performed by the sandwich enzyme-linked immunosorbent
assay (ELISA) using Duo Set Human Phospho-VEGF R1/Flt-1
(R&D Systems). The cell culture, VEGF stimulation, and
sample preparation were as described above. The sandwich
ELISA was performed according to the supplier’s protocol.

Pull-Down Assay. The Flt-1 pull-down assay was
performed by using Heparin Sepharose 6 Fast Flow (GE
healthcare). The indicated concentrations of the RNAs were
folded into 100 μL of buffer A as described above, mixed with
recombinant hFlt-1 (final concentration of 10 nM), and
incubated at 37 °C for 10 min. The mixture was added to 3
μL of the heparin resin and incubated at room temperature for
30 min. The resin was washed once with 100 μL of buffer A,
and recombinant hFlt-1 recovered with the resin was subjected
to 8% sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis. Western blotting was performed with anti-Flt-1
(sc316, Santa Cruz Biotechnology) and HRP-linked anti-rabbit
IgG (GE healthcare) antibodies as the primary and secondary
antibodies, respectively, followed by the imaging analysis as
previously described.22

■ RESULTS
Isolation of Inhibitory Aptamers against Human Flt-1.

We isolated RNA aptamers against hFlt-1 by the SELEX
procedure using an initial pool containing 5 × 1014 variants of
72 nt RNA with 40 nt random sequences. The selection was
performed against recombinant extracellular domains of hFlt-1
fused to human IgG and a hexahistidine tag. To resist
ribonuclease degradation, 2′-fluoropyrimidine modifications
were introduced into the pool of RNAs.27 To avoid enrichment
of aptamers against the resins, three different resins were
alternatively employed: anti-IgG aptamer-immobilized,23 nick-
el-charged, and protein A-immobilized resins. To select tightly
binding aptamers, we progressively increased the selection
stringency by increasing the number of washings and by
decreasing the target concentration for positive selection (Table
1).
After four rounds of SELEX, moderate enrichment of the

pool affinity against the target was observed by the SPR
analysis, and the affinity progressively increased until nine
rounds had been performed (data not shown). Because further
rounds of SELEX clearly enriched molecules with affinity for
human IgG used as a tag protein (data not shown), clones from
the pools after five to nine rounds were analyzed. Among ∼200
clones randomly picked out, ∼60 independent sequences were
isolated. Of these, ∼40 isolates showed affinity for hFlt-1, not
IgG, upon SPR analysis. Thus, their inhibitory activities were

Table 1. Conditions for Positive Selection against hFlt-1

round [recombinant hFlt-1] (nM) resin no. of washings

1 250 anti-IgG aptamer 4
2 250 Protein A 6
3 125 nickel 6
4 125 Protein A 8
5 62.5 anti-IgG aptamer 8
6 62.5 nickel 10
7 31.3 Protein A 10
8 31.3 nickel 10
9 15.6 anti-IgG aptamer 10
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examined by the VEGF-induced autophosphorylation assay for
hFlt-1 using NIH 3T3 cells that ectopically express hFlt-1
(3T3-FLT-1 cells).25 As judged from band intensities of
phosphorylated hFlt-1 on Western blotting, three isolates with
similar sequences, #38, #77, and #115, exhibited inhibitory
activity (Figure 1A and Table 2). The hFlt-1 specificity of these

aptamers was confirmed by the SPR analysis, in which the
homologous receptor, human KDR (VEGFR2), exhibited no

binding signal even with 1 μM KDR (data not shown).
Moreover, these aptamers did not affect the VEGF-induced
autophosphorylation of human KDR in the KDR-expressing
cells [KDR-3T3 cells (see below)].26

Of these three inhibitory aptamers, the most abundant clone,
#38, was subjected to further analysis. In the sandwich ELISA,
#38 showed a 50% inhibitory concentration (IC50) of 23.0 ±
3.3 nM against hFlt-1 (Figure 1B). In contrast, negative control
RNAs, the initial pool RNA and mut9 RNA (see below),
showed no apparent inhibition (Figure 1B). Because no
dissociation of hFlt-1 from the aptamer-immobilized flow cell
even after a dissociation time of 30 min during SPR analysis, we
could not evaluate the dissociation constants (see below).
Aptamer #38 also showed the inhibitory activity on the hFlt-1
autophosphorylation assay using another cell line, human
angioma cells that ectopically express hFlt-1 (AG1-G1-Flt1
cells), indicating that the inhibitory activity is not restricted on
certain cell lines (Figure S1 of the Supporting Information).

Mutation Analysis of Aptamer #38. Several deletion
derivatives were generated from aptamer #38 with 72 nt, and
their inhibitory activity was examined. Thus, the shortened
derivative, #38Jr with 40 nt, was defined to be fully active to
block the Flt-1 activation (Table 2 and Figure 2). The IC50

value of #38Jr was 6.3 ± 2.3 nM as monitored by the sandwich
ELISA (Figure 1B). The higher inhibitory activity of the
shortened aptamer might be explained by assuming the lower
frequency of alternative, inactive folding and/or elimination of
some steric hindrance. As was the case for aptamer #38,
aptamer #38Jr also inhibited the VEGF-stimulated hFlt-1
autophosphorylation on AG1-G1-Flt1 cells (Figure S1 of the
Supporting Information).
According to the structure prediction by an energy

minimization program (Mfold),28 #38Jr was expected to
adopt the secondary (2D) structure containing the terminal
stem, internal loop, internal stem, and large terminal loop
(Figure 2). To confirm the predicted structure, we examined
the activity of base replacement derivatives of #38Jr (Figure 2).
When mutations were introduced to disrupt base pairings of

Figure 1. Inhibitory activities of the aptamers on VEGF-stimulated
hFlt-1 autophosphorylation. (A) Screening of the inhibitory aptamers
against hFlt-1 by Western blotting. 3T3-FLT-1 cells were incubated
with the indicated aptamer RNAs (100 nM) for 5 min, and the
stimulation was performed with 10 ng/mL VEGF165 for 6 min. The
top and bottom images show the detection of phosphorylated hFlt-1
(p-Flt-1) and total hFlt-1, respectively. At least two independent
experiments were performed for each isolate. Lanes indicated by “−
VEGF” and “−RNA” show the cells before the stimulation and the
cells stimulated without the addition of RNA, respectively. (B)
Quantitative analysis of the inhibitory activity by the sandwich ELISA.
3T3-FLT-1 cells were incubated with the indicated concentrations of
the aptamer RNAs for 5 min, and the stimulation was performed with
10 ng/mL VEGF165 for 6 min. Three independent duplicate
experiments were conducted. The IC50 value was estimated by curve
fitting using Gnuplot version 4.5.0 (http://www.gnuplot.info/).

Table 2. Primary Sequences of Inhibitory RNA Aptamers
against hFlt-1

clonea sequence (5′ to 3′)b

#38 (five
times)

GGGCUGAAGG AUGCCAUAGA GUGUUAUGUA
GUGGAGGAGG AGACACAAUG GUGGUCCCGA
GUCGUGCCAU CU

#77
(four
times)

GGGCUGAAGG AUGCCAUAGA GUGUUAUGUA
GUGGAGGAGG AGgCACAAUG GUGGUCCCGA
GUCGUGCCAU CU

#115
(once)

GGGCUGAAGG AUGCCAUgGA GUGUUAUGUA
GUGGAGGAGG AGACACAgUG GUGGUCCCGA
GUCGUGCCAU CU

aIn parentheses are given the frequencies with which the sequence was
selected. bThe primer-binding sites are indicated by underlines. In the
#38 sequence, the region covering the shortened aptamer (#38Jr) is
highlighted in bold. In the #77 and # 115 sequences, the nucleotides
different from those of clone #38 are shown with lowercase letters.

Figure 2. Mutational analysis of aptamer #38Jr. The two-dimensional
structure of aptamer #38Jr is shown at the center. The mutated bases
are shown with a gray background. The inhibitory activities were
analyzed by Western blotting as described in the legend of Figure 1A.
Two independent duplicate experiments were performed. All the
mutants showed either activity comparable to that of aptamer #38Jr
(indicated by a plus sign in parentheses) or undetectable activity
(indicated by a minus sign).
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the terminal stem (mut1 and mut2), the activity was markedly
reduced. However, the activity was completely restored by
compensatory changes in the same stem (mut3). Similar results
were obtained for mutations at the internal stem (mut4, mut5,
and mut6). Thus, the secondary structure, not the primary
sequence, of the stems is important. When single-stranded
regions in the loops were mutated (mut7, mut8, and mut9), the
activity was significantly reduced (Figure 2), suggesting that,
like many other aptamers,22,29−32 the primary sequences of
these single-stranded regions are crucial for activity.
Elucidation of the Inhibitory Mechanism. Flt-1 requires

binding of heparin to function,33,34 and several inhibitory
aptamers have been reported to interact with a heparin-binding
site on a target protein.35−38 Therefore, one might speculate
that aptamer #38 binds to the heparin-binding site of hFlt-1
and competitively inhibits the association of heparin with hFlt-
1. This possibility was first investigated by the pull-down
experiment with heparin-immobilized resin (Figure 3). In the

absence of RNA, ∼10% of input hFlt-1 was recovered with the
heparin resin. Under this condition, the hFlt-1 recovery was
slightly reduced in the presence of 50 nM control RNA and
further reduced in the presence of 500 nM control RNA,
suggesting a small but significant nonspecific affinity of hFlt-1
for RNA. In contrast, aptamer #38 did not interfere with hFlt-1
recovery with the heparin resin even at high nanomolar
concentrations up to 500 nM (Figure 3). Interestingly, several
noninhibitory aptamers showed reduction of the hFlt-1
recovery (Figure 3). These results suggest that the inhibitory

mechanism of aptamer #38 is not to hinder association of
heparin with hFlt-1.
Next, we examined whether aptamer #38 blocks the binding

of VEGF to hFlt-1 in the SPR assay. As shown in Figure 4, hFlt-
1 bound to the aptamer #38-immobilized sensor chip while
VEGF did not, and no appreciable release of hFlt-1 from the
chip was observed during the prolonged dissociation time.
When the mixture of hFlt-1 and VEGF was injected onto the
sensor chip, the SPR signal was reproducibly stronger than that
of hFlt-1 alone (Figure 4). These findings clearly indicate the
formation of the ternary complex among aptamer #38, hFlt-1,
and VEGF. It is noteworthy that the hFlt-1·VEGF complex, or
VEGF, bound to the aptamer #38-immobilized sensor chip
exhibits a slight dissociation unlike that of hFlt-1 alone.
No inhibitory action of aptamer #38 with respect to

formation of the binary complex between hFlt-1 and VEGF
was confirmed by monitoring the decoy activity of hFlt-1 in the
presence of aptamer #38 (Figure 5). Because soluble Flt-1 is

known to titrate VEGF, recombinant hFlt-1 inhibits the VEGF-
stimulated KDR autophosphorylation of KDR-3T3 cells
expressing KDR on the cell surface (Figure 5). If the aptamer
could affect the association of VEGF with hFlt-1 to some
extent, high concentrations of #38 might reduce the decoy
activity of hFlt-1 for titration of VEGF. However, aptamer #38
did not reverse the KDR autophosphorylation even at a
concentration of up to 1 μM (Figure 5). These findings again

Figure 3. Effect of the aptamers on the interaction between Flt-1 and
heparin. Recombinant hFlt-1 was incubated with the indicated
concentrations of RNAs and then applied to heparin-immobilized
resin. The hFlt-1 bound to the resin was analyzed by Western blotting.
Similar results were reproducibly obtained by four independent
experiments.

Figure 4. SPR analysis of the formation of the ternary complex of aptamer #38, hFlt-1, and VEGF. SPR analysis was performed by using the aptamer
#38-immobilized sensor chip. Lines marked by gray and black squares show sensorgrams of 100 ng/mL recombinant hFlt-1 alone and a mixture of
25 ng/mL VEGF165 and 100 ng/mL recombinant hFlt-1, respectively. A line without marks shows a sensorgram of 25 ng/mL VEGF165. Similar
results were reproducibly obtained by three independent experiments.

Figure 5. Effect of aptamer #38 on the decoy activity of Flt-1. The
indicated concentrations of recombinant hFlt-1 and folded aptamer
#38 were mixed in 100 μL of buffer A and incubated at 37 °C for 5
min. Then, 100 μL of 10 ng/mL VEGF165 dissolved in buffer A was
added to the mixture and applied to 3T3-KDR cells. The stimulation
was performed for 6 min and analyzed by Western blotting.
Phosphorylated (p-KDR) and total KDR were detected with anti-
phospho-tyrosine and anti-KDR antibodies (top and bottom panels,
respectively). The reproducibility was confirmed by three independent
duplicate experiments.
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point out that the inhibitory mechanism of aptamer #38 is not
to hinder the binding of VEGF to Flt-1. A similar result was
also obtained by the chemical cross-linking experiment in vitro
(data not shown).

■ DISCUSSION
In this study, we isolated inhibitory RNA aptamers against hFlt-
1. One of the original isolates, aptamer #38, with 72 nt was
shortened to 40 nt without losing activity, giving rise to
aptamer #38Jr. The 2D structure of aptamer #38Jr was
confirmed by mutational analysis, and the importance of
primary sequences of the loop regions, not the stems, was
revealed (Figure 3). Because half of the residues in the terminal
loop (8 of 16) are guanines, the loop may adopt a guanine
quadruplex conformation, one of the structures frequently
found in small, structural RNAs, including aptamers.39 In our
preliminary analysis, aptamer #38Jr showed the typical circular
dichroism spectra of the antiparallel guanine quadruplex
structure (data not shown).
Aptamer #38 possesses interesting features. First, aptamer

#38 does not interfere with the association of hFlt-1 with
heparin, whereas several noninhibitory aptamers do (Figure 3).
This might explain why only three of ∼40 aptamers (or only 10
of ∼200 clones sequenced) showed inhibitory activity. Similar
to RNA, heparin is a negatively charged polymer with glycol
moieties, and heparin-binding sites are frequently targeted by
aptamers.35−38 Flt-1 harbors a heparin-binding site, and the
heparin binding to Flt-1 is necessary for VEGF-mediated
activation of Flt-1. However, aptamer #38 does not interfere
with binding of heparin to hFlt-1, indicating that the inhibitory
mechanism is not to compete with heparin.
Second, aptamer #38 does not inhibit the binding of VEGF

to hFlt-1 when examined by SPR analysis using the aptamer
#38-immobilized sensor chip (see Figure 4) as well as by the
cell-based decoy assay of hFlt-1 to block VEGF-induced
autophosphorylation of KDR (see Figure 5). Therefore,
aptamer #38 may block the conformational change necessary
for autophosphorylation of hFlt-1 regardless of whether it is
bound to VEGF. Although the exact inhibitory mechanism
remains to be investigated, aptamer #38 provides us with a
unique tool to inhibit Flt-1 alone, unlike the other known anti-
Flt-1 inhibitors. For example, anti-Flt-1 antibodies affect not
only Flt-1-mediated signaling but also KDR-mediated signaling
through dysfunction of the decoy activity of Flt-1. Therefore,
aptamer #38 will prove to be useful in achieving the blockade of
Flt-1-mediated signaling without affecting the decoy function of
Flt-1 to avoid undesired side effects that lead to the promotion
of angiogenesis.
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