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ABSTRACT: Growth factor receptors are activated through dimerization by the binding
of their ligands and play pivotal roles in normal cell function. However, the aberrant
activity of the receptors has been associated with cancer malignancy. One of the main
causes of the aberrant receptor activation is the overexpression of receptors and the
resultant formation of unliganded receptor dimers, which can be activated in the absence
of external ligand molecules. Thus, the unliganded receptor dimer is a promising target to
inhibit aberrant signaling in cancer. Here, we report an aptamer that specifically binds to
fibroblast growth factor receptor 2b and inhibits the aberrant receptor activation and
signaling. Our investigation suggests that this aptamer inhibits the formation of the
receptor dimer occurring in the absence of external ligand molecules. This work presents a
new inhibitory function of aptamers and the possibility of oligonucleotide-based therapeutics for cancer.
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■ INTRODUCTION

Growth factor receptors (GFRs) transduce cell signaling
through activation and dimerization by the binding of their
ligands. Receptor dimerization, a pivotal trigger in signal
transduction, brings intracellular tyrosine kinase domains
closer to induce their autophosphorylation. Signaling proteins
are recruited to the phosphorylated sites and transduce cell
signaling to the nucleus. Finally, cellular responses, such as
growth and migration, are induced.1−3 Although the
dimerization and activation of the GFRs are strictly regulated
by the binding of their ligands, aberrant activity of the GFRs is
often observed in cancer cells. The aberrant activation of the
GFRs occurs in various manners, such as autocrine or
paracrine activation because of the overexpression of cognate
ligands. Importantly, GFRs can also be aberrantly activated in a
ligand-independent manner in GFR-overexpressing cancer
cells. Because the overexpression of GFRs increases the
density of receptors on the cell membrane, GFRs can form
ligand-independent receptor dimers and be endogenously
activated in the absence of external ligand molecules (Figure
1a).4−6 Thus, a ligand-independent receptor dimer could be a
promising target to inhibit the aberrant receptor activity in
cancer cells.4−6

Antagonists that block the ligand−receptor interactions are
good examples of inhibitors to target the ligand-dependent
receptor activation. However, such competitive antagonists
generally do not function as inhibitors of ligand-independent
receptor activation. Therefore, dimerization inhibitors that can
block the receptor−receptor interactions are necessary. For
example, trastuzumab, an anti-human epidermal growth factor
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Figure 1. Schematic representation of the activation of growth factor
receptor (GFR) and its inhibition. (a) GFRs are dimerized and
phosphorylated by the binding of their cognate ligands. GFR-
overexpression causes unliganded dimer formation and aberrant
activation in cancer cells. (b) DNA aptamer that works as an inhibitor
of the unliganded dimerization of GFRs. The schematic images of the
receptor and ligand are depicted using data from the Protein Data
Bank (PDB IDs: 3OJM and 5UR1).
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receptor 2 (HER2) antibody, is known as one of the
representative dimerization inhibitors.7,8 It has been proposed
that trastuzumab inhibits the formation of unliganded receptor
dimers by binding to the dimer interface between HER2 and
other epidermal growth factor receptor family members and
prevents the endogenous activation of the receptors.7,8 This
antibody has demonstrated the therapeutic potential of
dimerization inhibitors, and thus, the development of novel
dimerization inhibitors based on other chemical entities would
be of great interest in anticancer therapy.
Aptamers have attracted attention as a chemical alternative

to antibodies. In addition to their high affinity and specificity,
comparable to those of antibodies, aptamers have advantages
in thermal stability, quality uniformity, and ease of
preparation.9 Various aptamers have been reported as receptor
binders, including antagonists10−15 and agonists15−20 for
GFRs. Although several reports have demonstrated that
aptamers are useful for the inhibition of the ligand-dependent
receptor activation, there are still significant barriers to the
inhibition of the endogenous aberrant activation.
In this study, we developed a nucleic acid aptamer that can

inhibit the aberrant activation of a GFR occurring in the
absence of external ligand molecules. The DNA aptamer
named Apt_46 inhibits the aberrant activation and down-
stream signaling of fibroblast growth factor receptor (FGFR)
2b in FGFR2b-overexpressing cancer cells. Furthermore, our
investigation suggests that the inhibitory action is mediated by
inhibition of the unliganded dimerization of FGFR2b (Figure

1b). This study suggests that a DNA aptamer-based
dimerization inhibitor could be a novel class of oligonucleotide
therapeutics.

■ RESULTS AND DISCUSSION

Target Growth Factor Receptor: FGFR2b

The FGFR family is composed of four members (FGFR1−4),
and their cognate ligands, fibroblast growth factors (FGFs),
comprise a 22-member family (FGF1−14 and FGF16−23).21
Except FGFR4, FGFRs produce two splicing variants, called b-
form and c-form, in which loops in Ig-like domain 3 are
encoded by different exons.21 Each FGFR member is
specifically expressed in various tissues and plays an important
role in the regulation of tissue- and cell-specific proliferation
and development through its characteristic interaction with
FGFs.21

FGFRs are also prominent oncogenes that are frequently
overexpressed and ligand-independently activated in various
cancers. As the expression profile of each FGFR type shows a
distinct pattern in tissues and cell types, it is necessary to
specifically inhibit only the target member of the FGFR family
without affecting the activities of other FGFRs (Figure 2a). In
the case of FGFR2b, gene amplification, receptor over-
expression, and ligand-independent activation of FGFR2b are
observed in a variety of cancer cells, such as liver, colorectal,
and gastric cancers.6,22−25 Although some tyrosine kinase
inhibitor drugs against FGFRs, such as AZD4547 and

Figure 2. Selection and evaluation of an FGFR2b-binding DNA aptamer. (a) Schematic representation of aberrant signaling of overexpressed
FGFR2b and its inhibition with an FGFR2b-selective DNA aptamer. (b) Full-length and truncated sequences of the FGFR2b-binding DNA
aptamer candidates. G-tracts that are predicted to form a G4 structure by QGRS mapper are depicted in blue. (c) CD spectra of Apt_76 (left) and
Apt_46 (right). Oligonucleotide samples (5 μM) were refolded in 20 mM Tris-HCl (pH 7.6) with (red) or without (blue) KCl (100 mM) and
subjected to CD measurement at 37 °C. (d) FAM-labeled oligonucleotide samples (100 nM) or HiLyte Fluor 647-labeled FGF1 (100 nM) was
incubated with FGFRs-Fc- or IgG-immobilized magnet beads for 15 min at ambient temperature. The fluorescent signal from FGFR-bound ligands
was measured using flow cytometry.
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BGJ398,26−29 have been developed and are under clinical trials,
these also inhibit other FGFR family members owing to the
reduced specificity caused by the structural similarity of the
kinase domain of FGFRs. The administration of pan-FGFRs
tyrosine kinase inhibitor may cause the undesired inhibition of
normal functions of FGFRs and thus has been associated with
many adverse events, including hyperphosphatemia, diarrhea,
ocular toxicities, and fatigue.30 Therefore, the development of
specific inhibitors for FGFR2b is of great significance.

A DNA Aptamer for FGFR2b and Its Characterization

We first selected an FGFR2b-binding DNA aptamer in vitro
based on the systematic evolution of ligands by exponential
enrichment as previously reported.18 The selection was
conducted using an N40 random DNA pool. After six rounds
of selection, a highly conserved 76-mer sequence was enriched
in the pool (Figure S1). We focused on the sequence as a
potential FGFR2b binder and named it Apt_76 (Figure 2b).
We next truncated Apt_76 into a minimal binding motif. As
various DNA aptamers have been reported to adopt G-
quadruplex (G4) structures,12,31−33 we hypothesized that some
guanine-tracts in the sequence would form a G4 structure and
contribute to receptor binding. The analysis using QGRS
Mapper34 predicted the presence of a G4 structure within the
sequence of Apt_76 (Figure 2b). The formation of the G4
structure was assessed using circular dichroism (CD) measure-
ments in the presence or absence of potassium ions. The CD
spectra of Apt_76 showed a positive peak at 265 nm and a
negative peak at 240 nm (left-hand panel in Figure 2c) that
were enhanced in the presence of potassium ions, which
suggests the formation of a parallel G4 structure.35 We then
synthesized several truncates of Apt_76 containing or not
containing the predicted G4-forming sequence (Apt_22,
Apt_30, and Apt_46 in Figure 2b). Among them, only
Apt_46 showed binding to FGFR2b (Figure S2) and CD
spectra similar to those of Apt_76 (right-hand panel in Figure
2c). The ellipticity and binding to FGFR2b of Apt_30 and
Apt_22 decreased compared with those of Apt_46 (Figures S2
and S3). From these results, we used Apt_46 as a minimal
FGFR2b-binding motif for further experiments.
Next, the binding specificity of Apt_46 to FGFR2b was

assessed. Protein G-conjugated magnetic beads were incubated
with an Fc-chimera of FGFR1c, 2b, 2c, 3c, and 4. Human IgG
was used as a negative control. These beads were subsequently
incubated with FAM-labeled Apt_46, its inversed sequence
(Inv_46 in Figure 2b), or HiLyte Fluor 647-labeled FGF1.
FGF1 is a universal ligand against all FGFRs;21 therefore, it
was used as a positive control ligand for all FGFRs. Apt_46
showed specific binding to FGFR2b, whereas FGF1 bound to
all FGFR family members (Figure 2d). Although a small
amount of FGFR4 binding was observed, a similar trend was
observed in Inv_46, which suggests that FGFR4 interacts with
these oligonucleotides in a nonspecific manner.
We then explored the binding epitope of Apt_46 on

FGFR2b. A competitive binding assay was performed using
FGF10, a specific ligand for FGFR2b, the binding site for
which on FGFR2b was revealed by X-ray crystallography
(Figure S4).36 The binding of FGF10 to FGFR2b decreased as
the concentration of Apt_46 increased (Figure 3a), which
suggests that the epitope of Apt_46 overlaps with that of
FGF10. We constructed a putative dimer model of FGF10-
bound FGFR2b, in which two FGF10−FGFR2b complexes
(PDB ID: 1NUN) were superimposed on a known dimer

structure of FGF2-bound FGFR1c (PDB ID: 1FQ9) (Figures
3b and S4). According to this structural model, FGF10 should
be bound on the opposite side of the dimer interface located in
Ig-like domains 2 and 3.37 As Apt_46 did not bind to FGFR2c
(Figure 2d), which is a splicing variant of FGFR2b at Ig-like
domain 3 (orange-colored region in Figure 3b and sequence in
Figure S5), Ig-like domain 3 is the most likely region where
Apt_46 binds.
The thermodynamic parameters of Apt_46 binding to

FGFR2b were measured using isothermal titration calorimetry
(Figure 3c). The thermal profile was obtained by sequential
titrations of Apt_46 (30 μM) to recombinant FGFR2b (2 μM)
in the sample cell. We calculated stoichiometry (N-value),
change of Gibbs free energy (ΔG), enthalpy (ΔH), and
entropy (ΔS) based on the curve-fitting analysis of the
obtained titration data. The N-value (1.06 ± 0.07) indicates
that Apt_46 binds to FGFR2b in 1:1 stoichiometry. The
dissociation constant (KD) was 46.3 ± 16.2 nM, and the

Figure 3. Characterizations of binding fashion of Apt_46 to FGFR2b.
(a) Competition assay of FGF10 and Apt_46. HiLyte Fluor 647-
labeled FGF10 (0.1 μM) and FAM-labeled oligonucleotide samples
(0.01−10 μM) were coincubated with FGFR2b-Fc-immobilized
magnet beads for 15 min at ambient temperature. The fluorescent
signal of HiLyte Fluor 647-labeled FGF10 bound to the beads was
measured using flow cytometry. (b) Putative model of FGFR2b dimer
(green) induced by FGF10 (yellow) binding. A part of Ig-like domain
3 (orange) is encoded by different exons in FGFR2b and FGFR2c.
The FGFR2b dimer complex model is built by superimposing
FGFR2b−FGF10 complex structure (PDB ID: 1NUN) on a known
FGFR1c−FGF2 dimer structure (PDB ID: 1FQ9). (c) Isothermal
titration calorimetry measurements were conducted in Dulbecco’s
phosphate-buffered saline at 25 °C. The profile was obtained by the
sequential titrations of Apt_46 (30 μM) to a solution of recombinant
FGFR2b extracellular domain (2 μM). The parameters are shown as
the mean of three measurements ± SD. A representative titration
curve is shown.
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titration curve showed a large enthalpy gain (ΔH = −21.1 ±
0.7 kcal/mol) and an entropy loss (−TΔS = 11.1 ± 0.6 kcal/
mol). This result suggests that hydrogen bonds and electro-
static interactions are formed in the FGFR2b−Apt_46
interaction, which may contribute to the specific binding of
the aptamer. As Apt_46 adopts a G4 structure in the presence
of potassium ions (Figure 2c), we examined whether the
aptamer−FGFR2b binding is correlated with the presence of
potassium ions. As expected, no enthalpy-driven binding could
be observed in the absence of potassium ions (Figure S6).
Intriguingly, we noticed that the N value in the ITC result

increased when the measurement was conducted at higher
aptamer concentrations (≥80 μM, Figure S7). We hypothesize
that this phenomenon is attributed to the intermolecular
dimerization of Apt_46 in high concentrations, decreasing the
effective active aptamer concentration in a monomeric form.
We analyzed the oligomerization state of Apt_46 using size-
exclusion chromatography/multiangle light scattering (SEC-
MALS) (Figure S8). The Apt_46 chromatogram showed two
peaks, assigned as a monomer and a dimer based on the
molecular weight. As expected, the dimer-to-monomer ratio
increased as the Apt_46 concentration increased. These results
suggested that Apt_46 could adopt intermolecular dimer states
that do not bind to FGFR2b at high concentrations.

Inhibition of the Endogenous FGFR2b Activation and Its
Putative Inhibitory Mechanism

During the characterization of Apt_46, we unexpectedly
observed that Apt_46 inhibited the endogenous phosphor-
ylation of FGFR2b in cancer cells. Previously, it was reported
that FGFR2b is overexpressed and activated in gastric cancer
cell lines SNU16 and KATO-III, even in the absence of
external ligand molecules.24,27,38 These cells were incubated
with Apt_46, and the phosphorylation of Y656/Y657 in
FGFR2b was evaluated by Western blotting (Figure 4a).
Y656/Y657 are located in the activation loop of the tyrosine
kinase domain, and their autophosphorylation restores the
kinase activity of the receptor. Consistent with the
reports,24,27,38 FGFR2b was phosphorylated in the absence of
external ligand molecules (“vehicle” lane in Figure 4a),
verifying the endogenous aberrant activation occurs in these
cell lines. The treatment with Apt_46 reduced the phosphor-
ylation level of Y656/Y657 in FGFR2b in these cell lines,
indicating that Apt_46 inhibited the endogenous aberrant
activation and resultant kinase activity of FGFR2b overex-
pressed in the cancer cells. From the Western blotting analysis
of phosphorylated FGFR2b at various aptamer concentrations,
the apparent IC50 value was estimated to be approximately
200−400 nM (Figure S9).
To understand the mechanism of the inhibition, it is

necessary to consider the origin of the aberrant FGFR2b
activity in these cell lines. One possible cause is a ligand-
dependent autocrine or paracrine activation. We measured the
concentration of FGF7 and FGF10, native FGFR2b ligands, in
a cell culture medium using enzyme-linked immunosorbent
assay (ELISA). FGF7 and FGF10 reportedly induce DNA
synthesis in Balb/MK cells from approximately 5 and 50 pM,
respectively.39 However, these ligands were not detected from
the media after 24 h of KATO-III and SNU16 cell culturing
(<1.7 pM for FGF7 and <0.21 pM for FGF10; data not
shown). Therefore, we hypothesized that the aberrant activity
of FGFR2b in these cell lines would be attributed to the
formation of the unliganded receptor dimer.

We then assessed the dimerization state of FGFR2b on the
cell surface. SNU16 (Figure 4b) or KATO-III (Figure S10)
cells were incubated with or without Apt_46 followed by the
incubation with the chemical cross-linking agent bis-
(sulfosuccinimidyl)suberate (BS3), and FGFR2b was detected
by Western blotting. To inhibit receptor internalization, which
might decrease receptor cross-linking efficiency with the
membrane-impermeable BS3, we incubated the cells on ice
for 1 h with Apt_46. In immunoblotting using an FGFR2
antibody, a new band appeared at higher molecular weight
after the addition of the cross-linking agent (“-C” in Figure
4b), suggesting the formation of unliganded FGFR2b dimer.
Consistently, band intensity increased upon the treatment with
FGF10 that would facilitate the FGFR2b dimerization. Of
note, when the cross-link was performed in the presence of
Apt_46, the band at higher molecular weight was almost
completely reduced, whereas the incubation with Inv_46 did
not affect the cross-linking pattern. We also verified that a
similar tendency was observed when the cells were incubated
with Apt_46 at 37 °C (Figure S11). These results suggest that
Apt_46 functions as an inhibitor of the unliganded FGFR2b
dimer formation (Figure 4c).
Inhibition of the Aberrant FGFR2b Signaling in the Cancer
Cells

As we confirmed that the tyrosine kinase activity of FGFR2b
was inhibited by Apt_46 (Figure 4a), we investigated the
inhibitory effect on FGFR2b signaling in cancer cells. We first

Figure 4. Inhibitory effect of Apt_46 on the aberrant FGFR2b
activation. (a) Western blotting of the cell lysates of SNU16 and
KATO-III cells incubated with Apt_46 (16, 80, 400, and 2000 nM) or
Inv_46 (2000 nM) for 15 min. (b) Western blotting analysis of cross-
linked FGFR2b dimer. SNU16 cells were incubated with FGF10 (2
nM) and heparin sodium salt (10 μg/mL), Apt_46 (1 μM), or
Inv_46 (1 μM) for 1 h on ice, followed by cross-linking with BS3
(500 μM) for 1 h on ice. The cell lysates were used for Western
blotting, and FGFR2b was detected. “-C” indicates the bands of cross-
linked FGFR2b. (c) Apt_46 functions as an inhibitor of the
unliganded FGFR2b dimer formation.
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analyzed the phosphorylation of FGFR2b intracellular domain
in SNU16 cells by label-free quantitative liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) measure-
ments. Among the phosphorylation sites of FGFR2b detected
in both Apt_46-treated and vehicle-treated samples (Figure
5a), we focused on the phosphorylated Y586/Y588 and S780,

as well as Y656/Y657. Y586/Y588 locate within the catalytic
core of FGFR2. According to a study focused on the
homologous residues in FGFR1 (Y583/Y585), these residues
were suggested to be autophosphorylated after the phosphor-
ylation of Y656.40 S780 reportedly functions as a regulatory
site for FGFR2b activity.41 Under the experimental conditions
(N = 3), the addition of Apt_46 substantially reduced the
average phosphorylation levels of all the sites. We also
evaluated phosphorylation of downstream signaling molecules
using Western blotting. The phosphorylation levels of Akt
(S473) and Erk1/2 (T202/Y204) were reduced upon the
treatment with Apt_46 (Figure 5b).

To confirm the selective inhibition of FGFR2b-dependent
signaling by Apt_46, we chose the FGFR3-overexpressing
KMS11 cell line26,42 for comparison (Figure S12). In flow
cytometry assay, Apt_46 specifically bound to SNU16 cells and
not to KMS11 cells (Figure S13). Because of its over-
expression, FGFR3 is phosphorylated in the KMS11 cell line in
the absence of external ligand molecules.26,42 The phosphor-
ylation of FGFR3 and the downstream kinases in KMS11 cells
was almost unaffected by the treatment with Apt_46 (Figure
S14). This is in contrast to the broad inhibitory spectrum of
the pan-FGFR kinase inhibitor AZD4547, which inhibited the
phosphorylation of FGFR2b or FGFR3 in each cell line
(Figure S14).
Because Apt_46 inhibited cell growth-related downstream

signaling proteins Akt and Erk1/2, we investigated whether
Apt_46 affects the growth of SNU16 and KATO-III cells.
Because we could observe Apt_46 degradation in the presence
of fetal bovine serum in long-term incubation over several
hours, we improved the Apt_46 serum stability by introducing
a 3′-inverted dT-modification (Figure S15).43,44 KATO-III,
SNU16, and KMS11 cells were cultured in the presence of 3′-
inverted dT-modified Apt_46 for 72 h, and the relative cell
viability was measured (Figures 5c and S16). Under the
experimental conditions, Apt_46 (IC50: 171 nM) could
substantially inhibit the growth of KATO-III cells (Figure
5c), whereas it did not affect KMS11 cell growth. In SNU-16
cells, cell growth could be slightly inhibited by the negative
control oligonucleotide (Inv_46) at high concentrations (>1
μM; Figure S16). However, Apt_46 exerted its inhibitory
effect in a low-concentration range (<1 μM), where the
inhibition of FGFR2 phosphorylation was demonstrated using
Western blotting (Figure S9). It was also demonstrated that
the inhibitory effect of Apt_46 on FGFR2b phosphorylation
lasted over several hours under the experimental conditions
(Figure S17). Although the effects of the oligonucleotides on
the growth of each cell line need to be considered in more
detail, these results suggest that Apt_46 inhibits cancer cell
growth presumably via the inhibition of the aberrant FGFR2b
signaling.
Intriguingly, there was a certain gap between the IC50 value

for cell proliferation (171 nM for KATO-III cells, Figure 5c)
and the dissociation constant determined using the ITC
analysis (46.3 ± 16.2 nM, Figure 3c). This implies that the
affinity of Apt_46 to FGFR2b might be decreased owing to the
3′-inverted dT-modification or cell surface environments in the
cell-based assay. Another possible reason might be the
competition with the unliganded FGFR2b dimerization. It
has been previously suggested that the FGFR2b dimerization
free energy was −5.4 kcal/mol and the high FGFR2b density,
because of overexpression, promotes dimerization rather than
monomerization.45 To further improve the Apt_46 inhibitory
effect, affinity maturation and the chemical modification of the
aptamer might be useful approaches.

■ CONCLUSION

In the present study, we report the DNA aptamer that inhibits
the aberrant activity of FGFR2b, thereby exerting an inhibitory
effect on downstream signaling. This aptamer, Apt_46, shows
specific binding to FGFR2b among FGFR family members
(Figure 2d) and inhibits FGFR2b-dependent signaling with
high specificity compared with a pan-FGFRs tyrosine kinase
inhibitor AZD4547 (Figures 4a, 5b, and S14).

Figure 5. Inhibitory effect of Apt_46 on the aberrant activation and
cell signaling in FGFR2b-overexpressing cancer cells. (a) Phosphor-
ylation level of FGFR2b intracellular domain measured by LC-MS/
MS analysis. FGFR2b was immunoprecipitated from cell lysates of
SNU16 incubated with vehicle or Apt_46 (1 μM). FGFR2b protein
was extracted from polyacrylamide gel after SDS-PAGE and digested
by Lys-C/Trypsin, followed by LC-MS/MS analysis of phosphopep-
tides (refer to the Supporting Information). The bar graph shows
mean ± SD (N = 3). An unpaired two-tailed t test was performed
between vehicle- and Apt_46-treated conditions. The schematic
illustration of intracellular FGFR2 kinase domain with detected
phosphorylation sites is depicted using data from the Protein Data
Bank (PDB ID: 2PSQ). (b) Western blotting of cell lysates of SNU16
cells incubated with Apt_46 (16, 80, 400, and 2000 nM) or Inv_46
(2000 nM) for 15 min. (c) Growth assay of KATO-III and KMS11
cells. Cells were cultured in the presence of 3′-inverted dT-modified
Inv_46 or Apt_46 for 72 h. The initial concentration of the
oligonucleotide samples was 31.3−2000 nM, and the samples were
newly supplemented every 24 h (see the Supporting Information).
Cell viability was measured using cell counting kit-8. The bar graph
shows mean ± SD (N = 3).
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Specificity is an important indicator for the practical
application of inhibitors. Tyrosine kinase inhibitors, which
are currently major chemotherapy medications, often suffer
from low specificity owing to the structural similarity of
tyrosine kinase domains. AZD4547, a tyrosine kinase inhibitor
of FGFRs, inhibits FGFR1−3 indistinguishably.28 When we
compared the effects of Apt_46 and AZD4547 on the
intracellular phosphoproteome of SNU16, different intra-
cellular responses were observed (Figure 6 and Table S1).

Under the experimental conditions, we quantified 2386
phosphopeptides (“Quantified” in Figure 6) from 1140
proteins. Among quantified phosphopeptides, there were 89
phosphopeptides whose SILAC ratio (the abundance ratio of
the phosphopeptide in inhibitor-treated sample to that in
vehicle-treated sample) is more than 2 or less than 0.5 in either
or both of Apt_46-treated condition and AZD4547-treated
condition (“Regulated” in Figure 6). Among the 89 regulated
phosphopeptides, 31 phosphopeptides showed more than 2-
fold different SILAC ratios between the two conditions
(“Changed (Apt vs AZD)” in Figure 6). This result means
that Apt_46, a specific binder to the extracellular domain of
FGFR2b, shows different effect on the global phosphopro-
teome in cancer cells compared with AZD4547, a membrane-
permeable tyrosine kinase inhibitor.
Remarkably, Apt_46 inhibited the endogenous phosphor-

ylation of FGFR2b in cancer cells occurring in the absence of
external ligand molecules. The cross-linking experiment
(Figure 4b) suggests that Apt_46 functions as an inhibitor of
the unliganded FGFR2b dimer formation. Although there have
been many reports of aptamers that function as antagonists to
inhibit ligand-dependent activation of GFRs, to the best of our
knowledge, no aptamer has been demonstrated to inhibit
unliganded receptor dimerization. An aptamer for the AXL

receptor, a type of GFR, was reported to inhibit the
endogenous activation of the AXL receptor overexpressed in
a cancer cell.13 This aptamer may inhibit the unliganded
receptor dimerization, but the mechanism of action remains
unclear.
It should be noted that the current experimental design

cannot rule out completely the possibility that aberrant
FGFR2b activation in SNU-16 and KATO-III cells occurred
in a paracrine or autocrine manner. However, it is presumable
that the aberrant receptor activation in the SNU16 and KATO-
III cells occurs in a ligand-independent manner considering
that the FGF7 and FGF10 concentrations in the culture media
were lower than the biologically relevant concentrations
reported in a previous study.39 Direct methods that can assess
the FGFR2b dimerization state on the cell membrane, such as
an artificial membrane-based system,45 will be useful
approaches to provide direct evidence for the inhibitory
mechanism of Apt_46.
While unliganded receptor dimers are important targets for

cancer therapy, the structural basis of their formation remains
largely unknown. This poses a challenge for the development
of dimerization inhibitors and elucidation of the mechanism of
their action. To establish a rational design guideline for
dimerization inhibitors, future studies on the structural analysis
of unliganded receptor dimers and interaction between
aptamers and receptors are expected.
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