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Development of a Monomeric Inhibitory
RNA Aptamer Specific for FGFR3 that Acts
as an Activator When Dimerized
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There have been limited options for people who suffer from
fibroblast growth factor receptor (FGFR) signaling disorders.
In this study, we developed RNA aptamers specific for
FGFR3 as potential therapeutic agents. Using a structured ap-
tamer library, we performed ten rounds of SELEX (systematic
evolution of ligands by exponential enrichment) against mouse
FGFR3c protein. Using an engineered BaF3 cell line, one ap-
tamer clone from round 6 of the selection inhibited FGF-
dependent cell growth with a concentration at which 50% of
growth is observed (IC50) of �260 nM and bound both mouse
and human FGFR3 but not FGFR1 or FGFR2. This inhibitor of
FGFR3 signaling (iR3), when dimerized using a template-
driven approach, resulted in a functional activator of FGFR3
(aR3). We validated the activity and specificity of iR3 and
aR3 on engineered BaF3 cell lines, mouse and human FGFR
protein, and primary cultures of neuroepithelial precursor
cells.
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INTRODUCTION
The fibroblast growth factors (FGFs) are a family of 19 protein ligands
that have diverse roles during embryonic development and adulthood
in mammals.1–3 Not surprisingly, aberrant FGF signaling is involved
in a multitude of disease states, including cancer and developmental
disorders.3 Of the five known FGF receptor (FGFR) family members,
FGFR1–FGFR4 are classified as type I transmembrane receptor
tyrosine kinases.1,2 Most if not all of the FGFs bind to each FGFR
with varying affinities.4 Extracellular binding of two FGF molecules
to two receptor monomers with heparin as a cofactor results in
stabilization of an FGFR dimer conformation, which activates the
intracellular tyrosine kinase domain.5 Initiation of intracellular phos-
phorylation cascades, particularly through the phosphatidylinositol
3-kinase (PI3K), protein kinase B (AKT), or mitogen associated
protein kinase (MAPK) pathways, results in changes in gene tran-
scription and cellular processes.6–9

FGFR3 has been implicated in a number of different physiological
and pathological processes. For example, FGFR3 is a negative regu-
lator of bone growth. Gain-of-function (GOF) mutations of FGFR3
result in bone growth defects such as craniosynostosis, achondro-
plasia (dwarfism), and thanotophoric dysplasia, a lethal form of
530 Molecular Therapy: Nucleic Acids Vol. 17 September 2019 ª 2019
This is an open access article under the CC BY-NC-ND license (http
dwarfism.10,11 FGFR3 GOF mutations have also been identified in
multiple types of cancer, including bladder, myeloma, lung, cervical,
prostate, testicular, and head and neck cancer.12–14 Loss-of-function
(LOF) mutations of FGFR3 have also been documented. For example,
lacrimo-auriculo-dento-digital (LADD) syndrome results in a muta-
tion that decreases FGFR3 signaling, leading to pathogenesis.14

To date, there have not been any effective molecular therapies to treat
these and other conditions related to dysregulated FGFR3 signaling.
The vast majority of molecular therapeutic agents that have been
developed for the FGF signaling pathway have been multitarget ki-
nase inhibitors.1,15 For example, the small molecules TKI258 (doviti-
nib) and BIBF (the main metabolite of nintedanib, a small molecule
tyrosine kinase inhibitor) 1120 inhibit signaling not only through
the FGFRs but also platelet-derived growth factor (PDGFR) and the
VEGFR25.16,17 Anti-FGFR antibodies, on the other hand, may
provide specificity but have not yet been proven effective in clinical
trials.18,19 For example, preclinical studies of an anti-FGFR1 antibody
were halted because its intraperitoneal injection resulted in rodents
and monkeys becoming anorexic, possibly because of FGFR inhibi-
tion in the hypothalamus.18 The human antibody D11 blocks
signaling specifically through FGFR3 but has not yet demonstrated
efficacy in clinical trials.19 On the other hand, there have been no
reports of an FGFR3 agonist, except for natural ligands, which have
promiscuous activity toward FGFRs.20,21

To develop agonists and antagonists that have high affinity and spec-
ificity for FGFR3, we turned to aptamers, RNA ligands that can be
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2019.06.020
mailto:jean.hebert@einstein.yu.edu
mailto:nachiket.kamatkar@phd.einstein.yu.edu
mailto:matthew.levy@einstein.yu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2019.06.020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Selection of Aptamers that Bind FGFR3

(A) Schematized structure of the aptamers in the library, with an engineered stem loop where the stem allows protrusion of the randomized sequence away from the forward

and reverse sequences. (B) Aptamers from the first 6 rounds of selection were incubatedwith a labeled reverse primer and screened for binding against mouse FGFR3 protein

by flow cytometry. (C) Aptamer clones from round 6 were annealed to a labeled reverse primer and screened against mouse and human FGFR3c for binding via flow cy-

tometry; R6c6 onmouse FGFR3c, R6c6 on human FGFR3c, R6c37 onmouse FGFR3c, and R6c37 on human FGFR3c. See the details of selection inMaterials andMethods

and Table S1.
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selected using systematic evolution of ligands by exponential enrich-
ment (SELEX). Aptamers have been raised against a range of targets
and antigens, including cell surface receptors, viral capsids, metals,
and even entire cells.22,23 Compared with their antibody counterparts,
aptamers are smaller (250 kDa versus 25 kDa), which enables better
tissue penetration.22 Aptamers are also less likely to cause an immu-
nogenic response and are stable at a wide range of pH levels and tem-
peratures.22,24 Moreover, dimerizing aptamers that act as ligands has
been shown to confer agonist activity; e.g., the Ox40, VEGFR2, and
CD28 aptamers.25–27

Here we selected aptamers based on their ability to bind specifically to
FGFR3. The selection yielded a number of aptamers that bound
FGFR3 with nanomolar affinity; some of these molecules inhibited re-
ceptor activity. In addition, we found that dimerization of our best
antagonistic molecule, inhibitor of FGFR3 (iR3), converted it into
an agonist for FGFR3. We confirmed our findings on recombinant
protein, cell lines, and primary cell cultures of neuroepithelial progen-
itor cells.

RESULTS
Selection of Aptamers for FGFR3

We sought to identify nuclease-resistant aptamers that (1) specif-
ically bound FGFR3 and not FGFR1 or FGFR2 (FGFR4 was not
examined because it is not expressed in the nervous system, our
primary tissue of interest); (2) inhibited or activated FGFR3; and
(3) could be readily minimized after selection. To enable aptamer
minimization, we utilized a library designed to include a stem re-
gion consisting of 6 G-C pairs and a non-canonical G-U wobble
pair (Figure 1A, turquoise). This would, in theory, allow the ran-
domized region consisting of 30 nt to contact the target while
excluding the forward and reverse regions, which were used for
amplification, from partaking in binding events and, subsequently,
enable omission of the constant regions during chemical synthesis.
To obtain nuclease-resistant aptamers, a variant of T7 RNA poly-
merase was employed (Y639F) that incorporated 20-fluoro cytidine
triphosphate (CTP) and 20-fluoro uridine triphosphate (UTP) dur-
ing transcription.28,29

Ten iterative rounds of selection were performed with the structured
library, in which the first six rounds were on an Fc fusion of the extra-
cellular domain of FGFR3 and the last four rounds on FGFR3-
expressing Neuro-2A cells. To eliminate non-specific binding on
protein G resin and on the Fc tag, a negative selection step was incor-
porated, starting from the second round of selection. To increase the
stringency of aptamer binding, the amount of protein was dropped by
90% (5 mg/ 0.5 mg) during the third round of selection (see Table S1
for a summary of the selection parameters).

To monitor the progress of the selection, a fluorescently labeled
reverse primer was hybridized to the 30 end of the RNA pools
and screened via flow cytometry against FGFR3c protein immobi-
lized on resin. A significant shift in fluorescence between the initial
library was observed as early as round 3 and improved steadily
through round 6 (Figure 1B). Following the sixth round of selection,
we performed an additional 4 rounds of selection using FGFR3-
expressing cells (Table S1). As shown in Figure S1A, these subse-
quent rounds displayed only modest, if any, improvement over
the round 6 library.

To identify individual aptamers, we cloned and sequenced the pools
from rounds 6 and 10. A total of 66 RNAs were cloned and sequenced,
31 from round 6 and 35 from round 10. Individual aptamers were
then screened for binding to the extracellular FGFR3-Fc fusion using
a fluorescently labeled reverse primer annealed to the 30 end of the ap-
tamers, followed by flow cytometry. Thirty-three aptamers generated
from rounds 6 and 10 of the selection were tested, and all of these
bound not only mouse FGFR3c but also human FGFR3c with varying
degrees (see example aptamers in Figure 1C and Figure S1B from
rounds 6 and 10, respectively).
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Figure 2. Screening Aptamer Clones from Round 6 and Round 10 from Selection and Identifying a Potent Inhibitor, iR3, for FGFR3

(A) Examples of aptamers from round 6 and round 10 of selection competing with 0.2 and 0.4 nM FGF2 on BaF3-R3c:R1c cells. Values are shown as the percentage of

growth compared with 0.4 nM FGF2. Round 6 clone 6 (R6c6) robustly inhibited cell growth at a concentration of 1 mmol/L compared with other aptamers from either round 6

or round 10. (B) Full-length parent R6c6 with the reverse primer shown in blue. NK01 is the parent clone without the reverse primer, and the two minimized sequences are

NK01.min1 and iR3 with shortened stems. The t denotes an inverted dT placed at the 30 end during synthesis, whereas s denotes a thiol placed at the 50 end. (C) Binding of

NK01, NK01.min1, and iR3 to mouse and human FGFR3c at a concentration of 100 nmol/L. iR3 retains its ability to bind the target upon minimization from the parent clone.
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Functional Screen of Aptamers Using Engineered BaF3 Cells

To determine whether individual aptamers could inhibit or activate
FGFR3, we performed a screen on cells whose proliferation depends
on FGFR signaling. Cultured BaF3 cells are ideal for assaying FGFR
function because they do not express their own FGFRs and can
instead be transduced with constructs that selectively express any
FGFR to study their activity.20,21 Because BaF3 cells transfected
with the full-length receptor do not survive and proliferate in
response to FGF2 (Figure S1D), BaF3 cells were used that express a
chimeric receptor, a fusion between the mouse extracellular domain
and transmembrane domain of FGFR3c and the intracellular domain
of FGFR1c, which confers more potent kinase activity capable of sus-
taining cell growth (BaF3-R3c:R1c).21 BaF3-R3c:R1c cell proliferation
was stimulated by a range of FGF2 concentrations, with cell growth
plateauing at 0.4–0.5 nmol/L at 48 or 72 h for seeding densities of
5,000 and 10,000 cells (Figure S1E).

BaF3-R3c:R1c cells were incubatedwith aptamers at a concentration of
1 mmol/L for 1 h at 37�C prior to challenging the cells with 0.2 nmol/L
and 0.4 nmol/L FGF2 for 72 h. An 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay was then performed to test
for cell viability and density. We observed that one of the aptamer
clones from round 6 (round 6, clone 6 [R6c6]) inhibited FGF2-medi-
ated growth of the BaF3-R3c:R1c cells (Figure 2A). Because this mole-
cule robustly inhibited cell growth, we characterized it further.

Characterization of iR3, an Inhibitor of FGFR3 Signaling

To minimize the length of R6c6 to its smallest functional size, we per-
formed a sequence analysis using the mfold application. In our anal-
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ysis, we excluded the 30 end of the aptamer where the reverse primer
annealed (Figure 2B, blue). The predicted secondary structure of the
inhibitor suggested that the molecule adopted two primary folds that
(1) did not utilize the primer binding region (Figure S2A, arrow-
heads) and (2) shared a long stem that could be truncated during syn-
thesis, as initially anticipated during development of the library. We
chemically synthesized different variants from the parent molecule
R6c6. Of the minimized sequences synthesized, three aptamers,
NK01 (NK stands for the initials of the first author), NK01.min1,
and iR3, retained binding capacity, as assessed by flow cytometry
(Figure 2C). During synthesis, an additional inverted deoxy-thymi-
dine (dT) was added for protection against exonucleases, and all mol-
ecules were modified with a 50 thiol for dye conjugation (denoted by
“t” and “s” for the inverted dT and thiol, respectively). NK01 was 67
nt, excluding the inverted t, consisting of the forward primer-binding
region and the 30-nt putative target-binding sequence (Figure 2B,
red) but excluding the reverse primer sequence. NK01.min1, a 40-
mer, and iR3, a 36-mer, were derived fromNK01 and lack the forward
region but retain a shortened stem consisting of 6 G-C pairs
(NK01.min1) or 4 G-C pairs (iR3). The synthesized aptamers were
conjugated to DyLight650 and tested for binding to mouse and hu-
man FGFR3 protein (Figure 2C). At a concentration of 100 nmol/L,
all three constructs bound FGFR3 compared with a non-targeting
negative aptamer, ctrl.36. The predicted secondary structures of iR3
illustrate that this smallest variant of R6c6 retains the two primary
folds of the parent molecule (Figure S2B).

We assessed the inhibitor activity of iR3 as well as the other R6c6
truncates using BaF3-R3c:R1c cells. iR3 inhibited FGF2-induced



Figure 3. iR3 Inhibits Growth of BaF3-R3c:R1c Cells

and Is Specific for FGFR3

(A) iR3 inhibits growth of BaF3-R3c:R1c cells after 72 h

with a calculated IC50 of 263.4 ± 0.032 nmol/L. Cells are

treated with 0.4 nM FGF2, except for the no-FGF2 control.

(B) iR3 binds only mouse or human FGFR3c protein but

not mouse or human FGFR1c or FGFR2c. The calculated

apparent Kd of iR3 on mouse and human FGFR3c are

36.6 ± 7.1 nmol/L and 55.5 ± 8.4 nmol/L, respectively.

Data were acquired from two independent experiments.
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cell growth (a measure of proliferation and survival) similarly as
NK01 and NK01.min1 when titrated in the BaF3-R3c:R1c cell assay
(Figure 3A; Figure S2C). Compared with the non-targeting control,
ctrl.36, iR3 inhibited growth of BaF3 cells by �95% at 1 mmol/L
when competing with 0.4 nmol/L FGF2. The calculated a concentra-
tion at which 50% of growth is observed (IC50) of iR3 is �260 nM
(Figure 3A). The apparent Kd of iR3 on both mouse and human
FGFR3c protein was approximately 36.5 and 55.5 nM, respectively
(Figure 3B). The apparent Kd on BaF3-R3c:R1c cells was similar
(data not shown). Importantly, iR3 specifically bound the mouse
and human FGFR3c, showing no detectable affinity for mouse or
human FGFR1c and FGFR2c at a range of concentrations (Fig-
ure 3B). The specificity of iR3 for FGFR3 isoforms was tested on
BaF3 cells transfected with a full-length mouse FGFR3b construct.
When incubated with a concentration of 200 nmol/L, iR3 also
bound to FGFR3b-expressing BaF3 cells, as indicated by a shift on
flow cytometry (Figures S3A–S3C). In addition to binding mouse
FGFR3b, iR3 also bound human FGFR3b with an apparent Kd of
�62 and �48 nmol/L on mouse and human FGFR3b, respectively
(Figure S3D).

To assess whether iR3 competes with FGF2 for binding to FGFR3,
beads bearing immobilized FGFR3 were incubated with increasing
concentrations of FGF2 (from 0–100 nM) for 30 min, followed by
an additional 30-min incubation with DyLight650-labeled iR3 at
20 nM. At higher FGF2 concentrations, iR3 was prevented from bind-
ing to both mouse and human FGFR3, as revealed by a stark reduc-
tion in bead fluorescence (Figure S4). These findings are consistent
with overlapping binding sites for iR3 and FGF2 on FGFR3.

Construction and Testing of Bivalent Aptamers

Because FGFs bind as dimers to the receptors,1,5,30 we constructed a
dimeric version of our aptamers to mimic FGF dimers. Using a tem-
plate-driven approach, a T7 forward primer was placed in front of iR3
for transcription. Three additional G-C pairs were installed, flanking
the first monomer of iR3 to make the template suitable for transcrip-
tion. The second monomer was linked to the first monomer with a
series of 20 F-uridine linkers (1xU, 3xU, or 5xU), and the 30 end
was extended for the reverse primer region (Figure 4A, only the final
transcript product is shown; the reverse primer and T7 promoter re-
gions are omitted; predicted secondary structure in Figure S5B).
These constructs were hybridized to a reverse primer labeled with
DyLight650 and assayed for binding to FGFR3 at a concentration
of 100 nmol/L, which showed variable but significant binding compa-
rable with the parent monomer (Figure S5A).

We assayed the iR3 dimers for FGF-like activity on BaF3-R3c:R1c
cells. As shown in Figure 4B, addition of the dimers to BaF3-
R3c:R1c cells resulted in a modest stimulation of cell growth,
indicating that these constructs were functioning as agonists, not
antagonists. Although not statistically significantly, a linker length
of three 20 F-uridines resulted in the greatest level of stimulation
compared with the single or quintuple uridine linker (Figure 4B; Fig-
ure S5C). We call this construct aR3 (activator of FGFR3). aR3 has an
apparent Kd of approximately 190 nM onmouse FGFR3c and 710 nM
on human FGFR3c.

Assaying iR3 and aR3 on Cells Expressing Physiological Levels

of FGFR3

To validate the function of iR3 and aR3 in amore physiologically rele-
vant context that has natural expression levels of FGFR3 and to
confirm the specificity of the aptamers toward FGFR3 and not
FGFR1 or FGFR2, we used embryonic cortical cells that depend on
FGF signaling to activate the extracellular-signal regulated kinase
(ERK) pathway in culture and that can be rendered null for one or
more of the three expressed FGFR genes: Fgfr1, Fgfr2, and
Fgfr3.31,32 Mice carrying floxed Fgfr1, Fgfr2, and Fgfr3 alleles were
crossed to a hGFAP::Cre line that expresses Cre starting at embryonic
day 13 throughout dorsal cortical precursor cells,31,33 yielding
embryos with cortical cells that have deleted one or both alleles of
Fgfr1, Fgfr2, and Fgfr3 alone or in combination (Figure 5A, boxed re-
gion on the embryo).

For iR3, cortical cells were incubated with the aptamer at a concentra-
tion of 1 mmol/L for 1 h before challenge with FGF2 at a concentration
of 0.4 nmol/L. The cells were lysed, and a western blot was performed
to detect the levels of phospho-ERK (pERK), an intracellular mediator
of FGF signaling. When FGFR1 or FGFR2 were left undeleted (i.e.,
hGFAP::Cre-negative hGFAP::Cre+;Fgfr1Fx/+;Fgfr2Fx/Fx;Fgfr3Fx/+ or Fx

or hGFAP::Cre;Fgfr1Fx/Fx;Fgfr2Fx/+;Fgfr3Fx/+ or Fx embryos), pERK
levels were not decreased in response to FGF2 (Figures S6A–S6F),
indicating that FGF2 stimulation through FGFR1 and FGFR2 was
not inhibited by iR3. However, when FGFR1 and FGFR2 were deleted
and FGFR3 was left intact (hGFAP::Cre;Fgfr1Fx/Fx;Fgfr2Fx/Fx;Fgfr3Fx/+),
a substantial reduction in pERK levels was observed, indicating that
iR3 specifically inhibits signaling through FGFR3 (Figures 5B and
Molecular Therapy: Nucleic Acids Vol. 17 September 2019 533
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Figure 4. aR3 Stimulates Growth of BaF3-R3c:R1c Cells

(A) Bivalent aptamer transcript sequences constructed to test for agonist activity toward BaF3-R3c:R1c cells. The bivalent aptamers were developed from amodified iR3, the

parent molecule of the bivalent aptamers. Different uridine (U) linkers are highlighted in blue, the core randomized sequence in red, and the additional G-C pair in the first

monomer in green. (B) Stimulation of BaF3-R3c:R1c cells with the different constructs compared with 0.4 nM FGF2. (C) Calculation of the apparent Kd of aR3 on mouse and

human FGFR3c yields a value of �189.9 ± 89.1 mmol/L and 710.8 ± 206.5 mmol/L, respectively. All data were acquired from two or more independent experiments.
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5C). When tested on BaF3 cells, iR3’s inhibition of the FGF2-induced
increase in pERK levels was not significantly different between 5-, 10-,
20-, and 30-min incubation times (Figure S7). Although pERK was
consistently induced by FGF2 and inhibited by iR3, basal levels of
pAKT were not induced in BaF3 cells by FGF2 and, therefore, not
surprisingly, this basal level was not inhibited by iR3 (Figure S8A).

For aR3, the aptamer was annealed to a labeled reverse primer and
incubated for 30 min with the cortical cells in the absence of FGF2.
The cells were then lysed, and western blot analysis revealed a signif-
icant increase in pERK compared with the controls (Figures 5D and
5E). These results indicate that aR3 can function as an FGFR3 agonist
in a physiologically relevant context. Neither iR3 nor aR3 in these
assays, performed on BaF3 cells and an astrocyte cell line (mouse
cortical astrocytes immortalized with human telomerase reverse tran-
scriptase [hTERT]), respectively, affected the levels of FGFR protein
(using an anti-FGFR3 antibody raised against the N terminus of
FGFR3 to allow detection of chimeric R3:R1 protein in BaF3 cells; Fig-
ure S8B). Note that the levels of FGFR3:R1 protein in BaF3 cells are
lower than the levels of FGFR3 in astrocytes, indicating that BaF3 cells
express levels of FGFR that are physiological (Figure S9).

DISCUSSION
Here we developed an aptamer, iR3, that behaves as an inhibitor
against FGFR3 in its monomeric form and as an agonist when dimer-
ized (aR3). Using a structured library, aptamers could be readily mini-
mized after their selection. Upon minimization, iR3 displayed
enhanced binding for FGFR3, as determined by flow cytometry (Fig-
ure 2C). To our knowledge, iR3 is the first aptamer that specifically
inhibits signaling through FGFR3 and that does not interact with
534 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
FGFR1 or FGFR2. Although the high specificity of iR3 for FGFR3
suggests that it would not interact with FGFR4, this remains a formal
untested possibility. iR3 also binds both mouse and human FGFR3,
which demonstrates its potential not only as a tool to detect FGFR3b
or FGFR3c but also as a therapeutic for FGFR3-related disorders.
Although we did not show binding data for FGFR1b or FGFR2b iso-
forms, such binding is highly unlikely because iR3 does not bind
FGFR1c or FGFR2c, and the IIIb versus the IIIc isoforms share a
high degree of homology (>95%).34

Although we performed ten rounds of selection, the last four of which
were performed on cell lines that express FGFR3, the molecule we
pursued was raised in round 6. Our analysis of the round 10 pool
did not yield any strong inhibitors or agonists even though individual
aptamer clones from this round displayed binding of FGFR3 protein
by flow cytometry (Figure S1B). This was surprising because we
retrieved sequences that were taken up by cells following a cell inter-
nalization protocol (Materials and Methods). This could be due to
several reasons. For instance, the aptamers selected did not bind
with sufficient affinity to produce a response by the receptor, or,
when they did bind with sufficient affinity, they bound without pro-
hibiting FGF2 from binding to the receptor.

The stimulation of BaF3-R3c:R1c cells with aR3 over a course of
3 days is a result of aR3 interacting with the extracellular FGFR3
domain that triggers signaling through the intracellular FGFR1
domain. Because of the chimeric nature of the receptor, the potency
of aR3 to stimulate FGFR3 was not conclusive in this assay. However,
by using a primary cell culture model of FGF signaling in which only
FGFR1, FGFR2, or FGFR3 were expressed in a physiological context,



Figure 5. Validation of iR3 and aR3 in a Primary Cell Culture Model

(A) Cross used to generate embryos to test aptamers on cells with or without FGFR1, FGFR2, and FGFR3. The dorsal neocortex tissue (boxed region) on embryonic day 14.5

was dissected and dissociated to obtain a single-cell suspension of neocortical precursor cells. (B) Western blot analysis using cells from hGFAP:Cre;Fgfr1Fx/Fx;Fgfr2Fx/Fx;

Fgfr3Fx/+ embryos treated with FGF2 alone or FGF2 and iR3 (or the control Ctrl.36 aptamer) at a concentration of 1 mmol/L. (C) Quantitation of western blots. There was a

significant reduction in pERK when cortical cells were incubated with iR3 (n = 3 embryos/condition; FG2+Ctrl.36 versus FGF2+iR3, p = 0.0046; FGF2+iR3 versus FGF2, p =

0.0008). (D) Western blot of cells as in (C) but without FGF2. (E) aR3 demonstrated a modest but significant increase in pERK. N = 7 embryos; aR3 versus cells only, p =

0.0027; aR3 versus FGF2, p = 0.001; aR3 versus ctrl.36, p = 0.0007.

www.moleculartherapy.org
the efficacy and specificity of both iR3 and aR3 were demonstrated.
These results suggest that these molecules function with physiologi-
cally relevant levels of natural receptors.

Interestingly, aR3, as a dimeric version of iR3, had a weaker affinity
for FGFR3 than iR3 toward both the mouse and human protein (Fig-
ure 4C). This was somewhat unexpected because dimerizing often
enhances binding through avidity effects.35 However, because this
assay was performed using recombinant protein on beads, it may
not reflect the true affinity of this dimeric molecule for its homodi-
meric target on the cell surface.

Other aptamers have also demonstrated efficacy as agonists when
presented to their targets as dimers, including the Ox40 receptor
aptamer, the VEGFR2 aptamer, AptDivalent, and the CD28 receptor
aptamers CD28Apt2 and CD28Apt7. For example, the Ox40 aptamer
does not function as an inhibitor as a monomer but stimulates the
Ox40 receptor as a dimer when assembled on a DNA scaffold.25 Simi-
larly, the dimeric anti-VEGFR2 aptamer AptDivalent has been shown
to stimulate VEGFR2 through the AKT pathway.26 Like Ox40, the
CD28 aptamer CD28Apt7 does not have a function when binding
to the CD28 receptor as a monomer but does activate the CD28
receptor as a dimer,27 whereas the CD28 aptamer CD28Apt2 func-
tions as an inhibitor as a monomer and functions as an agonist as a
dimer, not unlike aR3. aR3, however, is produced from transcription
off a DNA template with a triplicate uridine linker, whereas
CD28Apt2 and CD28Apt7 have the greatest stimulatory effect as
dimers without any linkers.27 This is most likely due to the precise
docking of aR3 on FGFR3, which is determined by an exact distance
between two FGF monomers that is simulated upon having three uri-
dines between aR3.

To date, there have been limited interventional therapeutic agents tar-
geting FGFRs and FGFR3 specifically. With the aptamers described
here, it may be feasible to target FGFR3-related cancers with iR3,
including lung and bladder cancers, whereas aR3 can be used as a pre-
ventative measure for disorders such as LADD syndrome.14,19

MATERIALS AND METHODS
Cell Lines and Conditions for Growth

BaF3 cells, both untransfected and expressing the chimeric FGFR3c
extracellular domain and FGFR1c intracellular domain, were a
generous gift from Dr. David Ornitz (Washington University, St.
Louis, MO, USA). BaF3 cells were grown in RPMI-1940medium sup-
plemented with 10% newborn bovine calf serum (BCS), 10%WEHI-3
cell conditioned medium, 2% L-glutamate, and 1% penicillin/strepto-
mycin/b-mercaptoethanol (P/S/Bme). NIH 3T3 and Neuro2A cells
were grown in DMEM, 10% fetal bovine serum (FBS), and 1% P/S.
Molecular Therapy: Nucleic Acids Vol. 17 September 2019 535
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Electroporation of FGFR3b in BaF3 Cells

Electroporation of a plasmid carrying the Fgfr3b cDNA in BaF3 cells
was performed as described previously.21 Briefly, the MIRB-FGFR3b
plasmid (provided by the laboratory of Dr. Ornitz) was linearized
with ClaI, and 20 mg was electroporated in approximately 106 un-
transfected BaF3 cells. The cells were selected in medium containing
600 mg/mL G418 and 10%WEHI-3 conditioned medium for 10 days.
Transfection was confirmed with iR3 binding studies because BaF3
cells transfected with full-length FGFR3b are not induced to prolifer-
ate in response to FGFs.

Identification of Nuclease-Stabilized Anti-FGFR3 Aptamers

See Table S1 for an outline of the specific conditions for the
ten rounds of selection. The library for the selection had the
sequence 50-GGGAGTGTGTACGAGGCATTAGGCCGCC-Nx30-
GGCGGCTTTGATACTTGATCGCCCTAGAAGC-30. The library
was designed to display a secondary stem structure that exposed a
random region consisting of 30 nt (Nx30) (Figure 1A). During con-
struction, these 30 nt had an equal probability of being an A, T, C,
or G. The 30 end of the library was blocked with the reverse primer
binding sequence 50-GCTTCTAGGGCGATCAAGTATCA-30. The
single-stranded DNA was reverse transcribed with Klenow and
then directly transcribed to produce the RNA. The library was tran-
scribed with the transcriptase Y639F enzyme with 20-fluoro pyrimi-
dines. Ten rounds of selection were completed in total. The first six
rounds were performed on the extracellular domain of mouse
FGFR3c fused to the Fc domain of human immunoglobulin G1
(IgG1). The final four rounds were performed on Neuro2A cells ex-
pressing FGFR3. The first round of selection was performed with
5 mg of FGFR3 protein and 1 nmol of the input RNA library, which
consisted of roughly 3 copies of the library of 1015 unique sequences.
Prior to incubation with the target protein for round 1 and all subse-
quent rounds, the library was resuspended in Dulbecco’s phosphate
buffered saline (DPBS) with a 1.5� molar excess of reverse primer
to block the 30 end of the library and MgCl2 at a final concentration
of 0.1 mM. The pool was then thermally equilibrated for 3 min at
70�C and cooled for 15 min at room temperature. In addition, BSA
(1%) was added as a blocking agent. 5 mg FGFR3 protein was added
to Dynabeads protein G resin in 30 mL for 30 min, mixing occasion-
ally. The RNA pool was then added to the protein-bead mixture and
incubated at 37�C for 30 min. After incubation, the pool was washed
three times with Hank’s balanced salt solution (HBSS), and the RNA
molecules bound to FGFR3 were eluted with 7 M urea. The pool was
then ethanol precipitated and resuspended in 20 mL of water. For the
first round, the entire 20 mL was used for reverse transcription, and in
subsequent rounds, only half (10 mL) of the round was processed. The
reverse-transcribed product was PCR amplified, and transcription
was carried out with a T7 RNA polymerase that bears two mutations:
P266L and Y639F.

In the second round of selection, a negative round of selection was
implemented to eliminate species that bound the linker region of
IgG1 of FGFR3 or that bound the protein G resin. In addition,
the concentration of the input RNA library was dropped by 90%
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to 0.1 nmol. After 30 min at 37�C, the negative resin was pulled
down, the supernatant was then incubated with the positive resin,
and the protocol was carried out as in round 1. To increase the strin-
gency of the selection, in round 3, 10% of the protein (0.5 mg) was
used. Rounds 4, 5, and 6 proceeded similarly as round 3.

For the remaining 4 rounds of selection, positive selection
continued with cells that expressed FGFR3, Neuro2A, and the nega-
tive selection step was with NIH 3T3 cells for rounds 8–10 only.
100,000 cells were seeded overnight at 37�C in a 24-well plate.
The next day, the medium was removed and DMEM with 10%
salmon sperm DNA (ssDNA) was added at a volume of 270 mL.
The round 6 pool was prepared with a 1.5� molar excess of reverse
primer and incubated with the cells for 1 h. The medium with the
round 6 pool was then removed, and the cells were washed three
times with HBSS + 0.1 NaN3. Thereafter, the cells were raised off
the dish with 10 mM EDTA, collected with 1 mL HBSS + 0.1%
NaN3, placed in a 1.5-mL centrifuge tube, and spun at 300 � g
for 5 min. The cells were resuspended in 100 mL of HBSS + 0.1%
NaN3 and 5 mL of Riboshredder nuclease cocktail for 15 min at
room temperature to eliminate RNA species that had not been
internalized. Cells were washed three times with 1 mL HBSS +
0.1% NaN3 and subsequently lysed with Trizol. RNA was retrieved
using a phase lock centrifuge tube and ethanol precipitated. The
RNA was reverse transcribed, and the selection then proceeded as
described. Rounds 8, 9, and 10 were performed identically to
round 7, except that a negative selection with NIH 3T3 cells was
performed prior to incubation of the library with Neuro2A cells.
Briefly, 100,000 NIH 3T3 cells were seeded overnight at 37�C.
The next day, the medium was removed, and the RNA pool from
the previous round was prepared and incubated with the cells for
30 min. The RNA was then extracted from the cells as described
above and incubated with Neuro2A cells.

Chemical Synthesis of RNA Aptamers and Dye Labeling

The minimized aptamers without the reverse primer region were syn-
thesized on an Expedite 8909 DNA synthesizer (Applied Biosystems,
Carlsbad, CA, USA). Using standard solid-phase synthesis, aptamers
were produced with 20-fluoro-deoxycytidine and 20-fluoro-deoxyuri-
dine phosphoramidites on 1,000-Å controlled pore glass (CPG) with
an inverted dT. A 50 thiol modification was added after the initial syn-
thesis using thiol-modified C6 S-S phosphoramidites. The aptamers
were then cleaved and deprotected by standard methods using
trifluoroacetic acid and a 1:1 of 30% ammonium hydroxide:40%
aqueous methylamine. The sequence for the synthesized iR3 is 50-s
GCCGATGGTTTTGTGGCCGTTTGAGGTTCCTACGGCt-30. The
sequence of the control non-targeting aptamer, ctrl.36, is 50-sGGC
GTAGTGATTATGAATCGTGTGCTAATACACGCCt-30. s repre-
sents the thiol at the 50 end, whereas t represents the inverted thymi-
dine. All synthesized sequences retained the dimethoxytrityl group to
purify the sequences after deprotection via reverse-phase high-perfor-
mance liquid chromatography (HPLC). A 10 � 50-mm Xbridge C18
column was used with a linear gradient of acetonitrile in 0.1 mol/L
triethylammonium acetate (TEAA) at pH 7.0.
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The aptamers were subsequently labeled with DyLight650 for cytom-
etry. 10 nmol of thiolated aptamer was reduced with tricarboxyethyl-
phosphine at a concentration of 10mmol/L in a total volume of 50 mL
of 0.1M TEAA. The reduced aptamer was desalted using a Biospin-6
size exclusion column in 50 mL of PBS. 50 nmol of DyLight650-poly
(ethylene glycol) (PEG)-maleimide was resuspended in 5 mL dime-
thylformamide, which was then reacted with �10 nmol of reduced
aptamer overnight at 4�C. The labeled aptamer was ethanol precipi-
tated and spun through a Biospin-6 size exclusion column to discard
excess dye. The extent of labeling was determined by absorption at
260 nm and 650 nm for the aptamer and dye, respectively, and
followed by reverse-phase HPLC to confirm the absence of the dye.

Competition Experiments with iR3 and FGF2

Fc-tagged mouse and human FGFR3 were immobilized on 2.8-mm
protein G beads (Dynabeads). After washing to remove unbound
protein, the beads were incubated with increasing concentrations of
FGF2 from 0–100 nM for 30 min in HBSS containing 1% BSA.
DyLight650-labeled iR3 was then added to the wells at a final concen-
tration of 20 nM and allowed to incubate for an additional 30 min.
The beads were subsequently washed with HBSS and 1% BSA and
analyzed by flow cytometry.

Assembly and Transcription of Bivalent Aptamers

To construct bivalent aptamers, iR3 dimer DNA templates were
assembled with a T7 promoter placed upstream of the first monomer
with varying lengths of thymidine between the two monomers and a
reverse primer region. A triple G-C pair was installed flanking the
first monomer. For example, the bivalent aptamer DNA template
consisting of one thymidine was 50-TCTTAATACGACTCACTATA
GGGGCCGATGGTTTTGTGGCCGTTTGAGGTTCCTACGGCC
CCTGCCGATGGTTTTGTGGCCGTTTGAGGTTCCTACGGCT
GATACTTGATCGCCCTAGAAGC-30. The T spacer is shown in
italics. The T7 promoter and the reverse primer region are under-
lined, the iR3 sequence is in bold, and the single T is the linker.
The 30 end was blocked with the reverse primer 50-GCTTCTAGGGC
GATCAAGTATCA-30. After transcription, complete synthesis and
the lengths of the oligos and hybridization of the reverse primer to
the reverse end were verified with non-denaturing PAGE.

Before assays on protein or cells, the bivalent aptamers were mixed
with a reverse primer in PBS, heated to 95�C, and equilibrated in a
thermal cycler back to room temperature for optimal folding and
hybridization.

Cell Growth Assay

For the inhibition assay, 5,000 BaF3 cells were washed in medium
(RPMI, 10% newborn bovine calf serum [NBCS], 1% P/S/Bme, 2%
L-glutamate [L-glut], and 1 mg/mL heparin) and plated in wash me-
dium in a 96-well plate. The cells were then incubated with the
aptamer, which was first heated at 70�C for 3 min and allowed to
equilibrate at room temperature for 15 min. When the aptamer
required a reverse primer to block the 30 end, the aptamer was also
mixed with a 1.5� molar excess of labeled reverse primer. The cells
were then given FGF2 at a final concentration of 0.4 nmol/L. For con-
trol stimulation of BaF3 cells, increasing concentrations of 0–4 nM
FGF1 or FGF2 were incubated with the cells. 48 or 72 h later, an
MTT assay was performed as described elsewhere.36 Briefly, 15 mL
of tetrazole was added to each well and placed in the incubator at
37�C for 4 h. 100 mL solubilization mix was subsequently added to
the wells and incubated for 5–10 min. An absorbance value at
570 nm was then recorded on a plate reader.

Testing the Binding of Aptamers by Flow Cytometry

Aptamers were initially prepared in DPBS at appropriate concentra-
tions. If aptamers were transcribed with the reverse primer at the 30

end, then the complementary labeled reverse primer was hybridized
at a 1.5� molar excess. If the aptamer was chemically synthesized
and minimized, then the aptamer was heated and cooled and plated
at appropriate concentrations. The aptamers were prepared either
as individual clones or as rounds. Either Dynabeads protein G beads
or Ni-NTA beads were washed twice with wash buffer (HBSS and
0.05% Tween 20). 0.240 mg of Fc-tagged protein can theoretically
be loaded on 1 mL of protein G resin and 1.65 mg of His-tagged protein
on Ni-NTA beads. To load the protein G and Ni-NTA magnetic
beads to completion, 1 mg per 1 mL of Fc-tagged protein was incubated
with 2 mg per 1 mL of Ni-NTAmagnetic beads. The FGFRs used in the
study were mouse FGFR1c-Fc, human FGFR1c-His, mouse FGFR2c-
Fc, human FGFR2c-His, mouse FGFR3c-Fc, human FGFR3c-Fc,
mouse FGFR3b-Fc, and human FGFR3b-Fc. Protein was incubated
with the appropriate bead resin for 30 min at room temperature. Hu-
man IgG was used as a negative control. The protein-bead mixture
was pulled down with a magnet, washed twice in HBSS to remove
excess protein, and resuspended in 1.5 mL fluorescence-activated
cell sorting (FACS) buffer, which was supplemented with 1 mg/mL
ssDNA. The beads were plated in a 96-well plate and incubated
with aptamer either at a final concentration of 100 nmol/L or as a
dilution series from 1 mmol/L to 0 mmol/L. The samples were then
incubated for 1 h at 37�C. Following incubation, the samples were
thoroughly washed three times with FACS buffer and run through
a SONY cytometer.

Aptamer binding was also tested on cells. For BaF3 suspension cells,
parental and engineered cell lines, 100,000 cells were seeded with
1 mg/mL ssDNA. Aptamers were prepared as stated above and incu-
bated with the cells at appropriate concentrations for 1 h at 37�C.
Following incubation, cells were rigorously washed three times with
PBS and resuspended in FACS buffer. The samples were then run
through the cytometer.

Determination of the Apparent Kd of Aptamers

Half serial dilutions of aptamers of interest were prepared at final
concentrations of 5 mmol/L to 0 mmol/L (for aR3) or 1 mmol/L to
0 mmol/L in DPBS. The aptamers were incubated for 1 h at 37�C,
with receptors immobilized on the appropriate bead resin (protein
G or Ni-NTA) in FACS buffer. The resin was pulled down using a
magnet, washed three times, and subsequently run through the flow
cytometer.
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Testing Aptamer Efficacy on Embryonic Cortical Cells

The hGFAPCre, Fgfr1flox, Fgfr2flox, and Fgfr3flox mice have been
described previously.10,33,37–39 All experiments described here were
approved by and meet the strictest standards of the Institutional
Animal Care and Use Committee (IACUC) of the Albert Einstein Col-
lege of Medicine. The females used in the cross to generate Fgfr mu-
tants were maintained as Fgfr1flox/flox;Fgfr2flox/flox;Fgfr3flox/flox by mating
triple homozygous males and females. The stud males used to generate
mutant embryos were either hGFAPCre;Fgfr1flox/+;Fgfr2flox/+;Fgfr3flox/+

or hGFAPCre;Fgfr1flox/flox;Fgfr2flox/flox;Fgfr3flox/+. To generate Fgfr mu-
tants, Fgfr1flox/flox;Fgfr2flox/flox;Fgfr3flox/flox females were mated with
the studmales overnight. At noon on the day when a plug was observed
was considered embryonic day 0.5. On embryonic day 14.5 (E14.5), the
mother was euthanized by CO2 inhalation followed by cervical disloca-
tion, and the embryos were harvested. The dorsal cortex was collected
from both hemispheres. For each embryo, the cortical tissue was placed
individually in 48-well plates inDMEM supplemented with 1%P/S, 2%
L-glut, and 5 mg/mL heparin. The tissue was triturated and passed
through a 30-mm mesh filter to get rid of clumps. The cells were
then equally divided among four 1.5-mL centrifuge tubes in dissection
medium. One tube was left untreated (cells only control), and the re-
maining three tubes received either FGF2 for 5 min, aR3, or a negative
control aptamer.

To test for inhibition, the aptamer was prepared at a 1 mmol/L final
concentration in PBS. iR3 and the non-targeting aptamer ctrl.36
were incubated for 1 h at 37�C prior to challenge with FGF2.
FGF2 was then added to the samples for 5 min at 37�C prior
to centrifugation for 5 min at 10,000 � g. The supernatant was
evacuated from the tubes, and the cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer supplemented with a cocktail con-
sisting of phosphoprotease and protease inhibitors in 50 ml. The
samples were placed at �80�C while genotyping of the individual
embryos was completed. 5 mg of protein determined by bicincho-
ninic acid (BCA) quantitation was run on a 4%–20% gradient
protein gel for western blot analysis. Antibodies used were anti-
phospho-P42/P44 (pERK1/2) (polyclonal; Cell Signaling Technol-
ogy, 9001, 1:1,000) and anti-P42/P44 (polyclonal; Cell Signaling
Technology, 9002,1:1,000).
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