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Abstract
Activating anabolic receptor-mediated signaling is essential for stimulating new bone for-

mation and for promoting bone healing in humans. Fibroblast growth factor receptor (FGFR)

3 is reported to be an important positive regulator of osteogenesis. Presently, recombinant

proteins are used to stimulate FGFR3 function but have limitations for therapy due to

expense and stability. Therefore, there is a need for identification of novel small molecules

binding to FGFR3 that promote biological function. In silico molecular docking and high-

throughput virtual screening on zinc database identified seven compounds predicted to

bind to an active site within the bC0-bE loop, specific to FGFR3. All seven compounds fall

within an acceptable range of ADME/T properties. Four compounds showed a 30–65% oral

absorption rate. Density functional theory analysis revealed a high HOMO-LUMO gap,

reflecting high molecular stability for compounds 14977614 and 13509082. Five com-

pounds exhibited mutagenicity, while the other three compounds presented irritability.

Computational mutagenesis predicted that mutating G322 affected compound binding to

FGFR3. Molecular dynamics simulation revealed compound 14977614 is stable in binding

to FGFR3. Furthermore, compound 14977614, with an oral absorption rate of 60% and high

molecular stability, produced significant increases in both proliferation and differentiation of bone marrow stromal cells in vitro.

Anti-FGFR3 treatment completely blocked the stimulatory effect of 14977614 on BMSC proliferation. Ex vivo treatment of mouse

calvaria in organ culture for sevendays with 14977614 increased mineralization and expression levels of bone formation markers.

In conclusion, computational analyses identified seven compounds that bind to the FGFR3, and in vitro studies showed that

compound 14977614 exerts significant biological effects on osteogenic cells.
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Introduction

Bone healing is mediated by multiple growth factors which
include, insulin-like growth factor, bone morphogenetic
proteins (BMPs), fibroblast growth factor (FGF), wingless-
related integration site (Wnt), etc. These growth factors pro-
mote anabolic effects through interaction with cell surface
receptors that stimulate receptor-mediated-signaling path-
ways leading to activation of various cellular processes
which promote new bone formation.1–6 Among the

growth factors studied, we focused on fibroblast growth
factors (FGF)/fibroblast growth factor receptor (FGFR) 3,
key players in skeletal development and maintenance
based on the following experimental evidence: (1) FGFR3
is expressed by osteoblasts and periosteal cells, osteocytes,
and osteoclasts.4 (2) FGFR3 activates phosphoinositide
3-kineases, and extra-cellular signal-related kinases
signaling pathways, which are essential for increasing
cell number, function, and survival of bone cells.7
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(3) Loss-of-function and gain-of-function mutations of
FGFR3 resulted in osteopenia, suggesting a complex mech-
anism underlying the role of FGFR3 in osteogenesis.8

(3) Mice deficient in FGFR3 showed decreased bone min-
eral density and osteopenia and that mice deficient in
FGFR3 in osteoclast lineage cells showed impaired bone
resorption.9 Additionally, reports have shown that FGFR3
is highly expressed at the fracture site.10 Taken together,
these data demonstrate that FGFR3 is a positive regulator
of osteogenesis.

Currently, specific FGF ligands in the form of recombi-
nant proteins are used to stimulate FGFR3 signaling and
treat diseases; however, the recombinant protein is not
stable and is expensive. Additionally, use of a viral
approach to express FGFR3 is often not acceptable to
patients. Therefore, there is a need for identification of
new factors that are stable, able to stimulate anabolic
effect via FGFR3 signaling like FGF ligands, and are not
expensive. In an effort to identify novel therapeutics, we
focused on discovering small molecule agonists of the
FGFR3 that are safe and can be produced in large quantities
at a fraction of cost compared to recombinant FGFs. To
identify small molecule therapeutics that could stimulate
FGFR3 signaling, we carried out computational analysis to
identify potential FGFR3 agonists and subsequently tested
their biological activity in bone cells in vitro.

Materials and methods

Protein structure preparation and receptor grid
preparation

All computational studies were carried out using
Schrodinger, LLC, New York, 2015–4 software package.
The FGFR3 protein structure was downloaded from the
Protein Data Bank (PDB id—1RY7) in a complex with
FGF1. The FGF1 structure was removed from the FGF1-
FGFR3 complex.11 The ligand binding site’s characteristics
and FGFR3 protein active site were examined using the
SiteMap program (Version 3.6, Schrodinger, 2016).

Database and high throughput virtual screening

Virtual screening workflow program (Schr€odinger, LLC,
New York, 2009) includes Ligprep (for ligand preparation),
absorption, distribution, metabolism, excretion, toxicity
(ADME/T) predicted by Qikprop (Version 4.8,
Schrondinger, 2016), HTVS (high throughput virtual
screening), and structural properties were used to screen
compounds with potential binding properties to FGFR3
from the zinc database.12,13

Density functional theory and toxicity risk assessment

Density functional theory (DFT) was performed on the
identified compounds through Becke’s three-parameter
exchange potential and Lee-Yang-Parr correlation function-
al (B3LYP), using Poisson Boltzmann finite (PBF) solva-
tion.14 The lead molecules analyzed by qikprop were
further evaluated for toxicity and drug likeness properties

with OSIRIS Property Explorer software (https://www.
organic-chemistry.org/prog/peo/).

Computational mutagenesis studies and molecular

dynamics simulations

Computational mutagenesis and alanine scanning studies
were performed using the Mutate Residues script available
in Schrodinger, LLC, New York, NY, USA. The contribution
of specific residues to the protein function was calculated
by computational mutagenesis studies.15 Furthermore, the
best protein ligand complex (FGFR3_14977614) given as
input for molecular dynamics (MD) simulations. The MD
simulations was carried out in GROMACS with the united
atom united atom Gromos9643a1 force field in NVT and
NPTenvironment under the periodic boundary conditions.
The ligand topology and coordinate file were generated
externally using PRODRG server.16 The complex has been
placed inside the cubic box with simple point charge water
model. The dimension of the cubic is 11.23� 12.43� 11.56
(all in Å). In order to make the model system neutral, we
have added six chlorine ions at random positions. The
whole system was minimized using steepest descent
method with 50,000 minimization and tolerance of 1000 kJ
mol�1nm�1. Particle mesh Ewald (PME) method was
applied for the electrostatic and van der Waals (vdW) inter-
actions with a cutoff distance of 1.0 nm for short-range
neighbor list (rlsit) and 1.0 nm for coulomb cutoff (rcou-
lomb) and 1.0 nm for the vdW interactions.

Cell culture, proliferation, and ALP assays

Bone marrow stromal cells (BMSCs) from the long bones
were obtained from each euthanized mice (six-month-old
C57BL/6J mice, n¼ 5) and cultured in aMEM media con-
taining 10% fetal bovine serum and antibiotics as
described.17 The first passage cells were used for the exper-
iment.18 Approximately 4000 cells were plated per well in a
minimal essential medium (aMEM) containing 10% fetal
calf serum and antibiotics for the assay. After 48 h of incu-
bation, cells were serum deprived in aMEM containing
0.1% bovine serum albumin and antibiotics for 24 h at
37�C in the CO2 incubator. Fresh serum-free medium was
added, and cells were incubated with 14977614 at 1 or
10 mM prior to termination after 48 h of treatment for the
cell proliferation assay. The proliferation assay was per-
formed using Cy-Quant Dye (Thermo Fisher Scientific,
USA) according to the manufacturer’s instructions. For
alkaline phosphatase (ALP) staining, the cells were cul-
tured in differentiation media containing 50 lg/mL ascor-
bic acid and 10mM b-glycerophosphate. The media with
14976614 was changed at two-day intervals. The study was
terminated nine days post treatment. ALPs staining was
performed using an ALP kit (Sigma, USA). For quantitation
of ALP staining, the cells were washed with 1� phosphate
buffer and 100lL dimethyl sulfoxide (DMSO) was added
to each well and quantitated at 590 nM using a plate reader
(BioTek Instruments Inc., USA).
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Calvaria culture, osteomeasure mineralization, and
gene expression

Calvaria were isolated from one-week-old C57BL/6J mice
(n¼ 3 mice/group) for two different experiments. A 3mm
circular calvaria disc was prepared using a hole punch. We
used calvaria from the same mice and the hole punch was
created in a similar position on the calvaria for vehicle and
drug treatment to minimize variation in the data. The cal-
varia were cultured in aMEM with antibiotics and 100mM
14977614 for sevendays. The media and drug were
changed every day. Seven days post treatment, the first
group was stained for mineralization using an osteomeas-
ure Image mineralization kit (Lonza, USA) according to the
manufacturer’s instructions. The fluorescence in each cal-
varia (treated and untreated) were semi-quantitatively
assessed by Fiji software (open-source platform for
biological-image analysis). The complete calvaria region
was selected for the analysis. The software provides
values area, integrated values (reflecting fluorescence) sub-
tracted from background (area with no fluorescence). The
second group was subjected to total RNA isolation, reverse
transcription, and gene expression analysis using real-time
PCR. b-actin was used as an internal control to normalize
the data.19

Cell proliferation with 14977614, anti-FGFR3, IgG
control, and FGF1 ligand

BMSCs isolated from euthanized six-month-old C57BL/6J
male mice were pooled and cultured in aMEM media con-
taining 10% fetal bovine serum. The second passage cells
were used for the experiment. Approximately 5000 cells
were plated per well in aMEM containing 10% fetal calf
serum and antibiotics for the assay. After 48 h of incubation,
cells were serum deprived in aMEM containing 0.1%
bovine serum albumin and antibiotics for 24 h at 37�C in
the CO2 incubator. Fresh serum-free medium was added,
and cells were pre-treated for 1 h with 1 mg/mL of mouse
anti-FGFR3 rat monoclonal antibody (R&D Systems,
Minneapolis, MN) or 1mg/mL of normal rat IgG prior to
incubation with vehicle (1� PBS), 30 mM of 14977614 or
20 ng/mL of FGF1. The study was terminated 48 h later
for the cell proliferation assay.

Results and discussion

In silico molecular docking analysis revealed seven com-
pounds predicted to bind to the active site of FGFR3 protein
(Table 1) Compound 76945126 exhibited the highest bind-
ing affinity, while compounds 14977614 and 13509082

Table 1. Docking results and ADME/T (adsorption, distribution, metabolization, excretion, and toxicity) analyses of the screened compounds against

FGFR3.

Docking results and

ADME/T analysis

Parameters Compoundsa

1 2 3 4 5 6 7

Glide docking scoreb �10.09 �7.74 �7.69 �7.36 �7.29 �7.06 �7.00

Glide docking energyc �61.54 �53.43 �35.53 �60.08 �46.73 �47.91 �43.11

Mol_Wtd 665.44 421.45 262.22 488.54 308.29 308.29 384.40

QPLogpwe 39.27 23.23 18.78 29.58 23.17 14.90 24.71

QPLog po/wf �3.09 0.36 �1.38 �4.64 �1.68 1.65 �3.39

Rule of fiveg 3 0 1 2 1 0 2

QPLog HERGh �2.37 �3.32 �5.10 3.56 �5.20 �7.75 �3.74

% of human oral absorptioni 0 50.47 21.32 0 30.11 65.34 0

HOMOj �0.17 �0.22 �0.22 �0.17 �0.21 �0.23 �0.22

LUMOk �0.03 �0.11 �0.10 �0.02 �0.07 �0.03 �0.02

HLGl �0.14 �0.11 �0.12 �0.15 �0.14 �0.20 �0.20

Toxicity risk MUT LR LR HR LR MR LR LR

IRRI LR LR LR MR MR HR LR

REP LR LR MR LR HR LR LR

CLP �5.32 �5.37 �5.12 �5.35 �5.27 �6.11 �4.45

Drug-likeness S �1.29 �0.39 �1.02 �2.37 1.26 2.83 �0.71

TPSA 235 221 2354 242 235 321 204

DL 1.01 �1.24 �1.17 �1.75 �0.04 �12.03 �1.16

DS 0.61 0.52 0.26 0.27 0.24 0.08 0.5

Note: Compounds are list as 1-76945126; 2-63818502; 3-01827214; 4-25725679; 5-15774975, 6-14977614 and 7-13509082.

MUT: mutagenicity; IRRI: irritation; REP: reproduction; CLP: ClogP; S: solubility; TPSA: topological polar surface area; DL: druglikeness; DS: drug score; LR: low risk;

MR: medium risk; HR: high risk.
aZinc database compound id.
bGlide score based on the chemscore.
cBinding energy calculated while docking and binding free energy.
dMolecular weight of the molecule. �130.0 – 725.0.
ePredicted water/gas partition coefficient. 4.0 – 45.0.
fPredicted octanol/water partition coefficient. �2.0 – 6.5.
gLipinski rule of five—Maximum is four.
hPredicted IC50 value for blockage of HERG Kþ channels—Concern below �5.
iPredicted human oral absorption on 0 to 100% scale – >80% is high, <25% is poor.
jHighest occupied molecular orbital.
kLowest unoccupied molecular orbital.
lHLG – HOMO – LUMO Gap.

1662 Experimental Biology and Medicine Volume 246 July 2021
...............................................................................................................................................................



showed a weak binding affinity to the FGFR3 protein. The
rest of the compounds (63818502, 01827214, 25725679, and
15774975) showed a moderate binding affinity. To further
characterize the physiochemical properties (ADME/T) of
the compounds, Qikprop calculation was performed on
the identified compounds using the Schrodinger software.
The molecular weight, lipophilicity, and drug-likeness
score (a combination of CloP, LogS, TPSA analysis) for the
identified compounds were within the acceptable standard
range. Four compounds (63818502, 01827214, 15774975,
and 14977614) showed a predicted human oral absorption
rate, while compounds 25725679, 13509082, and 76945126
have an unmeasurable oral absorption rate, suggesting that
these compounds need special modifications to improve
oral absorption (Table 1). Density functional theory analysis
revealed that compounds 14977614 and 13509082 showed a

high HUMO (highest occupied molecular orbital) -LUMO
(lowest unoccupied molecular orbital) gap (�0.20), while
others showed modest HUMO-LUMO gap (�0.14–0.17)
(Table 1) suggesting that 14977614 and 13509082 were
highly stable compared to the other identified compounds.
Toxicity prediction on the identified compounds revealed
varying levels of risk for toxicity, mutagenesis, and irrita-
bility as shown in Table 1. In summary, all seven com-
pounds are within an ADME/T acceptable range defined
for human use, indicating their potential for use as drug-
like molecules.

Structural data from FGFR3 indicated that the amino
acids in the bC0-bE loop, located in the C-terminal of the
FGFR3 plays an important role in ligand binding (for exam-
ple, FGF1, FGF18) and varies in the amino acids number
between the FGFR family members due to alternate

Figure 1. (a–g) The 2D representation of the identified small molecules binding to amino acids located in the active site of FGFR3. a–g corresponds to compounds, a-

76945126, b-63818502, c-01827214, d-25725679, e-15774975, f-14977614, and g-13509082 and backbone RMSD (h) backbone RMSD, (i) Solvent accessible

surface area, and (j) number of hydrogen bonds of best compound 14977614 in the active site of FGFR3. (A color version of this figure is available in the online journal.)
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splicing suggesting a mechanism whereby ligand binding
specificity occurs from difference in tertiary folding of
FGFR3. Therefore, we carried out a ligand binding specif-
icity computational analysis by tabulating the hydrogen
bond interactions and distances to determine if the identi-
fied compounds bind to the amino acids of the bC0-bE loop
of FGFR3 where natural ligands that act as an agonist
(FGF1, FGF18) interact with FGFR3. Our analysis found
that the identified compounds bound to amino acids in
this region through hydrogen bonding, in particular to
Glu-322, which is specific to FGFR3 in the FGFR family
and falls within the bC0-bE loop. Based on this result, we
conclude that the identified compound may function as an
agonist. We also found that the identified compounds
showed interactions with other amino acids (Figure 1(a)
to (g)). While these data show that the compounds differ
in the number of amino acids with which they interact in
the FGFR3 ligand binding site, it is yet to be determined
whether these differences in amino acid interactions con-
tribute to differences in stimulating FGFR3 signaling and
thereby biological activity.

To further explore the importance of compound interac-
tion with amino acids in the active site of FGFR3, we
replaced the specific amino acids with alanine and evalu-
ated the protein-compound interaction by computational
mutagenesis for the two compounds. In the FGFR3-
14977614 complex and in the FGFR3-63818502 complex,
the DGbinda energy was 112.46 kcal/mol and 126.48 kcal/
mol, respectively, in the wild type (WT) interaction. When
the interacting amino acids (V277A, S279A, L319A, L321A,
and G322A) of FGFR3 with the compounds were mutated,

we found a reduction in the DGbinda energy,
DGbindcovalent, DGbindHbond, DGbindLipo, DGbindSolvGB

(Table 2) for all amino acids suggesting that all amino
acids are essential for binding of compound 14977614 and
compound 63818502 to the FGFR3. In particular, mutating
G322 showed a severe reduction for all parameters for both
compounds suggesting that the G322 interaction was likely
important for activating FGFR3 biological functions.
Molecular dynamics (MD) simulations were performed to
determine the stability of compound 14977614 in the active
site of FGFR3. Computational analysis revealed that the
stabilization between FGFR3 and 14977614 occurred
between 30ns and 40 ns. The average backbone RMSD is
around 0.15 nm–0.35 nm. The solvent accessible surface
area is around 300 nm–360 nm which clearly indicates that
the molecule 14977614 can easily access the active site of
FGFR3. Furthermore, we have also calculated the number
of hydrogen bonds throughout the simulation. We
observed an average number of hydrogen bonds are two
to five which clearly shows the compounds have close con-
tact with the FGFR3 molecule throughout the simulation
period (Figure 1(h) to (j)). Overall, the MD simulation
results indicated that the molecule 14977614 is stable
throughout the simulation period in the FGFR3 active site.

To determine if the identified compounds are function-
ally active, we tested the biological activity of 14977614
because it had high oral absorption rate and acceptable
range of drug-likeness properties. Based on the known
effects of FGFR3-FGF interaction in stimulating osteogenic
cell proliferation and differentiation, we tested if the
compound, 14977614, exerts a stimulatory effect on

Table 2. Alanine scanning mutagenesis and relative binding free energies (kcal/mol) between wild and mutant FGFR3/-14977614 and FGFR3-63818502

complexes.

Amino acids Interaction type Compound

DGbinda

(kcal/mol)

DGbindcovalent\
b

(kcal/mol)

DGbindHbond
c

(kcal/mol)

DGbindLipo
d

(kcal/mol)

DGbindSolvGB
e

(kcal/mol)

VA277A Wild type 14977614 �112.46 18.48 �0.89 �116.78 25.82

63818502 �126.48 15.49 �0.75 �99.12 22.85

Mutated 14977614 �98.49 10.21 �0.52 �102.54 22.11

63818502 �110.56 12.10 �0.41 �80.11 19.85

S279A Wild type 14977614 �112.46 18.48 �0.89 �116.78 25.82

63818502 �126.48 15.49 �0.75 �99.12 22.85

Mutated 14977614 �99.61 10.85 �0.58 �95.42 20.19

63818502 �112.64 11.45 �0.32 �75.12 18.72

L319A Wild type 14977614 �112.46 18.48 �0.89 �116.78 25.82

63818502 �126.48 15.49 �0.75 �99.12 22.85

Mutated 14977614 �100.12 9.82 �0.42 �82.15 18.11

63818502 �98.54 10.21 �0.12 �70.18 11.31

L321A Wild type 14977614 �112.46 18.48 �0.89 �116.78 25.82

63818502 �126.48 15.49 �0.75 �99.12 22.85

L321A 14977614 �85.12 5.12 0.12 �75.11 10.12

63818502 �100.48 9.52 �0.18 �69.78 9.87

G322A Wild type 14977614 �112.46 18.48 �0.89 �116.78 25.82

63818502 �126.48 15.49 �0.75 �99.12 22.85

G322A 14977614 �75.56 �2.12 2.51 �51.23 6.85

63818502 �82.12 �1.12 �0.10 �51.11 4.21

aMM/GBSA binding free energy.
bContribution to the MMGBSA free energy of binding from covalent binding.
cContribution to the MMGBSA free energy of binding from hydrogen bonding.
dContribution to the MMGBSA free energy of binding from lipophillic binding.
eContribution to the MMGBSA free energy of binding from the generalized born electrostatic solvation energy.
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Figure 2. (a) Quantitation of cell number change in BMCs treated with 1mM and 10 mM 14976614 and (b) Image of ALP staining of BMSCs treated with b-glycer-
ophosphate- ascorbic acid (BAA) with varying dose of 14976614 and vehicle (VEH) and (c) quantitative analysis of ALP staining at 590 nM, (d) Microscope image (e)

quantitative analysis of calvaria treated with vehicle and 100 lM 14977614 for sevendays (40�). The green fluorescence represents mineralization and (f) Quantitation

of bone markers by real-time PCR in one-week-old calvaria from C57BL/6J mice cultured ex vivo for seven days with treatment of 100 mMdose of compound 14977614

once per day for seven days, and (g) Quantitation of cell number change in BMSCs treated with 30 mM 14976614 or 20 ng/mL of FGF1 in the presences of vehicle, 1 mg/
mL of Anti-FGFR3 or 1 mg/mL normal rat IgG. Values are the Mean�SEM, n¼ 5 mice for proliferation and ALP staining, n¼ 3 mice for mineralization imaging and gene

expression, n¼ 4–6/group for Figure 2(g), AP< 0.001 vs. vehicle control and BP< 0.001 vs. normal rat IgG. (A color version of this figure is available in the online

journal.)
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proliferation and differentiation of BMSCs.7,20 We found
that treatment of BMCS with 10 mM 14977614 increased
cell number by 20%. While there was a small increase in
cell number with the 1 mM dose, this effect was not signif-
icant (Figure 2(a)). Figure 2(b) shows that BMCSs treated
with 10 mM 14976614 showed increased ALP staining com-
pared to cells treated with vehicle alone when cultured in
differentiation medium. Quantitative analysis revealed a
25% increase in ALP staining, reflecting increased differen-
tiation (Figure 2(c)). A similar finding was also observed in
the ST2 stromal cell line in which both doses of compound
14976614 increased (10–17%, P< 0.05) ALP staining.
Consistent with this data, we also found that calvaria
treated with 100lM 14977614 showed increased minerali-
zation as reflected by the increased green fluorescence
signal in 14977614 treated culture compared to control cul-
ture (Figure 2(d)). Semi-quantitative analysis of the fluores-
cence revealed increased mineralization, in the calvaria
treated with 14977614 (Figure 2(e)). Accordingly, we
found that expression levels of bone formation markers,
Runx2, BSP, and osteocalcin were significantly increased
in calvaria treated with 14977614 (Figure 2(f)). Overall,
these data show that the identified compound 14977614
induces both BMSC proliferation and differentiation that
are important when considering therapeutic development.

To further determine if the stimulatory effect of 14977614
is mediated via FGFR3, we evaluated the consequence of
neutralizing FGFR3 action with Anti-FGFR3 antibody on
the mitogenic effects of 14977614 using serum-free cultures
of BMSCs. We used 20 ng/mL FGF1 as a positive control
based on the evidence that FGF1 interacts FGFR3 to induce
cell proliferation. Since rat monoclonal antibody (Anti-
FGFR3) was used to neutralize FGFR3 action, we used
normal rat IgG as a control to validate the specificity of
rat monoclonal antibody used in this study. Our findings
demonstrate that small molecule 14977614 stimulated pro-
liferation of BMSCs to a similar extent as that of positive
control (FGF1) (Figure 2(g)). Anti-FGFR3 treatment
completely blocked the stimulatory effects of 14977614 or
FGF1 on BMSC proliferation (Figure 2(g)), suggesting that
small molecule or FGF1 is competing with anti-FGFR3 for
receptor binding. In contrast, normal rat IgG did not block
the stimulatory effects of 14977614 or FGF1 on BMSC pro-
liferation. Together these data suggest that the mitogenic
effect of 14977614 on BMSCs mediated largely via FGFR3.

In this study, we examined the biological effects of only
one FGFR3 agonist. The remaining six compounds need to
be tested to determine which of these compounds exhibit
the greatest potential to induce FGFR3 signaling as well as
anabolic biological effects on bone cells. Also, we need to
examine if downstream targets of FGFR3 are induced by
the small molecule FGFR3 agonists identified and if their
biological effects can be completely blocked by inhibition of
FGFR3 signaling. Future confirmation of the specificity of
the identified agonists and confirmation of their biological
effects to stimulate bone formation in vivo would provide
impetus for the use of in silico computational analysis with
predicted three-dimensional structures of receptors for
future identification of agonists for other receptors of
interest.
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