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Abstract: Background: Accumulated studies indicated a crucial role of astrocytes in neuropathic pain (NPP) de-
velopment, spread and potentiation by a communication with the nervous system. Increased GFAP expression in
dorsal horn of the spinal cord indicated the participation of astrocyte in NPP. However, the underlying mechanism
is still in need of further investigations. Methods: In our study, the spared nerve injury (SNI) model was established
with partial sciatic nerve ligation. The expression status of FGFR3 was studied in spinal dorsal horn of SNI models.
The molecular mechanism of spinal astrocytic FGFR3 activation in mechanical hypersensitivity was investigated.
Results: SNI rats showed with hind paw mechanical hypersensitivity and increased GFAP expression in their spinal
cords. Increased FGFR3 expression was observed in spinal dorsal horn of SNI models, which was consistent with
increased GFAP expression. Elevated FGFR3 upregulates GFAP and TNF-a expression in astrocytes in vivo and in
vitro. FGFR3 inhibition by PD173074 lead to downregulation of GFAP and TNF-a and increased withdrawal threshold
of SNI models. Mechanically, FGFR3-TBX3 axis activation enhanced TNF-a expression in cultured primary spinal
astrocytes. Spinal TNF-a synthesis induced mechanical hypersensitivity in SNI rat models. Conclusion: FGFR3 is
involved in NPP maintenance via FGFR3-TBX3 axis activation induced TNF-a synthesis. FGFR3 and correlated sig-
naling pathways of astrocytes are potential molecular targets for NPP administration.
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Introduction cial role of glial cells in NPP development, sp-

read, and potentiation by a communication with
Neuronal damage or dysfunction of nervous nervous system [5]. Glial cells account for about
system induces a variety of chronic pain, which 90% of all cells in central nervous system, of
is referred to as neuropathic pain (NPP) [1]. The which astrocytes are the predominant sub-
typical manifestation of NPP is being allodynic, group of glial cells [6]. Astrocytes play an impor-

hyperalgesic, or spontaneous [1]. The incidence
of NPP accounts for more than 30% of all ch-
ronic pain [2]. The underlying pathophysiologic
mechanism of NPP is nerve injury or localized
inflammation [3]. Immune cell aggregation and
activation are induced by localized inflamma-
tion in injured tissues. The release of immuno-
reactive substances leads to local immunore-
actions and promotes a more extensive inflam-
matory response [4]. The neuroinflammatory
environment activates glial cells in the brain
and spinal cord and plays an important role in
SEensory nerve injury.

tant role in maintaining the stability of central
nervous system and the differentiation and
repair of nerve cells. As a specific biomarker of
astrocytes, GFAP showed significant elevation
during astrocyte activation. Increased GFAP
suggests the development of the development
of NPP [7]. Accumulated studies supported that
astrocyte activation was involved in NPP devel-
opment and maintenance [8]. Activated astro-
cytes release cytokines and neuroactive sub-
stances, such as nerve growth factor, neuro-
trophic factor, IL-1, IL-6, TNF-o, ROS, and NO,
which sensitizes nerves in the dorsal horn of
Previous studies predominantly focused on ne- the spinal cord, and even directly produces
uron and accumulated studies indicated a cru- chronic pain [9].
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Fibroblast growth factor receptors (FGFRs) are
members of transmembrane tyrosine kinase
receptors, which mediate FGF signal transduc-
tion. A total of four members have been identi-
fied, FGFR1-4, which are coded by independent
genes. Activated FGFRs by FGFs are involved in
embryogenesis, tumorigenesis, and damaged
tissue renovation, as well as bone regeneration
[10]. During nerve cell development, FGF/FGF-
Rs signaling is involved in cell development, dif-
ferentiation, dendritic branches induction, and
neuronal survival of the nervous system [11].
Among these receptors, FGFR3 expression is
observed in a variety of neuron cells of different
regions [12, 13]. Previous studies have shown
that activated FGFR3 promotes the specializa-
tion, proliferation, and development of astro-
cytes [14, 15]. However, further studies are still
needed for the functional role and underlying
mechanism of FGFR3 in NPP. Here, in this stu-
dy, we identified the functional role and molec-
ular mechanism of FGFR3 in the development
and maintenance of NPP by influencing the
activity of astrocyte.

Material and methods
Animals and SNI model establishment

Sprague Dawley rats (180-220 g) were obtained
from the Animal Center of Xingiao Hospital,
which were maintained at a constant ambient
environment: temperature (22 + 0.5°C), humid-
ity (60-70%), light/dark cycle (lights on 7 AM),
and standard laboratory diet and water. SNI
surgery was performed as previous report [16].
Random grouped rats were fixed to operating
table after anesthesia and incised at the right
mid-thigh level of the femur. Three peripheral
branches of the sciatic nerve (the sural, com-
mon peroneal, and tibial nerves) were separat-
ed in the trifurcation without injury. Ligation
with silk suture was performed in the tibial and
common peroneal nerves, while the sural nerve
maintains intact. Suturing of the incision was
carried out at the last stage. In the sham group,
the sciatic nerve was exposed without ligation.
All animal experiments were conducted in ac-
cordance with the “Guidelines for the Care and
Use of Laboratory Animals” which was estab-
lished by the Army Medical University. Experi-
mental procedures were approved by the Ethics
Committee of the Army Medical University.
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Mechanical withdrawal threshold measure-
ment

The mechanical withdrawal threshold was mea-
sured with the right hind paw using von Frey fila-
ments. In ascending order of force, each fila-
ment was applied to each hind paw of the mid-
plantar area for five times and each application
was held for 5 s. Animals that exhibited no re-
sponse to stimulation of the filament were as-
signed as cutoff value. All assessments were
performed blinded.

Immunofluorescence staining

The spinal cord tissues were collected after
euthanizing the SNI and Sham rats. Then, they
were fixed in 4% paraformaldehyde for 3 days
and incubated in 30% sucrose in PBS overnight
at 4°C. Serial tissue sections were prepared
with a frozen section machine in a thickness of
18 uym. Tissue sections were fixed with acetone
and blocked with goat serum. Then, they were
incubated with primary antibodies against FG-
FR3 and GFAP overnight at 4°C. The second an-
tibody used in this study was FITC-conjugated
goat anti-rabbit 1gG and Cy5-conjugated goat
anti-mouse IgG. The cell nuclei were stained
with 4’-6-diamidino-2-phenylindole (DAPI). Im-
munofluorescence analysis was performed wi-
th a fluorescence microscope (Carl-Zeiss Jena,
Germany).

Primary astrocytes culture

Cultured spinal astrocytes referred previous re-
port [17]. Spinal cords isolated from Sprague
Dawley rats were minced and incubated with
trypsin and DNase |. Dissociated cells were
suspended cultured in tissue culture flasks
with Dulbecco’s modified Eagle’s medium (DM-
EM) supplemented with 10% fetal calf serum.
After 10 days culture, microglial cells were
washed away. Remaining cells were seeded to
new flasks with the treatment of 1 uM of cyto-
sine b-Darabinofuranoside (Sigma Chemical
Co., St. Louis, MO) to maintain astrocytes.

Transfection of primary cultured astrocytes
with lentivirus

Lentivirus of FGFR3 was established with FG-
FR3 plasmid (#75730, Addgene, USA) in Sun-
Bio (Shanghai, China). The siRNA (Seq: GGAGG-

Int J Clin Exp Pathol 2019;12(8):2898-2908



Spinal astrocytic FGFR3 in neuropathic pain

Table 1. Primers used in RT-PCR assays

Genes Primers

Gfap  Forward 5-GTGAAGGTCTATTCCTGGTTGC-3’
Reverse 5’-TCTAGGCGATACTCCGTACATG-3’
Tnf-a  Forward 5’-GTAGCAAACCACCAAGCGG-3’
Reverse 5’-GGTATGAAATGGCAAATCGG-3’
Fgfr3  Forward 5-AGGCTTCAAGTGCTAAACGC-3’
Reverse 5’-TGAGGACGGAGCATCTGTTAC-3’
B-actin Forward 5’-CGTAAAGACCTCTATGCCAACA-3’
Reverse 5’-GGACTCATCGTACTCCTGCTTG-3’
Ifn-B1 Forward 5-TCTTCTTTGGGTATTGTTTGG-3’
Reverse 5’-TGCCTTCTTGGGACTGATGT-3’
I-6 Forward 5’-TGCCTTCTTGGGACTGATGT-3’
Reverse 5’-AATGACTCTGGCTTTGTCTTTCT-3’
Ccl2 Forward 5’-GCATCCACGTGTTGGCTCA-3’

Reverse 5’-CTCCAGCCTACTCATTGGGATCA-3’

Ccl7 Forward 5’-CCACATGCTGCTATGTCAAGA-3’
Reverse 5’-ACACCGACTACTGGTGATCCT-3’
I-1b Forward 5-TGGCCTTCTACAGTAACAGCA-3’

Reverse 5’-GCATGAATACCGCCTTAAAGGAC-3’

11-17 Forward 5’-GAAGTTGGACCACCACATGA-3’
Reverse 5'-TCCCTCTTCAGGACCAGGAT-3’

Tbx3  Forward 5’-GGTCAGGAGATGGCTAA-3’
Reverse 5-AGGACGGTTCTATGGTG-3’

AGCTGATGGAAGTT) was designed according to
NM_053429. FGFR3 knockdown lentivirus (sh-
Fgfr3) and negative control (scrambled shRNA)
were also established from SunBio (Shanghai,
China). For cell infection, the primary cells were
cultured for 24 h and infected with FGFR3 lenti-
virus or control lentivirus for another 24 h as
previous report [21]. For analysis of signaling
inhibition, infected cells were treated with 10
UM PD173074 (Tocris Bioscience, Ellisville, MO)
for 48 h before cell harvest.

RT-PCR assays

RT-PCR assays were performed as previous
report [18]. Harvested cells were prepared for
cDNA synthesis, and RT-PCR assays were per-
formed with specific primers and PrimeScript
RT Master Perfect Real Time Kit (TaKaRa, Ja-
pan). The sequences of the primers are de-
scribed in Table 1.

Western blot

Western blot assays were performed as previ-
ous report [18]. Cultured spinal astrocytes and
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spinal tissues were solubilized in immunopre-
cipitation assay buffer. Then proteins were pre-
pared for immunoblotting analysis. Primary an-
tibodies used in this study are described as
below: FGFR3 (Santa Cruz Biotechnology, CA),
GFAP (Cell Signaling Technology, Danvers, MA),
TNF-« (Cell Signaling Technology, Danvers, MA),
TBX3 (GeneTex, San Antonio, TX), and B-actin
(Cell Signaling Technology, Danvers, MA).

Rat intrathecal injection

Intrathecal injections were performed on una-
nesthetized rats as previously described [17].
Rats were restrained on the operating table to
identify L5 and L6 vertebrate. Intrathecal drug
injection was performed between the L5 and
the L6 vertebrae with a 27-guage needle att-
ached to a Hamilton micro-syringe. The entry of
the needle was confirmed with the presence of
a tail flick. A total of 5 ul drugs or lentivirus was
injected each time. PD173074 (10 pM) and
TNF-a (100 ng/mL) were suspended in 1:1 (vol/
vol) in combined treatment.

Statistical analysis

Data are described as mean + SEM. Compa-
risons between paired groups were performed
with a one-way analysis of variance (ANOVA)
with a pairwise comparison by the Tukey-Kr-
amer method. Comparisons between the two
groups were performed using Student’s t test.
Potential effects of PD173074 treatment on
mechanical hypersensitivity was analyzed by
two-way repeated-measures ANOVA. P<0.05
was considered as significant difference.

Results

Increased FGFR3 expression in spinal dorsal
horn following partial sciatic nerve ligation

To investigate the potential role of FGFR3 in
NPP, SNI models were established. Decreased
withdrawal thresholds were observed in ipsilat-
eral hind paw beginning at 3 days after partial
sciatic nerve ligation (PSNL) surgery than sham
group, which persisted up to 21 days following
surgery (P<0.01 vs. sham; Figure 1A). By con-
trast, the rats with sham operation did not show
significant mechanical hypersensitivity (P>0.05
vs. day 1; Figure 1A). Immunofluorescence an-
alysis was performed to identify the expression
of GFAP, which showed elevated GFAP expres-
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Figure 1. Partial sciatic nerve ligation leads to hind paw mechanical hypersensitivity and elevated astrocytic FGFR3
expression in rat spinal dorsal horn. (A) Ipsilateral hind paw withdrawal thresholds (g) over time measured with von
Frey filaments. Rats were tested O and 3, 7, 14, and 21 days after either sham or PSNL surgery (SNI). Data represent
the mean + SEM. *P<0.01 vs. sham mice at the corresponding time point. n = 6/group. (B) Immune Fluorescent
Staining of GFAP in ipsilateral dorsal spinal cord at 14 days after surgery. Quantification analysis of GFAP positive

Sham
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cells as shown in the right. (C) The expression of FGFR3 in the ipsilateral spinal dorsal horn of SNI and sham rat
quantified by western blotting over time (days). The upper quantitative graphs are from representative immunoblot
photographs as shown below. Data represent the mean + SEM. *P<0.01. N = 6/group. (D, E) immunofluorescence
for FGFR3 (green) in the ipsilateral spinal dorsal horn of SNI and sham rat (E). Quantification analysis of GFAP posi-

tive cells as shown in (D).

sion in the ipsilateral spinal dorsal horn of SNI
group (Figure 1B), whereas there was no signifi-
cant change in the sham group (Figure 1B).

Furthermore, western blot assays were con-
ducted to examine FGFR3 expression in the spi-
nal dorsal horn at the onset of mechanical
hypersensitivity (3 days post-PSNL) and during
the maintenance of mechanical hypersensitivi-
ty (7, 14, and 21 days post-PSNL). Levels of FG-
FR3 expression in ipsilateral dorsal horn were
significantly increased 7, 14, and 21 days after
PSNL, compared to sham-operated mice. No
significant difference was observed between
groups in 3 days after PSNL (P<0.01 vs. sham;
Figure 1C). In addition, FGFR3 immunofluores-
cence intensity was also increased in SNI mod-
els, compared to sham rats (Figure 1D, 1E).
Thus, our results indicated that elevated FGFR3
expression was due to spared nerve injury in
SNI rats, rather than the artifact of tissue
processing.

FGFR3 increases GFAP and TNF-a expression
in astrocytes in vivo and in vitro

Further analysis was performed to investigate
the correlation of FGFR3 expression and astro-
cytes activation. Immunofluorescence images
indicated the colocalization of FGFR3 and GFAP
in the ipsilateral spinal dorsal horn of SNI rats
(Figure 2B). Furthermore, FGFR3 lentivirus in-
fection significantly increased expression of
FGFR3 protein in cultured spinal astrocytes,
which was comparable with those from the ipsi-
lateral dorsal horn of PSNL model (Figure 2B).
Notably, exogenous FGFR3 expression incre-
ased the expression of GFAP and TNF-a« mRNA
with the treatment of fibroblast growth factor-2
(FGF-2), which was maintained for at least 48
hr after FGFR3 transfection (Figure 2C). By con-
trast, cells transfected with empty vector sh-
owed no change in GFAP expression (Figure
2C). Moreover, increased TNF-a mRNA expres-
sion was also observed in FGFR3 transfected
astrocytes (Figure 2D), which was significantly
increased beginning 24 hr after FGFR3 trans-
fection (Figure 2D). In addition, exogenous FG-
FR3 expression had no effect on Ccl2, Ccl7,
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interleukin-6 (lI-6), 1I-17, IL-1b, and interferon-f1
(Ifn-B1) mRNA expression (Figure 2E). Our re-
sults indicated that elevated FGFR3 expression
played a potential role in astrocytes activation
during the maintaining of NPP.

FGFR3 inhibition leads to downregulation of
GFAP and TNF-ax and increases withdrawal
threshold

Further investigation was performed for the
function of FGFR3 during NPP. FGFR3 inhibition
with PD173074 was administrated in cultured
spinal astrocytes for 24 hours, which showed
decreased FGFR3 expression protein levels
(Figure 3A). However, no significant change was
observed in mRNA levels (Figure 3B). Notably,
the expression of GFAP mRNA and TNF-ao mRNA
expression were significantly decreased with
PD173074 treatment (Figure 3B). Further anal-
ysis was also performed with intrathecal treat-
ment with PD173074 in SNI models. The with-
drawal thresholds were significantly decreased
in SNI rats of intrathecal treatment with PD-
173074, compared with vehicle controls (Figure
3C). Furthermore, decreased GFAP and TNF-a
levels were also observed in SNI rats following
intrathecal treatment with PD173074 than
vehicle (Figure 3D). Our results indicated that
FGFR3 activation participated in astrocytes
activation in NPP models.

FGFR3-TBX3 axis activation participates in
TNF-at expression in cultured spinal astrocytes

We further determined the correlation between
Tbx3 and FGF signaling in cultured spinal astro-
cytes. We examined Thx3 expression in cul-
tured spinal astrocytes which were treated with
FGF2 combined with or without PD173074. In-
deed, the protein expression of Tbx3 was mod-
estly decreased in cultured spinal astrocytes
treated with PD173074 (Figure 4A), although
the mMRNA expression showed no significant
change (Figure 4B). To rule out a nonspecific
effect of the PD173074, FGFR3 knockdown
was performed with lentivirus in cultured astro-
cytes. Consistent with the findings in PD173074
treated cells, Tbx3 protein expression was de-
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Figure 2. Elevated FGFR3 expression induces gene expression changes in spinal astrocytes. A. Immunofluores-
cence for FGFR3 (green) and GFAP (red) in the ipsilateral spinal dorsal horn of SNI and sham rat. B. Expression
levels of FGFR3 in cultured spinal astrocytes which were infected with FGFR3 lentivirus or control lentivirus. B-ACTIN
was used as loading control. C, D. GFAP, and TNF-a mRNA levels were tested with g-RT-PCR in FGF2 (2 uM) treated
for the periods indicated. Cultured spinal astrocytes were infected with FGFR3 lentivirus or controls. E. Effects of
FGFR3 transfection on mRNA expression in cultured spinal astrocytes, including CCL-2/3, MCP-3, CXCL1, GDNF, and
IL-1b. The astrocytes were treated with FGF2 (2 uM) for 48 hours. Results of three independent determinations are
expressed as the mean + SEM. *P<0.05.
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protein levels were measured. B-ACTIN was used as control. B. Effects of
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pression levels of FGFR3, GFAP, and TNF-« in the ipsilateral spinal dorsal horn

eated rat than other two
groups by immunofluores-
cence (Figure 5D). Taken
together, our results indi-
cated that elevated TNF-«
produced by FGFR3 signal-
ing activation in spinal dor-
sal horn astrocytes induc-
ed mechanical hypersensi-
tivity.

were measured by western blotting 14 days after PD173074 injection.

creased in response to FGFR3 knockdown in
astrocytes (Figure 4C). Furthermore, FGFR3 kn-
ockdown reversed the effect of FGF2 treat-
ment-that is, decreased GFAP and TNF-a&c mRNA
expression (Figure 4D). Thus, our results con-
firmed the FGFR3-TBX3 axis participated in
astrocyte activation and TNF-a synthesis in spi-
nal dorsal horn.

Spinal TNF-a synthesis participates in FGFR3
induced mechanical hypersensitivity

The possible role of TNF-a in mechanical hyper-
sensitivity was further investigated with SNI
rats. Intrathecally injected with FGFR3-targeting
shFgfr3 was administrated in SNI rats for seven
days. FGFR3 levels were detected with immu-
nofluorescence, which showed significant lower
FGFR3 expression in the spinal dorsal horn of
siFGFR3 treated rats (Figure 5A). The expres-
sion of both GFAP and TNF-«a protein was signifi-
cantly decreased in spinal dorsal horn than
controls in western blot assays (Figure 5B).
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Discussion

NPP is a kind of chronic pain with complicated
pathophysiological mechanism and etiology.
Accumulated studies have indicated that astro-
cytes activation participated in NPP by regulat-
ing synaptic neurotransmission [6]. Our study
found the correlation of GFAP and FGFR3 ex-
pression in astrocytes in SNI models. Activated
FGFR3-TBX3 signaling increased the expres-
sion of GFAP and TNF-a in astrocytes, which
played an important role in NPP maintaining.
Furthermore, intrathecal injection of PD173074,
a FGFR3 inhibitor [19], efficiently relieves NPP
in SNI models, which was induced by GFAP and
TNF-a reduction. Our study supported FGFR3
to be a potential molecular target for NPP ad-
ministration.

Previous studies have indicated that increased
GFAP expressions are observed in astrocytes
during the development and maintenance of
NPP. The SNI model established by selective
sciatic nerve ligation is internationally recog-
nized, which simulates NPP pathological pro-
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Figure 4. FGFR3-TBX3 axis activation participates in TNF-a expression in cul-
tured spinal astrocytes. A. After cultured spinal astrocytes were treated with
PD173074 for 24 hr, TBX3 protein levels were measured with western blot as-
says. B. FGFR3 and TBX3 mRNA levels were tested with g-RT-PCR in PD173074
and FGF2 (2 uM) combined treated cultured spinal astrocytes for 24 hours.
C. Cultured spinal astrocytes were treated with shFgfr3 or control lentivirus.
Western blot assays were performed to measure the expression of FGFR3 and
TBX3 after 24 hours treatment. D. Expression levels of GFAP and TNF-a was
examined in shFgfr3 or control lentivirus treated spinal astrocytes by RT-PCR

assays. B-ACTIN was used as control.

cess well [20]. In our study, SNI model rats
showed claudication, slight adduction malfor-
mation, and hind limb protective posture and
obviously decreased pain threshold in behavior
detection of the intraoperative ipsilateral hind
paw. More importantly, increased GFAP expres-
sion was observed in the astrocytes of spinal
cord, which was increased with the passage of
time. The activation of astrocyte during NPP
was consistent with pain threshold reduction.

FGFRs are a class of transmembrane tyrosine
Kinase receptor with autophosphorylation ac-
tivity. Four independent genes encoding FGFRs,
FGFR1, FGFR2, FGFR3, and FGFR4, are widely
expressed in the nervous system [20]. Previous
studies showed that elevated FGFR1 expres-
sion in dorsal root ganglion after ligation of sci-
atic nerve, which suggests FGFR1 phosphoryla-
tion is involved in the generation of NPP [21].
FGFR3 expression is observed in a variety of
dispersed cells of the central nervous system,
such as ventricles [22]. FGFR3 targeted dele-
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TNF-g, and glia-derived neurotro-
phic factors [24]. These fac-
tors activate a series of ty-
rosine kinase receptors, tri-
ggering the cascade phos-
phorylation and protein sy-
nthesis to increase excit-
ability and survival of pri-
mary sensory neurons [25].
Previous studies indicated
that FGFs showed high af-
finity to tyrosine kinase re-
ceptor FGFRs in peripheral nervous system, to
modulate nerve system development [26]. FG-
FR3 specifically bind to FGFs to regulate the
specialization and proliferation of the nervous
system [14]. Tbx3 transcription factor is down-
stream of FGF signaling, which is required for
propagation of FGF and Wnt signals in histologi-
cal development [27]. Previous studies indicat-
ed that FGFR3 was activated in the dorsal root
ganglion during nerve injury [21], as well as
Schwann cells and macrophages after sciatic
nerve injury and spinal cord injury. In this study,
we found FGFR3/TBX3 signal axis activation
enhanced GFAP and TNF-a expression in astro-
cytes, which was the underlying molecular me-
chanism of FGFR3 in NPP development.

Activated astrocytes released a large amount
of proinflammatory cytokines, such as IL-1, IL-6,
IL-10, TNF-a, excitatory amino acids, nitrogen
monoxidum, and prostaglandins [9]. These in-
flammatory cytokines diffuse into peripheral
neurons and glia cells to induce a pain hyper-
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fluorescence in the rat treated as (C).

sensitive status [28]. FGFR3/TBX3 axis and its
downstream signaling activation transfer phos-
phorylation signals to other protein kinases
and transcriptional factors and release many
inflammatory factors to induce sensitization of
central nervous system [29]. In this study, we
found that FGFR3 and its downstream signal-
ing pathway induced TNF-a synthesis. Further-
more, as a selective tyrosine kinase inhibitor
for FGFR3, PD173074 competes with ATP to
bind FGFR3 to inhibit autophosphorylation of
FGFR3 [19]. Different from other FGFR3 inhibi-
tors, suchasSU5402 and GHIR-258, PD173074
also decreased FGFR3 expression [30]. In this
study, intrathecal injection of PD173074 or sh-
Fgfr3 inhibited the expression of GFAP and
TNF-a in SNI models. The reduction of inflam-
matory factors achieves an analgesic effect of
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mechanical pain threshold. Therefore, FGFR3
inhibition relieves pain of SNI models, which
shed light to the study of NPP administration
and drug development. However, further stud-
ies are still needed for the clinical treatment of
NPP by inhibiting FGFR3 and related signaling
pathways.

In conclusion, our study elucidated the biologi-
cal functions of FGFR3 in the development and
maintenance of NPP. FGFR3 and related signal-
ing are potential molecular targets for the de-
velopment of NPP drugs in the future.
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