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Abstract: Background: FGFR2 (fibroblast growth factor receptor 2) mutations are implicated in the etiopathogenesis
of syndromic craniosynostosis, and C278F- or C342Y-FGFR2 mutations can lead to Crouzon syndrome. The dura
mater exerts crucial effects in the regulation of cranial suture development. However, the underlying mechanisms of
these biological processes are rarely studied. This research explored and analyzed the biological function of FGFR2
overexpressed by dura cells on cranial osteoblasts. Methods: Dura cells and cranial osteoblasts from C57BL/6 mice
aged 6 days were obtained and cultured respectively. Lentivirus-FGFR2 constructs were engineered with C278F-
and C342Y-FGFR2 mutations. The dura cells were infected with the constructs and co-cultured with osteoblasts
in a trans-well system. Four experimental groups were established, namely the Oste group, the Oste+Dura-vector
group, the Oste+Dura-C278F group, and the Oste+Dura-C342Y group. FACS, CCK8, and EdU assays were used to
evaluate the osteoblast proliferation levels. Western blot and RT-qPCR were used to measure the expressions of the
factors related to proliferation, differentiation, and apoptosis. Furthermore, the expression levels of the key factors
in the Hippo/YAP-PI3K-AKT proliferation pathway were measured and analyzed. Finally, rescue experiments were
performed with an RNA interfering assay. Results: The proliferation and differentiation levels of the osteoblasts in
the Oste+Dura-C278F and Oste+Dura-C342Y groups were significantly up-regulated, but the apoptosis levels in
the four groups were not significantly different. The YAP, TEADs1-4, p-PI3K, and p-AKT1 expressions in the mutant
FGFR2 groups were higher than the corresponding expressions in the control groups, and the results of the rescue
experiments showed a reverse expression tendency, which further confirmed the effects of the FGFR2 mutations
in the dura cells on the proliferation of the osteoblasts and the underlying possible mechanisms. Conclusion: Our
studies suggest that the Crouzon mutations (C278F- and C342Y-) of FGFR2 in dura cells can enhance osteoblast
proliferation and differentiation and might influence the pathogenesis of craniosynostosis by affecting the Hippo/
YAP-PI3K-AKT proliferation signaling pathway.
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Introduction

A type of congenital craniofacial deformity with
an incidence of 1/2000-1/2500 [1], craniosyn-
ostosis is characterized by the premature
fusion of one or more cranial sutures, resulting
in cranial malformation and changes in intra-
cranial pressure. Craniosynostosis and its com-
plicated complications have a significant im-
pact on sensory, respiratory, and neurological
functions as well as intellectual development

[2]. The craniosynostosis mechanism has been
extensively studied at the cellular, molecular,
and genetic levels, but it is still not fully under-
stood. Further studies on the diagnosis and
treatment of the related gene targets in cranio-
synostosis are particularly crucial and indis-
pensable. According to the severity of the cra-
nial deformity and its complications, craniosyn-
ostosis is divided into non-syndromic and syn-
dromic craniosynostosis. Studies have demon-
strated that FGFR2 mutations are associated
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with a variety of abnormal bone and cartilage
formations, and multiple-locus mutations can
result in FGFR2 structural activation [3, 4].
Crouzon syndrome is one of the most common
clinical types of syndromic craniosynostosis,
and it is closely related to the C278F- and
C342Y-FGFR2 mutations [3, 5, 6].

It is now generally acknowledged that the
physiological development of cranial sutures is
related to complex interactions between the
brain, the dura mater, and the skull itself. The
early closure of the cranial sutures occurs
when the biochemical environment and the
genetic heredity around the cranial sutures
have changed and are accompanied by com-
plex growth and development. More and more
studies have shown that dura and dura-derived
soluble mediators play an important role in
the pathogenesis of craniosynostosis. How-
ever, the underlying mechanism of dura-derived
FGFR2 secretions in the pathogenesis of
Crouzon syndrome remain unclear. The pur-
pose of this study was to analyze the effects of
FGFR2-mutated dura cells on the proliferation
of co-cultured osteoblasts and the underlying
mechanism.

The Hippo pathway, a newly discovered path-
way implicated in cell development, prolifera-
tion, and differentiation, plays an irreplaceable
role in regulating tissue growth, homeostasis,
and regeneration [7, 8]. YAP (yes-associated
protein) is a key effector of the Hippo pathway,
which is regulated by LATS2 (large tumor sup-
pressor-2) and which induces the expression of
related target genes by interacting with tran-
scriptional factors such as TEADs (TEA domain
transcription factors) 1-4 to exert related bio-
logical efficacy [9, 10]. In this study, we evalu-
ated the promoting effects of FGFR2 signaling
molecules from the dura on osteoblast prolif-
eration, and we also explored the underlying
mechanisms in osteoblastic proliferation regu-
lation with C278F- and C342Y-FGFR2 muta-
tions over-expressed by dura cells. This study
provides a theoretical basis for future research.

Methods
Tissue isolation and cell culture
The dura and calvarial bone were harvested

from 6-day-old C57BL/6 mice and were care-
fully dissected. All the operations were con-
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ducted in line with the National Institutes of
Health’s Guidelines for the Care and Use of
Laboratory Animals. The experiments were
performed according to the Experimentation
Ethics Committee on Animal Rights Protection
of the Chinese Academy of Medical Sciences
& Plastic Surgery Hospital (approval number,
2018089). The separated calvarial bone and
dura were washed with a PBS (phosphate buf-
fer saline) solution 2-3 times, and then cut into
1 mm x 1 mm pieces, respectively. Trypsin
enzymic digestion was used to isolate and cul-
ture the calvariae osteoblasts cells (20 min-
utes). Then, centrifugation was conducted and
0.1% collagenase Il was added for 2 hours.
Collagenase | (3 mg/ml) was applied to digest
the dura cells for 45 minutes, and centrifuga-
tion was also conducted. The osteoblasts and
dura cells were collected and cultured in
a-Modified Eagle Medium (a-MEM, Gibco, USA)
with 15% FBS (fetal bovine serum) and pen-
icillin-streptomycin at 37°C and 5% CO,. Then,
the dura cells were stained with vimentin anti-
body (1:5000, Proteintech, Chicago, USA) by
immuno-cytological detection, and the osteo-
genic characterization was determined using
ALP (alkaline phosphatase) staining.

Establishment of the lentivirus-FGFR2 con-
structs

Dural cells were inoculated into a 24-well plate
with 1 x 10°% cells/well. A prepared lentivirus
with mutant FGFR2 constructs was then added
to a 250 ul preheated serum-free medium and
mixed with dura cells in a 24-well cell culture
plate, to establish FGFR2 overexpressing dura
cells (C278F-FGFR2 and C342Y-FGFR2), and
blank vector (vector) dura cells with no lentivi-
rus-induced FGFR2 mutations were used as
the control group in the following experiments.
The fluorescence expressions (FITC & DAPI)
were measured using confocal microscopy
(TCS SP8, Leica, Germany) and the subsequ-
ent experiments were performed 72-96 hours
after infection.

Trans-well co-culture system and grouping

A co-culture system was established where the
dura cells could exert a biological impact on
the osteoblasts, which was consistent with the
organic environment in vivo as much as possi-
ble. The osteoblasts were planted in the upper
chamber, and the dura cells in the lower cham-
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Table 1. The dilution ratios and sources for the anti-
bodies in the western blot assays

Dilution

Antibody Ratio Source

anti-PCNA 1:2000 Proteintech, Chicago, USA
anti-ALP 1:1000 Proteintech, Chicago, USA
anti-RUNX2 1:1000 abcam, Cambridge, UK
anti-Osteopontin 1:1000 Proteintech, Chicago, USA
anti-Osteocalcin 1:1000 abcam, Cambridge, UK
anti-pro-caspase3 1:1000 abcam, Cambridge, UK
anti-cleaved-caspase3 1:500 abcam, Cambridge, UK
anti-YAP 1:5000 abcam, Cambridge, UK
anti-p-YAP 1:1000 abcam, Cambridge, UK
anti-p-PI3K 1:1000 abcam, Cambridge, UK
anti-AKT 1:500 abcam, Cambridge, UK
anti-p-AKT 1:1000 abcam, Cambridge, UK
anti-GAPDH 1:20000 Proteintech, Chicago, USA
anti-B-actin 1:5000 Proteintech, Chicago, USA

ber could affect the osteoblasts due to the per-
meability of the polycarbonate membrane, to
study the effects of FGFR2 secreted by the
dura cells on the performance of osteoblasts.

Four different groups were set up in this study,
two control groups of isolated osteoblasts
(Oste) and co-cultured osteoblasts with no len-
tivirus-induced FGFR2 mutation (Oste+Dura-
vector), and two co-cultured groups with FGFR2
overexpressions (Oste+Dura-C278F and Oste+
Dura-C342Y).

EdU (5-ethynyl-2’-deoxyuridine) assay

A BeyoClick™ EdU Cell Proliferation Kit with
Alexa Fluor 555 (Beyotime, Shanghai, China)
was performed following the manufacturer’s
instructions. Appropriate numbers of four dif-
ferent groups of cells were cultured in 96-well
plates, and the cells were cultured overnight. 2
x EdU working solution was prepared and
added into 96-well plates in equal proportions.
EdU labeled cells were harvested and 1 ml fixa-
tion solution was added at room temperature
for 15 minutes. 0.5 ml Click Reaction Solution
was then added to each well and co-incubated
at room temperature for 30 minutes.

Cell proliferation analysis

To further evaluate the cell proliferation capa-
bilities, the proliferation index of the osteo-
blasts in four groups was examined using the
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CCK-8 (Cell Counting Kit-8, GLPBIO, USA)
method by utilizing highly water-soluble
tetrazolium salt. The osteoblasts were
seeded in a 96-well plate and cultured. 10
ul of CCK-8 solution was added to the
96-well plate and mixed gently on an orbit-
al shaker. A microplate reader was used to
measure the absorbance at 450 nm.

Cell cycle examination

In the cell cycle analysis experiments, the
osteoblasts were digested with trypsin,
and the cell culture medium collected in
the centrifuge tubes was added. The
adherent cells were blown down and gently
blown away. Then, the osteoblasts were
fixed in 70% ethanol at 4°C for 12 hours.
Then, the cell precipitation was resus-
pended slowly and stored at 4°C. The fluo-
rescence was measured using flow cytom-
etry at the excitation wavelength of 488
nm and the light scattering was also measured.
FlowJo 10.7.1 was used for the DNA content
and light scattering analyses.

Western blot

After the osteoblasts of the logarithmic growth
phase were treated according to the experi-
mental protocol, the cells were scraped off the
petri dish with a cell scraper and collected into
a 15 mL centrifuge tube for centrifugation.
Lysis and centrifugation were then performed.
Different materials were carefully placed into
the transfer film buffer, according to the pre-
scribed sequence. The samples were stained
with an appropriate dilution of primary antibod-
ies (Table 1) at 4°C for twelve hours. The mem-
branes were incubated at 37°C with secondary
antibodies of a recommended dilution for 1
hour, and color determination was performed.

RNA isolation and RT-qPCR

The RNA from the different samples was
extracted using TRIzol™ Reagent, following the
manufacturer’s instructions. The RNA quality
was measured using the ultraviolet absorption
method. The forward and reverse primers are
shown in Table 2, and the GAPDH was set for
normalization. cDNA was synthesized, the prim-
er specificity was detected, and an RT-gPCR
reaction system was established. Then, PCR
amplification was conducted.
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Table 2. The sequences of the primers used for the quantitative real-time PCR

Target gene

Forward

Reverse

5’-CAGCATCCATCTCCGTCACA-3’
5’-GGAGACGTGAGACGAGTCCAT-3’
5’-GAGAGATTTCCCGAATTGCAGT-3’
5’-TGCGGGTCACCATTTCAGC-3’
5’-TAGCGGTTACTGTAGACACCC-3’
5-ACTTGGTTTTTCATAACAGCGGA-3’
5’-CTGCAATACACACACTCATCACT-3’
5-TGGTCTGATAGCTCGTCACAAG-3’

FGFR2 5’-CCTCGATGTCGTTGAACGGTC-3’
PCNA 5-TTTGAGGCACGCCTGATCC-3’
CDK1 5’-AGAAGGTACTTACGGTGTGGT-3’
CDK2 5’-CCTGCTTATCAATGCAGAGGG-3’
ALP 5’-GAGCGTCATCCCAGTGGAG-3’
Runx2 5’-GACTGTGGTTACCGTCATGGC-3’
Osteopontin 5’-ACCCAGAAACTGGTCATCAGC-3’
Osteocalcin 5’-CTGACCTCACAGATCCCAAGC-3’
LATS2 5-GGACCCCAGGAATGAGCAG-3’
YAP 5’-TACTGATGCAGGTACTGCGG-3’
TEAD1 5’-AAGCTGAAGGTAACAAGCATGG-3’
TEAD2 5’-GAAGACGAGAACGCGAAAGC-3’
TEAD3 5’-CAACCAGCACAATAGCGTCCA-3’
TEAD4 5’-CAACCTGGAACATCCCACGAT-3’
GAPDH 5-AGGTCGGTGTGAACGGATTTG-3’

5’-CCCTCGTAGTTTGCACCACC-3’
5’-TCAGGGATCTCAAAGGAGGAC-3’
5’-GCTGACGTAGGCTCAAACCC-3’
5’-GATGAGCTGTGCCGAAGACA-3’
5’-CTGAAAGCTCTGCTCGATGTC-3’
5’-GAAAGCCGAGAACTCCAACAT-3’
5’-TGTAGACCATGTAGTTGAGGTCA-3’

Knockdown of FGFR2 or YAP via siRNA

Small interfering RNA (siRNA)-involved FGFR2
or YAP knockdown experiments were performed
according to the manufacturer’s instructions. In
brief, 20 pmol of well-designed siRNA was
added into serum-free a-MEM and mixed gen-
tly. 1 ul Lipofectamine™ 2000 (ThermoFisher
SCIENTIFIC) reagent was added to another 50
ul serum-free medium. Lipofectamine™ 2000
reagent was mixed with siRNA and then added
to the cell culture medium and incubated in a
CO, incubator, followed by the subsequent
experiments.

Statistical analysis

In this study, the experimental data analysis
was conducted with SPSS 26.0 and GraphPad
Prism 8. The data were shown as the means +
SD (means * standard deviation), and one-way
analyses of variance (ANOVA) were applied.
Statistical significance was set at P<0.05.

Results

Identification and characterization of the dura
cells and osteoblasts

In our study, the morphologies of the dura cells
and osteoblasts cells were observed using
phase-contrast microscopy and displayed a
spindle-shaped “fibroblast” appearance. The
dura cells showed a strong positive reaction to
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vimentin, and the staining area was mainly
located in the cytoplasms [11]. Vimentin is
specifically expressed in fibroblasts, vascular
endothelial cells, and other cells derived from
mesenchyme. In our study, the dura cells
stained positively with anti-vimentin in the cyto-
plasms, and the osteoblasts showed positive
staining with alkaline phosphatase (Figure 1).

Verification of the dura calls infected with the
FGFR2 genes

To examine the expression of the virally induced
FGFR2 in the dura cells infected with FGFR2
point mutation genes (Dura-C278F and Dura-
C342Y), immunofluorescent staining was per-
formed in this study. The results indicated that
the expression of FGFR2 was higher in the
Dura-C278F cells and Dura-C342Y cells com-
pared with the dura cells without virally induced
FGFR2 (Figure 1).

Evaluation of the proliferative capability of the
osteoblasts co-cultured with dura cells

The effects of the FGFR2 overexpression on
the cell cycle of the osteoblasts were evaluated
using FACS (fluorescence-activated cell sort-
ing) (Figure 2). In the Oste+Dura-C278F and
Oste+Dura-C342Y groups, (43.01+0.82)% and
(44.41+1.03)% of cells were in the GO/G1
phase, (29.47+1.18)% and (28.6+£0.64)% were
in the S phase, and (27.64+0.34)% and
(27.03£1.66)% were in the G2/M phase. The
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Figure 1. Detection of the dura cells and osteoblasts, and the validation
of the virally induced FGFR2 expressions in the dura cells. A. Based on a

EdU staining was also per-
formed to evaluate the osteo-
blast proliferation. In this
assay, EdU can be used to
measure the newly synthe-
sized osteoblast DNA, double-
labeled with cell nuclear mark-
MW_J ers (DAPI) to measure the cell
proliferation rate, which could
be used for a comprehensive
analysis of the cell localization
and qualitative determination.
The results showed that the
osteoblast proliferation levels
in the Oste+Dura-C278F and
Oste+Dura-C342Y groups were
higher than they were in the
Oste and Ostet+Dura-vector
groups in terms of the qualita-
tive detection (Figure 2).

strong positive reaction to vimentin, the dura cells were positively stained

with vimentin antibodies in the cytoplasms using immunocytological de-
tection. The osteogenic differentiation was detected through ALP (alkaline
phosphatase) staining, which was a general method for osteoblast detec-
tion. B. Virally induced FGFR2 expression in the dura cells measured using
confocal microscopy, that were dura cells without virally induced FGFR2
(the wide type), dura cells with the C278F-FGFR2 mutation, and dura cells

with the C342Y-FGFR2 mutation.

percentages of the osteoblasts in the S phase
of the Oste+Dura-C278F and the Oste+Dura-
C342Y groups were higher than they were in
the Oste and Oste+Dura-vector groups (P<
0.05). Similarly, compared with the osteoblasts
in the Oste and Oste+Dura-vector groups, the
percentages of osteoblasts in the G2/M phase
of the FGFR2 overexpressed groups were also
up-regulated (P<0.05). In addition, the osteo-
blasts in the Oste+Dura-C278F and Oste+Dura-
C342Y groups had a reduction in the GO/G1
phase (P<0.05).

Based on the FACS findings, the FGFR2 overex-
pression improved the osteoblast percentages
in the S and G2/M phases. CCK-8 experiments
were further performed to examine the effects
of overexpressed FGFR2 on the proliferative
abilities of the osteoblasts co-cultured with
dura cells (Figure 2). The results indicated that
the proliferation indexes of the osteoblasts in
the Oste+Dura-C278F and the Oste+Dura-
C342Y groups were significantly higher than
they were in the Oste or Ostet+Dura-vector
groups, and they showed a time-dependent
increasing tendency.
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PCNA (Proliferating Cell Nucl-
ear Antigen), a homotrimer, is a
crucial accessory protein for
DNA polymerase 0 [12] and is
an important indicator for eval-
uating cell proliferation [13,
14]. Additionally, CDK1 and
CDK2 play a crucial role in the regulation of the
cell cycle as key proteins promoting cell prolif-
eration. According to the western blot and
RT-gPCR, PCNA results, the CDK1, and CDK2
expressions in the osteoblasts in the Oste+
Dura-C278F and Oste+Dura-C342Y groups
were significantly higher than they were in the
other two groups (Figure 3). The above results
demonstrate that FGFR2 overexpression can
up-regulate the proliferative ability of osteo-
blasts co-cultured with dura cells.

Differentiation capability evaluation of the
osteoblasts co-cultured with dura cells

ALP, RUNX2, osteopontin, and osteocalcin are
crucial indicators used to evaluate the osteo-
blast differentiation levels. In this experiment,
the expression levels of these four factors were
measured with western blot and RT-qPCR
assays. The ALP, RUNX2, osteopontin, and os-
teocalcin proteins showed higher expression
levels in the Oste+Dura-C278F and Oste+Dura-
C342Y groups than in the other groups, as
was visualized in the western blot images
(Figure 3). Further measurements were per-
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D Oste Oste+Dura-vector Oste+Dura-C278F Oste+Dura-C342Y

EdU

---- B

Figure 2. The effects of the FGFR2 overexpression on the proliferation capacities of the osteoblasts co-cultured with dura cells. A. Evaluation of the cell cycle in the
different groups using FACS. B. Different phases of the cell cycle in the Oste, Oste+Dura-vector, Oste+Dura-C278F, and Oste+Dura-C342Y groups. C. A CCK-8 assay
was further performed to evaluate the osteoblast proliferation index (day 1 to day 5). D. Representative immunofluorescence micrographs of EdU staining visually
showed the overall proliferation levels of the osteoblasts in the different groups. The red color showed the EdU positive staining of the proliferating cells, and the blue
color showed the cell nuclei stained with DAPI. The percentages of positive cells with EdU staining were: 50.2443+13.4780 (Oste), 53.6011+15.3552 (Oste+Dura-
vector), 78.8621+8.4261 (Oste+Dura-C278F), and 82.1183+14.8147 (Oste+Dura-C342Y), which had significant differences (Oste+Dura-C278F vs. Oste, P<0.05,
Oste+Dura-C342Y vs. Oste, P<0.05). The values were measured as the means + SD, "P<0.05, “*P<0.01, ""*P<0.001.
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Figure 3. The FGFR2, PCNA, CDK1, CDK2, ALP, RUNX2, Osteopontin, Osteocalcin, and Caspase3 expression levels.
A. Representative images of the western blots for PCNA, ALP, RUNX2, Osteopontin, Osteocalcin, and Caspase3 (pro-
and cleaved-caspase3). B. Densitometric analyses of the PCNA, ALP, RUNX2, Osteopontin, and Osteocalcin proteins.
C. Detection of the FGFR2, PCNA, CDK1, CDK2, ALP, RUNX2, Osteopontin and Osteocalcin mRNA were performed
using RT-gPCR. The values were measured as the means + SD, "P<0.05, *"P<0.01, **P<0.001.

formed using RT-qPCR, and the results were
consistent with western blot. The mRNA rela-
tive values of the above genes were more sig-
nificantly up-regulated in the Oste+Dura-C278F
and Oste+Dura-C342Y groups than in the other
two groups.

Mechanism analysis of the effects of the
FGFR2 overexpression in the dura cells

After binding to the FGFs ligand, FGFR2 dimer-
izes and activates the tyrosine kinase activity
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of the FGFR2 intracellular segments, transmit-
ting signals downstream through a variety of
signaling pathways, including the PI3K-AKT sig-
naling pathway, which is closely related to cell
proliferation [15, 16]. In addition, a growth inhi-
bition signaling pathway, the Hippo signaling
pathway plays a complex regulatory role in bio-
logical processes such as cell proliferation, dif-
ferentiation, and senescence.

In this study, the LATS2, p-YAP, YAP, TEADs1-4,
p-PI3K, AKT1, and p-AKT1l expressions were
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quantified and analyzed using western blot and
RT-gPCR. Compared with of the Oste and
Oste+Dura-vector groups, the YAP, TEADs1-4,
p-PI3K, and p-AKT1 proteins were expressed at
higher levels in the Oste+Dura-C278F and
Oste+Dura-C342Y groups, but the LATS2 and
p-YAP expressions were lower in these two
groups (Figure 4). The AKT1 expression was
not significantly different in the four groups.
The results demonstrated that FGFR2 overex-
pression is closely related to the upregulation
of the key genes in the Hippo/YAP-PI3K-AKT
pathway that improve the osteoblast prolifera-
tion levels.

YAP-siRNA in osteoblasts co-cultured with dura
cells

We performed a rescue experiment with an
RNA interfering assay (YAP-siRNA) on the osteo-
blasts. The osteoblasts were co-cultured with
Dura-C278F and Dura-C342Y, respectively.
Different groups of osteoblasts with no other
treatments (Oste), with non-targeting control
siRNA (Oste+blank-vector), and with YAP-siRNA
(Oste+siRNA) were used in this experiment. The
western blot results showed that the YAP,
p-PI3K, and p-AKT1 expressions were sig-
nificantly down-regulated in the Oste+siRNA
group, compared with the Oste and Oste+blank-
vector groups (Figure 4), demonstrating that
down-expressed YAP in osteoblasts has an
inhibitory effect on the p-PI3K and p-AKT1
expressions.

The ubiquitin-proteasome pathway and YAP
degradation

Current research shows that the phosphoryla-
tion modification of YAP is one of the main post-
translational modification pathways leading to
the degradation of its activity. At the same time,
similar studies have found that ubiquitination
also participates in the modification of the YAP
protein and regulates its activity [17]. The ubig-
uitin-proteasome pathway is the main degrada-
tion process of ubiquitinated substrates. To
explore whether the proteasome plays a role in
the degradation of YAP, we introduced the pro-
teasome inhibitor MG132 to determine the YAP
expression level. Different groups of osteo-
blasts with no other treatments (Oste), non-
targeting control siRNA (Oste+blank-vector),
YAP-siRNA (Oste+siRNA), and YAP-siRNA+MG132
(Oste+siRNA+MG132) were used in this experi-
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ment. The western blot results showed that the
down-regulation of YAP expression was signifi-
cantly alleviated with the treatment of MG132
(Figure 5).

The effects of FGFR2-siRNA on the prolifera-
tion ability of osteoblasts co-cultured with dura
cells

To further explore the effects of FGFR2 overex-
pression in dura cells on the biological function
of osteoblasts in co-culture experiments, we
performed a rescue experiment with an RNA
interfering assay (FGFR2-siRNA) of the dura
cells (Dura-siRNA). RT-gPCR was used to evalu-
ate the FGFR2 expression levels in the dura
cells after the RNA interfering experiments.
Dura cells treated with no other treatments
(Dura) and cells treated with non-targeting con-
trol siRNA (Dura-control) were used in the
experiment. Then, the dura cells in the three
groups were co-cultured with osteoblasts,
respectively, and the proliferative abilities of
the osteoblasts at the different time points
and in the different groups (Oste+Dura, Oste+
Dura-control, and Oste+Dura-siRNA) were de-
tected and measured by the CCK8 experiment.
The results showed that, compared with the
Oste+Dura and Oste+Dura-control groups, the
proliferative ability of the Oste+Dura-siRNA
group was significantly inhibited, further dem-
onstrating that the FGFR2 secreted by dura
cells can promote the proliferation of co-cul-
tured osteoblasts. In addition, we conducted
western blot and RT-qPCR experiments, and
the results showed that the YAP, TEADs1-4,
p-PI3K, and p-AKT1 expressions were signifi-
cantly down-regulated in the Oste+Dura-siRNA
group, but the LATS2 and p-YAP expressions
were up-regulated (Figure 5), verifying the
underlying mechanisms of FGFR2 secreted by
the dura cells to promote the proliferative abili-
ties of the co-cultured osteoblasts.

Discussion

Crouzon syndrome is a type of syndromic cra-
niosynostosis characterized by severe cran-
iofacial deformities and caused by the prema-
ture closure of cranial sutures. This disease not
only has a serious impact on appearance but
can also lead to delayed brain development,
causing serious neurological and psychological
disorders. The gene mutation in most Crouzon
syndrome cases is closely associated with
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Figure 4. The LATS1, p-YAP, YAP, TEADs1-4, p-PI3K, AKT1, and p-AKT1 expression levels. A. Representative images
of western blots for p-YAP, YAP, p-PI3K, AKT1 and p-AKT1. B. Densitometric analyses of p-YAP, YAP, p-PI3K, AKT1 and
p-AKT1. C. The quantifications of LATS1, YAP and TEADs1-4 mRNA were performed using RT-qPCR. Rescue experi-
ments. D-G. The effects of YAP-siRNA on the expression levels of p-PI3K and p-AKT1 of the osteoblasts in different
groups. The expression levels of the YAP, p-PI3K and p-AKT1 proteins were measured and analyzed using western
blot with a densitometric analysis. Values were measured as the means + SD, "P<0.05, “"P<0.01, *"P<0.001.
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Figure 5. The effects of FGFR2-siRNA on the biological functions of the osteoblasts. A. The effects of FGFR2-siRNA on the proliferation capacities of the osteoblasts
in the different groups. B. The quantifications FGFR2, PCNA, LATS1, YAP, and TEADs1-4 mRNA were performed using RT-qPCR. C. The p-YAP, YAP, p-PI3K and p-AKT1
protein expression levels were measured and analyzed using western blot with a densitometric analysis. Studies on the degradation of YAP in the proteasome
pathway. D, E. The YAP protein expression levels were measured and analyzed using western blot with a densitometric analysis. The results are presented as the
means + SD, “P<0.05, "P<0.01, """P<0.001.
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the FGFR2 gene located on chromosome 10,
and it plays a crucial role in regulating the
growth and development of craniofacial bones
[18]. Mutations in the FGFR2 gene may reduce
the stability of the immunoglobulin structure by
affecting the conserved amino acid residues at
the edge of the Ig lll domain, leading to the
ligand-independent dimerization and activation
of multiple downstream signaling pathways
[19]. This pathological process is associated
with the pathogenesis of Crouzon syndrome.
Furthermore, most of these mutations are mis-
sense mutations, including Cys278Phe and
Cys342Tyr (C278F- and C342Y-) of the FGFR2
mutations, leading to a constitutive activation
of the signaling receptors and pathways [3, 20].

More and more studies have shown that dura
mater, the dense fibrous membrane below the
cranial bones, provides crucial regulatory sig-
nals for the physiological closure of the cranial
sutures and the growth and development of the
cranial cavity [21-23]. There is only one study
that has assessed the effects of FGFR2 point
mutation in the dura cells on the proliferation
and differentiation of osteoblasts via paracrine
[6]. In Ang’s study, immature dura cells were
transfected with lentivirus to form an FGFR2
gene mutation model, the same as the FGFR2
mutant phenotype found in patients with
Crouzon syndrome. An MTT assay showed that
the osteoblasts’ proliferation levels could be
improved by a co-culturing of the osteoblasts
and dura cells transfected with the FGFR2
mutation [6]. However, there is a tremendous
lack of knowledge of the molecular mecha-
nisms and a lack of in vitro studies evaluating
the pathological biology of dura cells and osteo-
blasts based on the Crouzon model.

The Hippo signaling pathway is a kinase chain
composed of a series of protein kinases and
transcription factors, and it plays an important
and indispensable role in the occurrence and
development of a variety of diseases [7, 24].
The Hippo pathway is widely involved in the
regulation of the physiological functions and
pathological processes of the human body,
and it acts as a “checkpoint” in the regulation
of moderate development, regeneration, and
growth [25, 26]. The key factors associated
with the Hippo pathway, such as LATS2, YAP
and TEADs1-4, interact with other signaling
pathways through different mechanisms in the
process of cell proliferation and programmed
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cell death regulation, thus forming a complex
signaling network [27]. In our preliminary ex-
periments, verteporfin, a YAP inhibitor, was
applied to osteoblasts co-cultured with C278F-
FGFR2 dura cells, and the proliferation of
osteoblasts was significantly down-regulated
compared to a control group. Therefore, we
speculated that the Hippo pathway shaped a
“traffic junction” with other signaling pathways
related to proliferation regulation in the patho-
logical process of Crouzon syndrome, including
the PIBK-AKT pathway, an important cell prolif-
eration pathway affected by FGFR2 activation.
YAP acts as a bridge of signaling communica-
tion and mediates multiple cell signals to regu-
late osteoblastic proliferation through the PI3K-
AKT pathway (Figure 6).

Our study evaluated and confirmed the theory
that the dura mater plays a crucial role in the
growth and differentiation of osteoblasts. With
FGFR2 overexpression constructs, we system-
atically studied the effects of the FGFR2 point
mutations (C278F- and C342Y-) in dura cells
on the proliferation and differentiation of co-
cultured osteoblasts. With PCNA quantifica-
tion, FACS and EdU experiments, we found that
the Crouzon (C278F- and C342Y-) mutations in
the dura cells enhanced osteoblastic prolifera-
tion in a trans-well system. Additionally, the
CCKS8 assays showed that the proliferative abil-
ities of the co-cultured osteoblasts increased
gradually as time went on. The results suggest
that the FGFR2 secreted by the dura mater
might accelerate suture fusion by increasing
the number of osteoblasts at the suture area.
Furthermore, we explored and examined the
underlying regulatory mechanisms of osteo-
blast proliferation. The PISK-AKT pathway
exerts important effects on cell proliferation,
the cell cycle, and cell metabolism, and is able
to co-regulate cell proliferation and program-
med cell death together with the Hippo/YAP
signaling pathway [28]. Studies have shown
that YAP can promote the proliferation of rat
cardiomyocytes by activating the PI3K-AKT sig-
naling pathway in vivo [29]. The protein or
MRNA expression levels of LATS2, p-YAP, YAP,
TEADs1-4, p-PI3K, AKT1 and p-AKT1 were eval-
uated in our study, and the results showed that
the YAP, TEADs1-4, p-PI3K, and p-AKT1 expres-
sion levels in the Oste+Dura-C278F and Oste+
Dura-C342Y groups were significantly incre-
ased, but the LATS2 and p-YAP expressions
were decreased, suggesting that the promotion
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Figure 6. Hippo signaling pathway. The Hippo/YAP pathway was mainly mediated by the phosphorylation levels of
multiple key proteins. As shown in the figure above, when the Hippo pathway is “OFF”, the translocation of non-
phosphorylated YAP binds to the transcription factor TEADs1-4 to form a transcription complex, which activates the
target genes including Pik3cb, promoting cell proliferation and differentiation. When the Hippo pathway is “ON”,
MST1/2 (mammalian sterile20-like kinase 1/2) is initially phosphorylated, which activates LATS1/2 and MOB1
(mps one binder kinaseactivator-like1), and further promotes YAP phosphorylation. Finally, the phosphorylated YAP

is modified by ubiquitination and degraded in the cytoplasms.

effects of FGFR2 over-secreted by the dura
cells on the osteoblast proliferation were close-
ly related to the Hippo/YAP-PI3K-AKT pathway.
When the Hippo pathway is “OFF”, the non-
phosphorylated YAP binds to the transcription
factor TEAD after nuclear translocation to form
a transcription complex, activating the relevant
target genes and promoting cell proliferation
[30]. To further verify our experimental results
and hypotheses, we conducted a rescue experi-
ment. The siRNA results showed that the
expression levels of these factors showed a
reverse tendency after the RNA interfering
assay, indicating the close interaction between
the FGFR2 expression and the key factors of
the above pathway. The ubiquitin-proteasome
system is involved in the regulation of many bio-
logical processes in eukaryotic cells [31].
Polyubiquitin chains are formed after specific
proteins are ubiquitinated [32, 33]. Proteins
with polyubiquitin chains are then recognized
by the proteasome and degraded [34]. This
experiment showed that MG132 was able
to up-regulate the expression of YAP in the
siRNA treatment group, which indicated that
the degradation of YAP might also be closely
related to the ubiquitin-proteasome degrada-
tion pathway.
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In addition, the ALP, Runx2, osteopontin, and
osteocalcin expression levels in the osteo-
blasts were up-regulated in the co-cultured
groups with FGFR2 mutations, suggesting that
the C278F- and C342Y-FGFR2 mutations were
also closely related to the osteoblast differen-
tiation. Other studies have shown that the
Hippo/YAP pathway exerted different effects
on osteogenesis [35], but the specific molecu-
lar mechanism has not been clarified. We will
also carry out further related studies to explore
and reveal the underlying mechanism.

In conclusion, the Crouzon mutations (C278F-
and C342Y-) of the dura cells alter the physio-
logical regulation from the dura mater on
osteoblasts. Our studies suggest that gain-of-
function mutations of FGFR2 in the dura cells
could enhance osteoblast proliferation and
might influence the pathogenesis of craniosyn-
ostosis by affecting the Hippo/YAP-PI3K-AKT
signaling pathway. While YAP interacts with
multiple signaling pathways, the dual regulatory
effects of YAP in different tissues make the
regulatory mechanism more complex and
complicated. Therefore, it is of great impor-
tance to further explore and elucidate the regu-
latory mechanism in the selection of therapeu-
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tic targets for different diseases, including
craniosynostosis.
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