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Abstract

Crouzon syndrome (CS), a syndromic craniosynostosis, is a craniofacial developmental deformity caused by mutations in
fibroblast growth factor receptor 2 (FGFR?2). Previous CS mouse models constructed using traditional gene editing techniques
faced issues such as low targeting efficiency, extended lineage cycles, and inconsistent and unstable phenotypes. In this study,
a CRISPR/Cas9-mediated strategy was employed to induce a functional augmentation of the Fgfr2 point mutation in mice.
Various techniques, including bone staining, micro-CT, histological methods, and behavioral experiments, were employed
to systematically examine and corroborate phenotypic disparities between mutant mice (Fgfr27/¥*) and their wild-type
littermates. Confirmed via PCR-Sanger sequencing, we successfully induced the p.Cys361Tyr missense mutation in the
Fgfr2 Illc isoform of the extracellular domain (corresponding to the p.Cys342Tyr mutation in humans) based on Fgfr2-215
transcript (ENSMUST00000122054.8). Fgfr2<35/¥+ mice exhibited characteristics consistent with the phenotypic features
associated with CS, including skull-vault craniosynostosis, skull deformity, shallow orbits accompanied by exophthalmos,
midface hypoplasia with malocclusion, and shortened skull base, notably without any apparent limb defects. Furthermore,
mutant mice displayed behavioral abnormalities encompassing deficits in learning and memory, social interaction, and
motor dysfunction, without anxiety-related disorders. Histopathological examination of the hippocampal region revealed
structural abnormalities, suggesting possible brain development impairment secondary to craniosynostosis. In conclusion,
we constructed a novel gene-edited Fgfr2“*5/¥* mice strain based on CRISPR/Cas9, which displayed skull and behavioral
abnormalities, serving as a new model for studying genetic molecular mechanisms and exploring treatments for CS.

Key messages

e CRISPR/Cas9 crafted a Crouzon model by enhancing Fgfr2-C361Y in mice.

o Fgfr2C3617* mice replicate CS phenotypes—craniosynostosis and midface anomalies.

e Mutant mice show diverse behavioral abnormalities, impacting learning and memory.

o Fgfr2C3617* mice offer a novel model for cranial suture studies and therapeutic exploration.
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Introduction

Crouzon syndrome (CS, MIM 123500) is a very rare auto-
somal dominant craniosynostosis syndrome (incidence: 16.5
per 1,000,000), associated with gain-of-function mutations
in the human fibroblast growth factor receptor 2 (FGFR?2)
gene [1]. Patients with CS exhibit distinctive craniofacial
characteristics, including premature closure of cranial
sutures, cranial bone deformities, proptosis, and midfacial
hypoplasia. Severe CS may lead to intracranial hyperten-
sion [2], upper airway respiratory disorders [3], and associ-
ated neurocognitive deficits [4—8]. Due to ethical constraints
and technical challenges, establishing genetically modified
mouse models has become a viable approach for studying
the genetic molecular mechanisms and therapies.

Previous literature reported CS mouse models included
Fgfr2C342Y/+ | FafraW290R/+ and Fofr3A38SE/+ [9_11]. Tra-
ditional methods for model construction suffer from low
targeting efficiency, prolonged lineage establishment, and
complexity in operation. The inconsistent and unstable phe-
notypes among positive mice affected the result reliability.
CRISPR/Cas9 gene editing technology, however, offers
simplicity and high efficiency, demonstrating remarkable
precision in gene targeting, enabling direct manipulation of
fertilized eggs to induce heritable changes in offspring traits,
and facilitating direct biological identification [12, 13].

Selective splicing of the extracellular IgIIl domain of FGFR2
generates distinct IIIb and IIlc isoforms [14, 15]. Gain-of-
function point mutations in the human FGFR?2 Illc isoform are
associated with CS, leading to ligand-independent constitutive
activation of FGFR2 [9, 16]. Known mutations associated with
CS include FGFR2 p.C342Y, p.C342R, p.A344A, p.Y340H,
etc., with p.C342Y being the most common mutation [17-19].
CS with acanthosis nigricans is characterized by the FGFR3
p-A391E mutation [20]. This study utilized CRISPR/Cas9 gene
editing technology to generate a novel CS model, which was
designed to express the p.Cys361Tyr missense mutation in the
Fefr2 Illc isoform (corresponding to the p.Cys342Tyr mutation
in humans) (Fig. 1a). Compared to previous CS models, we
aimed to enhance gene editing efficiency and reproducibility,
developing mutant mice with a more comprehensive and con-
sistent craniofacial phenotype, thereby laying the groundwork
for the subsequent study of cranial suture biology, model gene
modification, and therapeutic intervention.

Materials and methods
Animal models

Animal experiments were carried out with the approval of
the Ethics Committee of the Chinese Academy of Medical
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Sciences and Peking Union Medical College (Approval
No. 2023[45]), following the ARRIVE guidelines. In the
Ensembl database, the mouse Fgfr2-215 transcript, labeled
“Ensembl canonical” and “Genocode basic,” was selected
for analysis (transcript length 3323 bp, encoding 840 amino
acids, spanning 18 exons). Based on the mouse Fgfr2 gene
sequence, the CRISPR design tool (http://crispr.mit.edu/)
was used to design two highly target-specific, low off-target
effect gRNA fragments (gRNA1-2). The gRNA DNA tem-
plate sequence included the T7 promoter sequence and the
crRNA/tracrRNA constant region (Fig. 1b). Using the Preci-
sion gRNA Synthesis Kit (A29377, Thermo Fisher Scien-
tific, USA), the DNA template was assembled, followed by
in vitro transcription and purification to generate full-length
gRNA. The donor vector, containing the desired mutation
and homology arms, was custom chemically synthesized
by GenScript (GenScript Biotech, China). The location of
gRNA target sequences, PAM, and the donor DNA are illus-
trated in Fig. 1c. Subsequently, TrueCut™ Cas9 Protein v2
(A36498, Thermo Fisher Scientific, USA), along with gRNA
and the donor vector, were mixed at appropriate concentra-
tions and microinjected into C57BL/6JGpt mouse zygotes.
The zygotes were then implanted into the uteri of pseudo-
pregnant C57BL/6JGpt female mice for gestation and off-
spring production. Genomic DNA was extracted from mouse
tails 5-7 days post-birth, using the Mouse Genotyping Kit
(P520, Vazyme, China). The target region was amplified by
PCR with the following primers: F1: 5" TGCAGTTGGAAT
CTCCTGATGG-3"; R1: 5'-GCCCACTGAGTCAACAAT
TCAGC-3'. Sanger sequencing of the amplified products
was performed by Collective Pharmachem Biotechnology
Co., Ltd (Nanjing, China).

Skeletal staining

Six-week-old mice skeletons were dissected, fixed for 72
h in 95% ethanol, soaked in 1% KOH until clear bone was
evident, and then stained with Alizarin Red. After rinsing
with distilled water, the skeleton was treated with mixtures
of 20%, 50%, and 80% glycerol and 1% KOH until the soft
tissue disappeared. Finally, it was stored in pure glycerol.

Skull micro-CT

Six-week-old mice skulls were scanned using the micro-CT
system (INVEON MM GANTRY; Siemens, Germany) oper-
ating at 60 kV and 400 pA, with an effective pixel size of
20.93 um. The DICOM data were then imported into Mimics
21.0 software (Materialise, Leuven, Belgium) to generate
three-dimensional (3D) reconstruction. CT cephalometry
was performed on mutant and wild-type (WT) mice (n =
5) based on the reported biological markers of mouse skull
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Fig. 1 Construction of Crouzon mouse model based on CRISPR/
Cas9 system. a Target gene expression strategy diagram based on
mouse Fgfr2-215 (ENSMUST00000122054.8) transcript. b DNA
template sequence of gRNA and sequences of the F1 forward and
R1 reverse oligonucleotides required for synthesis. ¢ The location of
gRNA targeting sequence, PAM sequence, and donor DNA sequence
in exon 8 of mouse FGFR2-215 transcript. TMS, target mutation
site; SMS, synonymous mutation site, introduced near PAM in order
to prevent re-recognition and cleavage by the CRISPR/Cas9 sys-
tem. d Homologous sequence alignment of human FGFR2 gene and

[21-23]. The skull cavity was manually segmented using the
“Edit Masks” module in coronal, axial, and sagittal views.
The “Cavity Fill” module filled the skull cavity, saved it as
an object, and calculated intracranial volume (ICV).

Hematoxylin-eosin (HE) staining

Tissue samples were collected and fixed in 4% paraformalde-
hyde for 24 h. Bone tissues were decalcified with 10% EDTA

mouse Fgfr2 mutation model. The mutation position of bibliographic
Fgfr2C3#Y* mice was C342 (blue arrow), while the mutation posi-
tion of Fgfr2°3*'"* mice in this study was C361 (red arrow, Ensembl
database). The discrepancy may be due to the previous bibliographic
numbering being derived from the human C342Y or changes in anno-
tation numbering caused by updates in the reference database tran-
script. e Representive result of Sanger sequencing of the bands from
WT and Fgfr2¥%"* mice. The red box represents the missense
mutation. The black box represents the synonymous mutation

for 7 days. All tissues were then dehydrated, cleared, embed-
ded in paraffin, and sectioned. Sections were deparaffinized
in xylene, followed by 100%, 95%, and 70% ethanol, then
rehydrated with distilled water. After 10 min in hematoxy-
lin, sections were rinsed, examined, and differentiated with
1% hydrochloric acid alcohol until the cytoplasm was clear.
They were soaked in water for 5 min, air-dried, stained with
eosin for 1 min, washed, dehydrated through ethanol, cleared
with xylene, and mounted with PVP medium.
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Femoral growth plate measurement

Sagittal longitudinal HE sections of the femur from
6-week-old mutant and WT mice (n = 3) were scanned
and imported into ImageJ software (version 1.8.0). The
dense, translucent, and light-colored cartilage region
between the epiphysis and the diaphysis was identified
as the location of the growth plate (hypertrophic zone and
proliferating zone). The width of the cartilage zone was
measured to roughly evaluate the growth plate length. For
accuracy and reproducibility, at least three measurements
were taken in different regions and averaged.

Behavioral assays

Prior to the experiment, 10-week-old mutant and WT female
mice (n = 12) were conditioned for 3 days. At least an hour
before testing, the mice were transferred to the experimen-
tal environment. Data analysis and behavioral testing were
conducted in a genotype-blinded manner.

Novel object test

During habituation, mice were placed in an empty 30 X 40
X 30 cm? area for 5 min. They then explored two identical
objects for 10 min during familiarization. In the test phase,
mice were presented with one familiar and one new object of
different shape and size and given 5 min to explore. Interac-
tion time percentages were calculated as Tn(To)/(Tn + To)
X 100%. The preference index was calculated as (Tn-To)/
(Tn+To) X 100% where Tn (To) represents the time spent
exploring new (old) objects.

Three-chamber social interaction test

A 60 x 40 x 30 cm? area with transparent partitions creat-
ing three chambers allowed free mouse movement. Stain-
less steel cylinders were placed in the center of the left
and right chambers. During the familiarity stage (10 min),
mice roamed freely in the middle chamber. In the social
ability stage (10 min), an unfamiliar mouse (M1) matched
in strain, age, and sex was introduced into the cylinder in
the right chamber, while the left chamber’s cylinder con-
tained an object. During the new social preference phase
(10 min), another unfamiliar mouse (M2), matched simi-
larly, replaced M1 in the right chamber’s cylinder, with M1
moved to the left chamber’s cylinder. The preference index
was calculated as (T2 — T1)/(T2 + T1) X 100%, where T1
and T2 represented the time exploring old (M1) and new
(M2) acquaintances.
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Rotarod test

In the initial training phase, mice were trained to stay on
a rotating rod at a constant 5 rpm speed for 60 s. Adapta-
tion to the rod continued by gradually increasing the speed
from 5 to 15 rpm within 5 min. During the test stage, the
bar speed accelerated from 8 to 40 rpm over 5 min, and the
time until the mice fell was recorded. This test was repeated
three times.

Open field test

Mice were placed in a 40 X 40 cm? area and allowed 30
min to explore. The total distance travelled was recorded. In
three intervals, 0—10 min, 10—20 min, and 20-30 min, the
percentage of time spent in the central area (24 X 24 cm?)
was calculated.

Elevated plus maze test

A 50-cm-high elevated plus maze device consisted of four
arms, with two open and two closed. For 10 min, the mice
were allowed to roam freely in the maze, facing the open
arms. The time of mice entering the open arm within a fixed
time was recorded.

Immunohistochemistry (IHC)

Paraffin sections from coronal brain slices were baked,
deparaffinized, and hydrated. After soaking in 3% H202 for
10 min, they were blocked with serum for 30 min. Anti-
NeuN antibody (Abcam, UK, 1:3000) was incubated over-
night at 4 °C, followed by Goat Anti-Rabbit IgG (Abcam,
UK, 1:1000) incubation at 25 °C for 1 h. DAB chromogen
was applied, and color development was monitored under a
microscope. After counterstaining with hematoxylin for 3
min, sections were dehydrated and mounted. Positive DAB
staining exhibited a brown-yellow color. The images were
scanned and imported into ImageJ software. Total counts of
positive neurons were conducted separately for the CA1-4
and DG regions of the hippocampal sections from mutant
and WT mice (n = 3).

Statistical analysis

For comparisons between two groups, a two-tailed Student’s
t test was used. The qualitative variables are presented as
mean + SD. Statistical significance was set to P < 0.05. All
statistical analyses were performed using GraphPad Prism
9.4.0 software (San Diego, CA, USA).
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Results
Mouse genotype identification

Based on the mouse Fgfr2-215 transcript (ENS-
MUSTO00000122054.8, CCDS52413, Uniprot match:
E9QKS53, NCBI match: NP_034337.2), we introduced the
C361Y missense mutation in the Fgfr2 Illc isoform encoded
by exon 8 (corresponding to the human FGFR2 p.C342Y
mutation) after human-mouse protein homology alignment
(Fig. 1d). Sequence alignment showed that the gene editing
location was consistent with the C342Y mutation in exon 9
of the mouse Fgfr2 gene introduced by Eswarakumar et al.
[9] (Fig. 1d). The differences in amino acid and exon num-
bering may be related to the fact that previous bibliographic
numbering was derived from human C342Y or updates in
the selected mouse database transcript. This study used
the Fgfr2 isoform Illc precursor sequence (NP_034337.2,
CCDS52413) for CRISPR/Cas9 system design to provide
complete DNA sequence information. In the positive F1 gen-
eration mice, the corresponding ¢.1081-1083 TGC mutation
to TAC was verified by PCR-Sanger sequencing (Fig. le).

Craniofacial phenotypes of Fgfr2<6""*mice

A photograph taken 6 weeks after birth revealed that the
Fgfr2631Y+ mice were characterized by a round and short
skull deformity, facial shortening, exophthalmos, and
midface hypoplasia without apparent limb abnormalities
(Fig. 2a). In addition, gross anatomy and alizarin red skull
staining showed bilateral coronal suture closure and anterior
skull base shortening (Fig. 2b, c); coronal suture HE sections
further confirmed the closure of the coronal suture (Fig. 2d);
micro-CT 3D reconstructions of craniofacial bones showed
shallow eye orbits, maxillary retrusion, malocclusion, and
fusion of the intersphenoidal synchondrosis (ISS) in mutant
mice (Fig. 2e). Some positive heterozygotes (16.7%) exhib-
ited nasal and jaw deviations (Fig. 2e).

As shown in Fig. 3a, skull measurements based on crani-
ofacial landmarks revealed that, compared to WT mice,
Fgfr2631Y+ mice had reduced skull length (Nal-Opi) (P <
0.0001) and increased skull height (P < 0.0001), with no
significant difference in skull width (P = 0.836). The inter-
orbital distance (Ent-Ent) increased (P < 0.05), but nasal
length (Nal-Brg) and upper and lower jaw length decreased
(P < 0.05), indicating inhibited midfacial development. The
frontal bone length (Nas-Brg) significantly decreased (P <
0.001), while parietal bone length (Brg-Lam) showed no
significant difference (P = 0.051), suggesting limited com-
pensatory growth near the coronal suture. A 2D sagittal
plane constructed from Nas, Pbm, and Opi showed that the
lengths of presphenoid bone (Con-Pbm) and basisphenoid

bone (Pbm-Bom) in the anterior cranial base were shorter in
mutant mice compared to WT mice (P < 0.05). There was no
significant difference in the basioccipital length (Bom-Bas)
in the posterior cranial base (P = 0.242). ICV reconstruction
showed that mutant mice had a smaller ICV than WT mice
(P < 0.05, Fig. 3b). These findings were consistent with pre-
vious skeletal staining results, indicating restricted cranial
base and fossa development in mutant mice.

Other systemic phenotypes of Fgfr2¢""*mice

The growth curve showed that Fgfr2<95/"* mice had slower
growth, with smaller height and weight than WT littermates
starting from postnatal day 7 and a significant decrease in
body weight (Fig. 4a). Due to feeding difficulties from mal-
occlusion, the mutant mice suffered malnutrition-related
deaths, with females too weak to conceive or experiencing
miscarriages, resulting in lower lifespan and fertility com-
pared to WT mice. Lower limb HE sections revealed that
the femoral growth plate region length in mutant mice was
shorter than that in WT mice (P < 0.05, Fig. 4b). Besides,
heart HE sections showed disorganized myocardial fibers,
with localized edema and scattered lymphocyte infiltration
(Fig. 4¢); the spleen tissue displayed extensive expansion of
the germinal centers in the splenic nodules with congestion
(Fig. 4d); the brain tissue exhibited a significant number of
shrunken neurons in the CA1, CA4, and DG regions of the
hippocampus, along with reduced cell layers, disorganized
cell arrangement, hyperchromatic nuclei, blurred or absent
nucleoli, and indistinct cytoplasmic and nuclear boundaries
(Fig. 4e). IHC showed significantly fewer NeuN-labeled
neurons in the hippocampus of mutant mice than WT (P <
0.05 for CA1, CA2, CA4, DG; P < 0.001 for CA3; Fig. 4f),
indicating affected neuron maturation and development.

Behavioral study in Fgfr2<*¢""*mice

The novel object test primarily examines animals’ memory
and cognition, generally revealing that rodents explore new
objects more than familiar ones, indicating their recogni-
tion memory of previously encountered objects [24]. Com-
pared to the WT group, Fgfr2¢%/¥* mice interacted for long
duration with old objects (old objects Fgfr2¢3%1V* 5947
+ 14.98% vs WT, 45.33 + 6.26%, P < 0.01; new objects
Fgfr2C3017% 140.53 + 14.98% vs WT, 54.67 + 6.26%, P <
0.01), and the preference index was negative (Fgfr2<70/"*,
—18.95 +29.95% vs WT, 9.35 + 12.52%, P < 0.01, Fig. 5a).
The three-chamber social interaction test is primarily used to
assess social interaction ability [25]. While the control mice
showed the characteristic of rejoicing the new and loath-
ing the old, the mutant mice exhibited social laziness, as
reflected by a negative preference index (Fgfr2¢3%1V*, —9.25
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Fig.2 Craniofacial phenotypes of Fgfr235/¥* mice. a Photographs

of 6-week-old live mice. b Gross anatomy of skull bones of 6-week-
old mice. Red asterisks point to the bilateral closed coronal sutures. ¢
Transparent whole calvaria staining of 6-week-old mice. The dotted
box indicates that the anterior cranial base and midface appear shorter
in mutant mice, while the posterior cranial base appears relatively
unaffected. d HE sections of coronal suture from 6-week-old mice.

+24.56% vs WT, 18.30 + 21.19%, P < 0.01; Fig. 5b). We
employed the rotarod test to assess the motor skills [26].
While the control group successfully maintained on the rod
for the entire testing period, mutant mice were unable to
hold on until the end, with their rod-holding time (latency
to fall) decreased (P < 0.05 for testl, P < 0.01 for test2, P
< 0.001 for test3; Fig. 5c). The open field test can be used
to evaluate anxiety and motor functions [27]. Since anxious
mice tend to move at the edge of the field [28], we evaluated
the central time percentage of mutant mice and controls,
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Fgfr2 C361Y/+ WT

Scale bar: 200 um. e 3D reconstruction of 6-week-old mouse skull.
Yellow arrowheads indicate nasal deviation in Fgfr2¢*/"* mice. Red
arrowheads exhibit fusion of the intersphenoidal synchondrosis suture
(ISS), while the spheno-occipital synchondrosis suture (SOS) keeps
patent (black arrowheads) in Fgfr2¢%*'Y* mice. Blue arrowheads dis-

play maxillary retrusion and malocclusion in Fgfr2¢%/¥* mice

finding no significant difference (P = 0.1627 for testl, P =
0.0554 for test2, P = 0.3480 for test3; Fig. 5d). However,
mutant mice showed less total movement distance than the
control group (P < 0.05 for testl, P < 0.01 for test2, P <
0.05 for test3; Fig. 5d). The elevated plus maze test reflects
anxiety and panic states by inducing conflicting behaviors,
stemming from desire to explore new environments and fear
of open elevated areas [29]. There was no statistical differ-
ence in the time taken for mutant and WT mice to enter the
open arm within a fixed period (P = 0.1086, Fig. Se).
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Craniofacial Landmarks
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Fig.3 Micro-CT quantitative analysis of 6-week-old mouse skull. a
Craniofacial landmarks and CT cephalometry. Skull length: Nal-Opi;
skull width: Eur-Eur; skull height: maximum height from the vertex
of the skull to the lower edge of the auditory bulb; interorbital dis-
tance: Ent-Ent; nose length: Nal-Brg; zygomatic arch length: Apo-
Lpo; upper jaw length: the horizontal distance from Nal to Zyt; lower

Discussion

Through craniofacial phenotype verification, the Fgfr2¢30/¥+
mice exhibited brachycephaly, shallow orbits with exoph-
thalmos, and midface hypoplasia with malocclusion, which
were consistent with the phenotypic characteristics associ-
ated with CS [30]. Furthermore, the shortening of the skull
base and the reduction of the subcranial space were in line
with the measurement trends of skull base morphology and
cranial fossa growth commonly seen in patients with CS [31,
32]. This affirmed the comparability of this mouse model to
human CS.

CT cephalometry

Intra-cranial volume

480 -
460- -
£ 440
=
£
S 420 ==
o
>
400-
380 T T

Fgfr2C361Y/+ WT

jaw length: the horizontal distance from Inf to Goc; frontal bone
length: Nas-Brg; parietal bone length: Brg-Lam; presphenoid bone
length: Con-Pbm; basisphenoid bone length: Pbm-Bom; basioccipital
bone length: Bom-Bas. b ICV reconstruction and measurement. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant

Different from previous CS mouse models (Fgfr23#2Y+,
Fgfr2W?9R*) where significant variability existed among
individuals in the types and degree of suture fusion [10,
22], Fgfr293%"Y* mice primarily exhibited fusion of the
bilateral coronal sutures. Besides, midfacial development
and malocclusion were more pronounced compared to
Fgfr2"2°"* mice [10]. With the high specificity and preci-
sion of CRISPR/Cas9 technology, mutant mice exhibited
more comprehensive and consistent craniofacial phenotypes,
aiding in the precise delineation of mutation-affected crani-
ofacial regions. Additionally, the strain background of mice
could influence phenotypes [33]. Previous models often
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Fig.4 Other systemic phenotypes of Fgfr2*5/¥* mice. a Photos and
curves of mouse growth and development. *P < 0.05, **P < 0.01,
kP < (0.001, ****P < 0.0001. b HE sections of femur tissue from
6-week-old mice. The black arrows indicate the growth plate region
(hypertrophic zone and proliferating zone). Scale bar: 500 um, 200
um. *P < 0.05. ¢ HE sections of heart tissue from 6-week-old mice.
Red arrow indicates disordered muscle fiber arrangement. Blue arrow
indicates a loose arrangement of connective tissue. Purple arrow indi-

involved crosses between different strains, but this study
used C57BL/6JGpt mice from a single strain to clearly delin-
eate the phenotypic effects of the Fgfr2 p.C361Y mutation in
a uniform genetic background. Despite some limitations in
generalizability, this provided crucial insights for subsequent
mechanistic investigations.
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cates scattered lymphocyte infiltration. Scale bar: 1000 pm, 50 pum.
d HE sections of spleen tissue from 6-week-old mice. Black arrow
indicates extensive expansion of the germinal centers in the splenic
nodules with congestion. Scale bar: 1000 um, 50 um. e HE sections
of brain tissue from 6-week-old mice. Black arrows indicate shrunken
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The Fgfr2¢3"Y* mice did not exhibit finger or toe
deformities, unlike the syndactyly observed in Apert
Fgfr2P?33R* mice [34]. Histopathological examination
revealed shortened long bone growth plates, distinct from the
pronounced limb shortening observed in Apert Fgfr25222W/+

mice [35], with the possibility of feeding difficulties leading
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to malnutrition not being ruled out. Additionally, exploration
of other systemic phenotypes suggested potential abnormali-
ties in heart and spleen tissues in Fgfr2¢/Y* mice, which
are not commonly observed in human CS phenotypes. Con-
sidering the growth curves of the mutant mice, we specu-
lated that the feeding difficulties and malnutrition were also
closely related.

CS is generally less prone to mental retardation, but
severe intracranial hypertension can still impact brain and
neurocognitive development in patients [5, 36-38]. Fer-
nandes et al. reported that patients scored at the lower end
of the average range for oral, performance, and full-scale IQ
[37]; Maximino et al. reported that 50% of ten patients had
poor academic performance, 30% had learning disabilities,
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ing old (M1) and new (M2) friends, respectively. ¢ Rotarod test. Per-
formance was recorded as time on the rotarod. d Open field test. The
proportion of time spent in the center area and total distances were
measured. e High plus maze test. The time entering the open arm
within a fixed time was recorded. *P < 0.05, **P < 0.01, ***P <
0.001; NS, not significant

and 30% had CNS abnormalities [38]; Cohn et al. observed
negative effects on social adaptation, occupation, and rela-
tionships in two non-surgical patients with CS [5]. Mouse
behavioral assays mimicking human symptoms have been
developed to assess mutation consequences and evaluate
potential preclinical treatments [39—41]. Currently, aside
from a few other syndromic craniosynostosis mouse mod-
els reporting related brain dysfunctions (i.e., Twist] ™~ [42],
Fgfr3M38EH (111, Fgfr2P??W* and Fgfr2P?33** [43)), there
is a significant lack of neurocognitive studies on Fgfr2
mutant CS mouse models.

Studies have revealed the hippocampus as a key hub
for cognitive functions, encompassing episodic memory
and spatial navigation [44]. Fgfr2¢5""* mice displayed
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learning and memory deficits, impaired social interaction,
as well as motor dysfunction, without anxiety-related dis-
orders. Brain tissue sections confirmed that the morphol-
ogy and maturation of partial neurons in the hippocampus
region were impaired. Yu et al. found similar hippocampus-
dependent cognitive deficits in TwistI*/~ mice, but they
displayed normal motor strength in open field test [42].
Cornille et al. reported that Fgfr3*35E* mice showed more
severe impairments in episodic memory without locomotor
or anxiety-related issues [11]. These differences could be
related to the varying severity of craniofacial phenotypes.
Fgfr263%1Y+ mice exhibited more pronounced midface and
occlusal abnormalities, and feeding difficulties could lead
to malnutrition, affecting their motor abilities. Species-spe-
cific differences in brain composition, as well as the lower
adaptability and plasticity of the mouse brain compared to
humans, could render it more vulnerable to the impacts of
craniosynostosis. Combined with the observed reduction in
ICV in Fgfr2®3"Y* mice, we hypothesize that the observed
behavioral and brain abnormalities are primarily second-
ary to craniofacial deformities. This aligns with Yu et al.’s
hypothesis that neurocognitive deficits in Twist/*~ mice
are mediated by increased ICP, differing from Apert mice
where the brain phenotype was primarily due to initial brain
malformations [43].

Due to the shortcomings and complications of surgical
treatment, prospective treatments based on drugs targeting
FGFR2 or its downstream signaling molecules, bioactive
molecules, and stem cell tissue engineering have received
extensive attention [8, 42, 45]. The synchondroses formed
by endochondral ossification at the skull base are important
growth centers for the neurocranium, and their abnormalities
can affect the development of adjacent craniofacial bones
[46]. We observed ossification fusion of the skull base ISS
in Fgfr2¢3%Y* mice, shortening of the presphenoid and
basisphenoid bone length, and significant midface maxil-
lary retrusion and malocclusion deformities, suggesting that
ISS might be an important potential target for early inter-
vention. Behavioral tests on Fgfr2*/Y* mice could assess
the impact of craniosynostosis and its correction on brain
development, offering a comparative therapeutic index for
future research. This model could also serve as a long-term
pharmacokinetic tool to identify effective drugs. Further uti-
lization of CRISPR/Cas9 gene editing tools to repair muta-
tions lays the groundwork for gene therapy. Simulating sur-
gical intervention timing and outcomes in Fgfr2<*%/Y* mice
allows for evaluating long-term results and complications,
providing insights for human surgical practices.

Limitations of this study include the biological and
genetic diversity differences between mice and humans,
which present certain constraints and obstacles in model
translation. There are significant differences in brain devel-
opment between humans and mice, so caution should be

@ Springer

exercised when extrapolating behavioral research results to
humans, despite the value of early research findings. Sec-
ondly, the initial CS model mouse group was small, and
there was a lack of phenotypic data for homozygous off-
spring. Adult female Fgfr2¥Y* mice struggled to conceive
due to their weakened state. We have been actively work-
ing to improve the lifespan and fertility ability of deformed
mice. Lastly, animal disease models using CRISPR-Cas9
have unique pros and cons compared to previous models.
This study provides one possibility to increase the diversity
of research designs.

Conclusions

In this study, we established a novel, stable, and efficient
mouse strain, Fgfr2C361Y/+, using the CRISPR/Cas9 sys-
tem. Fgfr2C31Y+ mice showed CS-associated phenotypic
features: skull-vault craniosynostosis, brachycephaly, shal-
low orbits with exophthalmos, midface hypoplasia causing
malocclusion, and a shortened skull base, without apparent
limb defects. Mutant mice also exhibited behavioral abnor-
malities, including learning and memory deficits, impaired
social interaction, and motor dysfunction. Structural anoma-
lies in the hippocampus suggested impaired brain develop-
ment. In future research endeavors, there is an aspiration
to conduct thorough investigations into the cranial suture
pathophysiology and molecular mechanisms of CS through
the development of Fgfr2¢35/Y* mouse models. This will
involve discovering therapeutic targets to advance treatment
methods and expedite drug development.
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