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Background.  – Various  animal  models  mimicking  craniosynostosis  have  been  developed,  using mutant
zebrafish  and  mouse.  The  aim  of  this  paper  is to review  the  different  animal  models  for  syndromic  cran-
iosynostosis  and analyze  what  insights  they  have  provided  in  our  understanding  of  the  pathophysiology
of  these  conditions.
Material  and methods.  –  The  relevant  literature  for  animal  models  of craniosynostosis  was  reviewed.
Results.  – Although  few  studies  on craniosynostosis  using  zebrafish  were  published,  this  model  appears
useful  in  studying  the  suture  formation  mechanisms  conserved  across  vertebrates.  Conversely,  several
mouse  models  have  been  generated  for the  most  common  syndromic  craniosynostoses,  associated  with
mutations  in  FGFR1,  FGFR2,  FGFR3  and  TWIST  genes  and also in  MSX2,  EFFNA,  GLI3,  FREM1,  FGF3/4  genes.
uture
kull growth

The  mouse  models  have  also  been  used  to test  pharmacological  treatments  to restore  craniofacial  growth.
Conclusions.  – Several  zebrafish  and  mouse  models  have  been  developed  in  recent  decades.  These ani-
mal  models  have  been  helpful  for our  understanding  of  normal  and  pathological  craniofacial  growth.
Mouse  models  mimicking  craniosynostoses  can be  easily  used  for the  screening  of  drugs  as  therapeutic
candidates.

©  2019  Elsevier  Masson  SAS. All  rights  reserved.
. Introduction

The mouse and zebrafish genomes have been well known
or two decades and demonstrate great similarity to the human
enome. Various genetic tools allow manipulation of both ani-
al  genomes with high accuracy, to delete, add or replace specific

equences so as to produce several types of mutation and modulate
ene expression and function. Despite differences in cell iden-
ity and timing during organogenesis, these two species possess

 cranial vault the organization of which is analogous to humans.

kull development is a complex dynamic process involving multi-
le components: the various ossification centers of the head grow
uring embryonic life and form multiple membranous flat bones.
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028-3770/© 2019 Elsevier Masson SAS. All rights reserved.
The bones end up reaching each other and forming a connecting
fibrous junction or suture that maintains a separation and allows
smooth deformation during the growth of the brain and skull. Cran-
iosynostosis occurs when maintenance of this borderline fails and
a bony bridge forms between the two bones, causing premature
suture fusion. Syndromic craniosynostosis is often associated with
single-point mutation in specific genes. Among the most frequently
mutated genes are the FGFR1-3 and TWIST genes.

Mouse and zebrafish models have been helpful in understand-
ing the complex pathophysiology of craniosynostosis. These animal
models are useful not only for our knowledge of the condition
but also to develop new therapeutic approaches. The current
treatment of craniosynostosis is almost exclusively surgical and
consists in reshaping the skull while removing the fused sutures by
osteotomies. Because these surgeries are associated with morbidity
and mortality, and successive craniofacial procedures are needed
to reshape the face and skull of the child, especially in syndromic

cases, pharmacological approaches are a promising therapeutic
alternative.

https://doi.org/10.1016/j.neuchi.2019.09.010
http://www.sciencedirect.com/science/journal/00283770
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuchi.2019.09.010&domain=pdf
mailto:federico.dirocco@chu-lyon.fr
mailto:laurence.legeai-mallet@inserm.fr
https://doi.org/10.1016/j.neuchi.2019.09.010


chirur

2

c
m

3

m
o

4

4

i
o
P
H
t
a
f
a
s
a
s
d
b
a
b
r
b
w
s
o
o
f
F
fi

w
d
i
s
a
C
e

4
F

u
S
A
n
I
f

H
s
p
c

M. Cornille et al. / Neuro

. Material and methods

A literature search for relevant studies on animal models of
raniosynostosis was performed, focusing on zebrafish and mouse
odels.

. Results

Several zebrafish and mouse models have been reported. The
ost relevant mouse models, exhibiting FGFR-related craniosyn-

stoses mimicking human pathologies, are summarized in Table 1.

. Mouse models of craniosynostosis

.1. Mouse model mimicking Pfeiffer syndrome (Fgfr1P250R/+)

Zhou et al. generated a mouse model for Pfeiffer syndrome by
nserting the P250R mutation in the murine Fgfr1 gene using homol-
gous recombination [1]. This mutation corresponds to the human
ro252Arg mutation causing the mild form of Pfeiffer syndrome.
eterozygous Fgfr1P250R/+ animals presented normal skull struc-

ure at birth, but quickly (postnatal day 3) developed craniofacial
nomalies and smaller size. At postnatal day 21 days, they showed
usion of the coronal, frontal and sagittal sutures. The skulls of these
nimals presented facial asymmetry, with a shortened and dome-
haped neurocranium. Hypertelorism and midface hypoplasia were
lso observed in several animals. However, Fgfr1P250R/+ did not
how skull base anomalies. Homozygous Fgfr1P250R/P250R animals
isplayed a similar phenotype to the heterozygous Fgfr1P250R/+,
ut with smaller body size. Neither Fgfr1P250R/+ or Fgfr1P250R/P250R

nimals exhibited anomalies of the growth plate in the long
ones. Calvaria analysis of Fgfr1P250R/+ and Fgfr1P250R/P250R mice
evealed advanced bone mineralization at 7 days of age and
oth pre-osteoblast proliferation and osteoblast differentiation
ere increased in their cranial sutures. Differentiated osteoblasts

howed increased expression of bone sialoprotein, osteocalcin and
steopontin. Mutant osteoblasts also showed higher expression
f osteoblast differentiation activator core binding transcription
actor � subunit 1 (CBFA1). In vitro studies then revealed that
gfr1P250R/+ induced increased expression of CBFA1 in murine
broblasts in response to Fgf2 ligand.

This model presents a strong craniofacial phenotype consistent
ith the human pathology. It is interesting to note that endochon-
ral ossification does not seem to be affected by the mutation

n either long bones or skull base. Membranous ossification is
everely affected, with disruption of proliferation and differenti-
tion of osteoblasts in the calvaria. The increased expression of
BFA1 detected in presence of the mutation suggests that it plays an
ssential mediating role in the pathophysiology of this syndrome.

.2. Mouse models mimicking Apert syndrome (Fgfr2S252W/+ and
gfr2P253R/+)

The mouse model for Apert syndrome was generated by ubiq-
itous expression of the Ser252Trp mutation in Fgfr2 murine gene.
er252Trp mutation is the most frequent mutation associated with
pert syndrome. It is located in the linker region of the protein, con-
ecting the extracellular immunoglobulin II and immunoglobulin

II domains for recognition of the ligand. It causes increased affinity
or FGFR2 ligands and impaired binding specificity.

Fgfr2S252W/+ mice present a phenotype of variable severity [2].

owever, all animals showed a smaller size at birth and presented

ignificantly shorter naso-anal length in later stages. No limb or
aw abnormalities were found. However, they showed craniofa-
ial abnormalities, with dome-shaped skulls, midface hypoplasia,
gie 65 (2019) 202–209 203

malocclusion, and wide-spaced eyes. In the skull base, mutant new-
borns presented reduced presphenoid bone length. There were no
strong anomalies in the growth plate of Fgfr2S252W/+ long bones,
suggesting that their reduced size may  not be due to major disrup-
tion in endochondral ossification processes.

Craniosynostoses were noticeable mostly in coronal sutures,
with significant overlapping between frontal and parietal
bones and premature suture closure at embryonic stage E18.5.
Fgfr2S252W/+ mice calvaria also presented thinner bone. Closer
examination of osteoblasts in newborn coronal sutures did not
show alteration of proliferation and differentiation processes, as
was observed in the Fgfr1P250R/+ mouse model. However, increased
levels of apoptosis were detected, providing a probable cause for
the reduced bone thickness.

This model, while not mimicking the long bone phenotype
observed in Apert syndrome, showed a strong craniofacial pheno-
type. The craniosynostosis observed in coronal sutures in presence
of the equivalent human mutation makes it a good model for study-
ing this syndrome.

Another model for Apert syndrome was created by insert-
ing the Pro253Arg mutation into the Fgfr2 murine gene [3]. This
mutation is found in one-third of patients with Apert syndrome.
Fgfr2P253R/+ mice presented reduced size and brachycephaly. A
third of the animals died before 20 days of age. Differently from
Fgfr2S252W/+ mice, syndactyly was present in several animals. Cran-
iofacial phenotype featured a dome-shaped skull, wide-spaced eyes
and midface hypoplasia with malocclusion of the teeth. A morpho-
metric approach showed disproportion of the nasal and frontal
bones and increased skull width. Fusion of coronal sutures was
observed at 3 weeks of ages. Accelerated ossification and increased
expression of osteoblast differentiation markers (CBFA1, osteo-
pontin, osteocalcin) were observed in the calvaria of Fgfr2P253R/+

animals. In accordance with the reduced body size of Fgfr2P253R/+

animals, endochondral ossification was  also affected by the muta-
tion. The skull base was shortened in Fgfr2P253R/+ mice, while the
growth of secondary ossification and growth plate in long bones
were delayed. The growth plate presented a decrease in prolifer-
ating cell number and in collagen X expression in hypertrophic
chondrocytes. Bone-marrow cells from Fgfr2P253R/+ mice presented
overactivation of extracellular signal-regulated kinase 1/2 (Erk1/2).
This kinase is part of the MAPK signaling pathway downstream of
Fgfr2.

Yin L. et al. then performed ex-vivo cultures of calvaria and
femurs of Fgfr2P253R/+ embryos that they treated with the MEK1/2
inhibitor, PD98059. Reduced coronal suture fusion and increased
femur length were observed after treatment with this inhibitor,
showing the mediating role of the MAPK pathway in the mouse
phenotype.

The Fgfr2P253R/+ mouse model presents an interesting pheno-
type compared with the manifestations of the syndrome in humans.
While presenting a severe craniofacial phenotype, it also presents
syndactyly and shortening of long bones, as frequently observed
in patients carrying the Fgfr2 Pro253Arg mutation, showing the
important role of Fgfr2 in both endochondral and membranous
ossification processes. The phenotypic rescue observed with the
Erk1/2 inhibitor not only enables the molecular effect of the muta-
tion on Fgfr2 downstream signaling pathway to be deciphered, but
also provides an interesting example of a drug-mediated strategy
for treating syndromic craniosynostosis.

4.3. Mouse models mimicking Crouzon syndrome (Fgfr2C342Y/+

and Fgfr2W290R/+)
The first mouse model for Crouzon syndrome was  generated
by inserting the Cys342Tyr mutation, frequently found in human
Crouzon and Pfeiffer syndromes, into the murine Fgfr2 gene thanks
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Table 1
Synopsis of the most common craniosynostosis mouse models.

Mouse model Syndrome Affected sutures Cranial features Facial features Skull base features Other features References

Fgfr1P250R/+ Pfeiffer Coronal, frontal, sagittal Short and
dome-shaped skull

Snout deviation,
hypertelorism, midface
hypoplasia, malocclusion

– Decreased body size Zhou et al., 2000

Fgfr2S252W/+ Apert Coronal, delayed sagittal Dome-shaped skull Snout deviation,
hypertelorism, midface
hypoplasia, malocclusion

Short presphenoid
bone

Decreased body size Chen et al., 2003

Fgfr2P253R/+ Apert Coronal, delayed posterior
frontal

Dome-shaped skull,
brachycephaly

Snout deviation,
hypertelorism, midface
hypoplasia, malocclusion

Retarded growth Decreased body size,
retarded long-bone
growth

Yin et al., 2007

Fgfr2C342Y/+ Crouzon Coronal, sagittal, lambdoid Dome-shaped skull Snout deviation, short face,
hypertelorism, malocclusion

– – Eswarakumar et al.,
2004

Fgfr2W290R/+ Crouzon Coronal, lambdoid Dome-shaped skull Snout deviation, midface
hypoplasia, malocclusion

Presphenoid bone
absent, basiphenoid
dysmorphia

Decreased body size Mai  et al. 2010

Fgfr2Y394C/+ Beare-Stevenson Coronal, lambdoid,
zygomaxillary,
frontomaxillary,
frontonasal,
premaxillary-maxillary,
intermaxillary

Dome-shaped skull,
brachycephaly

Midface hypoplasia,
malocclusion

Reduced sphenoid
width

Decreased body size Wang et al., 2012

Fgfr3P244R/+ Muenke Coronal,
premaxillary-maxillary

Dome-shaped skull Snout deviation, malocclusion Premature fusion of
intersphnoidal and
sphenooccipital
synchondrosis

Slightly decreased
body size

Laurita et al., 2011,
Twigg et al., 2009
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o Cre recombinase under the control of PGK promoter [4]. The
ys342Tyr mutation is located in exon 9 of the gene and only
ffects the Fgfr2IIIc isoform. Heterozygous Fgfr2C342Y/+ mice were
iable and fertile while Fgfr2C342Y/C342Y animals died shortly after
irth. Fgfr2C342Y/+ mice presented shortened face and skewed snout,
ulging eyes and dome-shaped skull. Frontal and parietal bone
verlapped in E16.5 embryos, leading to coronal suture fusion in
dult animals. Shortening of the sphenoid part of the skull base and
eduction of maxillary bone with missing molar also accounted for
his facial shortening.

Homozygous Fgfr2C342Y/C342Y mice presented a similar but more
evere phenotype, with cleft palate closure failure and thickened
kull base. Homozygous animals also presented an appendicular
nd axial phenotype, with shorter and thicker bones. Bony bridges
ere found in knee joints, with fusion of vertebrae. In addition,

gfr2C342Y/C342Y mice presented defective development of tracheal
artilage and lungs, explaining the early lethality.

Eswarakumar et al. then looked at osteogenesis and chon-
rogenesis. Significantly increased expression of osteopontin and
bfa1 was found in calvaria of E18.5 Fgfr2C342Y/+ and Fgfr2C342Y/C342Y

mbryos. This correlated with increased proliferation of osteopro-
enitors in the skull vault at early stages and in long bones. In
ontrast, expression of the genes related to chondrogenesis was
ot modified in the long bones of Fgfr2C342Y/+ and Fgfr2C342Y/C342Y

ewborns.
These results suggest that endochondral and intramembranous

ssification processes are affected differently by the mutation dur-
ng embryonic development. Fgfr2C342Y/+ mice, while mimicking all
mportant features of Crouzon syndrome, highlighted an early role
f Fgfr2IIIc signaling in osteoblast proliferation and a different role
n chondrocyte and osteoblast lineages.

Another mouse model for Crouzon syndrome was  generated
y N-ethyl-N-nitrosourea (ENU) mutagenesis screen. Animals het-
rozygous for Fgfr2W290R/+ mutation were obtained and bred to
enerate WT,  Fgfr2W290R/+ and Fgfr2W290R/W290R animals [5]. This
utation has been identified in many patients affected by Crouzon

yndrome or Pfeiffer syndrome. Unlike the Fgfr2C342Y mutation,
hich affects only the IIIc isoform, this mutation is located in both

IIb and IIIc isoforms of Fgfr2. While Fgfr2 expression was normal
n heterozygous animals, increased expression was  found in both
soforms in homozygous animals. Consistent with studies of molec-
lar effects of the Fgfr2W290R mutation, increased activation of the
rk1/2 pathway was found in Fgfr2W290R/W290R animals.

Fgfr2W290R/+ heterozygote animals presented craniofacial mal-
ormations aggravating with age, with short snout, dome-shaped
kull and malocclusion of the incisors. Fusion of coronal and lamb-
oid sutures could be observed in young animals.

Homozygous Fgfr2W290R/W290R animals, however, died at post-
atal day 1, showing severe craniofacial ossification retardation,
nd reduced cranial bones with reduced osteoblast differentiation.
dditionally, Fgfr2W290R/W290R animals presented organ agenesis

ncompatible with life: no development of limbs or teeth, missing
acrimal and submandibular glands, and atrophied gastrointestinal
ract and lungs.

Endochondral ossification was disrupted in both Fgfr2W290R/+

nd Fgfr2W290R/W290R animals, with dysmorphia of the skull base,
hickened nasal septum cartilage and abnormal sternum cartilage.
gfr2W290R/W290R animals also featured fused zygomatic arches and
usion of vertebrae.

The strong phenotype observed on homozygous animals can
e explained by the effect of the mutation on both isoforms,
hile previous Fgfr2C342Y/+ mice featured the modification of only
ne isoform. Interestingly, the phenotype observed in heterozy-
ous animals can be associated with phenotypic traits found
n Crouzon syndrome patients, while the homozygous pheno-
ype is similar to observations in Pfeiffer syndrome: tracheal and
gie 65 (2019) 202–209 205

visceral abnormalities, ankyloses of vertebral bodies. This finding
highlights the strong clinical relevance of this model for under-
standing the role of Fgfr2 in development and bone organogenesis.

4.4. Mouse model mimicking Beare-Stevenson syndrome
(Fgfr2Y394C/+)

A mouse model of Beare-Stevenson syndrome with cutis gyrata
syndrome was generated to better understand the cellular and
molecular pathogenesis of the syndrome by ubiquitous insertion
of the Tyr394Cys mutation into the Fgfr2 murine gene. Fgfr2Y394C/+

animals displayed reduced growth and death by 2 weeks of age
[6]. They presented premature fusion of coronal, zygomatic and
squamosal sutures, midface hypoplasia and brachycephalic skull.
Fusion of sternebral bones and enlarged umbilical stump were also
observed. Coronal suture synostosis could be observed at E17.5,
presenting an irregular osteogenic front, decreased cell prolifera-
tion and increased expression of osteoblast differentiation marker
Runx2 and alkaline phosphatase between the osteogenic fronts. The
skin phenotype of Fgfr2Y394C/+ mice featured cutis gyrata, epidermal
acanthosis and papillomatosis, with significantly thicker epidermis
than in wild-type. Epidermal cell proliferation and epidermal dif-
ferentiation markers were elevated. In contrast, apoptotic markers
were decreased in Fgfr2Y394C/+.

In vitro studies of Fgfr2Y394C then revealed constitutive ligand-
independent overactivation of the receptor and of its downstream
MAPK p38 pathway. Thus, in utero treatment of Fgfr2Y394C/+ ani-
mals with p38 inhibitor SB203580 improved the skin phenotype,
produced a minor effect on the craniofacial phenotype and did not
improve the survival rate.

This mouse model presents a strong phenotype consistent
with the craniofacial and skin phenotype observed in patients
with Beare-Stevenson syndrome. Interestingly, the model dis-
played decreased osteoblast proliferation, while differentiation
was increased. These results can be contrasted to previous Fgfr
mouse models, where both mechanisms were increased, and sug-
gest a complex involvement of both processes in suture fusion.

4.5. Mouse model mimicking Muenke syndrome (Fgfr3P244R/+)

The mouse model for Muenke syndrome was  generated using a
Cre-LoxP system. Murine exon 7 of Fgfr3 containing the Pro244Arg
mutation, homologous to the human Pro250Arg mutation, was
inserted into the gene with two LoxP sites by crossover [7,8].
The resulting mice were then crossed with mice expressing Cre
recombinase under Gata1 promoter. The phenotype of Fgfr3P244R/+

heterozygotes and Fgfr3P244R/P244R homozygous animals was  vari-
able, depending on genetic background and sex. While the first
mutants were from a mixed background, the analyzed animals
were generated by backcrossing into congenic lines. Only a minor-
ity of Fgfr3P244R/+ animals presented craniofacial abnormalities,
while penetrance was  notably increased in homozygous mice.
Interestingly, the sex bias observed in patients was  reversed in
Fgfr3P244R/+ and Fgfr3P244R/P244R mice, with no heterozygous females
affected, and 100% of homozygous males affected. The craniofa-
cial phenotype was variable, with rounding of the skull, skewing of
the snout and malocclusion of incisors and molars. Coronal syn-
ostosis was  observed in only 2 animals, which do not allow it
to be determined as the cause of the observed craniofacial vari-
ations. Fusion of zygomatic bone and synostosis of the ipsilateral
premaxillary suture were, however, observed in mutant animals,
associated with skewing of the snout. Additionally, analysis of the

skull base of Fgfr3P244R/+ mutant mice showed a premature clo-
sure of intersphenoidal and spheno-occipital synchondroses in a
large number of animals at 3 weeks of age. This premature clo-
sure was correlated with malocclusion of incisors and molars.
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recise histological analysis of these synchondroses demonstrated
bnormal endochondral ossification, with reduced chondrocyte
ifferentiation and primary bone spongiosa, and accelerated sec-
ndary and perichondrial ossification, leading to the formation
f bony bridges. This skull base phenotype can be related to the
eduction in skull base length observed in patients. Furthermore,
nalysis of the temporomandibular joint of Fgfr3P244R/+ mutant mice
ound delayed development of the condylar head. As in skull-base
ynchondroses, reduced chondrocyte proliferation and differenti-
tion were observed after 3 weeks of age, with reduced primary
one spongiosa. Moreover, condylar cartilage presented arthritic
eatures and all Fgfr3P244R/+ mice presented low-frequency sen-
orineural hearing loss. Deep examination of the inner ear found
n excess of pillar cells throughout the cochlear duct, suggesting an
ssential role of the Fgfr3 signaling in inner-ear development. This
henotype is relevant, as hearing loss affects a large proportion of
uenke patients.
Unlike the craniofacial phenotype, no long-bone phenotype was

bserved in Fgfr3P244R/+ mice, although heterozygous and homozy-
ous animals presented reduction in femoral head and cortical head
one mineral density.

Interestingly, this model for Muenke syndrome showed a phe-
otype with low penetrance. Moreover, the sex bias was  reversed
ompared to humans, with males more severely affected than
emales. The lower severity of the craniofacial phenotype of
gfr3P244R/+ mice in comparison to previously cited mouse models
or Fgfr1- and Fgfr2-related craniosynostosis supports the idea that
gfr3 plays a later and more subtle role in membrane ossification
nd osteoblast maturation in mice.

.6. Mouse model mimicking Saethre-Chotzen syndrome
Twist−/−)

Because TWIST haploinsufficiency leads to Saethre-Chotzen
yndrome, the mouse model proposed for this syndrome is a
wist+/− heterozygous mouse [9]. Several studies have evaluated
he Twist+/− Saethre-Chotzen mouse model at various ages and
ocusing on different parameters [10–12]. Homozygous Twist-null

ice present a lethal embryonic phenotype. Embryo and new-born
tudies reported extra toes on one or both hindfeet in Twist+/−

eterozygotes and minor defects in several bones of the calvaria
squamosal, interparietal, and supraoccipital). From P9 to P13,
hese mice showed an abnormal coronal suture closure process
hat has been shown to be governed by endochondral ossification.
oronal suture fusion is not the only defect in the skull of Twist+/−

ice, which also mice present a limited regenerative capacity of the
ranial vault (analyzed on a resynostostosis model) and anomalies
n the development of the skull base. Accelerated spheno-occipital
ynchondrosis tether formation has been reported in Twist+/− mice.
owever, this anomaly occurs at P25-P30, well after normal coro-
al suture fusion time. For this reason, it is unlikely that the
bserved skull base defects are responsible for the coronal fusion.
he Saethre-Chotzen syndrome mouse model presents incomplete
enetrance and variable expressivity, and noteworthy that this has
lso been reported in human patients.

Another mouse model exists using Twist 1, based on the find-
ng, in a cohort of patients presenting isolated sagittal and coronal
raniosynostosis, of 1 case with an isolated sagittal synostosis due
o a novel mutation in Twist1 box: Ser188Leu. [13]. The homolo-
ous Serine in Twist1 is mutated in a mouse model called Charlie
haplin (CC). CC mice were generated through ENU mutagenesis.
C/+ mice harbor the heterozygous single amino acid substitution

utation Ser192Pro in the Twist box of Twist1. The phenotype

f this model, however, includes single sagittal stenosis. The mice
resent hindlimb polydactyly and anomalies of sagittal, coronal and

ambdoidal sutures. However, the CC mouse phenotype is variable,
gie 65 (2019) 202–209

with 50% of the animals presenting polydactyly in both hindlimbs.
The large majority of the analyzed CC/+ mice (94%) showed coronal
synostosis at P10.

The model was  presented in a study highlighting the inhibitory
role of Twist proteins toward Runx2 and their necessary inhibi-
tion to determine osteoblast differentiation [14]. However, since
the mouse model does not present an isolated single-suture fusion,
but sagittal, coronal and lambdoidal suture irregularities at the
same time, the CC model is far from ideal to study isolated sagittal
synostosis.

4.7. Mouse model mimicking Boston-type craniosynostosis (Msx2
transgenic)

Two mouse lineages express the Msx2 mutation Pro7His, also
observed in Boston-type craniosynostosis patients, under two dif-
ferent promoters: TIMP1 and CMV  (ubiquitous promoters) [15].
The third model overexpresses the wild-type form of Msx  (CMV
promoter). All three models present premature fusion of sagittal,
coronal and lambdoidal sutures from P1 with variable expressivity.
With these results, Liu et al. concluded that the Msx2 mutations
responsible for the craniosynostosis are gain-of-function muta-
tions. Nonetheless, it is also interesting to note that these models
have incomplete penetrance: 30% of mutant Msx2-expressing mice
and 70% of WT  overexpressing mice show a craniosynostosis phe-
notype.

4.8. Mouse model mimicking trigonocephaly (Frem1ba,
Frem1Qbrick)

Frem1 mice were developed following the identification of 5
patients with de novo CNVs involving Frem1 gene and 3 patients
presenting missense mutation in the same gene [16]. Firstly, Vis-
sers et al. used in situ hybridization to investigate the pattern of
expression of Frem1.  They observed Frem1 presence in the skull
area where the posterior-frontal suture would arise in E14.5-E16.5
mice. Secondly, immunostaining for Frem1 in P0 mice revealed con-
sistent expression of the protein in pericranium and dura mater
surrounding the frontal bones. Frem1 expression was also observed
in osteoprogenitors localized in between the frontal bones, suggest-
ing a role in the developing frontal and nasal sutures.

To validate their findings, they compared the pathological
human phenotype with two Frem1 mouse models. The first, named
Frem1bat, results from a single nucleotide substitution that affects
the normal mRNA splicing of Frem1.  The substitution leads to
frameshift and premature truncation of the Frem1 protein, and for
this reason Frem1bat is thought to be a hypomorphic allele. The
second mouse model is Frem1Qbrick, which presents a null allele.
In both models, homozygote mice present peculiar dysmorpholo-
gies compared to control mice. Morphometric analyses showed
deformation of frontal and nasal bones in mutant mice. As previ-
ously shown in other craniosynostosis mouse models, incomplete
penetrance was observed: only 45% of the homozygote Frem1
mutant mice presented defects in the frontal region of the skull,
in the form of pronounced deviation of the midface and a short-
ened snout. Moreover, both Frem1bat and Frem1Qbrick P28 mice
displayed advanced posterior frontal suture fusion compared to
wild-type control mice. Furthermore, heterozygous mutant mice
partly exhibit these anomalies.

4.9. Mouse model mimicking EFNA4 non-syndromic coronal

synostosis (Epha4−/−)

Loss-of-function heterozygous mutations in EFNA have been
observed in patients with non-syndromic coronal synostosis [17].
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To validate the link between the phenotype and these genetic
ndings, Ting et al. carried out analyses with an EphA4 mutant
ouse presenting coronal synostosis [18]. The phenotype of

pha4−/− mice includes uni/bi-lateral coronal synostosis, a pheno-
ype that was previously observed in Twist1+/− mice (and presented
n the Saethre-Chotzen syndrome section above). This observa-
ion, paired with the fact that analyses of Epha4 performed by
n situ hybridization showed decreased expression of this protein in
wist1+/− mice, suggests a role of Epha4 as an effector of Twist1.  At
he same time, Twist1 expression in Epha4−/− mice was unchanged,
uggesting that Twist1 acts through Eph-ephrin signaling, regulat-
ng coronal suture development.

.10. Mouse model mimicking Greig cephalopolysyndactyly
Gli3Xt−J/Xt−J)

Greig cephalopolysyndactyly syndrome is caused by missense
utations in GLI3 and characterized by craniofacial abnormalities

ncluding macrocephaly and scaphocephaly (long and narrow cra-
ial vault, respectively). Craniosynostosis has also been reported

n patients with Greig cephalopolysyndactyly, although it is not
lways present. One of the peculiar features observed in these
atients is the presence of polydactyly in both hands and feet.

In wild-type mouse embryos, Gli3 transcripts were highly and
trictly expressed on the interparietal side of the lambdoid and
nterfrontal sutures, suggesting a role of the protein in their devel-
pment. A mutant mouse model called Extra-toes (Gli3Xt−J/Xt−J),
resenting a deletion of Gli3, is considered a valid model for
reig cephalopolysyndactyly syndrome [19]. Extra-toes is a spon-

aneous semi-dominant mouse mutation, and the affected mice
xhibit polydactyly as well as defects in the craniofacial region. In
18.5 Gli3Xt−J/Xt−J mice, a dome-shaped skull was  observed, with
ambdoid suture fusion and cranial base anomalies. Rice and col-
eagues showed, through in situ hybridization experiments, that
li3Xt−J/Xt−J mice show abnormal expression of Ptch1 in the area
here the lambdoid suture subsequently develops, while at the

ame time Twist1 expression is downregulated [20]. Lack of Twist1
xpression in the suture stops the inhibition of Runx2, allow-
ng osteoblast differentiation, bone formation and, consequently,
raniosynostosis. Interestingly, the same group demonstrated an
ncrease in cell proliferation in E16.5 Gli3Xt−J/Xt−J mice at suture
evel and were able to rescue the craniosynostosis phenotype using
GF2 beads.

. Zebrafish models of craniosynostoses

Zebrafish has been used to study craniofacial development. As
n mammals, the zebrafish skeleton is formed via both endochon-
ral and membranous ossification processes. A majority of studies
ocused on the early stages of craniofacial skeleton development,
ncluding the formation of the neurocranium and viscerocranium.
he former provides a support for the brain and sensory systems
hile the latter corresponds to the mandibular elements and res-
iratory apparatus. Both of these structures are mostly formed of
artilage at 5 days after fecundation and are later replaced by bone.
t this stage, the zebrafish presents a simplified skeleton with a
artilage consisting of a few cell layers that are easy to study using
lcian blue/Alizarin red staining or live imaging. The formation
f these structures early during zebrafish development has been
xtensively studied due to structure homology between fish and
ammals [21]. For example, the bones forming the jaw and con-
ecting the viscerocranium to the ear in fish are evolutionarily
peaking the precursor of the mammalian middle ear. Likewise, the
nterior neurocranium is an excellent model for the hard palate.
oth of these structures derive from cranial neural crest cells and
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their formation seems to be regulated by a conserved genetic net-
work across vertebrate species. Several studies demonstrated that
knockdown of genes involved in human cleft palate formation, such
as irF6, faf 1 or crispld2, induces a similar phenotype in zebrafish
[22–24].

Contrary to the neurocranium and the viscerocranium, zebrafish
cranial vault development occurs at 3–6 weeks post-fertilization,
at the juvenile stage. In zebrafish as in mammals, the calvaria is
formed by thin membranous bones separated by sagittal and coro-
nal sutures, separating frontal and parietal bones. One specificity
of the zebrafish calvaria is the persistence of the sutures following
skull extension and growth throughout life [25]. The same charac-
teristic is observed in rodents. Moreover, zebrafish bones flanking
the coronal sutures derive from mesoderm, whereas in mammals
coronal sutures mark the boundary between anterior neural crest
bones and the posterior mesoderm bones. Despite these differ-
ences, the conservation of the anatomical calvaria structures and
the accessibility of the skull make zebrafish a good model to study
suture formation.

Unlike in mouse models, only a few studies of skull forma-
tion and craniosynostosis were performed in zebrafish, due to
a lack of adult zebrafish mutants. Most craniofacial mutants are
obtained by large-scale forward-genetic chemical ENU treatment
or insertional mutagenesis screening focused on severe craniofacial
defects mainly affecting neurocranium and viscerocranium. Also,
mutants were screened at early embryonic stages (5–6 days post-
fecundation), which limits the screening to the identification of
genes that are important in early development, while genes con-
trolling later stages were not studied.

6. Discussion

Animal models have proved useful for understanding craniofa-
cial growth.

In particular, because of analogous craniofacial development
between mice and humans, several models mimicking human
pathology have been generated.

The mouse interfrontal suture, localized between frontal bones
and analogous to the human metopic suture, undergoes fusion
between postnatal days 7 and 12. The other sutures (sagittal, coro-
nal, lambdoid) remain patent throughout the life of the mouse. For
many years, various research groups have studied the role of key
genes and their signaling in craniosynostoses processes, using var-
ious mouse models. These models mimicked the human pathology,
with varying exactness, and allowed pharmacological treatment of
the phenotype to be tested. These studies constitute a first step and
promise progress in treatment design for the pathology.

Zebrafish is also a valuable model for studying craniofacial skele-
tal development and cranial vault formation. The use of this teleost
fish as a predictive model for human development and diseases
has been increasing for 30 years, for multiple reasons. Firstly, as
a vertebrate, zebrafish share a high degree of sequence homology
with the human genome; 70% of human genes have a zebrafish
orthologue, and the genome of zebrafish was sequenced in the
early 2000s. Secondly, the rapidity of embryogenesis, the external
development and the optical transparency of the embryo allow live
imaging experiments and developmental studies. The short gener-
ation time and the huge number of descendants (about 100 per
clutch) make zebrafish a powerful model for genetic screening and
therapeutic trials.

Studies on skull formation using zebrafish demonstrated

the relevance of the model, with suture formation mechanisms
conserved across vertebrate species. Topcweska et al. demon-
strated, by in situ hybridization, that most of the genes involved
in suture development in mammals are conserved in zebrafish:
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ol1a1a, col2a1a, col10a1, bglap/osteocalcin, fgfrs, twist2,  twist3,
unx2a,  runx2b, sp7, and osteopontin [25]. Moreover, study of
he expression of IL11RA, which is involved in premature fusion
f cranial sutures in patients with Crouzon-like syndromes and
ansynostosis, revealed its presence in the coronal sutures of
ebrafish and mouse. These results confirm the role of IL11ra in
rontal and parietal bone separation [26].

Other studies highlighted mechanisms involved in calvaria and
uture formation and in premature fusion of the sutures. Due to
kull accessibility and existence of transgenic lines with promoters
riving fluorescent reporter expression in the developing craniofa-
ial skeleton (e.g. runx2, sp7, type I collagen), zebrafish is a suitable
odel for live imaging. Kague et al. used this strategy to study the

ynamic process involved in calvaria formation and demonstrated
he importance of Sp7, a gene required for osteoblast differentia-
ion, in this process [27]. Sp7 mutant fish present abnormal calvaria
ormation with no normal patterned sutures and skull bones.
sing a transgenic line expressing the green fluorescent protein

GFP) under the control of Runx2, expressed in early osteoblasts,
hey demonstrated that signaling from differentiated osteoblasts
s critical to limiting overproliferation of immature osteoblasts,
eading to abnormal bone overlap and suture formation. Their
tudy thus highlighted a new mechanism involved in skull pat-
erning and showed that signals from the bone itself are required
or orderly recruitment of precursor cells and growth along
he edge.

It is well known that retinoic acid (RA) influences suture for-
ation. In humans, partial loss of CYP26B1, an enzyme able to

nactivate RA, induces severe defects in the calvarial plates of
he skull roof, including premature fusion of the coronal sutures
etween the frontal and parietal plates. The phenotype of CYP26B1-
ull humans is more severe, with smaller and fragmented calvaria.
aue et al., using a hypomorphic CYP26B1 zebrafish model, demon-
trated that premature fusion is due to premature transition of
steoblasts to preosteocystes within the coronal sutures [28]. This
remature accumulation of preosteocystes within the suture of
he hypomorphs leads to ectopic mineralization of the sutural

atrix, whence the apparent hyperossification. A more recent
tudy completed previous results and explained the different
henotypes observed between hypomorph and amorph patients.
reating juvenile zebrafish with a high level of exogenous RA or
ith CYp26 inhibitors, Jeradi et al. obtained a phenotype sim-

lar to amorph patients, with thinner and fragmented calvaria
29]. They demonstrated that the fragmented calvaria is due not
nly to premature differentiation of osteoblasts into preosteo-
ytes but also to activation of osteoclasts through the resultant
reosteocytes.

In the last decade, new tools were developed to perform muta-
enesis of candidate genes, such as CrispR/Cas9 technology, which
argets the Cas 9 endonuclease at specific sites in the genome using
pecific guide RNAs. This technology is fast improving and it is now
ossible to generate both targeted knockout and knock-in mutants

n zebrafish. The development of this technology will be useful for
esting putative disease alleles and studying the impact of muta-
ions on skull formation from a dynamic cellular and molecular
oint of view.

. Conclusion

Several zebrafish and mouse models mimicking craniosynos-

oses have been developed in recent decades. These animal models
ave been helpful for our understanding of normal and patholog-

cal craniofacial growth. They can be easily used for the screening
f drugs as therapeutic candidates.

[
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