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Craniofacial Phenotypes

Fig. 1. Craniofacial phenotypes (A,B) and limb phenotypes (C,D)
of the Apert syndrome (Adopted from Nah HD, Clin Orthod
Res 2000:;3:37-45)
A 6 months old infant with increased head height,
shortened head length, exophthalmosis, midface deficiency
and total fusion of digits (syndactyly)

clinical data due to the limited information on the genes
and the lack of available materials and tools®®. However,
with rapid advances in biotechnology and molecular bio—
logy in the past decade, numerous research methodo—
logies have emerged. Consequently, a number of genes
associated with congenital or developmental craniofacial
malformations have been identified” and in particular,
mutations in genes causing various syndromic craniosy—
nostoses®"” have been a main area of interest in the
craniofacial biology because of the clinical implications.
Craniosynostosis refers to premature fusion of cranial
suture and is a relatively common birth defect, occurring
1 in 2500 live births'®. While normal cranial sutures need
to remain patent until maturity to allow for the growth of
the underlying neurocranium, premature fusion of
sutures inhibits the bone growth at right angle to the
fused suture and results in a variety of deformities
depending on the location of the involved sutures
and the timing of premature fusion™'. Syndromic
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Fig. 2. Schematic diagram of FGFR2
FGFR2 is composed of 3 immunoglobulin-like loops (I—
11D, transmembrane domain (TM) and intracellular tyrosine
kinase domain (TKD—-1 & 2). The Apert mutation (P253R)
is located between immunoglobulin—like loop II and IIT and
is indicated with an arrow.

craniosynostosis has been found to be associated with
a number of monogenic mutations in fibroblast growth
factor receptors 1-3 (FGFR1-3), MSX2 or TWIST".
Among them, mutations associated with craniosy—
nostosis syndromes, including Apert syndrome, are
most frequently found in the FGFR2 gene®".

Apert syndrome is an autosomal—-dominant
syndromic craniosynostosis, accounting for 4.5%of all
craniosynostoses™. Apert syndrome is characterized by
typical tower—shaped head, midface deficiency,
hypertelorism, exophthalmia and occasional neuro—
logical complications due to the fusion of coronal suture
and varying degrees of fused digits and/or toes
(syndactyly) (Fig. 1)™'®. In Apert patients, a point
mutation in the gene encoding FGFR2 leads to a single
amino acid substitution either from serine to tryptophan
(S252W), or from proline to arginine, (P253R) (Fig.
2)*". FGFR2 is a membrane—bound receptor that
responds to various fibroblast growth factor (FGF) and
is known to modulate the differentiation of bone cells in
the developing cranial suture'. Identification of the
mutations in the FGFR2 allowed formulating
mechanistic questions at the tissue and cellular levels.
Calvarial bone cells obtained from Apert patients with
either $252W or P253R mutations appear to have more
differentiated phenotype than those from age—matched
normal individuals'®. However, the rarity of clinical
samples has greatly limited the experimental design for
a broader scope of studies, demanding for well—
characterized and stable experimental animal models'™.



Genetically engineered animal models having the
same type of mutation as in human can be a powerful
tool for studying the molecular mechanism of the genetic
disorders®. A transgenic animal refers to the animal
whose genome contains DNA of exogenous origin that
has been introduced through experimental manipulation.
Transgenics and knock—in/out are two main areas in the
generation of genetically engineered animal models®. In
transgenics, pre—designed transgene constructs are
randomly inserted and incorporated in the mouse
genome™, and in knock—in/out, only the specific (target)
locus of the endogenous gene is altered by homologous
recombination®*”. Among the model animals used to
study human head development, rodents are regarded as
animal of choice because they have comparable head
structures such as bony palate and cranial sutures that
fish, amphibians and birds don't have”.

The main purpose of this study is to demonstrate how
to establish a stable transgenic mouse model that
displays the human cranial phenotypes in Apert
syndrome, i.e. craniosynostosis, through tissue—targeted
transgenics. Previous in situ hybridization studies have
localized intensive expression of FGFR2 in the
osteogenic fronts of the developing suture, while it was
not noticeably detected in the sutural mesenchyme or
underlying dura mater®®” . Therefore we hypothesized that
the tissue—targeted expression of mutant FGFR2 gene
(P253R) in the bone tissue is sufficient to cause
premature fusion of the cranial suture in mice, resembling
the human craniosynostosis phenotype. According to this
hypothesis, we produced a transgene construct that
contains one of the Apert mutations (P253R) in FGFR2
and induced the expression of this transgene selectively
in the developing bone tissue, using a bone—specific
collagen type | promoter (Col1A1).

MATERIALS AND METHODS

Generation of Transgenic Mice Expressing a
P253R Apert Mutation of FGFR2

The transgene construct was prepared using a multi—
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Fig. 3. Schematic diagrams of transgenic FGFR2 constructs with
Apert mutation (P253R), microinjection method and
breeding strategy.

Transgene construct consists of bone tissue—specific
Coll Al promoter, contiguous first exon and intron, P253R
mutant FGFR2c (mesenchymal tissue—specific form of
FGFR2) gene, hemagglutinin (HA) gene and
polyadenylation (PA) tail.

Transgene construct is inserted into the pronucleus of
fertilized one—cell embryo and the embryo is grown to be
a transgenic founder (F0). Repeated mating with wild type
mice yields offspring (F2) composed of wild type and
heterozygous transgenic mice.

(Tg; transgenic, Wt; wild type)

step subcloning strategy® (Fig.3) First, a hemagglutinin
(HA) —epitope tag (YPYDVPDYA) was attached at the 3'
end of the mouse FGFR2 coding sequence by a
polymerase chain reaction (PCR) to distinguish the
transgene product from endogenous FGFR2. Second,
an Apert mutation was introduced to FGFR2 construct;
Proline 253 (CCA) of FGFR2 was substituted with
Arginine (CGA) by site—directed mutagenesis. Third, the
polyadenylation sequence (PA) of the bovine growth
hormone gene was added to the 3' end of FGFR2—HA
to produce a functional mRNA. Finally, the FGFR2—
HA—-PA sequence was ligated to the 3' end of the
promoter complex. A bone—specific 3.6kb rat type |
collagen promoter (Col1A1 promoter provided by Dr. D
Rowe, Univ. ot Connecticut, Farmington, CT)
contiguous with the first exon and intron from the rat
type | collagen gene, was used for tissue—targeted
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expression of the transgene construct.

The linearized transgene constructs were injected into
the BBSJL strain of mouse embryos. DNA injection and
generation of the founder mice were done at the
University of Pennsylvania Transgenic Core Facility,
Philadelphia, USA. The tail DNA from FO and F1
generations were analyzed by genomic Southern blot
hybridization to identify transgenic mice having positive
germ line transmission.

Heterozygous transgenic mice carrying the P253R
FGFR2 transgene were crossed with wild type mice and
the offspring was analyzed for this study.

RNA Isolation and Reverse Transcriptase -
Polymerase Chain Reaction (RT-PCR)

An RT—PCR was performed to determine tissue—
specific expression of the fransgene. RNAs were isolated
from calvarial bone, brain, heart, liver, lung, skeketal
muscle and kidney tissues removed from postnatal day
10 transgenic mice, using Trizol reagent (Invitrogen Life
Technologies.* Carlsbad; ‘CA), according to manufac=
turer's recommendation. RNAs were reverse transcribed,
using the SuperScript™ First—Strand Synthesis System
(Invitrogen Life Technologies, Carlsbad, CA), and the
cDNAs were amplified with the tagDNA polymerase
(Promega, Madison, WI) in 40 cycles of polymerase
chain reaction. Each cycle consisted of 1 min. of
denaturaion at 94°C, 1 min of annealing at 60°C and 1
min. of extension at 72°C. The transgene—specific
primers used for PCR are 5'-CGATGTCGTTGAACGG
TCACGACACCGGCCCATCCTCCAAGC—3' (forward)
and 5'-GCTTGGAGGATGGGCCGGTGTCGTGACCG
TTCAACGACATCG-3' (reverse)

Primary Mouse Calvarial Osteoblast Culture

Primary mouse calvarial bone cells were isolated from
parietal and frontal bones from postnatal day 7—10
mice. Bones were cleaned by gently removing fibrous
tissues and subjected to a sequential enzymatic
digestion in 1mg/ml bacterial collagenease (Sigma
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Aldrich Co. St. Louis, MO) and 0.25% trypsin (Invitrogen
Corp. Carisbad, CA) at 37°C for 6 cycles with each
lasting for 20 min. The cells were plated and grown in
a—minimum essential medium (a—MEM, Gibco
Invitrogen, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCS, Atlanta Biologicals, Norcross, GA),
100IU/ml penicillin and 100xg/ml streptomycin
(Invitrogen Corp.) at 37°C incubator with 5% CQ= for 1
week until they become confluent. Medium was
renewed every 48 hours.

Preparation of Total Cell Lysates and
immunoblot Analysis

Calvarial osteoblast cultures were washed with PBS
and lysed in RIPA buffer (157mM NaCl, 1.044% NP—
40, 0.522% Deoxycholate, 0.1044% SDS, 525mM Tris—
HCI, 5mM EDTA, 10mM NaF, 10mM Sodium pyropho—
sphate). The protein concentration of the lysate was
determined by Bradford assay by measuring OD at a
595nm wavelength. Bone—specific expression of the
transgene-was determined by-immunoblotting, using
an antibody specific for the hemagglutinin(HA) epitope.
40 pg of total cell lysates were resolved on a 10% (w/v)
SDS—polyacrylamide denaturating gel and electro—
transferred onto a nitrocellulose membrane (Hybond
ECL, Amersham Pharmacia Biotech, Piscataway, NJ).
The membranes were blocked with a 5% nonfat milk
solution in TBST (1X TBS containing 0.1% Tween®) for
1 hour, washed 4 times with 1X TBST for 5 min.ea., and
incubated with the primary antibodies at 1:1000 dilution
(anti—HA or anti—~FGFR2 IgG, Santa Cruz Biotech—
nology, Santa Cruz, CA) in 1X TBST with 5% nonfat
milk overnight at 47C. The blot was rinsed 4 times and
incubated with secondary antibodies (horseradish
peroxidase (HRP)—conjugated goat anti—rabbit or
mouse lgG; Amersham Biosciences, Buckinghamshire,
England) for 1 hour at room temperature. The antibody
—antigen reaction was detected using a chemilu—
minescent detection kit (Western Lightning Chemilumi
—nescence Reagent 1; Perkin Elmer Life Sciences,
Boston, MA).



Immnuhistochemistry

The heads were dissected out from newborn mice
(postnatal day 1), immediately embedded in OCT
compound (Tissue Tek, Sakura Finetek USA Inc.,
Torrance, CA) and frozen at —=70°C. 10um thick parasa—
gittal sections were prepared from frozen specimens and
fixed in ice~cold acetone for 10 min. Tissue sections
were blocked with 10% normal goat serum for 1 hour at
room temperature, incubated with the anti—HA rabbit 1gG
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 3
hours at 37°C, washed three times with PBS and
incubated with biotin—goat anti—rabbit igG (Zymed, San
Francisco, CA) for 30 min. After washing with PBS three
times, streptavidin—HRP conjugate at 1:250 dilution was
applied for 10 min. Antobody—antigen reaction was
visualized using substrate—chromogen mixture (DAB).
Sections were counterstained with hematoxylin.

Alkaline Phosphatase and Alizarin Red §
Staining for the Tissue Section

Alkaline phosphatase buffer solution was prepared for
alkaline phosphatase staining. 33 ¢l of 4—nitro blue
tetrazolium chloride (NBT, Boehringer Mannheim Corp.,
Indianapolis, IN) and 33 u of X—phosphate/5—Bromo—
4~chloro—3-indolyl—phosphate (BCIP, Boehringer
Mannheim Corp., Indianapolis, IN) were sequentially
mixed in 10 ml of alkaline phosphatase buffer (100 mM
NaCl, 5 mM MgCl, 100 mM Tris, pH 9.5). Prepared
solution was applied onto acetone—fixed parasagittal
sections of newborn mice for 5 min. Sections were
washed with distilled water. For alizarin red S staining,
fixed tissue sections were treated with 0.5% of alizarin
red S .(Sigma, St Louis, MO) solution for 5 min. and
rinsed with 70% ethyl alcohol. Stained sections were
mounted using 60% glycerol.

Whole Mount Head Staining with Alcian Blue
and Alizarin Red S

Heads were removed from 4—week—old—mice and

cleaned by removing soft tissues. The skulls were fixed in
95% ethanol for 2—5 days and stained in a 0.015% alcian
blue solution for 1—2 days. The skulls were dehydrated in
100% ethanol for 2 days and cleared in 1% KOH solution
for 2 days. Mineralized bone was stained with 0.001%
alizarin red S in 1% KOH solution for 2 days and further
cleared in a series of glycerin solutions (25, 50, 80 %) for
24 hours per solution. The stained skulls were stored in
100% glycerin were observed under a dissection
microscope (Zeiss, Germany).

RESULTS

The FGFR2 transgene driven under a bone—
specific promoter is correctly expressed in
fransgnic mice

To ascertain that our construct is predominantly
expressed in the bone tissue, we have examined various
tissue types, such as calvarial bone, brain, kidney, heart,
liver, lung, and skeletal muscle, by RT—PCR of RNAs
isolated from these tissue types. The set of PCR primers
used in this RT—PCR recognize RNA produced from the
transgene but not that from the endogenous FGFR2
gene. As anticipated, the transgene was predominantly
expressed in the bone, confirming that the Col1A1
promoter is mainly active in the bone tissue (Fig. 4A).

To confirm that RNA produced from the transgene is
translated into protein, whole cell lysates isolated from
transgenic and wild type primary mouse (postnatal day
7—-8) calvarial bone cells were analyzed by
immunoblotting, using the antibody specific for
hemagglutinin (HA). The FGFR2 transgene was tagged
with an HA epitope to facilitate the detection of mutant
FGFR2 proteins produced from the transgene. The
antibody specific for the HA epitope tag recognized a
band with a molecular size of 120kD. As expected, the
same antibody did not detect any protein in the wild
type littermates (Fig. 4B). We have confirmed that the
band 'recognized by the HA—specific antibody is
FGFR2, using the FGFR2~-specific antibody on
duplicate blots. This antibody strongly recognized the
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Anti-HA _ Anti-FGFRZ

Fig. 4. Transgene expression driven by bone—specific primer in
transgenic mice
(A) RT-PCR analysis of RNAs extracted from various
tissues demonstrate the most intensive transcriptional
activity induced by the CollAl promoter in the calvarial
bone among all sampled tissues.
(B, C) Immunoblot analysis of calvarial bone cell lysates
with antibody specific for HA (B) and FGFR2 (C). Anti—~HA
IgG detected 120kD proteins only in the transgenic mice
(B). Anti~FGFR2 IgG recognized proteins with same
molecular weight in the wild type lysates (C), indicating that
the expressed proteins in (B) are correct transgenic FGFR2.
(D, E) Immunostaining with anti—hemagglutinin (HA) IgG
for frontal section of neonatal (p1) transgenic and wild type
mouse (X100). In the sagittal suture, only calvarial bones
expressed transgene—encoded protein tagged with HA
epitope (D), unlike the wild type (E). Sutural mesenchymes
and epithelial tissues showed negative staining.
(SM; suture mesenchyme, OF; osteogenic front)
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120kDa band in lysates from transgenic mouse bone
cells (Fig. 4C). It also recognized endogenous FGFR2
of 120 kDa in lysates from wild type mice. Thus, the
transgene encoded mutant FGFR2 is expressed as
protein at a high level in transgenic mice.

We performed immunochistochemical analysis of
transgenic mouse calvarial bone section for spatial
localization of the transgene—derived FGFR2 portein. As
shown in Fig. 4D, the antibody specific for HA epitope
stained the osteoblasts along the bone surface, verifying
that expression of the FGFR2 transgene product is
bone—specific. Similar sections from wild type mice are
not stained by the HA—specific antibody (Fig. 4E).

Bone-specific expression of Apert.mutation
causes craniosynostosis

Distinct craniofacial features observed in the P253R
FGFR2 transgenic mice were dome—shaped head with
vertically increased dimension and anterior crossbite.
P253R transgenic mice commonly displayed turiibra—
chycephalic features that are characterized by frontal
bossing, high forehead with shortened anteroposterior
dimension of the face. In particular, as a result of mid—
face deficiency, lower anterior teeth elongation, anterior
cross bite and relatively protruded mandible were noted.
These features imply the presence of prematurely fused
cranial sutures that inhibit the elongation of the face in
the sagittal plane. Occasional occipital bossing indicates
that a compensatory brain growth has occurred to the
posterior direction (Fig. 5).

Parasagittal sections of newbom (postnatal day 1)
mouse heads from both P253R and wild type
littermates were stained for active alkaline phosphatase
or mineralized bone in the coronal suture. Osteogenic
fronts of the coronal sutures in P253R mice showed a
considerably flattened bony overlap while those of the
wild type were still widely separated, as shown in
sections stained for alkaline phosphatase activity (Fig
6A, C). Alizarin red S staining demonstrated more
elongated and approximated osteogenic fronts in the
Apert (P253R) than in the wild type mice (Fig. 6B, D).



Apert (P253R)

Fig. 5. Comparison of phenotypes in the wild type and Apert (P253R)
transgenic mice
(A, B, C, E) Apert (P253R) FGFR2 heterozygous transgenic mice
present high forehead, protruded mandible and midfacial deficiency
and occasional occipital bossing (C), as indicated with arrows. (D, F)
Wild type mouse displays normal anteroposterior dimension of the
face.

Fig. 6. Development of the coronal suture in
the wild type and Apert (P253R)
FGFRZ2 transgenic littermates at
post—natal day 1. Alkaline phos—
phatase staining (A, C) and alizarin
red S staining (B, D) (X100).

(A — D) Compared to the wild type
coronal suture (A, B), P253R
mouse demonstrates more flattened
and advanced suture formation (C,
D). Osteogenic fronts are more
closely approximated in the Apert
(P253R) coronal suture (D).

(E) Location of the parasagittal

Alkaline phosphatase Alizarinred S section for observation of the

coronal suture.

Examination of adult P253R transgenic mice (4 show the anterior crossbite as early as day 7, at the time
months old) clearly shows fusion of the coronal and when incisors emerge into the oral cavity. Further
sometimes sagittal suture (Fig. 78). However, we do not detailed studies are needed to determine the onset and
know how early fusion occurs in these mice. These mice location of cranial suture fusion.
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Fused coronal sutare (X32

Fig. 7. Calvarial suture formation in the adult (4
months) wild type / Apert (P253R) mice
(X12). Alizarin red S staining.
(A) Wild type mouse skull displays patent
cranial suture.
(B) Premature fusion of coronal suture is found
in Apert (P253R) mouse. Anteroposteriorly

" constricted face, extruded upper incisor and

severe facial asymmetry are also noticed.

DISCUSSION

Syndromic or non—syndromic craniosynostosis is an
area of interest in the craniofacial biology for two
reasons. First, it exhibits serious medical problems,
such as cerebral dysfunction, neurological complica—
tions and lethality, as well as morphological deformities.
Second, it is a good disease model to study the gene
functions in the reguiation of bone formation.

Fused cranial sutures are normally managed by
surgical separation of the sutures to prevent serious
complications. However, these once surgically sepa—
rated sutures tend to fuse again, requiring repetitive
surgical approaches. An affected patient is expected to
face their first surgery within the first year of life and the
last surgery in their early twenties®. Even repeated
surgical interventions cannot change the overall cranial
pattern after all. Thus a thorough understanding of the
pathogenesis is necessary to design effective ways to
inhibit reunification of synostotic sutures.

Genetically engineered mouse models enable us to
design experiments to prove genotypic/phenotypic
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associations, and ultimately develop new approaches to
treatment and prevention of diseases™. There are many
different strategies in making an appropriaie model for
individual study and one should be well aware of the
characteristics of the target gene, as well as the main
purpose of a specific animal model. As has already
been explained, two main approaches to making
genetically engineered mice are transgenics and
knock—in/out, depending on the way transgene
construct is finally incorporated in the mouse genome.
The knock—in/out appears to represent the human
genetic disorder better than the other one, but
transgenics is relatively less complicated, less costly
and less time—consuming than the knock—in/out. As
long as one could obtain a transgenic mouse model
that represents the human genetic disorder and
phenotype, transgenics is considered to be an efficient
and economic way to the same goal.

In the transgenic mice, however, when the transgene
happened to be inserted in the critical part of the
genome, normal development or vital function would be
interrupted®. Unfortunately, it is not easy to confirm the



actual site where the transgene is mingled. This could
be overcome by having a number of different transgenic
lineages. A lineage with common and representative
characteristics would be an appropriate model. We
produced several different lineages and obtained some
lineages that represented the typical dome—shaped
head in common. Subsequent in—vitro studies were
carried out in these lineages. As in Fig. 3, individual
mating was repeated through several generations to
obtain stable lineages. When heterozygous mice were
mated with wild type mice, offspring littermates were
nearly 1:1 between wild type and transgenic mice,
providing an age—matched group suitable for many
comparative studies.

The main purpose of this study was to establish a
well—characterized and stable transgenic mouse model
that reproduces the cranial phenotype, i.e. premature
fusion of the coronal suture, in Apert syndrome. To be a
well—characterized model, an appropriate type of
mutation of the gene needs to be expressed in the
critical region to simulate human phenotype. Stable
model means that the animals should survive after birth
and perform normal reproduction, so as to provide with
ample resources such as cells, tissues or organs. Thus
a lethal or infertile model would be less helpful from that
standpoint, which was the case in many transgenic
approaches®

According to these rationale, we designed a tissue—
specific expression of transgene from two standpoints;
first, we hypothesized that expression of the mutant
gene exclusively in the bone tissue may be sufficient to
reproduce cranial phenotype in Apert syndrome,
according to the previous studies **”, since the area of
our interest was the cranial phenotype, not that of the
extremities. Second, we speculated that the tissue—
specific expression of the transgene may yield more
stable transgenic lineages, by avoiding universal or
indiscriminative expression of the mutant gene.

In order to avoid effects of the expression of the
inserted transgene in other tissues, selection of
appropriate promoters is essentia®. A promoter is the
part that is stimulated by a transcription factor to initiate

the transcription of the gene. Expression of the gene
depends on the presence of the transcription factor that
stimulates the promoter. A universal promoter such as
human cytomegalovirus promoter®®, would have
induced the iransgene expression in a wide variety of
mouse tissues throughout development. Similarly, a
knock—in approach, where the mutation is introduced in
the endogenous FGFR2, was another alternative.
However, these alternatives were expected to
complicate the interpretation of the phenotype by broad
expression of the mutant gene in other tissues and
increase the risk of the premature death, which will
greatly limit the type of feasible experimental design.
The 3.6kb Col1A1 promoter used in this study has been
shown to be active in osteogenic progenitor cells as well
as in differentiated osteoblasts®. In this study, bone
tissue—specific expression of the P253R FGFR2
transgenes was demonstrated with RT—PCR,
immunohistochemistry and immunoblot (Fig.4). Thus
we conclude that rat ColtA1 promoter is an effective
and functional promoter to induce the selective
expression of the transgene-in-the oseoblasts in the
transgenic mouse model.

In terms of the characteristics of the transgenic
mouse, cranial phenotype of the Apert mice was similar
to that of human. A remarkable feature was the antero—
posteriorly constricted face. Some variation in the
phenotype was also noticed as in human, probably
depending on the time and primary site where the fusion
first takes place. The alizarin red S staining of Apert
(P253R) mouse head aged 4 months demonstrated
complete fusion of both coronal sutures (Fig.7). A
significant facial asymmetry was also found. This is
likely to have been formed during growth, because the
asymmetry was not apparent in their early life. The
cranial phenotype became more apparent as the mice
grew older compared to the normal litteramates.
Additional researches on the microscopic features to
clarify the exact time point of the suture fusion need to
be performed later on.

Human Apert patients display an overall skull shape
that is constricted anteroposteriorly and elongated
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upward, decreased maxillary height and Iength, with little
change in the mandible shape®. It appears that early
fusion of the anterior cranial base greatly restricts the
anterior growth of maxilla at the cranial base level, thus
requiring the Le Fort !l procedure in many Apert patients
in their early life®. Apert patients have been reported to
show premature fusion of coronal suture at 5 months™
but at an earlier age, significantly large defects along the
sagittal suture have also been observed®. An abrupt
transition from the large defect to the early closure of the
suture implies a critical event occurring at a specific time
point during calvarial development. Since we observed
the mice at two remote time points, i.e. postnatal day 1
and 4 months, it is hard to pinpoint the time when the
fusion takes place. We assume that this is an early event
in their life like in human, because the Apert mice
already showed more approximated suture development
at birth(Fig. 6). A systemized study has to be conducted
to clarify the onset and location of fusion, using this
mice model.

In terms of the stability of the transgenic mouse, we
anticipated that the limited expression of the transgene
in the bone tissue would reduce or eliminate the limb
phenotype and/or any unnecessary systemic disorders
that are not our area of interest. This was partly proven
in our study since no limb phenotype was found in
these mice. However, a latest report on the knock—in
mouse with S252W mutation in FGFR2 did not show
any syndactyly either’®. Further investigation on the
detailed mechanism of formation of each deformity
needs to be carried out.

Obviously, homozygous offspring showed variable
lethality, depending on the severity of phenotype. In
contrast, majority of the heterozygous transgenic
offspring appeared normal at birth with no apparent
lethality and survived to adulthood. However, the Apert
(P253R) mice showed generally reduced fertility with
great variation between individuals, compared to the
wild type littermates. Moreover, occasional deaths of
adult transgenic mice due to serious illness in the
internal organs were also observed. Poor health and
malnutrition due to the malocclusion in Apert mice might
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be one of the causative factors in the reduced fertility.
Development of anterior crossbite and facial asymmetry
may greatly have disturbed normal feeding. Although we
couldn't clearly judge if the tissue—specific expression
of mutant gene increased the survivability of the
transgenic mice, heterozygous P253R mice produced
many batches of offspring and were considered a
stable model to study the sutural pathology.

The findings from the sagittal sections at P1 (Fig.6)
where Apert mice showed more approximated suture
formation imply various mechanisms such as reduced
proliferation, advanced maturation and/or increased
apoptosis of the bone cells, or the combination of
these, resulted from the change of receptor
functions®* ¥ This is coincident with the findings that
the FGFR2 is a key regulator of the proliferation,
differentiation and survival of the osteoblasts on the
devetoping osteogenic front®®. A crucial role of the
dura as a regulator of suture development has also been
proposed to answer why particularly coronal sufures are
involved in the Apert syndrome®. This study does not
provide any information on the molecular mechanism of
the osteoblast differentiation. We expect that this animal
model will be useful for the upcoming investigation on
the detailed events occurring at the cellular level when
the normal functions of the receptor are deteriorated
due to specific types of mutation.

CONCLUSION

We have prepared a transgenic mouse model to
study the function of FGF/FGFR2 during normal and
abnormal development of the cranial sutures. In these
mice the mutant FGFR2 harboring an Apert mutation
(P253R) was expressed in the bone tissue, using the rat
Col1A1 promoter. Analyses of these mice reveal that:

1. P253R FGFR2 transgene is predominantly expressed
in bone at both RNA and protein levels.

2. P253R FGFR2 transgenic mice show advanced
coronal suture development at postnatal day 1, and
cranial deformity and complete fusion of the coronal



sutures in the adulthood, similar to the human
phenotype.

These results assure that these transgenic mice will
be able to serve as a useful animal model to study the
pathogenic mechanisms of the craniosynostosis
phenotype of Apert syndrome.
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