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Abstract

Bones of the craniofacial skeleton are derived from two distinct cell lineages, cranial neural crest
and mesoderm, and articulate at sutures and synchondroses which represent major bone growth
sites. Premature fusion of cranial suture(s) is associated with craniofacial dysmorphogenesis
caused in part by alteration in the growth potential at sutures and can occur as an isolated birth
defect or as part of a syndrome, such as Apert syndrome. Conditional expression of the Apert
FGFR2 S252W mutation in mesoderm was previously shown to be necessary and sufficient to
cause coronal craniosynostosis. Here we used micro computed tomography images of mice
expressing the Apert mutation constitutively in either mesoderm or neural crest to quantify
craniofacial shape variation and suture fusion patterns, and to identify shape changes in
craniofacial bones derived from the lineage not expressing the mutation, referred to here as
secondary shape changes. Our results show that at postnatal day 0: (i) conditional expression of
the FGFR2 S252W mutation in neural crest-derived tissues causes a more severe craniofacial
phenotype than when expressed in mesoderm-derived tissues; and (ii) both mesoderm- and neural
crest-specific mouse models display secondary shape changes. We also show that premature
suture fusion is not necessarily dependent on the expression of the FGFR2 S252W mutation in the
sutural mesenchyme. More specifically, it appears that suture fusion patterns in both mouse
models are suture-specific resulting from a complex combination of the influence of primary
abnormalities of biogenesis or signaling within the sutures, and timing.

© 2014 Elsevier Inc. All rights reserved.

"Corresponding author: Joan T Richtsmeier; Department of Anthropology, Pennsylvania State University, Carpenter Building,
University Park, PA 16802; Tel: +1 814 863 0562; jtr505@gmail.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Heuzé et al. Page 2

Keywords
Apert syndrome; FGFR2; Neural Crest; Mesoderm; Suture fusion pattern; Craniosynostosis

1 Introduction

The craniofacial skeleton is comprised of bones that are derived from two distinct cell
lineages: cranial neural crest and mesoderm. Cranial neural crest give rise to the facial
skeleton, the anterior elements of the cranial base and the frontal bones, while mesoderm
produces the components of the occipital, the parietal bones and the non-squamous part of
the temporal bones [1-3]. It has been shown in mice that the interparietal is derived from
both mesoderm (lateral parts) and neural crest (central part) [1-3]. The different bones of the
skull articulate at sutures and synchondroses, which represent major bone growth sites [4].
The premature fusion of one or several calvarial sutures (craniosynostosis) is associated with
craniofacial dysmorphogenesis caused in part by altered growth potential at sutures and can
occur as an isolated anomaly or as part of a syndrome. Activating mutations in fibroblast
growth factor receptor 2 (FGFR2) are causative for some of the craniosynostosis syndromes
[5] such as Apert syndrome [OMIM 101200] that is characterized by craniosynostosis and
syndactyly of hands and feet, and can include additional cranial and postcranial anomalies
[6]. Apert syndrome birth prevalence is about 15.5 in 1,000,000 newborns [7]. Almost 99%
of Apert syndrome cases are caused by one of two FGFR2 mutations [8], S252W and
P253R, which reside on neighboring amino acids in the linker region between the second
and third extra-cellular immunoglobulin domains. These two gain-of-function mutations
alter the ligand-binding affinity and specificity of the receptors causing changes in FGFR2
signaling [8]. The craniofacial phenotype of Apert syndrome includes bicoronal
craniosynostosis, brachycephaly of the cranial vault, and midfacial dysmorphogenesis. The
associated midfacial deformity, often called midfacial hypoplasia or retrusion [9], is a
complex trait that is among the most challenging clinical concerns of the FGFR-related
craniosynostosis syndromes, affecting oral health, feeding and airway function [5,10].

Using mesoderm- and neural crest-specific Cre drivers [11,12] in combination with the Cre-
inducible Fgfr25252W mutant allele [13,14] and B-galactosidase [15], Holmes and Basilico
[16] showed that the mesodermal expression of the FGFR2 S252W mutation is necessary
and sufficient to induce craniosynostosis of the coronal suture. The expression of the FGFR2
S252W mutation induces the mesoderm-derived mesenchyme of the coronal suture to
undergo abnormal osteogenesis. The integrity of the lineage border between neural crest and
mesoderm is maintained in mutants expressing the Fgfr25252W allele in neural crest and in
mutants expressing the mutant allele in mesoderm [16]. Consequently, premature fusion of
the coronal suture observed in the mesoderm mutants is not associated with the loss of
lineage border integrity, in contrast to what has been reported in the Twist*/~ mutants [17].
Coronal craniosynostosis in the mesoderm mutants occurs in the absence of a primary defect
of the neural crest-derived dura mater underlying the coronal suture [16]. Finally, Holmes
and Basilico showed that neural crest mutants are characterized by premature fusion of
several facial sutures at PO (i.e. frontal-premaxillary, maxillary-premaxillary, zygomatico-
maxillary, and zygomatico-squamosal sutures) associated with medium to strong midfacial
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hypoplasia as expected in the Apert syndrome phenotype, and retroflexion of the cranial
base.

Mesodermal expression of the Fgfr25252W glele was associated with highly variable facial
phenotypes, including specimens with extreme facial shortening, even though none of the
facial skeletal sutures were reported to be prematurely fused at birth [16]. These
observations imply that dysmorphogenesis of regions derived from the neural crest occur
secondarily even when the expression of the mutation is limited to mesoderm-derived cells
and tissues. However, the mechanisms that underlie these secondary effects are unknown.
Comparable secondary effects of neural crest expression of the FGFR2 S252W mutation on
mesoderm-derived bones were not reported [16].

Using micro computed tomography (UCT) images, we quantify craniofacial shape variation
among Apert syndrome mouse models that express the FGFR2 S252W mutation exclusively
in either mesoderm- or in neural crest-derived tissues and their unaffected littermates to
identify patterns of craniofacial shape variation and craniofacial suture fusion. We pay
particular attention to the dysmorphic regions derived from the lineage not expressing the
mutation and define the shape changes in these regions as ‘secondary’ relative to the
primary shape changes occurring in the tissues derived from the lineage expressing the
mutation. Tissue-specific genetic models are helpful in more clearly identifying and
quantifying such secondary shape changes which are difficult to characterize in full Apert
mouse models where the mutation is ubiquitously expressed. We have previously shown that
in the full FGFR2-related syndrome models, mutations thought primarily to affect cells of
one type (e.g., osteoprogenitor) can have equally profound effects on cells that make up
other tissues (e.g., brain, vitreous, skin) [18-21], thereby contributing to tissue-level
behaviors of morphological development. Moreover, interaction among various skull
components [22] is known to occur during growth such that dysmorphology specific to a
skull region can have profound effects on other regions [23]. Our precise quantification of
primary shape changes caused by mutation-driven alterations in cellular behavior and
secondary shape changes caused by a conformational adjustment to the primary changes
captures the overall pattern of shape changes specific to each group in our study.

Our objective is twofold: (i) to quantitatively define the anatomical locations that show
morphological changes that are secondary to lineage-specific, localized expression of the
FGFR2 S252W mutation; and (ii) to determine the relationship between suture fusion
pattern and these secondary shape changes. We hypothesize that when the suture
mesenchyme originates from the same cell lineage as the one expressing the FGFR2 S252W
Apert syndrome mutation, the suture will be prematurely fused (H1). We also hypothesize
that craniofacial shape of newborn (PO) mice expressing the FGFR2 S252W mutation in the
neural crest-derived tissues will be more severely affected than in PO mice expressing the
mutation only in mesoderm-derived tissues because the majority of the bones and sutures
constituting the skull at PO are neural crest-derived (H2).
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2 Materials and methods

2.1 Mice

2.2 Images

Mice were bred using a Cre-inducible Apert syndrome mouse model [13,14] combined with
either mesoderm- or neural crest specific Cre [11,12]. Mice were bred on a mixed
background, and genotyped by PCR of genomic DNA prepared from tail-tips for Fgfr2, Neo
and Cre as described [14,16]. All mice are heterozygous for a Cre. Mice carrying the Apert
mutation are all heterozygous for the floxed Fgfr2 S252W allele. Control mice are
homozygous for the wild type Fgfr2 allele. These mouse models have been described by
Holmes and Basilico [16]. For clarity, Mesp1CreT9/*/ Fgfr2+/5252WNeo gnd Mesp1CreT9/*/
Fgfr2*/* mice are referred to as Meso™/5252W and Meso™/*, respectively. Likewise,
Wnt1CreT9/*/ Fgfr2+/5252WNeo and Wnt1CreT9/+/ Fgfr2*/* mice are referred to as
NC*/S252W and NC*/*, respectively.

HCT images of the skulls of Meso™/5252W (n=22), Meso*/* (n=20), NC*/$252W (n=15), and
NC** (n=19) mice were acquired by the HD-600 OMNI-X scanner (Bio-Imaging Research
Inc, Lincolnshire, IL; 100kV, 0.19mA) at the Center for Quantitative X-Ray Imaging,
Pennsylvania State University (www.cqi.psu.edu) with a pixel size of 0.0135 x 0.0135mm
and a slice thickness of 0.0156mm. Image data were reconstructed on a 1024 x 1024 pixel
grid as 16 bit TIFF and subsequently reduced to 8 bit TIFF for image analysis. Bone was
segmented using solid hydroxyapatite phantoms (QRM GmbH, Méhrendorf, Germany)
imaged with the specimens allowing us to linearly associate relative x-ray attenuation values
with bone mineral density estimates.

2.3 Cranial sutures

Patency of cranial sutures was scored on 3D skull reconstructions of all 76 mice. Four stages
were defined: (i) patent (P), the suture remains open and no bridges or partial fusion is
observed; (ii) bridging (B), bone bridging the two bones separated by the suture is detected,
but bridges remain few and thin; (iii) partially fused (PF), the suture is fused, but only to a
maximum of approximately 75% of its length; (iv) fused (F): more than 75% of the suture is
fused.

Because of the small degree of asymmetry in the suture fusion pattern of the right and left
sides of a same bilateral suture (Fig. S1), patency stages for bilateral sutures were re-coded
into a single variable representing the average state of suture patency by computing the
sample mean between the left and right sides of mice displaying the same stage of suture
fusion (e.g., 10 mice with the left side of the coronal suture fused and 8 mice with the right
side of the coronal suture fused is coded as 9 mice with the coronal suture fused).

2.4 Histology and histochemistry

LacZ activity was detected as previously described [24]. For lacZ staining of sections,
embryonic day (E) 16.5 heads were skinned and fixed in glutarate/formaldehyde buffer for
1.5-2h at 4°C, washed in PBS, equilibrated in 30% sucrose/PBS, then embedded in Tissue-
Tek OTC Compound (Sakura, Japan). Frozen sections of 10 um thickness were cut on a
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Microm Cryostat and transferred to Superfrost Plus microscope slides (Fisher Scientific,
USA). Counterstaining was done with Eosin Y (E4382, Sigma, USA).

2.5 Landmark data collection and analysis

3 Results

3D reconstructions of the skulls from pCT images were based on information from solid
hydroxyapatite phantoms. Sixty-seven 3D landmark coordinates were digitized on the
surfaces of reconstructed skulls in Avizo 6 (Visualization Sciences Group, VSG) (Table S1
and fig. S2).

To extract shape information defined on the basis of the landmarks, we performed
Generalized Procrustes analysis, a procedure that translates, rotates and scales
configurations of landmarks until a best fit of corresponding landmarks is achieved [25,26].
The resulting coordinates (Procrustes coordinates) permit the computation of a coordinate-
wise average shape, the Procrustes average shape (PAS) [27]. The PAS triangular mesh can
be obtained by warping the triangular mesh of one mouse to the landmark set corresponding
to the PAS. Procrustes shape coordinates are analyzed by principal components analysis
(PCA) [28]. The principal components contain the loadings for the linear combinations of
the original variables and can be visualized as shape deformation illustrated by wireframes
(Fig. S1). To facilitate visualization of shape differences between two consensus shapes (for
example the PAS of the Meso*/5252W mice and that of the NC*/5252W mjce), we present a
color map produced by comparing the corresponding surface warps. The color map has been
computed in Avizo 6 (Visualization Sciences Group, VSG) and corresponds to the vector
field computed by the difference of the vertex positions of corresponding vertices in both
PAS surface warps.

3.1 NC*/5252W mutant mice display the most distinctive suture fusion pattern

Figure 1 illustrates suture fusion patterns for the four groups of mice. Non-mutant mice
display similar suture fusion patterns, though suture fusion in the Meso*/* mice appears
slightly more advanced relative to the NC*/* mice. Meso™/5252W mutants mainly differ from
non-mutant mice in the frontal-parietal (i.e. coronal), parietal-squamosal, frontal-maxillary,
and vomer-maxillary suture fusion pattern. The coronal suture is almost systematically fused
in the Meso*/5252W mice while the parietal-squamosal and vomer-maxillary sutures are more
often patent. About 80% of the Meso*/5252W mice display a patent frontal-maxillary suture,
while this suture is patent for 100% of the non-mutant mice.

The NC*/5252W mice show multiple partial or fully prematurely fused sutures including the
premaxillary-maxillary, maxillary-palatine, palatine-alisphenoid, maxillary-zygomatic, and
frontal-maxillary sutures. Fusion of the zygomatic-squamosal, frontal-squamosal, parietal-
squamosal, frontal-nasal, and vomer-premaxillary sutures is also relatively more advanced
in NC*/5252W mytants. Conversely, the para- and mid-sagittal sutures (e.g., inter-
premaxillary, inter-palatine, vomer-maxillary, palatine-presphenoid sutures) are less often
fused or partially fused in NC*/5252W mytants relative to the other three groups. The mutant
groups share similar degrees of patency for the inter-maxillary, inter-nasal, and palatine-
basisphenoid sutures. Finally, at PO all four groups of mice display patent inter-parietal
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(sagittal), inter-frontal (metopic), frontal-alisphenoid, frontal-nasal, and frontal-premaxillary
sutures (not shown).

Coronal sections of the inter-premaxillary, inter-maxillary, and inter-palatine sutures all
stain for Xgal in E16.5 Wnt1-Cre/R26R mice confirming the neural crest origin of the
mesenchyme of these sutures (Figs. 2, panels A-D). These sutures, and all the surrounding
tissues, are negative for staining in E16.5 Mesp1-Cre/R26R mice (Figs. 2, panels A’-D").

These results on suture fusion pattern lead us to reject hypothesis H1, which proposed that
premature suture fusion will occur in those sutures where the mesenchyme originates from
the same lineage as that expressing the FGFR2 S252W Apert syndrome mutation. Indeed,
we demonstrate that in the NC*/5252W mytants the rostral part of the inter-parietal (sagittal)
suture, along with the inter-frontal (metopic), inter-nasal, inter-premaxillary, inter-maxillary,
and inter-palatine sutures, all neural crest-derived [1], remain patent at PO. Assuming a
neural crest origin in mice for the abnormally patent vomer-maxillary, and palatine-
presphenoid sutures adds to the lack of support for H1.

3.2 NC*/S252W mytant mice primary shape changes mainly involve the snout, rostral
neurocranial, and rostral cranial base regions

Since the facial skeleton, the frontal and squamosal components of the cranial vault, and the
rostral aspect of the cranial base are neural crest-derived (Fig. 3, panel A), we expect
NC+/5252W muytants to display primary dysmorphologies in these regions (Figs. 3, panels B
and C). We used principal components analysis to examine the overall cranial variation in
our sample. The first principal component (PC1) accounts for 28.5% of the total variance in
the sample and clearly separates the NC*/5252W mytants from the Meso*/5252W Meso*/*,
and NC*/* mice (Fig. 3, panel D). As expected, shape changes associated with PC1 mainly
involve neural crest-derived bones, and NC*/$252W mytants corresponding to the negative
scores on PC1 display primary dysmorphologies in aspects of the snout, cranial base and
cranial vault. The direct comparison of cranial shape between the NC*/5252W and NC** ina
separate analysis results in shape differences similar to those described between these two
groups by PC1 in figure 3 (results not shown). The Meso™/5252W mice overlap with the
unaffected mice on PC1 implying that shape variation in these anatomical regions is normal
for these mice and not related to the expression of the mutation in the neural crest derived-
tissues. Compared to the Meso*/5252W Meso*/+ and NC** mice, the NC*/5252W mjce
display a wider and (dorso-ventrally) expanded cranial vault, a retracted snout, and
retroflexion of the cranial base (Figs. 3, panels B, C and E). Most of the sutures that connect
the maxilla with surrounding bones are fused (except for the maxillary-nasal and vomer-
maxillary sutures) and the maxillary region is contracted rostrocaudally and wider compared
to the other groups of mice. The zygomatic-maxillary suture is prematurely fused and the
zygomatic bone is displaced ventrally. The premaxillae, which are wider and retracted,
though not reduced rostrocaudally, are associated with an abnormally patent inter-
premaxillary suture, and prematurely fused maxillary-premaxillary and vomer-premaxillary
sutures. The more ventrally placed palatine bones are associated with a prematurely fused
palatine-maxillary suture and delayed fusion of inter-palatine and palatine-presphenoid
sutures. The more dorsally placed vomer and presphenoid together with the more ventrally
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placed basisphenoid describe retroflexion of the cranial base (Figs. 3 panels C and E).
Finally, the frontal bones are placed more dorsally and more laterally, forming a large gap
between them. The prematurely fused frontal-maxillary suture is associated with a more
lateral placement of the most caudal aspect of the frontal bones compared to the most rostral
aspect.

3.3 NC*/5252W mutant mice secondary shape changes occur in the basioccipital and
parietal regions

We observed secondary shape changes in the mesoderm-derived bones of NC*/5252W
mutants, particularly in the parietal and basioccipital regions (Figs. 4, panels A and D).
Compared to the other groups of mice, the parietal bones of the NC*/5252W mytants are
higher and shifted laterally. The non-mutant parietal bones and the mutant frontal bones are
delimited by a non-mutant coronal suture which is patent and presumed to preserve a normal
growth potential. The rostrocaudally elongated basioccipital is placed more ventrally and is
connected to the basisphenoid through a patent and apparently functioning spheno-occipital
synchondrosis, a cartilaginous joint of dual origin [2]. Neither the lateral occipital nor the
supraoccipital display shape differences when compared to unaffected mice (Figs. 4, panels
A and D).

3.4 Meso*/5252W mutant mice primary shape changes are in the parietal regions

The second principal component (21.9%) separates the Meso*/5252W mutants from the
NC*/5252W NC*/* and Meso*/* mice (Fig. 3, panel D). The shape changes associated with
PC2 involve mesoderm- and neural crest-derived bones. The primary shape changes on PC2
show the Meso™/5252W mutants to have a more rostrally shifted parietal region, a
rostrocaudally enlarged posterior aspect of the basioccipital, and a more dorsally placed
supraoccipital compared to the other groups (Fig. 3, panel E and fig. 4, panel D). The direct
comparison of cranial shape between the Meso*/5252W and Meso™/* in a separate analysis
results in shape differences similar to those described between these two groups by PC2 in
figure 3 (results not shown). The NC*/5252W mice show considerable within-group variation
and overlap with the unaffected mice on PC2 implying that shape variation accounted for by
negative values on PC2 is like that of unaffected mice and not related to the expression of
the mutation in the mesoderm derived-tissues. The only characteristic suture fusion patterns
are the prematurely fused coronal suture (i.e. frontal-parietal) and the abnormally patent
parietal-squamosal suture (Fig. 1).

3.5 Meso*/$252W mutant mice secondary shape changes are in the frontal and snout

regions

The majority of the dysmorphic cranial regions in Meso*/$252W mytants occur in neural
crest-derived regions. Secondary shape changes characterizing the PO Meso™/5252W mutants
when compared to the other mice include a more dorsally deflected snout relative to the
palate, and ventrally placed basisphenoid, and palatal bones (Fig. 4, panels B and D). None
of these bones have neighboring sutures that are prematurely fused and the vomer-maxillary
suture is abnormally patent (Fig. 1). This implies that the growth potential of the non-mutant
facial sutures is conserved, supported by the fact that these bones are not rostrocaudally
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contracted. The relative position of the frontal bone is driven by the primary shape changes
and anterior placement of the parietal bones.

3.6 Skull dysmorphology of NC*/5252W mutants is increased relative to Meso*/S252W

mutants

We further compared the consensus shapes (PAS) of the Meso*/S252W gnd NC*/5252W
mutants to illustrate specific shape differences between these two groups (Fig. 4). The most
intense shape differences between the Meso*/5252W and NC*+/5252W muytants are in the
frontal, parietal, squamous temporal, premaxilla, and presphenoid regions (Figs. 4, Panels C
and D). The NC*/5252W mytants display a more doming cranial vault, the region where the
frontal bones articulate with the nasal bones is steeper than the Meso*/$252W | the rostral
aspect of the premaxilla is contracted and more ventrally placed, and the zygomatic bones
and the zygomatic processes of both squamous temporal and maxilla are dorsally placed.
The frontal, parietal, squamous temporal, premaxilla, and most of the maxilla regions are all
extended laterally making the skull of the NC*/5252Wmjce wider than that of the
Meso*/5252W mice. These observations coupled with the distribution of the four groups of
mice in the shape space (Fig. 3, panel D) and the suture fusion pattern support H2 proposing
that NC*/5252W mutants have a more dysmorphic skull than the Meso*/5252W mutants.

4 Discussion

We have used mouse models expressing the FGFR2 S252W mutation either in mesoderm-
or neural crest-derived tissues [16] to quantify differences in craniofacial shape variation
and suture fusion patterns and to identify shape changes in craniofacial bones derived from
the lineage not expressing the mutation, referred to here as secondary shape changes. Our
results lead to a strong rejection of H1 proposing that when the suture mesenchyme
originates from the same lineage as the one expressing the FGFR2 S252W mutation, the
suture will be fused prematurely, but fully support H2 proposing that at birth, NC*/5252W
mutants are more severely affected than Meso*/5252W mutants.

The recent report by Lewis et al. [29] that Wnt1-Cre transgenic mice exhibit phenotypes in
multiple aspects of midbrain development confirms results reported by Danielian et al. [11]
and potentially complicate the utility of this mouse model in studies like as ours. To address
this problem we directly compared the cranial phenotypes of NC*/* and Meso*/* mice in a
separate analysis (Fig. S3) revealing similarity in cranial shape for these two groups. These
results indicate that the midbrain dysmorphologies caused by ectopic expression of Wntl in
NC** mice do not cause cranial shape changes at PO.

The skull shape of NC*/5252W mytants is characterized by a retracted snout, a doming

cranial vault and retroflexion of the cranial base (Fig. 3). As expected, these dysmorphic
features mainly involve neural crest-derived bones. Secondary shape changes in NC*/S252W
mutants are the most intense for the mesoderm-derived parietal and basioccipital bones (Fig.
3). It has been shown that proliferation of the non-mutant parietal osteogenic front adjacent
to the coronal suture was unaffected at E16.5, while proliferation of the mutant frontal was
decreased significantly (67% of the non-mutant frontal rate) in NC*/5252W mytants [16]. We
interpret the abnormal placement of the parietal bones as the consequence of the prematurely
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fused frontal-maxillary suture associated with the relatively preserved growth potential of
the coronal suture resulting in the characteristic domed cranial vault of the NC+/S252W
mutants. We interpret the characteristic position of the basioccipital in NC*/5252W mytants
as the consequence of the ventral placement of the basisphenoid and palatine bones.
Additionally, we cannot totally exclude the potential influence of the brain on the secondary
shape changes recorded in NC*/S252W mytants since the brain and skull maintain an intimate
relationship throughout development [30]. It has been shown that Wnt1 is also expressed in
the caudal diencephalon, dorsal and ventral midlines of the midbrain, and midbrain-
hindbrain junction where the possibility of ectopic Wnt1 activity acting synergistically with
the FGFR2 S252W mutation could exist [11]. However, determining the specific role of
brain development in the production of skull shape in mutant and non-mutant mice would
require specific measures of brain morphology and neural cellular dynamics not available
from our pCT data.

The skull shape of Meso*/$252W mutants is characterized by a more dorsally deflected snout
relative to the palate, ventrally placed basisphenoid and basioccipital, and a rostrally shifted
frontal and parietal region (Fig. 3). The dysmorphic features of the Meso*/5252W mytants
were not limited to the mesoderm-derived bones but instead primarily involved neural crest-
derived bones (e.g., snout). It has been shown that proliferation in both the mutant parietal
and non-mutant frontal osteogenic fronts were decreased at E16.5 (approximately 35% of
the non-mutant frontal and parietal rates) [16]. We interpret the premature fusion of the
coronal suture and the associated reduction of the frontal proliferation as being the main
factor responsible for the dorsally deflected snout.

The amount of craniofacial phenotypic variation as recorded by the PCA (Fig. 3, panel D),
particularly by PC2, is larger for the two mutant groups than for the unaffected mice. This
result corroborates previous reports of increased variation in mouse models carrying genetic
orthologues of human conditions relative to unaffected littermates [31-34]. Additionally, it
could be argued that the mixed background used in these experiments more closely
resembles the human condition (relative to an inbred background), providing an appropriate
analogue for the phenotypic outcome associated with the mutation.

4.1 Fusion pattern of the sagittal oriented sutures in NC*/S252W mytants demonstrate that
expression of the FGFR2 S252W mutation in the suture mesenchyme is not sufficient to
induce premature fusion

The absence of premature fusion of the neural crest-derived sagittal, metopic, inter-nasal,
inter-premaxillary, inter-maxillary, and inter-palatine sutures in NC*/5252W mytants at PO [1]
supports the premise that premature fusion of a suture does not exclusively depend on the
expression of the FGFR2 S252W mutation in the sutural mesenchyme. More support for this
finding is provided if we assume neural crest origin for the vomer-maxillary and palatine-
presphenoid sutures, which remained abnormally patent in NC*/5252W mytants when
compared to the other mice (Fig. 1). In Apert syndrome, the sagittal and metopic sutures fail
to develop properly, and instead bony islands form within a wide midline defect and large
anterior fontanelle that eventually fill with bone during the first two years of life, ina
process called sutural agenesis [6]. Wang et al. [35] also described a wide gap between the
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frontal bones in the full Fgfr2+/5252W mutants. The neural crest-derived sutures of the
NC*/5252W mutants show similar results as those recently reported on the fusion pattern of
facial sutures in Fgfr2*/5252W muytants, while these sutures in Meso*/S252W muytants show
similar fusion pattern as that reported for unaffected mice [36,37].

All of these neural crest-derived sutures that remain abnormally patent in Apert syndrome
and in newborn NC*/5252W and Fgfr2+/5252W mytants are located on para- or mid-sagittal
planes. Is there a fundamental difference in suture biogenesis or signaling in the sutures that
form on the sagittal plane? Or is the difference based on relative timing of suture closure;
the sutures in the sagittal plane being delayed in their fusion pattern secondarily to
compensate the abnormal fusion of transversal sutures taking place earlier? Equivocal
findings are reported on that issue. Komatsu et al. [38] reported that enhanced bone
morphogenetic protein (BMP) in cranial neural crest cells and derived pre-osteoblasts causes
premature fusion of the rostral part of the metopic suture contrary to the augmentation of
FGF-ERKZ1/2 signaling which does not cause synostosis. Their study is in agreement with a
recent genome-wide association study which identified susceptibility loci for nonsyndromic
sagittal craniosynostosis near BMP2 [39]. Martinez-Abadias et al. [37] reported abnormal
patterns of proliferation, differentiation, and apoptosis in the inter-premaxillary suture of
Fgfr2+/5252W mytants resulting in abnormal patency of this suture at PO. Together, these
observations suggest biogenesis differences in cranial sutures that form on the sagittal plane
relative to transverse sutures. However, report of the inter-palatine suture being occasionally
partially fused in 3-week old NC*/$252W mutants [16] and the unaffected patterns of
proliferation, differentiation, and apoptosis associated with an abnormally patent condition
at PO [37] seem to favor, at least for this suture, a timing issue.

4.2 Retroflexion of the cranial base is only evident in NC*/$252W mutants

Contrary to what was previously reported for these mice using histological sections [16], our
results show that the NC*/S252W mutants display retroflexion of the cranial base at PO, while
the orientation of the cranial base of the Meso™/5252W mutants is not different from non-
mutant mice (Figs. 3, panels C and E). UCT images of all mice and the ability to section the
imaged skulls at any angle provided a clear way to evaluate cranial base dysmorphology in
every individual. The most dysmorphic region of the cranial base in NC*/5252W mutants is
local to the presphenoid and vomer, both of which are associated with neighboring sutures
displaying abnormal fusion patterns, either prematurely fused (e.g., vomer-premaxillary) or
abnormally patent (e.g., palatine-presphenoid and vomer-maxillary sutures).

Contrary to sutures of the cranial vault and the facial skeleton, the synchondroses of the
cranial base (intra-occipital, spheno-occipital, inter-sphenoidal) are never prematurely fused
at PO in our samples confirming previous reports [36]. However, premature fusion of these
basicranial joints may occur later in postnatal life as shown in one-year old Meso*/5252W
mutants where the inter-sphenoidal synchondrosis was partially fused [16] and in older
Apert syndrome patients where premature fusion of the spheno-ocipital synchondrosis has
been reported [40].
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Our results lead to two major conclusions. First, premature fusion of a suture is not
necessarily dependent on the expression of the FGFR2 S252W mutation in the sutural
mesenchyme. It appears that suture fusion patterns in both mouse models are suture-specific
resulting from a complex combination of the influence of primary abnormalities of
biogenesis or signaling in the sutures, and variation in individual timing specific to each
suture. Second, we identified shape changes in regions of the skull derived from the lineage
that did not express the mutation (i.e. the secondary shape changes). Though our study has
focused on the effects of the conditional expression of the FGFR2 S252W mutation on
developing bone, we realize that in the NC*/5252W and Meso*/$252W mutants this mutation is
also expressed in soft tissues causing primary changes that could also contribute to the
secondary skeletal anomalies quantified here.

We propose that the secondary changes that we identified in the skull derive from four
potential sources: (i) disrupted morphogenesis of the non-mutant bone caused by a
neighboring synostosed suture resulting in abnormal shape; (ii) displacement of the non-
mutant bone caused by neighboring dysmorphic mutant bones articulating with the non-
mutant bone through functioning sutures or synchondroses; (iii) functional pressures of soft
tissues whose morphology and growth dynamics are affected by these mutations; and (iv)
communication of cell signaling or soluble factors produced by mutant cells that alter the
development of the neighboring non-mutant cells. Specific research designs are required to
determine the relative role of these potential processes in the production of craniofacial
dysmorphogenesis in craniosynostosis conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Suture fusion pattern in four groups of mice. Four stages were defined: patent (white);

bridging (light grey); partially fused (dark grey); fused (black) (for the stages definition see
Materials and methods section)
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Fig. 2.
Facial sutures are derived from neural crest. The heads of E16.5 Wnt1-Cre/R26R (A-E) or

Mesp1-Cre/R26R (A’-E”) were coronally sectioned and stained for B-galactosidase activity
(blue). Sutures shown are (A, A”) Inter-premaxillary; (B, B”) Inter-maxillary; (C, C”) Inter-
palatine; and (D, D") Maxillary-Palatine. (E, E”) Sections through the mesoderm-derived
basioccipital bone at the posterior of each head is shown. Slides are counter-stained with
eosin (pink). Scale bars = 100 pm (A-D) and 200 pm (E, E").
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Fig. 3.
Skull shape differences between Meso*/S252W and NC*/5252W mytants and unaffected mice.

Cellular origin of the skull at PO is shown in lateral and ventral views in panel A
(mesoderm-derived bones in pink, neural crest-derived bones in green) [1,2]. Lateral views
of a wild type mouse, Meso*/S252W mutant (note the fused coronal suture), and NC*/5252W
mutant from PCT reconstruction (panel B). Midsagittal section of the cranial base of a wild
type mouse, Meso*/5252W mytant, and NC*/S252W mutant (note the retroflexion of the cranial
base and vomer) from uCT reconstruction (panel C). Placement of the 77 Meso*/5252W,
Meso*/*, NC*/5252W and NC*/* PO mice on PC1 and PC2 in the skull shape space
(principal component analysis of the landmarks Procrustes shape coordinates) (panel D).
Shape changes visualized by wireframes associated with negative and positive scores on
PC1 and PC2 (panel E).
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Fig. 4.
Comparison of the consensus shapes (PAS) of the NC*/5252W and Meso™/5252W mutants.

Superior (with base removed), superior (with vault removed), inferior (with vault removed),
anterior, and lateral views (reading from left to right) of the PAS of the NC*/5252W (panel A)
and Meso*/S252W mytants (panel B). Color map representing the anatomical regions
displaying the most and least intense shape differences (in red and dark blue respectively)
between the NC*/5252W and Meso*/$252W mutants (panel C). Wireframes corresponding to
the NC*/5252W (green) and Meso*/$252W (orange) mutants in lateral view when compared to
the consensus shape of the unaffected mice (black) and to each other (panel D).

Bone. Author manuscript; available in PMC 2015 June 01.



