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Beyond the Closed Suture in Apert Syndrome
Mouse Models: Evidence of Primary Effects of
FGFR2 Signaling on Facial Shape at Birth
Neus Martı́nez-Abadı́as,1 Christopher Percival,1 Kristina Aldridge,2 Cheryl A. Hill,2 Timothy Ryan,1

Satama Sirivunnabood,1 Yingli Wang,3 Ethylin Wang Jabs,3 and Joan T. Richtsmeier1*

Apert syndrome is a congenital disorder caused mainly by two neighboring mutations on fibroblast
growth factor receptor 2 (FGFR2). Premature closure of the coronal suture is commonly considered the
identifying and primary defect triggering or preceding the additional cranial malformations of Apert phe-
notype. Here we use two transgenic mouse models of Apert syndrome, Fgfr21/S252W and Fgfr21/P253R, to
explore variation in cranial phenotypes in newborn (P0) mice. Results show that the facial skeleton is the
most affected region of the cranium. Coronal suture patency shows marked variation that is not strongly
correlated with skull dysmorphology. The craniofacial effects of the FGFR2 mutations are similar, but
Fgfr21/S252W mutant mice display significantly more severe dysmorphology localized to the posterior pal-
ate. Our results demonstrate that coronal suture closure is neither the primary nor the sole locus of skull
dysmorphology in these mouse models for Apert syndrome, but that the face is also primarily affected.
Developmental Dynamics 239:3058–3071, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Apert syndrome is a congenital auto-
somal dominant disorder character-
ized by cranial, neural, limb, and vis-
ceral malformations [MIM 101200],
with disease prevalence of 15–16 per
million live births (Cohen et al.,
1992). Individuals with Apert syn-
drome present a complex and variable
craniofacial phenotype with prema-
ture fusion of the coronal suture (cra-
niosynostosis), a large defect of the
anterior fontanelle, brachycephaly,
midfacial retrusion, maxillary hypo-

plasia, ocular hypertelorism, and
proptosis (Cohen, 2000). Almost 99%
of reported cases of Apert syndrome
carry one of two mutations in the
highly conserved linker region con-
necting the second and third extracel-
lular immunoglobulin-like domains of
fibroblast growth factor receptor 2
(FGFR2) (Park et al., 1995a; 1995b;
Wilkie et al., 1995). Each of these
gain-of-function mutations (Ser252Trp
and Pro253Arg) are missense substitu-
tions involving adjacent amino acids
that alter the ligand-binding affinity
and specificity of the receptors that

can, as a result, be activated inap-
propriately (Plotnikov et al., 2000;
Ibrahimi et al., 2001; Yu and Ornitz,
2001; Yu et al., 2003). As a conse-
quence, many processes in osteogenic
cells mediated by the FGF/FGFR sig-
naling pathway (e.g., patterns of cell
proliferation, differentiation, migra-
tion, adhesion, and death) (Ornitz and
Marie, 2002; Hajihosseini, 2008; Marie
et al., 2008), as well as those involved
in the development of other tissues,
are potentially affected (Ford-Perriss
et al., 2001; Inatani et al., 2003; Schul-
ler et al., 2008; Turner and Grose,
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2010). Approximately 67% of individu-
als with Apert syndrome have a domi-
nant FGFR2 S252W mutation, while
the remaining 33% have a dominant
FGFR2 P253R mutation (Wilkie et al.,
1995; von Gernet et al., 2000).

Despite the limited mutational
spectrum responsible for Apert syn-
drome (Slaney et al., 1996), the phe-
notypic outcome of these two genetic
changes is neither consistent nor
localized to a particular bodily sys-
tem. There is no simple one-to-one
correspondence between genotype
and phenotype, and dysmorphologies
of development are pervasive. Analy-
sis of individuals with Apert syn-
drome reveals variation in the effects
across tissues and variation in the se-
verity of these effects (Cunningham
et al., 2007). Interestingly, other
FGFR1, -2, and -3 related craniosyn-
ostosis syndromes, such as Crouzon,
Pfeiffer, Jackson-Weiss, Muenke, and
Saethre-Chotzen syndromes, present
overlapping craniofacial phenotypes
prompting the hypothesis that these
syndromes represent a phenotypic
clinical spectrum of related genetic
disorders that can be produced by dif-
ferent combinations of mutations in
genes working in similar signaling
cascades (Cunningham et al., 2007).
The precise genetic and developmen-
tal bases of craniofacial variation in
these syndromes are not fully
understood.

Craniosynostosis, the premature
closure of cranial sutures, is the com-
mon denominator in FGFR1, -2, and
-3 related craniosynostosis syn-
dromes. As the most frequent, salient,
and clinically manageable feature,
much of the clinical, molecular, and
morphological research has focused
on the cranial vault sutures and the
mechanisms underlying suture pat-
ency and closure (Cunningham et al.,
2007). As a result, premature suture
closure is often considered, explicitly
or implicitly, the primary anomaly
and contributory to skull dysmorphol-
ogy in craniosynostosis syndromes
(Cohen, 1986, 1993). Additional neu-
rocranial and facial traits that to-
gether define the complex craniofacial
phenotype associated with these cra-
niosynostosis syndromes have often
not been given the same relevance
and have been considered secondary
to calvarial suture fusion (Cohen,

1986, 1993; Cohen and Kreiborg,
1996). Craniofacial dysmorphogenesis
is, however, a complex process in
these syndromes, involving a poten-
tially broad influence of mutated
genes in the hierarchies of various
networks that impact dynamic pat-
terns of gene expression and regula-
tion, aspects of cell signaling, develop-
mental interactions among emergent
properties of tissues, as well as con-
tinuously changing biomechanical
forces acting at different times of
growth and development.

Given its relatively low prevalence,
studies of humans may never provide
data adequate to illuminate the geno-
type-phenotype continuum in Apert
syndrome. Consequently, the study of
mouse models becomes critical to
understanding variation in Apert syn-
drome phenotypes. The correspon-
dence between Apert syndrome trans-
genic mouse models and human
patients with Apert syndrome has
been demonstrated at the molecular,
histological, and morphological levels
(Chen et al., 2003; Wang et al., 2005,
2010; Holmes et al., 2009; Aldridge
et al., 2010; Du et al., 2010). Here, we
quantify skull shape variation in
Apert syndrome using the Apert syn-
drome Fgfr2þ/S252W and Fgfr2þ/P253R

mouse models, generated on the same
C57BL/6J genetic background (Wang
et al., 2005, 2010). Morphometric
analysis of three-dimensional (3D)
landmark data precisely recorded
from high-resolution micro-computed
tomography (mCT) images of the
skulls of newborn (P0) mice enables
estimation of morphological variation
within and among groups and detec-
tion of localized shape differences
resulting from phenogenetic processes
that contribute to Apert syndrome
craniofacial phenotypes.

Adopting well-used evolutionary
models that partition the skull into
cranial vault, cranial base, and facial
skeleton (Cheverud, 1995; Richtsme-
ier, 2002; Sperber et al., 2010), we
statistically estimate the severity of
localized dysmorphology across these
components of the murine skull at P0.
The underlying assumption is that
the shape configuration providing the
best differentiation between mutant
and non-mutant mice in both trans-
genic lines will reflect main and direct
morphological effects of the Apert

syndrome FGFR2 mutations. As sam-
ples of different ages are not included
in this study, our analyses do not test
causality or the temporal sequence of
the appearance of traits defining the
Apert phenotype. Our goals are to: (1)
quantitatively evaluate global and
local morphological differences among
and within groups and identify the
cranial region(s) that is(are) most
affected at this early stage of develop-
ment, and (2) determine the relation-
ship between coronal suture patency
and skull dysmorphology. Since coro-
nal suture closure is considered a
main effect of these FGFR2 muta-
tions, we expect that the cranial vault
will provide the best separation
between groups and that suture pat-
ency will be highly correlated with
the skull dysmorphology associated
with Apert syndrome.

RESULTS

Skull phenotypes:

Comparisons of Apert

Syndrome Fgfr21/S252W and

Fgfr21/P253R Mouse Models

We compared phenotypic variation
of P0 skulls of Fgfr2þ/S252W and
Fgfr2þ/P253R mice and their non-mu-
tant littermates (Table 1) using vari-
ous morphometric methods that allow
us to characterize overall variation
and pinpoint highly localized shape
differences among groups. Three-
dimensional coordinates of 51 cranial
landmarks (see Supp. Fig. S1 and
Supp. Table S1, which are available
online, and http://getahead.psu.edu/
LandmarkNewVersion/P0mouseskull_
updated_applet.html) were recorded
on the 3D mCT isosurfaces recon-
structed using two software packages
for the visualization of medical
images, Avizo 6.0 (Visualization Sci-
ences Group, VSG) and eTDIPS
(http://www.cc.nih.gov/cip/software/
etdips/). We defined subsets of 3D
landmarks to represent the shape of
the global skull as well as the shape
of the three major regions of the
mammalian skull: face, cranial vault,
and cranial base (Supp. Fig. S1 and
Supp. Table S1). For all four datasets,
we first performed a General Pro-
crustes analysis to superimpose the
coordinate data and to extract shape
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information (Rohlf and Slice, 1990;
Dryden and Mardia, 1998). This pro-
cedure minimizes the influence of size
and adopts a single orientation for all
specimens by shifting the landmark
configurations to a common position,
scaling them to a standard size and
rotating them until a best fit of corre-
sponding landmarks is achieved. We
then analyzed shape variation using
Principal Component Analysis (PCA),
a data exploration technique that per-
forms an orthogonal decomposition of
the data and transforms the resulting
Procrustes coordinates into a smaller
number of uncorrelated variables
called principal components (PCs).
Individuals are scored on each PC so
that a distribution of the individuals
can be plotted along these axes. The
first PC (PC1) accounts for the largest
amount of variation in the data, and
the second PC (PC2) accounts for the
second largest amount of variation,
and so on (Reyment et al., 1984).

Global Skull Shape Analysis:

Similarities in Craniofacial

Shape Among Apert Mouse

Models

The PCA analysis based on the Pro-
crustes coordinates of the subset of 39
landmarks that define the global skull
configuration and sample information
from the entire skull (Supp. Table S1)
shows a clear separation between
Apert syndrome Fgfr2þ/S252W and
Fgfr2þ/P253R mutant mice and their
non-mutant littermates along PC1,
which accounts for more than 52% of
the total shape variation (Fig. 1A).

Apert syndrome Fgfr2þ/S252W and
Fgfr2þ/P253R mutant mice overlap
along PC1 and PC2 showing a range
of variation so extensive as to make
the two groups indistinguishable.
Non-mutant littermates show a more
reduced range of variation along both
axes but also completely overlap, indi-
cating that they share similar skull
morphologies. None of the remaining
principal components separate any
known groups (data not shown).

Procrustes superimposition reduces
the effects of scale, but does not elimi-
nate allometric shape variation that is
related to size. We mathematically cor-
rected for correlations among shape
variables due to allometry (size-related
differences in shape) by computing a
regression of shape on centroid size fol-
lowing the methods of Drake and Klin-
genberg (2008) (see Experimental Pro-
cedures section for more details). The
residual estimates for each specimen
were used to compute another PCA
that represents the distribution of our
data after the effects of allometry are
removed. The separation previously
seen between mutant and non-mutant
mice along PC1 is no longer apparent
(Fig. 1B), indicating that the main dif-
ference between mice carrying either of
the two FGFR2 mutations and non-
mutant littermates is an allometric
shape difference, one that is tied closely
to differences in size. Non-mutant mice
remain at the negative end of PC1, but
there is substantial overlap among
groups along this axis (Fig. 1B).

Shape differences between groups
are displayed as wireframe deforma-
tions (Fig. 2) corresponding to extreme
positive and negative values of the PC1

shown in Figure 1B. Mice carrying ei-
ther the Fgfr2þ/S252W or the Fgfr2þ/

P253R mutation (represented by the
negative extreme of PC1, orange wire-
frame) show the typical brachycephalic
shape of Apert syndrome phenotype,
with wider cranial vaults at the parie-
tal and temporal levels than the mean
shape (grey dashed wireframe). In
comparison to non-mutant littermates
(located on the positive extreme of
PC1, blue wireframe), Fgfr2þ/S252W and
Fgfr2þ/P253R mutant mice also show
midfacial hypoplasia, represented by
more posterior placement of facial and
palatal landmarks. The cranial base is
inferiorly displaced in mutant mice,
and the region of the skull where the
cranial base joins the face is oriented
differently in the two groups, being
more flexed in the mutant groups.

Regional Skull Shape

Analysis: Localized

Differences in Craniofacial

Shape Among Apert

Mouse Models

We explored regional shape variation
by performing separate General Pro-
crustes and PCA analyses using three
different configurations of 3D land-
mark coordinates (Supp. Fig. S1 and
Supp. Table S1) representing the fa-
cial skeleton (19 landmarks), the cra-
nial base (14 landmarks), and the cra-
nial vault (6 landmarks) after
removing the effects of allometry.
The PCA shape analysis of the cra-

nial vault shows limited separation of
Fgfr2þ/S252W and Fgfr2þ/P253R mutant
mice from the non-mutant littermates,

TABLE 1. Sample Sizes (and Corresponding Percentages) in Apert Syndrome Fgfr21/S252W and Fgfr21/P253R Mutant

Mice and Their Non-Mutant Littermates at P0a

Genotype N

Coronal suture Zygomatic-maxillary Premaxilla-maxillary

OPEN BICOR PART RUNIC LUNIC Open Fused Open Fused

þ/þ 19 18 (95%) - 1 (5%) - - 19 (100%) - 19 (100%) -
þ/S252W 16 - 11 (69%) 4 (25%) - 1 (6%) - 16(100%) - 16(100%)
þ/þ 12 10 (84%) - 1 (8%) - 1 (8%) 12 (100%) - 12 (100%) -
þ/P253R 26 - 13 (50%) 9 (35%) 3 (11%) 1 (4%) - 26(100%) - 26(100%)

aFor each group, qualitative scores on suture patency (open, partial, fused) are provided. OPEN: No closure or overlap visualized
at either side of the coronal suture (both sides scored as open, O); BICOR: Bicoronal synostosis (almost no open areas visualized
on either right or left side, right and left scored as fused, F); PART: Partial (one or two sides scored as partial, P); RUNIC: Right
unicoronal (right side showing almost complete overlapping/fusion of bony fronts and scored as fused, while left side is open and
scored as open); LUNIC: Left unicoronal (left side scored as fused and right as open). For exact definitions of patency states (O,
P, F), see Experimental Procedures section.
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but specimens from all groups overlap
along the two first PCs (Fig. 3A).
Within the positive side of PC1,
only Fgfr2þ/P253R mice overlap with
non-mutant littermates, whereas
Fgfr2þ/S252W mice are positioned along
the negative side of PC1 and occupy
the most extreme positions. The PCA

shape analysis of the cranial base sepa-
rates Fgfr2þ/S252W and Fgfr2þ/P253R

mice from their non-mutant litter-
mates, but there is considerable over-
lap among the two mutant groups (Fig.
3B). Fgfr2þ/S252W mice occupy a larger
area of the shape space indicating a
larger range of variation for cranial

base shape for this group, including an
extreme outlier that overlaps with non-
mutant mice along PC1. The PCA
shape analysis of the facial
skeleton separates Fgfr2þ/S252W and
Fgfr2þ/P253R mice from their non-mu-
tant littermates and shows clear sepa-
ration between Fgfr2þ/S252W and
Fgfr2þ/P253R mice on the combined ba-
sis of PC1 and PC2 (Fig. 3C), indicating
significant differences in facial struc-
ture between the mutant specimens of
the two Apert mouse models.
Analyses of linear distances using

traditional methods of analysis and
including data on suture patency fur-
ther support these findings (see Supp.
Fig. S2).

Face is the Most Affected

Region in Apert Mutant

Mice at P0

Given that our results suggest overall
similarity, but localized shape differen-
ces that distinguish Fgfr2þ/S252W and
Fgfr2þ/P253R Apert syndrome mouse
models, we tested for statistically signif-
icant shape difference using Euclidean
Distance Matrix Analysis (EDMA)
(Lele and Richtsmeier, 2001) and the
same subsets of landmarks that
describe the cranial vault, the base, and
the face (Supp. Fig. S1 and Supp. Table
S1). EDMA (Lele and Richtsmeier,
2001) is a coordinate system-free
approach that estimates differences in
all possible pairs of inter-landmark dis-
tances and allows non-parametric

Fig. 1. Results of PCA analyses based on Procrustes coordinates of a global skull configuration of landmarks. Scatter plots of PC1 and PC2
scores before (A) and after adjusting for the effects of allometry (B).

Fig. 2. Wireframes displaying skull morphologies along PC1 of the PCA analysis based on the
global skull configuration of landmarks. Top: Mean shapes along PC1 are superimposed on a
frontal, lateral, and superior view of the skull of a non-mutant mouse to provide an anatomical
reference for interpretation. Middle: Blue wireframes represent the morphology associated with
the specimens located on the positive extreme of PC1 (non-mutant littermates) in comparison to
the mean shape of the sample (grey dashed wireframe). Bottom: Orange wireframes represent
the morphology associated with the specimens located on the negative extreme of PC1 (Fgfr2þ/

S252W and Fgfr2þ/P253R mutant mice) in comparison to the mean shape of the sample (grey
dashed wireframe).
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confidence interval estimation for sta-
tistical testing of the morphological dif-
ferences between the groups.

EDMA demonstrated statistically sig-
nificant differences in the facial skele-

ton, cranial base, and cranial vault
between each mutant mouse model and
their non-mutant littermates (Table 2).
Moreover, a statistical comparison of
the localized shape changes between

each mutant group and its non-mutant
littermates revealed similar effects of
the two mutations on the cranial base
and cranial vault, but a significant dif-
ference in the effects of each mutation
on the facial skeleton. Confidence inter-
val testing of the difference in the
effects of the two mutations on the fa-
cial skeleton revealed that the main
shape differences between Fgfr2þ/S252W

and Fgfr2þ/P253R mice are concentrated
on the posterior aspect of the palate
(Fig. 4). In general, the magnitude of
the differences between Fgfr2þ/S252W

mice and their non-mutant littermates
are greater than the differences
between Fgfr2þ/P253R mice and their
non-mutant littermates. However, these
differences are not uniform (Fig. 4).

Patterns of Suture Patency

To compare the patterns of suture
patency among Fgfr2þ/S252W and
Fgfr2þ/P253R mice and their non-mu-
tant littermates and to explore how
synostosis is associated with Apert
skull dysmorphologies at P0, we
scored the patterns of suture patency
as visualized on 3D mCT images in
two facial sutures and the coronal
sutures of the cranial vault.

Invariant Patterns of Facial

Suture Patency

Qualitative scoring of suture patency
of the zygomatic-maxillary and the
premaxilla-maxillary sutures showed
that these two facial sutures are con-
sistently fused in Fgfr2þ/S252W and
Fgfr2þ/P253R mutant mice at P0 but
remain patent at P0 in non-mutant
littermates (Table 1).

Highly Variable Patterns of

Coronal Suture Patency

We scored the degree of patency on
3D mCT reconstructions of the coronal
sutures using qualitative and quanti-
tative approaches. We focus on the
degree of suture patency rather than
closure because the coronal suture is
a beveled suture and the isosurface
may not easily distinguish between
overlapping suture fronts and fused
sutures at the cellular level. However,
the isosurface reliably differentiates
those sections of the coronal suture
that are completely open with the
frontal and parietal fronts separated,

Fig. 3. Results of PCA analyses based on Procrustes coordinates of regional configuration of
landmarks collected on the skull. Scatter plots of PC1 and PC2 scores of the cranial vault (A),
the cranial base (B), and the face (C) after adjusting for the effects of allometry.
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from those that are already fused or
overlapping. These images represent
a valuable snapshot of the dynamic
process of suture development at P0,
even if they do not enable prediction
of future states of suture patency for
individuals.
Initially we assigned a qualitative

score of open, partially open, or fused
(i.e., no open sections visualized) to
the entire right and left coronal
sutures of each mouse. This assess-
ment revealed that, on at least one
side, Fgfr2þ/S252W and Fgfr2þ/P253R

mice always show some sections of
the coronal suture that are not open
(Table 1), though the extent and
nature of this qualitative trait is
highly variable across the sample.
Fgfr2þ/S252W and Fgfr2þ/P253R mice
classified using the traditional no-
menclature of coronal synostosis
range from complete bicoronal, to par-
tial synostosis in one or both sutures,
to complete unicoronal synostosis (in
which one suture is completely open
and the other shows almost no pat-
ency) (Fig. 5). Fgfr2þ/S252W mice show
a higher percentage of individuals
with bicoronal suture closure (69%)
and relatively fewer cases of partial
and unicoronal synostosis (31%). In
comparison, Fgfr2þ/P253R mice show a
lower percentage of individuals with
bicoronal fusion (50%) and a higher
frequency of partial and unicoronal
synostosis (50%). Coronal sutures of
non-mutant littermates are typically
completely open (Table 1).
To more accurately estimate the

variation observed in suture patency,
we computed a quantitative measure
of the degree of coronal suture pat-
ency as an index of the length of the
suture that remains open divided by
total suture length. Indices range
from 1 (completely patent suture) to 0
(no aspects of the suture appear open,
suture fronts are overlapping or
fused). Intermediate values indicate
varying magnitudes of suture pat-
ency. Figure 6 compares indices of
right and left coronal patency in mu-
tant and non-mutant mice of the two
Apert mouse models. Non-mutant
mice (NO-MUT) show indices close to
1 (i.e., patent sutures) and a narrow
range of variation. Apert syndrome
Fgfr2þ/S252W and Fgfr2þ/P253R mice
(MUT) reveal a great deal of variation
in the degree of patency of the right

TABLE 2. EDMA Testing for Localized Differences in Shape Among

Fgfr21/S252Wand Fgfr21/P253R Mice and Their Non-Mutant Littermates at P0a

Comparison Face (P) Cranial base (P) Cranial vault (P)

Fgfr2þ/S252W vs Fgfr2þ/þ .001* .01* .001*
Fgfr2þ/P253R vs Fgfr2þ/þ .001* .006* .047*
Fgfr2þ/S252W vs Fgfr2þ/P253R .000* .575 .068
S252W contrast vs

P253R contrast
.004* .176 .154

aS252W contrast versus P253R contrast refers to the statistical comparison of the
differences defined between Fgfr2þ/S252W mutant mice and non-mutant littermates
with the differences defined between Fgfr2þ/P253R mutant mice and non-mutant lit-
termates. *Statistically significant comparisons (P < 0.05).

Fig. 4. EDMA results from comparisons of Fgfr2þ/P253R and non-mutant littermates (left) and
Fgfr2þ/S252W and non-mutant littermates (right). From top to bottom: inferior view of palate (A,
D), superior view of endocranium with vault removed (B, E), and lateral view (C, F) of a mCT 3D
reconstruction of the P0 murine skull. Green lines indicate linear distances that are significantly
shorter in mutants as compared to their non-mutant littermates; purple lines represent linear dis-
tances that are significantly longer in the mutants as compared to non-mutant littermates. Or-
ange lines show linear distances that are similar in mutants and unaffected littermates (i.e., no
statistical significant differences at the a ¼ 0.1 level). Dimensions of the palate measuring the
distance between the anterior and posterior turbinates and the palatine foramen (B, E) were the
measures that were most affected (at least 10% longer/shorter in mutant mice in comparison to
their non-mutant littermates). These analyses are limited to sagittal and left-sided landmarks to
reduce the dimensionality of the data.
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Fig. 5. Qualitative variation in suture patency in Apert mouse models. Superior, right and left lateral views of the 3D reconstructions of the skulls
of five mice at P0. Row 1: non-mutant littermate of the S252W model with right and left patent coronal sutures (OPEN), row 2: Fgfr2þ/S252W mutant
mouse with bicoronal synostosis (BICOR), row 3: Fgfr2þ/S252W mutant mouse with partial patency on either side of the coronal suture (PART),
row 4: Fgfr2þ/P253R mutant mouse with overlapping bone fronts at the right coronal suture and patent left coronal suture (RUNIC), and row 5:
Fgfr2þ/S252W mutant mouse with patent right coronal suture and not patent left coronal suture (LUNIC).
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and left coronal sutures. Kruskal-
Wallis and Median tests confirm that
the difference among mean ranks of
suture closure in mutant and non-mu-
tant mice is statistically significant
(Z252MUT/NO-MUT ¼ 5.62, P < 0.001;

Z253MUT/NO-MUT ¼ 4.04, P < 0.001).
Coronal suture indices estimated for
Fgfr2þ/S252W mice tend towards the
extremes, indicating coronal sutures
that are either completely open or
completely not open, while intermedi-

ate index values predominate among
Fgfr2þ/P253R mice. These differences
in suture closure patterns between
Fgfr2þ/S252W and Fgfr2þ/P253R were
not statistically significant (Z252MUT-

253MUT ¼ 1.39, P ¼ 0.97).

Fig. 6. Quantitative variation in patterns of coronal suture patency in Apert mouse models. Top: Right and left lateral views of the 3D reconstruc-
tions of mCT images of the skulls of the following specimens: (a) Fgfr2þ/S252W mutant mouse with bicoronal synostosis, (b) Fgfr2þ/P253R mutant
mouse with unicoronal synostosis, (c) a non-mutant littermate of the S252W model showing partial fusion at the right coronal suture, and (d) a
non-mutant littermate of the P253R model with completely open coronal sutures. Non-patent sutures are indicated with black arrows. The four
individuals (a, b, c, d) shown at top are indicated on the graphs. Bottom: Scatter plots showing quantification of coronal suture patency on the
right (orange line, triangles) and left sides (blue line, squares) of the coronal suture of each individual plotted in the horizontal axis. Vertical axes
represent degree of patency (0 completely non-patent, 1 completely patent). A: Comparison of Fgfr2þ/S252Wmice (MUT) and non-mutant littermates
(NON-MUT). B: Comparison of Fgfr2þ/P253R mice (MUT) and non-mutant littermates (NON-MUT).
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Apert Syndrome Fgfr21/S252W

and Fgfr21/P253R Skull

Phenotype Is Not Strongly

Correlated With Coronal

Suture Patency

To directly test the relationship
between indices of coronal suture pat-
ency and craniofacial dysmorphology
associated with Apert syndrome, we
applied multivariate regression anal-
ysis of cranial shape as defined by the
Procrustes coordinates of the whole
skull configuration of landmarks on
the quantitative scores of suture pat-
ency for the right and left sides. If the
relationship between suture patency
and skull dysmorphology is strong,
we expect cranial shape and coronal
patency to be highly correlated.
Although correlation can never imply
causality, a lack of correlation
strongly suggests that there is little
or no relationship between the two
traits (cranial shape and suture pat-
ency) at least at P0, suggesting that
one trait cannot occur as the conse-
quence of the other. Results showed
low, but significant regression coeffi-
cients between cranial shape and
quantitative scores of suture patency
(Left side: r2 ¼ 0.15; P < 0.001; Right
side: r2 ¼ 0.19; P < 0.001) (Fig. 7).
Scatter plots of the regression results
further show that Fgfr2þ/S252W and
Fgfr2þ/P253R mice do not cluster on
the basis of shape according to the
degree to which either coronal suture
is open or in the process of fusing
(Fig. 7). For instance, specimens in
which no area of the right or left
suture could be considered patent
(i.e., value of 0 on the horizontal axis)
are distributed over most of the range
of shape variation of the sample (rep-
resented by the vertical axis). Impor-
tantly, specimens at the far negative
end of the distribution are always
Fgfr2þ/S252W mutants indicating a
lack of patency of the right and left
coronal sutures (Fig. 7).

DISCUSSION

Enormous progress has been made in
identifying the association of various
mutations with the production of cra-
niosynostosis. Still, a thoughtful con-
sideration underscores that we are no
closer to correlating genotype and
phenotype in the FGFR-related cra-

niosynostosis syndromes. Previous
research has detailed the direct effect
of these Apert syndrome mutations on
processes of osteogenic cell migration,
differentiation, and proliferation with
much of the more detailed work focus-
ing on osteogenic cells of the bony
fronts of the frontal and parietal
bones and the cells of the intervening
sutures (Wang et al., 2005, 2010). It is
clear that tissues other than bone are
affected by these two mutations
(Wang et al., 2005, 2010; Aldridge
et al., 2010). Here we provide a
detailed analysis of global and local
skull dysmorphogenesis that is a
direct consequence of two related
mutations and identify skull locations
that should be targeted for more
detailed analyses of cell and molecu-
lar processes.

Fgfr21/S252W and Fgfr21/P253R

Mice: Overall Similarities,

Local Differences

We found statistically significant dif-
ferences between mice carrying the
FGFR2 mutations and their non-mu-
tant littermates, but the skulls of the
two mutant models are not different
from one another in shape. Skulls of
Fgfr2þ/S252W and Fgfr2þ/P253R mice
are smaller than those of non-mutant
littermates, and show the characteris-
tic brachycephaly and midfacial hypo-
plasia described in individuals with
Apert syndrome (Cohen and Mac-
Lean, 2000; Du et al., 2010; Wang
et al., 2010). Coronal suture patency
is highly variable on both the left and
right sides (Figs. 5 and 6). Contrary
to expectations, the cranial vault
shape configuration did not provide
the greatest separation among groups
(Figs. 3A and S2A) and in both
FGFR2 mutant mouse models, cranio-
facial morphology at P0 is only
weakly correlated with coronal suture
patency (Fig. 7). Increased variation
of calvarial suture closure, as well as
independence of skull dysmorphology
and coronal suture closure patterns,
were also detected in the mouse
model for Muenke craniosynostosis
syndrome (Twigg et al., 2009), and in
those experiments background genes
appeared to have a significant effect
on suture patency.

Shape differences of the greatest
magnitude between Apert syndrome
Fgfr2þ/S252W and Fgfr2þ/P253R mutant
mice are localized to the posterior
hard palate (Fig. 4). This suggests
that the localized effects of the two
mutations are different, potentially
targeting different cell populations,
different cellular processes, or differ-
ent temporally sensitive processes or
events. The morphological difference
between the two mutant models is not
generalized, but instead highly
localized.

Facial Dysmorphology Is a

Primary Locus of

Craniofacial Dysmorphology

in Apert Syndrome Mice

Our findings do not support a devel-
opmental interpretation in which cra-
niosynostosis of the coronal suture is
the primary source of skull dysmor-
phology in Apert syndrome mice at
P0. The explicit testing of the rela-
tionship between suture patency and
skull dysmorphology demonstrates
that premature suture closure occurs
within a developing head in which
many tissues are directly affected by
genetic mutations. Developmental
integration of these tissues will also
influence phenotypic outcomes. Facial
and palatal traits, including the
invariant fusion of two facial
sutures in mutant mice, contribute
significantly to the difference between
mutant and non-mutant groups
and to the discrimination between
Fgfr2þ/S252W from Fgfr2þ/P253R mu-
tant mice at P0 (Figs. 3C, 4, and S2C).
This suggests that facial shape is fun-
damentally affected by the FGFR2
mutations, contributing to several
malformations that play a key role
defining the Apert syndrome craniofa-
cial phenotype.
Patterns of coronal suture closure

are altered in Fgfr2þ/S252W and
Fgfr2þ/P253R mutant mice in compari-
son to their non-mutant littermates
at P0 at the morphological (Table 1,
Fig. 6) and the molecular level (Wang
et al., 2005, 2010). Suture closure
may progress with age in these Apert
syndrome mouse models and this
may, in part, explain the more severe
craniofacial phenotypes observed in
adult mice (Wang et al., 2005; Du
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et al., 2010). However, as facial dys-
morphology is already established at
P0 and is more severe than dysmor-
phology of the cranial vault, facial
features cannot be considered as
alterations resulting from calvarial
suture fusion. Our results do not pro-
vide information regarding the tem-
poral sequence of the appearance of
facial or neurocranial traits, or any
information about cause and effect.
Given the widespread expression pat-
terns of fibroblast growth factors and
their receptors in development, it is

likely that both regions are funda-
mentally affected by globally and
locally altered FGF/FGFR signaling
processes and that very few features
can be considered as simply the sec-
ondary consequence of other primary
abnormalities.

Despite overall similarity in cranio-
facial phenotypes of Fgfr2þ/S252W and
Fgfr2þ/P253R mutant mice, facial
shape analysis indicates that quanti-
tatively, the Fgfr2þ/S252W facial phe-
notype differs more from their
non-mutant littermates relative to

Fgfr2þ/P253R mutant mice. The
observed differences in severity of
cranial phenotypes in these mouse
models correspond with what has
been observed in human cases of
Apert syndrome. Comparative analy-
ses have shown that the face is rela-
tively more affected in patients carry-
ing the S252W mutation (Slaney
et al., 1996; Lajeunie et al., 1999; von
Gernet et al., 2000; Wang et al.,
2010). Differential loss of ligand speci-
ficity of FGFR2 S252W and P253R
mutations may explain some of the
reported morphological differences
(Yu et al., 2000). It has been sug-
gested, for example, that the P253R
mutation will increase the affinity of
the FGFR2 receptors toward any
FGF, whereas the S252W mutation
elicits a more selective response and
only enhances the affinity of FGFR2
toward a limited subset of FGFs
(Ibrahimi et al., 2001). Shape differ-
ences among Apert mouse models
may also be due to differences in loca-
tion and timing of expression of the
FGF receptors and their ligands.
One interpretation of our morpho-

metric analyses predicts differential
alteration of FGF/FGFR signaling in
the two Apert mouse models local to
the posterior portions of the palate,
the same region where altered expres-
sion of FGFR2 has been reported in
Crouzon mouse models (Snyder-War-
wick et al., 2010). Snyder-Warwick
et al. (2010) demonstrated the com-
plex mechanisms through which
FGF/FGFR signaling participates in
palatogenesis, and showed that a
gain-of-function mutation in FGFR2
results in a loss-of-function pheno-
type: cleft palate. The genes harbor-
ing mutations implicated in cranio-
synostosis (e.g., FGFR1-3) are
expressed in many tissues, play fun-
damental and widespread roles in de-
velopment, and interact with a multi-
tude of signaling pathways (Ornitz
and Itoh, 2001). It may be that each
mutation has differential effects, pos-
sibly due to variations in expression
of FGF/FGFR signaling and complex
interactions of downstream signaling
cascades (Slaney et al., 1996; Wang
et al., 2010). However, these differen-
ces in expression profiles may show
complex interactions and a level of
stochasticity that defies detection by
current methods.

Fig. 7. Regression of cranial shape on quantitative scoring of coronal suture patency. Scatter
plot of cranial shape on quantitative scores of left (A) and right (B) coronal suture patency. Red
line shows linear regression. Regression shape score on vertical axis indicates the range of
shape variation of the sample. Index L and R on horizontal axes represent degree of patency of
left and right coronal suture (0 completely non-patent, 1 completely patent).
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Conclusions

Considering the complex scenario
involved in normal and abnormal cra-
nial development, it is unlikely that a
single mutation will only affect one
tissue (i.e., suture mesenchyme,
osteogenic fronts of opposing bone)
and that a single anomaly will trigger
the cascade of diverse craniofacial
dysmorphologies associated with cra-
niosynostosis. Recent research has
demonstrated that differential
expression of FGF receptors and their
ligands is not only associated with
premature calvarial suture closure,
but is also correlated with variation
and severity of midface retrusion and
cleft palate in craniosynostosis syn-
dromes (Wilke et al., 1997; Bachler
and Neubuser, 2001; Britto et al.,
2002; Rice et al., 2004; Nie et al.,
2006; Cunningham et al., 2007;
Szabo-Rogers et al., 2008; Snyder-
Warwick et al., 2010). Aldridge et al.
(2010) demonstrated that brain
dysmorphology, which is also primar-
ily affected in Fgfr2þ/S252W and
Fgfr2þ/P253R mice at P0, is not stron-
gly correlated with craniosynostosis.

Focus on the nature of sutures and
their premature closure in craniosyn-
ostosis syndromes has provided
detailed knowledge about sutures as
growth centers (Opperman, 2000;
Rice, 2008), the importance of cell lin-
eage in cranial vault bone develop-
ment and suture patterning (Jiang
et al., 2002; Quarto et al., 2009), the
critical balance of proliferation and
differentiation of osteogenic cells in
the developing suture (Chen et al.,
2003), and the importance of tissue
boundaries in suture definition and in
craniosynostosis (Merrill et al., 2006;
Ting et al., 2009; Roybal et al., 2010),
but the broader picture of the effects
of these mutations on craniofacial de-
velopment and dysmorphogenesis
remains obscure. Our findings show
that FGFR2 mutations influence not
only the coronal suture, but facial
sutures and bones of the cranial
vault, cranial base, face, and palate,
along with the brain (Aldridge et al.,
2010). We propose that shared pheno-
genetic processes, such as regional
differentiation by dynamic inductive
signaling and repetitive patterning by
quantitative interactions (Weiss and
Buchanan, 2004; Weiss, 2005), affect-

ing osseous, central nervous system,
and other tissues during morphogene-
sis of the head, underlie not only pre-
mature suture closure, but additional
cranial anomalies in Apert syndrome.
Further morphometric analyses of
animals at earlier embryonic and
later postnatal ages are in progress
and will inform our future molecular
and histological studies. Comparisons
among Fgfr2þ/S252W and Fgfr2þ/P253R

mice and their non-mutant litter-
mates will allow us to establish more
accurately the sequence of events that
leads to Apert syndrome craniofacial
phenotypes as well as the complex
interactions involved in normal cra-
niofacial development.

EXPERIMENTAL

PROCEDURES

Generation of Targeting

Construct and Apert FGFR2

Mouse Models

Our sample consisted of Fgfr2þ/S252W

and Fgfr2þ/P253R Apert syndrome
mouse models and their non-mutant
littermates (see Table 1 for sample
sizes) generated at Johns Hopkins
Medical Institutions and Mount Sinai
Medical Center (Wang et al., 2005,
2010). Both knock-in mouse models
have been back-crossed onto the same
genetic C57BL/6J background more
than ten generations, allowing direct
comparison between models. New-
born mice (P0) were euthanized
before weaning by inhalation anes-
thetics and fixed in 4% paraformalde-
hyde. Gestation time was 19.0 6 0.5
days. Genotyping of tail DNA by PCR
was performed to distinguish mutant
from non-mutant littermates (Wang
et al., 2005, 2010). Mouse litters were
produced in compliance with animal
welfare guidelines approved by the
Johns Hopkins University and the
Mount Sinai School of Medicine Ani-
mal Care and Use Committees.

mCT Imaging Protocols of

Mouse Skull at P0

High-resolution micro-computed to-
mography (mCT) images were
acquired by the Center for Quantita-
tive Imaging at Pennsylvania State
University (www.cqi.psu.edu) using
the HD-600 OMNI-X high-resolution

X-ray computed tomography system
(Bio-Imaging Research Inc, Lincoln-
shire, IL). Pixel sizes range from
0.015 to 0.020 mm, and slice thick-
ness from 0.016 to 0.025 mm. Image
data were reconstructed on a 1,024 �
1,024 pixel grid as a 16-bit TIFF but
reduced to 8 bit for image analysis.

Landmark Data Collection

and Shape Analysis

Each specimen was digitized twice by
the same observer and measurement
error was minimized by averaging the
coordinates of the two trials (Richts-
meier et al., 1995; Aldridge et al.,
2005). To ascertain the accuracy and
reproducibility of landmark place-
ment, intraobserver error (i.e., abso-
lute difference between the two trials)
was checked for every landmark. If
landmark placement differed by more
than 0.05 mm, the landmark was
remeasured. If this level of accuracy
was not met for a specific landmark,
it was excluded from analysis. For
precise landmark definitions, see
Supp. Table S1 and visit our website
http://getahead.psu.edu/LandmarkNew
Version/P0mouseskull_updated_applet.
html.

Procrustes Analysis

To extract shape information, a global
skull, as well as regional configura-
tions of landmarks representing the
cranial vault, cranial base, and face,
were superimposed separately after a
Generalized Procrustes Analysis
using MorphoJ (Klingenberg, 2008).
This procedure minimizes the effects
of scale, translation, and rotation
(Rohlf and Slice, 1990), but does not
eliminate the allometric shape varia-
tion that is related to size. In order to
test how allometry affected our sam-
ples, we computed a regression of
shape (represented by Procrustes
coordinates) on centroid size (Drake
and Klingenberg, 2008). Centroid size
is computed as the square root of the
summed distances between each land-
mark coordinate and the centroid of
the landmark configuration (Dryden
and Mardia, 1998). To analyze shape
variation within and among groups,
we computed Principal Components
Analyses (PCA) for each landmark
configuration. PCA performs a
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coordinate rotation that aligns the
transformed axes (PCs) with the
directions of maximum variation.

Euclidean Distance Matrix

Analysis

To statistically determine shape dif-
ferences between groups, we used
EDMA, Euclidean Distance Matrix
Analysis (Lele and Richtsmeier, 1995,
2001). EDMA converts 3D landmark
data into a matrix of all possible lin-
ear distances between unique land-
mark pairs and tests for statistical
significance of differences between
shapes using non-parametric confi-
dence intervals (Lele and Richtsme-
ier, 1995, 2001). We tested for mor-
phological differences in each mutant
group as compared to its non-mutant
littermates, and we tested for differ-
ences in the mutant/non-mutant con-
trasts in the two mouse models for
Apert syndrome.

Confidence intervals were used to
statistically evaluate the similarity of
groups of linear distances defined for
the face, cranial base, and cranial vault
using a non-parametric bootstrapping
procedure (Lele and Richtsmeier,
2001). Use of these subsets in the eval-
uation of regional shape differences
ensures that the sample size exceeds
the number of landmarks considered, a
prerequisite for statistical testing. For
each region, an average form is esti-
mated using the linear distance data,
and differences in three-dimensional
size and shape are statistically com-
pared as a matrix of ratios of all like
linear distances in the two samples.
The null hypothesis for each compari-
son is that there is no difference in
shape between groups (or no difference
in shape contrasts). In our specific
application, the null hypothesis of simi-
larity between mutant and non-mu-
tant mice within each Apert syndrome
model was evaluated using 100,000
bootstrapped group assignments made
randomly and with replacement from
the non-mutant sample.

Statistical tests for differences in
shape of specific linear distances are
evaluated by an alternate non-para-
metric bootstrapping procedure (Lele
and Richtsmeier, 1995). For each linear
distance, a ratio between the average
values of that distance for each group
is computed and confidence intervals

for the null hypothesis of similarity in
shape differences are estimated from
100,000 pseudo-samples generated
from the data using a non-parametric
bootstrapping algorithm. For each lin-
ear distance, the null hypothesis is
rejected if the 90% confidence interval
produced from the bootstrapping
method does not include 1.0. Rejection
of the null hypothesis enables localiza-
tion of differences to specific land-
marks and linear distances (Lele and
Richtsmeier, 1995, 2001).

Analysis of differences in the effects
of the two FGFR2 mutations required
a statistical analysis of the mutant/
non-mutant contrasts in the Apert syn-
drome Fgfr2þ/S252W mouse model com-
pared to the Fgfr2þ/P253R model.
Within each model, shape difference
for each anatomical region is estimated
as the relative change in the lengths of
linear distances between mutant and
non-mutant mice using the methods
described above. Differences in the
effects of the two mutations are esti-
mated as a ratio of the defined differ-
ence metrics for the two Apert syn-
drome mouse models. The contrast
between Fgfr2þ/S252W mutant and non-
mutant mice estimated for each linear
distance was entered as the numerator
while the contrast between Fgfr2þ/

P253R mutant and non-mutant mice for
the corresponding measure was the de-
nominator. As in the study of shape dif-
ferences within each sample, a non-
parametric statistical test was used to
determine whether patterns of mu-
tant/non-mutant contrasts differed
between Fgfr2þ/S252W and Fgfr2þ/P253R

mice using non-parametric confidence
intervals (100,000 bootstrapped steps)
for groups of landmarks that defined
an anatomical region (a ¼ 0.10)
(Richtsmeier and Lele, 1993). EDMA
analyses were performed using
WinEDMA (Cole, 2002).

Patterns of Suture Patency

Patency of calvarial and facial sutures
was scored using the 3D mCT recon-
structions. We defined the coronal
suture as the curved edge between
the frontal and the parietal bones
spanning from landmark 41 to land-
mark 45 on the left side, and from
landmark 42 to landmark 46 on the
right side (Supp. Fig. S1). We have
focused on the patent rather than on

the fused state of the coronal suture
because the coronal suture is a bev-
eled suture and the isosurfaces may
confound overlapping suture fronts
with fused sutures.
For each specimen, right and left

coronal sutures were scored qualita-
tively as open (O) when more than
75% of the length of the suture is com-
pletely open; partial (P) when more
than 25% but less than 75% of the
length of the suture is open; and fused
(F) when more than 75% of the length
of the suture is not open. A corre-
sponding quantitative measure was
obtained for each suture as an index
of the open length of the suture di-
vided by its total length. Given the
discrete nature of patency of the right
and left zygomatic-maxillary and pre-
maxilla-maxillary facial sutures, we
were able to assign a qualitative score
of either open (O) or closed (F).
To test for significant differences in

patterns of suture patency between
mutant and non-mutant mice within
a model, and among mutants of the
two models, non-parametric Kruskal-
Wallis and Median tests were con-
ducted using Statistica 6.0 (Statsoft,
Inc.). The null hypothesis is that the
different samples are drawn from the
same distribution or from distribu-
tions with the same median.
Finally, to assess the correlation

between cranial shape and patterns of
coronal suture patency, we performed
multivariate regressions of shape on
the right and left quantitative score of
coronal suture patency using MorphoJ
(Klingenberg, 2008). The statistical
significance of the regressions was
tested with permutation tests against
the null hypothesis of statistical inde-
pendence (Dryden and Mardia, 1998;
Drake and Klingenberg, 2008).
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