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Abstract

The skull is essential for protecting the brain from damage, and birth defects involving 

disorganization of skull bones are common. However, the developmental trajectories and 

molecular etiologies by which many craniofacial phenotypes arise remain poorly understood. 

Here, we report a novel skull defect in ciliopathic Fuz mutant mice in which only a single bone 

pair encases the forebrain, instead of the usual paired frontal and parietal bones. Through genetic 

lineage analysis, we show that this defect stems from a massive expansion of the neural crest-

derived frontal bone. This expansion occurs at the expense of the mesodermally-derived parietal 

bones, which are either severely reduced or absent. A similar, though less severe, phenotype was 

observed in Gli3 mutant mice, consistent with a role for Gli3 in cilia-mediated signaling. Excess 

crest has also been shown to drive defective palate morphogenesis in ciliopathic mice, and that 

defect is ameliorated by reduction of fgf8 gene dosage. Strikingly, skull defects in Fuz mutant 

mice are also rescued by loss of one allele of fgf8, suggesting a potential route to therapy. In sum, 

this work is significant for revealing a novel skull defect with a previously un-described 

developmental etiology and for suggesting a common developmental origin for skull and palate 

defects in ciliopathies.
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Introduction

Craniofacial defects are among the most common and varied human congenital anomalies, 

affecting at least 1 in 600 live births (Mossey, 2003). While some classes of skull defect are 

increasingly well understood, there are many for which the etiology remains largely 

unknown, and even unexplored. For example, the most common skull vault defect has been 
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comprehensively studied: Craniosynostosis is a premature fusion of the cranial sutures for 

which several causative genes are known and for which mouse models are available 

(Mossey, 2003, Twigg and Wilkie, 2015, Johnson and Wilkie, 2011). By contrast, 

craniofacial phenotypes such as acalvaria, calvarial thinning and collapsed calvaria remain 

only very poorly understood as a result of the paucity of human genetic studies and/or 

mouse models (Moore et al., 1999, Tokumaru et al., 1996). A deeper etiological 

understanding of the full spectrum of skull defects is an important challenge for 

developmental biologists, and could inform individual treatment paradigms and comfort 

both patients and their families.

This diversity in human skull anomalies reflects the complexity of mammalian skull 

morphogenesis. For example, two of the major bone pairs in the neurocranium, the frontal 

and parietal bones, are derived from different embryonic lineages. Both of these bones are 

required to protect the forebrain, and while the frontal bones are neural crest-derived, 

parietal bones arise from paraxial mesoderm (Jiang et al., 2002, Yoshida et al., 2008). 

Previous lineage analyses have shown that neural crest- and mesoderm-derived skull 

mesenchyme maintain their boundary at the coronal suture until birth (Merrill et al., 2006, 

Yoshida et al., 2008, Jiang et al., 2002). In addition to maintaining lineage boundaries, the 

initial positioning of neural crest- and mesoderm-derived mesenchyme must also be tightly 

regulated relative to the underlying brain. Initially, the entire forebrain is encased by neural 

crest, however, the caudal half later is covered by mesoderm (Jiang et al., 2002, Yoshida et 

al., 2008) (see Fig. S1). As such, the border between neural crest- and mesoderm-derived 

skull mesenchyme must reposition during cranial morphogenesis. Strikingly, however, the 

developmental time window in which such repositioning occurs has not been characterized.

Here, we report a novel skull phenotype in a ciliopathic mutant mouse. We show that only a 

single calvarial bone plate encases the forebrain in mice lacking Fuz, an essential regulator 

of ciliogenesis (Park et al., 2006, Gray et al., 2009). To elucidate the etiology of this defect, 

we characterized early morphogenesis of the frontal and parietal bones. We find that Fuz 

mutants develop a novel skull phenotype in which the neural crest-derived frontal 

mesenchyme is enlarged at the expense of the parietal mesenchyme, and thus mutants 

develop only a single calvarial bone pair. We previously showed that Gli3 processing was 

disrupted in Fuz mutant mice, and accordingly, we now show that neural crest-derived 

frontal mesenchyme is also expanded in Gli3xt-j/x-jt mutant mice at the expense of the 

parietal bone. Finally, parietal bone formation was rescued when Fgf8 was genetically 

reduced in Fuz mutants, suggesting that expansion of Fgf8 in Fuz mice is responsible for 

increased frontal mesenchyme. These findings provide new insights into pathological skull 

development generally, and potentially shed light on ciliopathies, Gli3-related Grieg 

Cephalopolysyndactyly and FGF-related craniofacial syndromes.

Results and Discussion

Only a single calvarial bone pair develops in Fuz mutant mice

Previously, we reported that no coronal suture was evident at E17.5 in Fuz mutant mice 

(Tabler et al., 2013, Yannakoudakis and Liu, 2013). Such absence of a coronal suture has 

generally been attributed to coronal craniosynostosis –or premature fusion- of frontal and 
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parietal bone pairs (Johnson and Wilkie, 2011). To our surprise, however, our analysis of the 

developmental trajectory of frontal and parietal bone mesenchyme in Fuz mutant mice 

revealed an entirely distinct etiology. Rather than premature fusion of a patent suture 

separating two bone pairs, Fuz mutant mice actually display only a single bone pair, even at 

the very earliest stages of skull development. For example, alizarin red staining revealed 

only a single calvarial bone pair in E15.5 Fuz mutants, though two bones were apparent in 

littermate controls (Fig. 1A, B). A single bone pair was also observed at E13.5, the very 

onset of skull mineralization (Fig. 1D). Because coronal craniosynostosis in mouse models 

occurs from fusion of bones at E14.5 (Chen et al., 2014, Merrill et al., 2006, Yoshida et al., 

2005, Holmes et al., 2009), the presence of only a single bone pair a full day earlier 

suggested that the skull defect in Fuz mutants may represent a novel phenotype involving a 

failure in the initial formation of two bone pairs that overly the forebrain.

To test this idea, we observed the developing osteogenic condensations of the skull bones 

prior to mineralization. We examined the calvaria of normal and Fuz mutant mice using a 

reporter mouse in which GFP is expressed in calvarial condensations at E12.5 under the 

control of the Osx1 promoter (Nakashima et al., 2002, Rodda and McMahon, 2006, Strecker 

et al., 2013). Horizontal sections of Osx1-GFP::Cre control mice revealed two distinct 

calvarial Osx1 expression domains in WT embryos (Fig. 1F–F′), consistent with the normal 

patterning of frontal and parietal bone pairs. In contrast, we consistently observed only a 

single Osx1-positive domain in Fuz mutants; no Osx1-negative region (i.e. no intervening 

suture) was observed (Fig. 1G–G′, compared to F–F′, see also Fig. S1). Thus, only a single 

bone pair was present in Fuz mutants at all stages examined, from the very onset of terminal 

osteoblast differentiation at E12.5 to differentiated bone at E17.5.

The single calvarial bone pair in Fuz mutant mice is neural crest-derived

The frontal and parietal bone pairs have distinct developmental origins, with the frontal bone 

arising from the neural crest and the parietal from mesoderm (Yoshida et al., 2008, Jiang et 

al., 2002). The single mineralization site we observed in Fuz mutants was positioned apical 

to the eye, so we reasoned that the single calvarial bone in these mice may be analogous to 

the frontal bone in normal embryos. To test this idea, we tracked neural crest derived cells in 

Fuz mutants using Wnt1Cre driving GFP (Danielian et al., 1998, Muzumdar et al., 2007). In 

control embryos at E13.5, neural crest contributed to the thick frontal bone mesenchyme 

covering the rostral half of the brain, as well as the thin layer of meninges wrapping the 

entire forebrain (Fig. 2B), consistent with previous reports (Gagan et al., 2007, Jiang et al., 

2002, Nagy, 2003). By contrast, neural crest mesenchyme was expanded caudally in Fuz 

mutants; a thick layer of labeled cells was observed covering the entire forebrain (Fig. 3C, 

see also S2), suggesting that the single, large calvarial condensation in Fuz mutants 

comprises expanded frontal bone mesenchyme (Fig. 2C, C′). Indeed, Osx1 positive cells 

were only observed in the neural crest derived mesenchyme of Fuz mutants at E14.5 (Fig. 

2H, I). Additionally, we measured the thickness of the ectomesenchyme that gives rise to the 

neural crest derived frontal bone and found a significant increase in ectomesenchymal 

thickness at E13.5. Moreover, we found an increase in the number of Twist1 positive 

ectomesenchymal cells in Fuz mutants (Fig. S2). Taken together these data are consistent 
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with our previous findings demonstrating that Fuz mutants generate an excess of cranial 

neural crest at E9.0 (Tabler et al 2013).

The frontal/parietal boundary repositions relative to the brain during normal skull 
morphogenesis but fails to reposition in Fuz mutants

Our data demonstrate that only a single, enlarged calvarial bone pair forms in Fuz mutant 

mice. Because this single bone pair is crest-derived, it likely represents an expanded frontal 

bone. Parietal bones and coronal sutures are both derived from paraxial mesoderm 

(Deckelbaum et al., 2012, Yoshida et al., 2008). Therefore, an important question arising 

from these data regards the fate of the cranial paraxial mesoderm that gives rise to parietal 

bones and coronal sutures in Fuz mutants. We therefore used Mesp1Cre driver to lineage 

trace (Yoshida et al., 2008) morphogenesis of the mesoderm-derived mesenchyme that gives 

rise to parietal bones in normal mice and in Fuz mutants.

At E11.5, prior to calvarial osteoblast differentiation, labeled paraxial mesoderm in normal 

mice is observed caudal to the forebrain (Fig. 2F). By E12.5, however, the forebrain lobes 

have expanded such that labeled mesoderm now forms a wedge of cells overlapping the 

caudal edge of the cortex (Fig. 2G). By E13.5, mesodermal cells overlap the entire caudal 

half of the cortex (Fig. 2H). Interestingly, we noted that the normal boundary between neural 

crest- and mesoderm-derived mesenchyme is positioned roughly at the level of the forebrain-

midbrain flexure at all stages analyzed (FB-MB boundary, Fig. 2B–H, see also Fig. S3). 

Using this flexure as a landmark, our data suggest that mesoderm-derived parietal 

mesenchyme may not actively move to their final position. Rather, the forebrain appears to 

expand, filling in underneath the parietal mesenchyme, such that parietal morphogenesis 

occurs passively.

In striking contrast to normal mice, Mesp1-cre driven lineage labeling of Fuz mutants 

revealed that paraxial mesoderm never overlapped the forebrain, remaining instead in a 

caudal position over the midbrain (Fig. 2C–C′). Coupled to the absence of detectable 

ossified parietal bones at later stages, these data raise the possibility that the normal 

morphogenetic events that juxtapose parietal bone and coronal suture mesenchyme with the 

cortex may be essential for the transmission of inductive signals from underlying dura mater 

that drive parietal ossification (Gagan et al., 2007, Li et al., 2007, Spector et al., 2002a, 

Spector et al., 2002b, Deckelbaum et al., 2012), a possibility that is of interest because 

frontal and parietal bones are known to respond differently to a variety of osteogenic factors 

(Li et al., 2010, Quarto et al., 2010). Together with our Wnt1-cre lineage analyses, these 

results suggest that the enlarged neural crest-derived frontal bone forms at the expense of the 

mesoderm-derived parietal bone in Fuz mutant mice. The positioning of Mesp1-cre labeled 

parietal mesenchyme in E13.5 Fuz mutants is comparable to the positioning of labeled 

parietal mesenchyme in E11.5 WT embryos (Figure S3). We tested whether a reduction in 

proliferation or an increase in cell death prohibits parietal mesenchyme from overlapping the 

forebrain. However we found no change in proliferation or cell death in parietal 

mesenchyme of mutant embryos at E11.5 (Figure S4) or E12.5 (data not shown). These data 

suggest that the single bone pair observed in Fuz mutants is not caused by reduced parietal 
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mesenchyme, further supporting our hypothesis that lack of mesoderm-derived parietal bone 

in mutants is the result of increased neural crest.

Gli3 loss also elicits expansion of frontal mesenchyme at the expense of parietal 
mesenchyme

Cilia are essential for Gli-mediated Hedgehog signaling (Huangfu and Anderson, 2006, 

Huangfu and Anderson, 2005), and Fuz mutant mice display defects in processing of Gli3 

(Tabler et al., 2013, Heydeck et al., 2009). To better understand the molecular basis of the 

novel skull defects in Fuz mutant mice, we examined skull development in Gli3xt-j mutant 

mice (Hui and Joyner, 1993). Using Wnt1-Cre to drive GFP expression, we found that while 

coronal sutures were evident, the neural crest-derived frontal bone mesenchyme was 

substantially expanded in Gli3 mutants at E13.5 compared to controls (Fig 3 C′, compared 

to B). Moreover, we observed a significant reduction in parietal mesenchyme overlapping 

the forebrain in Wnt1-Cre::GFP labeled Gli3 mutants (Fig C′C′). Though less severe, these 

findings reflected the frontal expansion observed in Fuz mice. Finally, we asked whether the 

reduced parietal bone mesenchyme at early stages was related to overt skeletal defects at 

later stages. We measured parietal bone length using Alizarin red staining at E17.5, and 

indeed, we observed a significant reduction in parietal bone length in horizontal sections. 

These data are significant both for providing genetic evidence that reduced Gli3 repressor 

function underlies Fuz mutant cranial defects and for demonstrating that excess neural crest 

is a common feature of skull defects both in Fuz and Gli3 mutant mice.

The skull defect in Fuz mutants is ameliorated by reduction of Fgf8 gene dosage

Our lineage tracing data suggest that the single bone pair in mutants results from an excess 

of neural crest-derived skull mesenchyme (Fig. 3C) and neural specific Fgf8 expression is 

crucial for maintaining cranial neural crest cell numbers (Fish et al., 2014, Tabler et al., 

2013, Creuzet et al., 2005). We therefore asked whether reducing Fgf8 may also rescue the 

defective skull morphology in Fuz mutants. Strikingly, skeletal preps revealed that the skull 

phenotype described above (Fig. 1) was entirely ameliorated in Fuz mutants that also carried 

a heterozygous LacZ knockin allele at the Fgf8 locus (Fuz−/−; Fgf8lacz/+) (Ilagan et al., 

2006) (Fig. 4B). Frontal and parietal bones were separated by an unossified coronal suture in 

these mice, as they were in mice lacking the Fuz mutation (Fuz+/+; Fgf8lacz/+)(Fig. 4A). 

Thus, loss of a single Fgf8 allele was sufficient to rescue a constellation of craniofacial 

phenotypes spanning the skull (this study), the eye (Fig. 1) and the palate (Tabler et al., 

2013) in a ciliopathy mouse model.

Our data argue than an excess of cranial neural crest is a key factor in the etiology of skull 

defects in the Fuz mutant mice. Together with our previous finding that excess neural crest 

also contributes to the palate defect in these mice (Tabler et al., 2013), our new data argue 

that excess crest may be a unifying factor for cranial and facial phenotypes in ciliopathic 

mice.

In conclusion, data here chart the developmental trajectory of a novel skull defect in a 

ciliopathic mouse model. While this defect appears superficially similar to craniosynostosis 

at later stages, a more careful analysis across developmental time revealed that only a single 
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neural crest-derived bone ever developed in Fuz mutants. Strikingly, this expansion of the 

frontal bone occurred at the expense of the mesoderm-derived parietal bone. This work thus 

adds defective parietal morphogenesis to the spectrum of cranial vault anomalies that 

include not only craniosynostosis, but acalvaria and collapsed calvaria (Moore et al., 1999, 

Tokumaru et al., 1996). A reduction in parietal bone length was also observed in Gli3 mutant 

mice and was ameliorated by reduction of Fgf8 gene dosage in Fuz mutants, so these data 

may also shed light on Gli-related syndromes such as Greig Cephalopolysyndactyly 

(Panigrahi, 2011, Kwee and Lindhout, 1983), and FGF-related syndromes such a Aperts and 

Crouzon (Yannakoudakis and Liu, 2013). Finally, this work illustrates the power of 

embryological and genetic approaches in defining subtle yet critical morphogenetic events 

that may underlie pathogenic cranial development.

Materials and Methods

Mouse lines

The following mouse lines were used. Fuz mutants: Fuzgt(neo) (Gray et al., 2009), Fgf8 

mutants: Fgf8lacZ (Ilagan et al., 2006), Gli3 mutants: Gli3xt-j (Hui and Joyner, 1993), Wnt1-

cre driver: Tg(Wnt1-cre)11Rth (Danielian et al.,1998), Mesp1-cre driver: (Saga et al., 1999) 

and reporter lines: R26RmT/mG: GT(Rosa)26Sortm4(ACTB-tdTomato-EGFP)Luo (Muzumdar et 

al., 2007) and Osx1-GFP::Cre: Tg(Sp7-tTA,tetO-EGFP/cre)1Amc (Rodda and McMahon, 

2006). Genotyping was performed as described in original publications.

Histology

All immunohistochemistry, and histological staining were performed according to standard 

protocols. Twist immunohistochemistry was performed using anti-Twist1a (ab50887, 

Abcam). 12μm cryosections were obtained from embryos fixed overnight in 4%PFA. Images 

of sections were tiled z-stacks obtained using the Zeiss 700 confocal microscope and Plan-

Aprochromat 40x/1.0 objective. Images were presented as maximum projections from 10μm 

confocal z-stacks where the optical slice size was 1.2μm. Alizarin red staining was 

performed according to (Nagy, 2003). Wholemount images were obtained using the Zeiss 

AXIO zoom V16.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fuz mutants form a single calvarial bone pair and no coronal suture
(A–B) Alizarin red staining of E15.5 embryos. (A) Fuz+/+ embryo shows frontal (FB) and 

parietal bones (PB) separated by the coronal suture (CS) (n=5). (B) Fuz−/− embryo showing 

a single bone plate (black arrowhead) (n=4). (C–D) Alizarin red staining of E13.5 embryos. 

(C) Two mineralization centers are observed in Fuz+/+ embryos (n=12). (D) Fuz−/− embryo 

showing a single mineralization site (black arrowhead) (n=6). (E–E′) Schematics indicating 

sectional plane and anatomy represented in (G–J′). (F–G′) Horizontal sections of E12.5 

embryos showing Osx1-GFP::Cre expression (green) and nuclei (grey). (F–F′) Two domains 

of GFP expression correspond to the frontal and parietal bones in Fuz+/+ embryos (n=4). (G–

G′) A single GFP domain is observed in Fuz mutant (n=3).
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Figure 2. Single bone pair in Fuz mutants is neural crest-derived at the expense of parietal 
mesenchyme
(A–A′) Schematics indicating experimental design, sectional plane (yellow dotted line), and 

anatomy represented in B–F′. (B–C, E–F) Horizontal section of embryos where Wnt1Cre 

drives membrane GFP (green), all other tissues are labeled with membrane tdTomato 

(magenta), and nuclei are in cyan. Yellow dotted lines outline neural crest derivatives. White 

dotted lines outline forebrain. (B–B′) In wildtype E13.5 animals, GFP-labeled neural crest 

derivatives comprise frontal bone mesenchyme and meninges. (C–C′) Thick layer of GFP 

labeled frontal mesenchyme encases entire forebrain in E13.5 Fuz−/− embryos (n=5). (D–D

′) Schematics indicating experimental design, sectional plane (yellow dotted line), and 

anatomy represented in B–C′. (B–C, E–G) Horizontal section of embryos where Mesp1Cre 

drives membrane GFP (green), all other tissues are labeled with membrane tdTomato 

(magenta), and nuclei are in cyan. Yellow dotted lines outline mesoderm derivatives. White 

dotted lines outline forebrain. (E–E′) E13.5 Fuz+/+ embryo shows that GFP-labeled paraxial 

mesoderm overlies forebrain (n=5). (F–F′) E13.5 Fuz−/− GFP-labeled mesoderm does not 

overly forebrain (n=3). Scale bars indicate 500μm. (G–G′) Schematics indicating 

experimental design, sectional plane (yellow dotted line), and anatomy represented in (H–I). 

(H–I) Horizontal section of E14.5 embryos where Wnt1Cre drives membrane GFP (green) 

and Osx1 positive osteoblasts are labeled in magenta, GFP-labeled neural crest derivatives 

comprise frontal bone mesenchyme and meninges. (B) Osx1 positive, GFP negative cells 

comprise the parietal bone in WT mutants. (C) Osx positive, GFP negative cells are absent 

in mutants. Scale bars indicate 500μm.
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Figure 3. Loss of Gli3 is sufficient to expand neural crest-derived frontal mesenchyme at the 
expense of parietal mesenchyme
(A–A′) Schematics indicating experimental design, sectional plane (yellow dotted line), and 

anatomy represented in B–C′. (B–C) Horizontal section of embryos where Wnt1Cre drives 

membrane GFP (green), all other tissues are labeled with membrane tdTomato (magenta), 

and nuclei are in cyan. Yellow dotted lines outline neural crest derivatives. White dotted 

lines outline forebrain. (B–B′) In wildtype E13.5 animals, GFP-labeled neural crest 

derivatives comprise frontal bone mesenchyme and meninges. (C–C′) Increased frontal 

mesenchyme is observed E13.5 Gli3xt-j/xt-j embryos (n=3) compared to control embryos (B, 

n=5). Parietal mesenchymal lip that overlies forebrain (magenta, B and C) is decreased in 

mutant embryos. (D) Quantification of parietal bone length (mm) in three representative 

sections from each E16.5 Gli3+/+ and Glixxt-j/xt-j embryo (p=0.01). (E–F) Horizontal 

sections of E16.5 embryos stained with Alizarin red. Parietal bone length is decreased in 

Gli3xt-j/xt-j embryos (F, n=7) compared to Gli3+/+ embryos (E, n=9). Scale bar indicate 

100μm.
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Figure 4. Genetic reduction of Fgf8 rescues parietal bone in Fuz mutants
(A–B) Lateral view of alizarin red stained E17.5 embryos. (A) Frontal and parietal bones are 

separated by the coronal suture (CS) in Fgf8lacz/+;Fuz+/+ control embryo. (B) Synostosis is 

rescued in Fuz−/−; Fgf8lacz/+ embryo as frontal and parietal bones are separated by 

unossified coronal suture (CS). Scale bar indicates 1mm. Model schematic. The Fuz mutant 

skull phenotype is distinct from craniosynostosis.

Tabler et al. Page 12

Dev Biol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results and Discussion
	Only a single calvarial bone pair develops in Fuz mutant mice
	The single calvarial bone pair in Fuz mutant mice is neural crest-derived
	The frontal/parietal boundary repositions relative to the brain during normal skull morphogenesis but fails to reposition in Fuz mutants
	Gli3 loss also elicits expansion of frontal mesenchyme at the expense of parietal mesenchyme
	The skull defect in Fuz mutants is ameliorated by reduction of Fgf8 gene dosage

	Materials and Methods
	Mouse lines
	Histology

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

