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Abstract
Mouse models provide valuable opportunities for probing the underlying pathology of human
birth defects. Employing an ENU-based screen for recessive mutations affecting craniofacial
anatomy we isolated a mouse strain, Dogface-like (DL), with abnormal skull and snout
morphology. Examination of the skull indicated that these mice developed craniosynostosis of the
lambdoid suture. Further analysis revealed skeletal defects related to the pathology of basal cell
nevus syndrome (BCNS) including defects in development of the limbs, scapula, ribcage,
secondary palate, cranial base, and cranial vault. In humans, BCNS is often associated with
mutations in the Hedgehog receptor PTCH1 and genetic mapping in DL identified a point
mutation at a splice donor site in Ptch1. Using genetic complementation analysis we determined
that DL is a hypomorphic allele of Ptch1, leading to increased Hedgehog signaling. Two aberrant
transcripts are generated by the mutated Ptch1DL gene, which would be predicted to reduce
significantly the levels of functional Patched1 protein. This new Ptch1 allele broadens the mouse
genetic reagents available to study the Hedgehog pathway and provides a valuable means to study
the underlying skeletal abnormalities in BCNS. In addition, these results strengthen the connection
between elevated Hedgehog signaling and craniosynostosis.

Keywords
Hedgehog; Craniosynostosis; Polydactyly; Craniofacial Defects; Omphalocele

Introduction
Forward genetic screens in mice have yielded considerable insight into the genetics
underlying the molecular mechanisms responsible for normal development (Caspary and
Anderson, 2006). In particular, N-ethyl-N-nitrosourea (ENU) mutagenesis has provided an
effective means to introduce a high frequency of random point mutations into the mouse
genome. Subsequently, phenotype-driven dominant and recessive screens, coupled with
mapping and high-throughput sequencing approaches, have provided an unbiased means to
identify novel genes critical for multiple aspects of development. Even in instances where
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the mutation maps to a gene previously linked to a developmental pathway, these ENU-
induced mutations can yield new alleles that can provide valuable information on gene
function during development.

We recently conducted a recessive ENU screen focused on identifying mutations altering the
morphology of the craniofacial skeleton. In humans, birth defects affecting the head, face
and oral tissues are frequent dysmorphologies with severe medical consequences (Gritli-
Linde, 2008). While clefting of the lip and/or palate are common defects, there are many
other syndromic and non-syndromic conditions that alter the shape and growth of the face
and skull. One notable human facial defect, bossing of the forehead, is a feature of Basal
Cell Nevus Syndrome (BCNS), previously termed Gorlin Syndrome (Evans and Farndon,
2010). BCNS is a dominantly inherited condition caused by mutations in one allele of
PTCH1, the gene encoding the transmembrane receptor and negative regulator of the
Hedgehog (Hh) signaling pathway (Lindstrom et al., 2006; Quijada et al., 2006; Robbins et
al., 2012; Wicking et al., 1997). Many aspects of BCNS manifest during childhood and into
adulthood, including basal cell carcinomas, nevi, palmar and plantar pits, jaw keratocysts,
and medulloblastoma (Evans and Farndon, 2010; Kimonis et al., 1997; Kimonis et al., 2013;
Lo Muzio, 2008). In addition, there are several notable congenital defects associated with
the head and orofacial complex including macrocephaly, mandibular prognathism, coronoid
hyperplasia, hyperpneumatization of the sphenoid, bridging of the sella turcica, high arched
palate and occasional orofacial clefting (Evans and Farndon, 2010; Iwanaga et al., 1998;
Kimonis et al., 1997; Kimonis et al., 2013; Lo Muzio, 2008). Skeletal defects in the trunk
affect the sternum and ribcage, the shoulder, the vertebrae, and the limbs, the latter typified
by syndactyly and polydactyly.

Studies using the mouse model system have provided insight into the function of the Ptch1
protein in development as well as in the etiology of BCNS. Ptch1-null mice die around
embryonic day 9 (E9) and have neural tube closure defects (Goodrich et al., 1997; Hahn et
al., 1998). Conditional Ptch1 gene knockout analyses have also been employed to study
bone development and physiology and have indicated important roles for Ptch1 in formation
of the long bones and calvaria, and in bone homeostasis (Mak et al., 2008; Mak et al., 2006)
as well as in patterning the limb bud (Bruce et al., 2010; Butterfield et al., 2009). Ptch1
heterozygous mice develop problems associated with BCNS including medulloblastoma and
basal cell carcinoma (Goodrich et al., 1997; Hahn et al., 1998). Additionally, such mice
show variable defects associated with aberrant embryogenesis including large size,
syndactyly and polydactyly as well as accelerated osteogenesis that affects pre- and post-
natal bone formation (Goodrich et al., 1997; Hahn et al., 1998; Ohba et al., 2008). Despite
the various models that can be utilized to study Ptch1 function in the mouse, analyses
focused on development of the craniofacial skeleton relevant to BCNS are hampered by
early embryonic lethality and exencephaly (Butterfield et al., 2009; Goodrich et al., 1997;
Hahn et al., 1998; Milenkovic et al., 1999; Ngan et al., 2011). Here we describe the isolation
and characterization of a new ENU-induced recessive mouse model, Ptch1DL that displays
many of the skeletal hallmarks of BCNS. This mutation adds a valuable new hypomorphic
allele of Ptch1 that can be used to assess the role of the Hh signaling pathway in multiple
developmental events, particularly those regulating facial shape in both a clinical and
evolutionary context (Roberts et al., 2011).

Results
Identification of the Dogface-like (DL) mutant

We used ENU-treated founder C57BL/6J male mice and a three-generation cross to conduct
a recessive screen to identify mutations that affect late embryonic development, focusing in
part on the embryonic day 18.5 (E18.5) craniofacial skeleton. From this, we identified a
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mutant line that we termed DL (Dogface-like) in which ∼25% of the offspring from
heterozygous matings were larger than their littermates and displayed a more rounded skull
with an abnormal angle between the cranium and the snout (Figure 1a, b). Examination of
the external morphology indicated that these mice also exhibited preaxial polydactyly
associated with all four limbs (Figure 1d and Table 1). When mice were allowed to develop
to term, the mutant animals did not survive until weaning.

Skeletal staining of affected E18.5 mutants showed features apparent in the intact embryos,
such as the domed cranial vault along with the aberrant angle between this region and the
snout in lateral view compared with controls (Figure 2a, b). Additionally, dorsal views of
Ptch1DL mutant skulls revealed large areas lacking skeletal components in regions where the
bones of the skull vault normally juxtapose, particularly near the midline (Figure 2c, d red
arrows). Ventral views of the skull (Figure 2e-h) showed defects of the cranial base,
especially in components of the sphenoid bone. Notably, the presphenoid was absent, the
basisphenoid was narrower along its rostral caudal axis, and the alisphenoids were
hypoplastic. The palatal shelves were underdeveloped compared to wild-type and were
absent in ∼10% of mutants in association with a cleft secondary palate (2/15 embryos).
Examination of the mandible indicated that the coronoid process also failed to extend
caudally (Figure 2j). Surprisingly, despite the apparent hypoplastic or perhaps delayed
intramembranous ossification of the frontal, parietal and interparietal bones near the midline,
there were consistent defects associated with the sutures. In particular, the lambdoid sutures,
between the parietal and interparietal bones, were consistently malformed (Figure 2l).
Whereas there was a gap present between these two bones in control embryos, Ptch1DL

mutants showed consistent fusion of these two bones, especially towards the more ventral
aspect of the skull, so that they became contiguous regions of ossification. Defects in suture
formation were less apparent for other calvarial bones at this stage of development, and in
comparison to the parietal and interparietal bones, such bones could readily be teased apart
with fine forceps. Finally, interfrontal bone ossification was often seen at the rostral portion
of the calvaria, associated with the abnormally wide distance between the two frontal bones
(T. Williams, data not shown).

Examination of the trunk and appendicular skeleton revealed additional defects in Ptch1DL

mice. The sternum was disorganized with irregular ossification associated with asymmetric
insertion of individual pairs of ribs in all mutants examined (Figure 3a, b). The manubrium
and xiphoid process were also thicker and/or irregular. Examination of the Ptch1DL scapulas
showed that these were mostly normal, although one contained a large central foramen
(Figure 3c, d). In addition, limb skeletons confirmed the underlying skeletal defects
associated with preaxial polydactyly (Figure 3e-h). All hindlimbs examined had six digits,
whereas the forelimbs were more variable, sometimes possessing six or seven digits but
more often having an abnormally broad or syndactylous first digit.

DL corresponds to a point mutation in Ptch1
The ENU-mutagenized C57BL/6J founder male was outcrossed onto a wild type 129S1/
SvImJ background, as were subsequent generations. The mutant phenotype has remained
fairly consistent despite the change in genetic background. Meiotic recombination mapping
enabled the approximate position of the mutation to be identified using polymorphic
markers that distinguished between these two mouse strains. Initially, using markers
spanning ∼10 mega base pair (Mb) intervals throughout the mouse autosomes, the mutation
was mapped to an ∼12 Mb region on chromosome 13 (between polymorphic markers
D13Mit13 and D13Mit 281). Subsequently, markers D13Mit283 and D13Mit 311 were used
to refine the position of the mutation. Inspection of the ∼350,000 bp interval indicated that it
contained Ptch1, encoding a receptor for Hedgehog ligands, a gene known to be responsible
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for controlling body size, limb patterning and bone development (Bruce et al., 2010;
Goodrich et al., 1997; Hahn et al., 1998; Mak et al., 2008; Mak et al., 2006; Makino et al.,
2001; Milenkovic et al., 1999; Ohba et al., 2008; Sweet et al., 1996). Therefore, Ptch1
genomic DNA from Ptch1DL mutants was sequenced and this revealed a single nucleotide
change at the 3′-end of exon 13. This mutation altered a guanine present in all wild-type
controls to an adenine in all Ptch1DL mice (arrow in Figure 4a). This nucleotide change is
located within the splice donor sequence for exon 13, and would change the consensus
sequence AG/GT to AAGT. Therefore, RT-PCR was performed to determine if Ptch1
mRNA splicing was altered in the Ptch1DL mutants. When primers located in Ptch1 exons
12 and 15 were employed for amplification of control RNA samples the expected 759-base
pair (bp) product was generated (Figure 4b). However, Ptch1DL mutant RNA samples
generated two PCR products: an abundant band shorter than the control and a weaker band
that was a similar size as the control. Sequencing of the shorter Ptch1DL-b cDNA product
demonstrated that it lacked 119 bp of the wild-type transcript due to skipping of exon 13. As
a result of the aberrant joining of exon 12 to exon 14 there is a frame shift resulting in a
premature stop codon 9 amino acids into the exon 14 sequence (see Figure 4 legend for
sequence information). This alteration would result in a significantly truncated Ptch1
protein, Ptch1DL-b, lacking ∼870 C-terminal amino acids required for Hedgehog interaction
and signal transduction (Figure 4c). This short product is presumably functionally inactive
given these significant alterations. Sequence analysis of the longer Ptch1DL-a cDNA product
also showed that this cDNA was mis-spliced despite its similar size to the control. In this
instance, there was read-through across the normal position of splicing at the end of exon 13,
with the cDNA continuing into the adjacent intron for an extra 36 bp before a cryptic splice
donor sequence, GGGT, was used to splice to exon 14. This alteration would result in a
Ptch1 protein, Ptch1DL-a, which would have an in-frame insertion of 12 amino acids that
would be situated in the largest intracellular loop of the protein (Figure 4c; see Figure 4
legend for sequence information). Since the Ptch1DL homozygous embryos survive longer
than Ptch1-null mice, we predict that the protein encoded by the Ptch1DL-a transcript retains
some functionality in the Hedgehog signal transduction pathway.

Allelic complementation studies demonstrate DL is an allele of Ptch1
The assignment of DL mutation to the Ptch1 locus was tested using a complementation
analysis using two Ptch1 null alleles. The first allele, Ptch1tm1Zim (Hahn et al., 1998), has a
deletion of exons 6 and 7, and the second, Ptch1-LacZ (Ptch1tm1Mps), has a knock-in of the
LacZ reporter into exon 2 (Goodrich et al., 1997). Following mating of Ptch1DL and Ptch1
heterozygous mice, we isolated embryos at E18.5 and performed gross morphological
analysis, skeletal staining and genotype analysis. Mice carrying one Ptch1DL allele and
either of the Ptch1 null alleles were morphologically distinct from their littermates.
Ptch1tm1Zim and Ptch1-LacZ gave similar results in this assay, although there was some
variability in the severity of the mutant phenotype for both null alleles (Figures 5, 6 Table 1,
and data not shown). At E18.5, viable mice with one Ptch1DL allele and one Ptch1 null
allele were larger than their littermates and had a domed skull with distinct angular
separation from the snout (Figure 5). Mice often had kinked tails and a small omphalocele, a
body wall closure defect in which several loops of the gut enclosed in amniotic sac occurred
outside the body cavity (Figure 5). All mutant mice also had pre-axial polydacytly of the
forelimbs and hindlimbs (Figure 6). Several embryos presented with the neural tube closure
defect exencephaly, while other mutants failed to develop and were dead upon collection at
E18.5 (Table 1 and data not shown). Examination of the craniofacial skeleton in mutant
mice with normal neural tube closure revealed similar defects as seen in Ptch1DL

homozygous mice (Figure 6). Dorsal views of the skull revealed a major defect in the
formation of the endochondrial bones of the calvaria, which was more severe than in
homozygous Ptch1DL embryos (Figure 6d). There was also consistent fusion of the parietal
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and interparietal bones with absence of the intervening lambdoid suture (black arrow).
Ventral views revealed absence of the presphenoid, a narrow basisphenoid, and hypoplasia
of the alisphenoid. The palatal shelves were also underdeveloped (Figure 6f) as was the
coronoid process of the mandible (Figure 6h). In the trunk, the sternum of Ptch1DL/Ptch1-
LacZ mice was disorganized, thicker and more ossified than littermates (Figure 6j). There
was a higher incidence of a foramen present in the scapula than in Ptch1DL homozygotes
(5/10) and preaxial polydactyly and/or syndactyly was observed for all forelimbs and the
majority of hindlimbs (Figure 6l and data not shown). In contrast, none of the control mice
presented with these axial or appendicular skeletal defects. The genetic non-
complementation observed between the Ptch1DL allele and either of the Ptch1-null alleles
confirmed that Ptch1DL was a novel mutant allele for Ptch1. Moreover, previous studies
have demonstrated that mice lacking Ptch1 die around E9.5 (Goodrich et al., 1997; Hahn et
al., 1998). Therefore, since the homozygous Ptch1DL mice and Ptch1DL/Ptch1-null survive
until E18.5, the Ptch1DL allele must be hypomorphic and produce sufficient functional Ptch1
protein to rescue the early developmental defects that result from the complete loss of Ptch1.

Discussion
Previous sequence analyses of BCNS patients have identified multiple mutations that map to
PTCH1 (Lindstrom et al., 2006; Quijada et al., 2006; Wicking et al., 1997). These types of
mutations are concentrated in the N-terminal cytoplasmic region, the two large extracellular
loops and the large intracellular loop. A majority of these mutations would be predicted to
function as null alleles as they introduce premature nonsense codons causing significant
truncations of the protein. Although there are over 100 different PTCH1 mutations
associated with BCNS, to date there has been no evidence of any genotype-phenotype
correlations. Here, we describe the identification of a new hypomorphic allele of Ptch1,
Ptch1DL, which was isolated in an ENU-based screen for recessive mouse mutations
affecting craniofacial morphology. The splice site mutation present in the Ptch1DL allele
produces two mutant forms of the protein. The more prevalent Ptch1 DL-b transcript would
produce a significantly truncated protein, with a disruption of the sterol sensing domain
(Lindstrom et al., 2006) and loss of all further C-terminal regions. This form would be
similar to at least one of the human mutations identified to date. The remaining DL-a
transcripts would introduce an additional 12 amino acids into the large intracellular loop of
the protein. This loop interacts with cyclin B1 and may function in Ptch1-mediated
regulation of cell cycle progression (Barnes et al., 2001). However, since Ptch1DL

homozygous and Ptch1DL/Ptch1null trans-heterozygotes live until birth, compared to the
death of Ptch1-homozygous null animals around E9.5, the amount and function of the DL-a
protein must be sufficient to fulfill critical aspects of early Ptch1 function.

Further support for essential levels of functional Ptch1 protein in Ptch1DL mutants is also
suggested by an examination of heterozygous Ptch1DL animals. To date, we have not noted
general overgrowth, brain tumors, or limb abnormalities in these mice (data not shown)
compared to the occurrence of such phenotypes in some of the Ptch1null heterozygous
strains (Goodrich et al., 1997; Hahn et al., 1998). At the same time, we note that abnormal
heterozygous phenotypes have not been consistently reported, and that genetic background
can have a large influence over the phenotypes associated with Ptch1 mutations (Ellis et al.,
2003; Wakabayashi et al., 2007). Ptch1DL does appear to be a stronger recessive allele than
the previously identified Ptch1mes mutation (Makino et al., 2001; Sweet et al., 1996). This
latter allele arose spontaneously, and is caused by a 32nt deletion resulting in loss of the last
200 amino acids from the C-terminal intracellular tail of Ptch1 and its replacement by a
novel 68 amino acid region following the frame-shift (Makino et al., 2001). In contrast to
Ptch1DL homozygous mice, Ptch1mes homozygous mice are viable, although they have
similar defects in the shape of the skull, and the patterning of the sternum and limbs (Sweet
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et al., 1996). Further, the Ptch1DL/Ptch1null mice have a stronger cranial base phenotype
than trans-heterozygous Ptch1mes/Ptch1null mice. Both allelic combinations die at birth, are
larger in size compared to control littermates, and exhibit polydactyly of all four limbs
(Makino et al., 2001). However, unlike in Ptch1DL/Ptch1null mice, skeletal staining of
Ptch1mes/Ptch1null embryos reveals that the sphenoid is of normal size, the presphenoid is
present, and there is a long coronoid process associated with the dentary (data not shown).
The Ptch1DL allele therefore provides a valuable new resource to study the function of Ptch1
in many developmental processes.

In this report, we have focused on the skeletal defects observed in Ptch1DL homozygous
embryos and Ptch1DL/Ptch1null trans-heterozygotes. The phenotype of these animals
provides mouse models to understand aspects of BCNS that influence the shape of the
craniofacial complex, the ribcage, the shoulders, and the limbs (Evans and Farndon, 2010;
Iwanaga et al., 1998; Kimonis et al., 1997; Kimonis et al., 2013; Leonardi et al., 2002; Lo
Muzio, 2008). Both Ptch1DL–based mouse models display preaxial polydactyly, foramens of
the scapula, and sternal dysmorphology. In the head, the prominent domed skull shape,
similar to the forehead bossing in BCNS patients, may result from a combination of
defective cranial base formation and hypoplastic development of the calvaria. Overt clefting
of the secondary palate was uncommon in these allelic combinations, but the delayed and/or
hypoplastic development of the palatal shelves may be linked to the high arched palate
phenotype present in BCNS patients. The defects of the skeletal components that will
eventually fuse to form the mature sphenoid bone is also intriguing given the observation of
defects in the sella turcica and hyperpneumatization of the sphenoid reported in BCNS
(Iwanaga et al., 1998). However, the morphology of the mandible appears to differ
significantly between the mouse and human conditions. In particular, there is no clear
prognathism in the mouse, and the coronoid process of the dentary is hypoplastic in the
mouse models in contrast to the reports of hyperplasia of this structure in human (Leonardi
et al., 2002). We hypothesize that these differences reflect either species-specific
arrangements of the craniofacial skeleton or discrepancies in the age at which these
structures were examined between these two species. Nevertheless, the observed
prognathism and coronoid pathology in human, coupled with the coronoid hypoplasia in the
Ptch1DL embryos, indicates that reduction of Ptch1 expression can have profound affects on
the shape of the jaw and it's joints.

The Ptch1DL mutant is also relevant in understanding how other alterations in the Hedgehog
signaling pathway, including ciliopathies, influence skeletal development and patterning. In
this regard, aberrant Hedgehog signaling may underlie some instances of human
craniosynostosis, a condition more commonly associated with defects in the Fgf pathway
(Holmes, 2012; Klopocki et al., 2011; Yuksel-Apak et al., 2012). The strongest association
is with RAB23, a negative regulator of Hedgehog signaling that is mutated in Carpenter
Syndrome, a condition that includes synostosis of the metopic and sagittal sutures (Jenkins
et al., 2007). Two reports have documented craniosynostosis in patients with large
chromosomal duplications or deletions in the vicinity of IHH that are postulated to cause
ectopic expression of this gene (Klopocki et al., 2011; Yuksel-Apak et al., 2012). Lastly, in
rare instances, inappropriate fusion of the midline sutures can also occur in Grieg
cephalopolysyndactyly, which is caused by mutations in GLI3, a transcription factor which
acts downstream of PTCH1 to repress Hedgehog signaling (Hurst et al., 2011). However,
analysis of how Hedgehog pathway genes influence craniosynostosis in the mouse has been
complicated by exencephaly, early lethality and the function of such genes in ossification of
the calvaria (Goodrich et al., 1997; Hahn et al., 1998; Rice et al., 2010; St-Jacques et al.,
1999). The function of Ihh in intramembranous ossification has been controversial, with
reports indicating that both loss and gain of Ihh function can cause hypoplastic cranial bone
development (Abzhanov et al., 2007; Lenton et al., 2011; St-Jacques et al., 1999). We note
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that previous studies targeting Ptch1 function in chondrocytes, osteoblasts and osteocytes
resulted in similar defects in formation and maintenance of the calvaria as observed in
Ihhnull skulls (Mak et al., 2008; Mak et al., 2006; St-Jacques et al., 1999). Therefore it may
be that normal development of the bones of the skull vault requires a critical range of
Hedgehog activity. Nevertheless, the failure of the skull bones to juxtapose at the midline in
mouse models that exhibit either increased or decreased Hedgehog activity has made it
difficult to assess how the genes in this network impact craniosynostosis. One exception has
been the Gli3Xt-J/Xt-J mouse model that displays lambdoid suture craniosynostosis (Rice et
al., 2010). We find that the PtchDL models exhibit similar premature fusion of the parietal
and interparietal bones towards the ventral side of the skull. These findings are consistent
with the expression of Ptch1 in the osteogenic fronts of the calvaria, coincident with Ihh,
Gli3 and Runx2 (Mak et al., 2008; Rice et al., 2010). Further analysis will be required to
determine if the juxtaposition of other calvarial bones, particularly at the coronal suture, will
result in synostosis in PtchDL mice. We note that the regions of the parietal and interparietal
bones involved in suture formation are both derived from the mesoderm, whereas other
bones involved in suture formation have at least one neural crest component (Jiang et al.,
2002). Therefore, the embryonic origin of the lambdoid suture could also render it more
sensitive to Hedgehog signaling levels. Taken together, though, the findings from the
Gli3Xt-J/Xt-J and Ptch1DL indicate that a reduction of these two Hedgehog pathway inhibitors
both result in lambdoid suture craniosynostsis. Furthermore, our findings raise the
possibility that examples of human craniosynostosis could result from alterations in PTCH1
and that a degree of premature suture fusion may occur in BCNS.

Overall, the phenotypes we observe in PtchDL embryos are likely caused by a combination
of reduced repression of molecular pathways regulated by both Shh and Ihh signaling. Loss
of repression of the Hedgehog pathway downstream of Ihh likely causes ossification defects
in the calvaria, sternum and scapula. With respect to the Hedgehog pathway, similar scapula
and sternal defects are present in the Gli3Xt-J/Xt-J mouse model as seen with the Ptch1DL

embryos (Johnson, 1967; Kuijper et al., 2005). A second link between the Hedgehog
pathway and defects in the scapula comes from the examination of the Doublefoot (Dbf)
mouse model (Hayes et al., 1998). Mice heterozygous for Dbf have polydactyly and scapula
foramina, as well as defects in ossification of the calvaria (Hayes et al., 1998). Subsequent
studies indicated that Ihh was ectopically expressed in the developing limbs and branchial
arches of Dbf embryos as a result of a large chromosomal deletion in the vicinity of this
gene (Babbs et al., 2008; Yang et al., 1998). In contrast, the polydactyly and syndactyly
apparent in Ptch1DL homozygous or Ptch1DL/Ptch1null mice presumably result from
deregulation of Shh signaling. We also predict that excess Shh signaling is responsible for
the omphalocele observed in the Ptch1DL background, given the presence of this body wall
defect in Gli3 mutants and its rescue by lowering Shh levels in this genetic background
(Matsumaru et al., 2011). Despite the anticipated activation of the Hedgehog signaling
pathway, our preliminary examination of the Ptch1DL/Ptch1-LacZ limbs has not shown an
expansion of β-galactosidase expression, a readout of activation of Ptch1 transcription (data
not shown). We therefore postulate that levels of functional Ptch1 protein required for this
feedback loop to be activated must be lower than present in the Ptch1DL/Ptch1null mice.

With respect to the alteration of the skeletal elements of the cranial base, aberrant responses
to both Shh and Ihh are likely involved in the defects seen in Ptch1DL homozygous and
Ptch1DL/Ptch1null embryos (Balczerski et al., 2012; McBratney-Owen et al., 2008; Young et
al., 2006). The cranial base is derived from both mesodermal and neural crest derivatives
with the basisphenoid bone acting as a boundary in association with the rostral extent of the
notochord. The notochord acts as a source of Shh and disruption of either Shh or Ihh can
alter the development of the cranial base (Balczerski et al., 2012; Nagayama et al., 2008; St-
Jacques et al., 1999; Young et al., 2006). Moreover, genetic manipulations that increase Hh
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signaling, including mice with Mks1 or Tmem107 mutations as well as a K14-Shh transgene,
produce similar defects in the cranial base to the Ptch1DL mutants (Christopher et al., 2012;
Cobourne et al., 2009; Cui et al., 2011; Weatherbee et al., 2009). Mks1 and Tmem107
mutants, which affect primary cilia function, also have comparable limb and sternal defects
to the Ptch1DL mice, reinforcing the connection of these skeletal defects to ciliopathy and
increased Hedgehog signaling (Christopher et al., 2012; Cui et al., 2011; Weatherbee et al.,
2009). Finally, note that other genetic changes are also associated with loss, reduction or
alteration of the presphenoid and basisphenoid bones including mutations in components of
the Fgf, Wnt/β-catenin and TGF-β signaling pathways (Caparros-Martin et al., 2013; Dudas
et al., 2006; Mai et al., 2010; Meester-Smoor et al., 2005; Nagayama et al., 2008; Pacheco
et al., 2012; Reid et al., 2011; Winnier et al., 1997). Determining how these signal
transduction pathways and their transcriptional effectors are integrated to control cranial
base development will be important to understand the regulation of human facial
morphology. In conclusion, the Ptch1DL allele adds a valuable new resource to probe the
molecular control of development and patterning, especially with respect to the craniofacial
skeleton.

Materials and Methods
Mice

Male C57BL/6J mice treated with ENU were kindly provided by Monica Justice (Baylor
College of Medicine). Additional C57BL/6J mice, as well as 129S1/SvImJ, Ptch1tm1Mps/J
(Ptch1-LacZ), and B6C3Fe a/a-Ptch1mes/J (Ptch1mes) were obtained from the Jackson
Laboratory (Goodrich et al., 1997; Sweet et al., 1996). B6.129-Ptch1tm1Zim/Cnrm mice
(Hahn et al., 1998) were obtained from Emma (The European Mouse Mutant Archive). This
study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Institutional Animal Care and Use Committee of the University of Colorado
Denver. The Ptch1DL mutation on the C57BL/6J background was distinguished from 129S1/
SvImJ in the same region using the two sets of primer pairs D13Mit283F (5′- GGA AGC
AGT CTC CTG CCT C -3′) with D13Mit283R (5′- GAG AGG TGG CAC ATG AGG TT
-3′); and D13mit311F (5′-TGG CTC CTC ATG TTC TAC CC -3′) with D13mit311R (5′-
CCA GGT TGT TGC TGC ATT C -3′). PCR was performed using the following
parameters: 94°C 12 min; 56 cycles of (94°C 20 sec, 55°C 30 sec, 72°C 45 sec); 72°C 7
min; 4°C hold. Products were resolved on 4% agarose gels and compared to C57BL/6J and
129S1/SvImJ standards. The D13Mit283 primers produce a band of 114bp from C57BL/6J
genomic DNA, and a slightly larger band from 129S1/SvImJ. The D13Mit311 primers
produce a band of 122bp from C57BL/6J genomic DNA, and a slightly smaller band from
129S1/SvImJ. After the position of the mutation was identified, genotype could be followed
using the primers DLF (5′- GGT AAG TCC TTA CTG GTA TCA C -3′) and DLR (5′- CAC
CAA ACT GTT CAT TGA TAA AC -3′) for PCR, followed by standard sequence analysis.
PCR genotyping for the Ptch1-LacZ allele was performed using a protocol provided by the
Jackson Laboratory using primers oIMR0204, oIMR0221, oIMR0716, and oIMR0717 (Jax,
2011). Ptch1mes and Ptch1tm1Zim genotyping was according to protocols recorded in
associated publications (Hahn et al., 1998; Makino et al., 2001). Heterozygous PtchDL mice
will be made available to the research community upon acceptance of the manuscript.

Skeletal staining
Skeletal staining with alcian blue (Sigma A3157) and alizarin red (Sigma A5533) was
performed as described previously (Brewer et al., 2004). Briefly, embryos at 18.5 days post
coitum (E18.5) were fixed in 95% ethanol at room temperature for 3 days and stained by
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0.15% alcian blue and 0.005% alizarin red for 24 hours. Stained embryos were next cleared
with 2% KOH and stored in 50% glycerol until photographed.

Reverse transcription-PCR (RT-PCR)
A detailed RT-PCR protocol was described previously (Feng and Williams, 2003). Briefly,
1ug of total RNA from limb was reverse transcribed into cDNA with SuperScript III
(Invitrogen, Cat# 18080-093). Resulting cDNA was used to perform PCR using the
AccuPrime Taq DNA polymerase System (Invitrogen, Cat# 12339-016). The primers used
to amplify Ptch1 cDNA were Pt2F (5′- GCA TTC AGT GAA ACA GGA CAG AAT AAG
AG -3′) and Pt2R (5′- CGT CTC TCA CTC GGG TGG TCC CAT AAA GG – 3′). PCR was
performed using the following parameters: 94 °C 3 min; 35 cycles of (94°C 45 sec, 56°C 45
sec, 68°C 1 min); 68°C 10 min and 4°C hold.
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Figure 1.
Gross external developmental defects in the Ptch1DL homozygous mutants.
E18.5 wild type (a, c) and Ptch1DL mutants (b, d) showing abnormal flexure at skull and
nasal juncture (red arrow, b) and forelimb preaxial polydactyly (black arrow, d).
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Figure 2.
Craniofacial skeletal abnormalities in Ptch1DL homozygous mutants.
E18.5 control (a, c, e, g, i, k) and Ptch1DL mutant skulls (b, d, f, h, j, l) shown in lateral (a,
b), dorsal (c, d) and ventral views with mandibles removed (e-h). (g) and (h) show detail of
cranial base with hyoid bone removed. (Note that the pila postopitca (Ppso), which forms a
component of the orbitosphenoid, was occasionally present in the mutants. It can also be
absent in control embryos at this stage). (i, j) lateral views of control dentary bone (i) and
dentary bones from two separate Ptch1DL mutants (j). (k, l) show detail of lambdoid suture
between parietal and interparietal bones. Midline is to left and lateral to right. Asterisk
shows expected junction between bones.
Key. (b) Abnormal flexure at skull and nasal juncture is shown by a black arrow. (d) Red
arrows demonstrate delayed or abnormal development of the bones of the cranial vault in the
midline in Ptch1DL mutants. (f) White asterisk highlights the absence of the presphenoid
bone and the underdevelopment of the palatal shelves, red arrow shows the abnormal
morphology of the alisphenoid bone in Ptch1DL mutants. Bo, basioccipital; Bs,
basisphenoid; cdp, condylar process; crp, coronoid process; Fr, frontal bone; Hy, hyoid; Ip,
interparietal bone; Mx, palatine process of the maxilla; N, nasal bone; Pl, palatine; Ppso, pila
postoptica; Pr, parietal bone; Ps, presphenoid; Px, premaxilla.
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Figure 3.
Additional skeletal abnormalities in Ptch1DL homozygous mutants.
E18.5 wild-type (a, c, e, g) and Ptch1DL mutants (b, d, f, h) showing ribcage in ventral view
(a, b), scapula (c, d), hindlimb (e, f) and forelimb (g, h). Note the ribs have been cut by the
investigators on one side of the sternum in the mutant sample. A, anterior; M, manubrium;
P, posterior; X, xiphoid process.
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Figure 4.
Ptch1DL harbors a point mutation in Ptch1. (a) Chromatograph sequencing result for
Ptch1DL mutant showing Ptch1 genomic sequences at the junction of exon 13 and intron 13.
The G to A point mutation in the Ptch1DL mutant is labeled with an arrow. (b) RT-PCR
results for wild-type (lanes 1 and 2) and Ptch1DL mutant embryos (lanes 3 and 4) obtained
using Ptch1 primers Pt2F and Pt2R. “M” = markers. (c) Graphic representation of wild-type
Ptch1 protein and two putative Ptch1 proteins based on their mRNA sequences in Ptch1DL

mutant embryos. The sterol sensing domain is shown by the red box in the wild-type protein.
The DL-a form changes the normal sequence from DIFCC FTSPC VSRVI to DIFCC
FTKYI SWCLG PVFFG PCVSR VI i.e. the addition of 36 nucleotides, with a new in-frame
splice at a GGGT donor sequence, the change of S to K followed by the addition of 12 new
amino acids. The DL-b form changes the normal sequence from FSLQA AVVVV FN to
FSLQP LCQQG DSS* as exon 13, which has the mutated splice donor sequence, is skipped.
The resulting splice from exon 12 to 14 is out of frame and creates a premature stop codon
after 9 amino acids.
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Figure 5.
Allelic non-complementation between Ptch1DL and Ptch1tm1Zim at E18.5.
Whole mount images of wild-type (a) and two Ptch1DL/Ptch1tm1Zim embryos (b, c) in lateral
(a, b) or ventral (c) view. In the mutant embryos, the kinked tail (white arrow), omphalocele
(white arrowhead) and abnormal skull shape (red arrow) are illustrated.
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Figure 6.
Skeletal staining illustrating non-complementation between Ptch1DL and Ptch1-LacZ mutant
alleles.
E18.5 Ptch1DL heterozygotes (a, c, e, g, i, k) and Ptch1DL/Ptch1-LacZ mutants (b, d, f, h, j,
l). Lateral views of skulls (a, b) with red arrow showing abnormal flexure at skull and nasal
juncture. Dorsal view of skulls (c, d). Black arrow in (d) illustrates lack of lambdoid suture.
Ventral view of skull with mandibles removed (e, f) with the absence of the presphenoid
bone and the underdevelopment of the palatal shelves (red asterisk), and the aberrant
morphology of the alisphenoid bone (white arrow) marked in the Ptch1DL/Ptch1-LacZ
mutants. (g, h) Lateral view of dentary bones. (i, j) Ribcage in ventral view. (k, l) forelimbs.
Key: A, anterior; ap, angular process; Bo, basioccipital; Bs, basisphenoid; cdp, condylar
process; crp, coronoid process; Fr, frontal bone; Hy, hyoid; Ip, interparietal bone; M,
manubrium; Mx, palatine process of the maxilla; N, nasal bone; P, posterior; Pl, palatine; Pr,
parietal bone; Ps, presphenoid; Px, premaxilla; X, xiphoid process.
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Table 1

Phenotypes of PtchDL homozygous mice and negative complementation with the Ptch1null allele.

Phenotype* Genotype DL/DL +/+ and DL/+ and Ptch1-LacZ/+ DL/Ptch1-LacZ

Dead 0 0 17

Exencephaly 0 0 34

Skull vault hypoplasia 100 0 100

Lambdoid suture synostosis 100 0 100#

Narrow basisphenoid 100 0 100

Missing presphenoid 100 0 100

Hypoplastic alisphenoid 100 0 100

Hypoplastic palatal shelves 100 0 100

Coronoid hypoplastic 37.5 0 100

Kinked Tail 0 0 34

Abnormal sternum 100 0 100$

Defective scapulas 12.5 0 50

Affected forelimbs 100 0 100

Affected hindlimbs 100 0 78

*
Numbers represent the percentage of a particular genotype showing an abnormal phenotype for the structure described.

#
Lambdoid suture synostosis was only scored in DL/Ptch1-LacZ embryos that underwent normal neural tube closure and had sufficient

development of the calvaria for visualization.

$
Bifurcated and fused ribs occur in association with sternal defects in some embryos.

Genesis. Author manuscript; available in PMC 2014 October 01.


