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Abstract
The canonical Wnt/β-catenin pathway is an essential component of multiple developmental
processes. To investigate the role of this pathway in the ectoderm during facial morphogenesis, we
generated conditional β-catenin mouse mutants using a novel ectoderm-specific Cre recombinase
transgenic line. Our results demonstrate that ablating or stabilizing β-catenin in the embryonic
ectoderm causes dramatic changes in facial morphology. There are accompanying alterations in
the expression of Fgf8 and Shh, key molecules that establish a signaling center critical for facial
patterning, the frontonasal ectodermal zone (FEZ). These data indicate that Wnt/β-catenin
signaling within the ectoderm is critical for facial development and further suggest that this
pathway is an important mechanism for generating the diverse facial shapes of vertebrates during
evolution.
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Introduction
The morphogenesis of the vertebrate face, with all its recognizable elements, is highly
orchestrated temporally and spatially. This involves the coordinated action of thousands of
genes and many signaling pathways, including BMP, SHH, FGF and Wnt/β-catenin
(Buchtova et al., 2010; Cai et al., 2005; Chai and Maxson, 2006; Feng et al., 2009a). The
face is derived from buds of tissue, termed facial prominences, that undergo both
symmetrical and asymmetrical growth so that the appropriate fusion events required to
generate the mature facial structure may occur (Rossant and Tam, 2002). These tightly
controlled processes take place relatively early and rapidly during embryogenesis.
Combined, these particulars make craniofacial development highly susceptible to genetic
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and environmental perturbation. Indeed, facial dysmorphologies are a component of
approximately 75% of birth defects worldwide (CDC, 2010).

Across multiple species, the Wnt/β-catenin signaling pathway components are highly
conserved and important for patterning and morphogenesis in a multitude of developmental
processes. These include face, organ, and limb development, as well as formation of the
skeleton, CNS, skin, and ectodermal appendages such as hair, and teeth (Cadigan and Nusse,
1997; Grigoryan et al., 2008). With regards to craniofacial development, Wnt/β-catenin
signaling has been shown to be important for neural crest induction and migration, and for
proper fusion of the facial prominences (Brault et al., 2001; Deardorff et al., 2001; Garcia-
Castro et al., 2002; LaBonne and Bronner-Fraser, 1998; Lan et al., 2006; Niemann et al.,
2004).

Recently, it has been suggested that the canonical Wnt signaling pathway may also have a
role in species-specific facial patterning (Brugmann et al., 2007). Indeed, the faces of
vertebrate species have undergone extensive evolution and are highly divergent. Studies in
chick and mouse have shown that particular regions of Wnt signaling in the facial
prominences correlate with outgrowth and fusion processes (Brugmann et al., 2007; Geetha-
Loganathan et al., 2009; Hu and Marcucio, 2009a; Mani et al., 2010). Thus, It has been
hypothesized that changes in Wnt signaling may underlie evolutionary differences in face
shape, such as between the beak and muzzle (Brugmann et al., 2007). Another mechanism
controlling mid-facial width, as yet unrelated to canonical Wnt signaling, is the frontonasal
ectodermal zone (FEZ) which is defined by the juxtaposition of Fgf8 and Shh expression
(Hu et al., 2003). In chick, there is a single FEZ, while the mouse has paired, bilateral FEZ
regions separated by the facial midline (Hu and Marcucio, 2009b; Hu et al., 2003).
Manipulating the FEZ in chick can indeed alter facial width (Abzhanov et al., 2007), and
mutations in SHH signaling are known to cause holoprosencephaly in humans (Nanni et al.,
1999). Thus, differential FEZ organization is another mechanism that may contribute to
species-specific facial morphology.

In the current study we focused on Ctnnb1, encoding β-catenin, since cytosolic β-catenin is a
nodal point for canonical Wnt signaling. In the absence of Wnt ligand, β-catenin is
phosphorylated on serine-threonine residues encoded in exon 3 and targeted for proteosome
degradation. In the presence of Wnt ligand, β-catenin is translocated to the nucleus, where it
acts in concert with transcription factors including LEF/TCF to activate transcription of
target genes (Logan and Nusse, 2004). β-catenin is expressed almost ubiquitously in the
mouse, and the β-catenin (Ctnnb1) knockout mouse dies early in embryogenesis, around the
time of gastrulation, due to defects in the ectodermal cell layer (Haegel et al., 1995). Since
the generation of the original knockout mouse, the use of tissue specific Cre recombinase
transgenes in conjunction with Ctnnb1 loss-of-function or gain-of-function floxed alleles
have been used to study canonical Wnt signaling in development and disease (Grigoryan et
al., 2008). However, despite extensive research of this critical pathway, the specific role of
Wnt/β-catenin signaling from the ectoderm during the important stages of craniofacial
development has not been determined. This is most likely due to the fact that available
ectodermal Cre recombinases are expressed after the major growth and fusion events of the
facial prominences have occurred, or are not specific to ectoderm (Grigoryan et al., 2008).
To address these issues, we have developed a new ectodermal Cre recombinase transgenic
mouse line, Crect (Yang et al., in preparation). Cre recombinase activity driven by Crect can
be detected in the ectoderm as early as E8.5 as visualized by R26R β-galactosidase function.
The Cre transgene is fully expressed in the head by E9.5 and is specific to the ectoderm and
its derivatives (Yang et al., in preparation).
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Using Crect in conjunction with two different β-catenin alleles, we examined both the loss
of, and constitutive activation of, β-catenin in the early embryonic ectoderm of the mouse
face. We found growth defects in both models, correlating with a disruption of FEZ
formation, suggesting Wnt/β-catenin signaling is upstream of this critical signaling center.
Additionally, our data are consistent with the proposed role for Wnt/β-catenin signaling in
species-specific facial patterning, and further support the hypothesis that canonical Wnt
signaling played a critical role in shaping the diverse facial features present in vertebrate
species today.

Materials and Methods
Mouse strains

All animal experiments were performed in accordance with protocols approved by the UCD
Animal Care and Usage Committee. Floxed Ctnnb1 mice (B6.129-Ctnnb1tm2Kem/J), used to
make β-catenin “loss of function” (LOF) mice, and BATgal mice (B6.Cg-Tg(BAT-
lacZ)3Picc/J), were both obtained from The Jackson Laboratory (Bar Harbor, ME). The
derivation of mice containing the floxed β-catenin “gain of function” (GOF) allele, β-
cateninΔex3/+ (Ctnnb1tm1Mmt) has been described previously (Harada et al., 1999). Crect
mice utilize an ectodermal enhancer from Tcfap2a to drive Cre recombinase expression
specifically in the ectoderm, and will be described elsewhere (Yang et al., in preparation).

Detection of β-galactosidase (LacZ) Activity
Embryos of the desired time points were dissected in PBS, and stained for LacZ expression
as described previously (Reid et al., 2010).

RNA Isolation, Purification, and cDNA Synthesis
Whole embryos were dissected in ice-cold PBS-DEPC and stored in RNA later (Qiagen) at
4°C for the short-term or at −20°C for the long-term (more than 4 weeks). RNA was
extracted and purified from embryonic heads using the RNeasy kit from Qiagen (#74104).
cDNA was synthesized as previously described (Reid et al., 2010).

Scanning Electron Microscopy
Embryos were dissected in cold PBS and fixed for 48 hours at 4°C in 0.1M Phosphate buffer
(PB) pH 7.2 containing 4% EM grade glutaraldehyde (Polysciences, Inc.), washed briefly in
0.1M PB, and then serially dehydrated to 100% ethanol. Specimens were transferred to SEM
baskets for critical point drying with CO2, and then mounted onto aluminum stubs with
silver paste and coated with gold. Specimens were then viewed and photographed using a
JOEL 2005. All comparative images are the same magnification unless otherwise stated.

Real-Time PCR
RNA for real-time PCR was isolated and purified from embryonic heads as described above.
The primers and TaqMan® probe set used to amplify and detect Fgf8 was adapted from
Grieshammer, U. et al., 2005 (Grieshammer et al., 2005), and spans exons 2 and 3. All
reactions were done as a one-step amplification on an Applied Biosystems 7300/7500 Fast
Real-Time PCR Thermal Cycler. A small region (66bp) spanning exons 2 and 3 of Fgf8 was
Topo cloned and used in known amounts for a standard curve. All samples were normalized
to the mouse house-keeping gene TBP (Valente et al., 2009).

RNA for SABioscience arrays was isolated as described above, except cDNA was generated
using the RT2 First Strand Kit (C-03, SABioscience). Real-Time PCR was performed as
described in the SABiosciences user manual, using 1ug of total RNA for the 96-well plate
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format. The following arrays were used: Mouse Signal Transduction PathwayFinder
(PAMM-014C), Mouse WNT Signaling Pathway (PAMM-043C), Mouse MAP Kinase
Signaling Pathway (PAMM-061C), and two custom arrays.

For ABI custom plates, RNA was isolated as described above and cDNA was synthesized
using the ABI High-Capacity cDNA Reverse Transcription Kit (cat no. 4368813). Real-time
PCR was performed as described in the manufacturer’s protocol on an ABI 7900HT using
the following cycling parameters: 50°C for 2 mins and 95°C for 10 mins, followed by 40
cycles of 95°C for 15 secs and 60°C for 1 minute.

Whole-mount in situ hybridization
Embryos of the desired time points were dissected in DEPC-PBS, and WMISH was
performed as described previously (Feng et al., 2009b).

Whole-mount TUNEL detection
Embryos were dissected in sterile PBS and fixed for 2 hours in 4% paraformaldehyde (PFA)
in PBS at 4°C. After a brief washing in PBT (PBS plus 0.1% Tween-20) embryos were
serially dehydrated to 100% methanol and stored at −20°C. For TUNEL, embryos were
bleached in methanol containing 6% H2O2 for one hour, washed in methanol, and serially
rehydrated to PBT. Samples were treated with 5µg/ml proteinase K in PBT for varying
times (6.5 minutes for an E10.5 embryo), washed twice with PBT, and re-fixed in 0.2%
glutaraldehyde in 4% PFA at room temperature for 20 minutes, followed by 3 washes in
PBT. Embryos were then treated with freshly prepared 0.1% sodium borohydride in PBT for
20 minutes at room temperature, washed 3 times in PBT, and then placed in 1ml of 1X TdT
buffer (30mM Tris-HCl, 140mM Sodium Cacodylate pH 7.2, and 1mM CoCl2) for 10
minutes. Buffer was replaced with 200µl of reaction mix (1X TdT buffer (5X stock from
Invitrogen), 20µM dig-dUTP (Roche), 20µM dTTP (Roche), 0.3U/µl TdT (Invitrogen) in
sterile water), and embryos were rocked at 37°C for 2–3 hours. Embryos were then washed
twice in TBST (1X TBS, 0.1% Tween-20, 2mM Levamisole) and heated at 70°C for 20
minutes in TBST, and blocked in 0.5% BMB blocking reagent (Roche) in TBST at room
temperature for 1 hour. Anti-dig-AP antibody was prepared as for WMISH (Feng et al.,
2009b), diluted 1:5000 in blocking solution, and placed on embryos overnight at 4°C.
Afterwards embryos were rinsed three times in TBST, washed four times for 1 hour each in
TBST, followed by two 20 minute washes in NTMT (100mM NaCl, 100mM Tris pH 9.5,
50mM MgCl2, 0.1% Tween-20, 2mM Levamisole). The reaction was developed with BM
purple reagent (Roche) to a desired color, washed, photographed, and stored in PBT
protected from light.

Analysis of cell proliferation
For whole-mount immunoperoxidase staining, embryos of the desired time points were
dissected in PBS, and cell proliferation was detected using the p-Histone H3 (Ser 10)-R
(sc-8656-R) antibody from Santa Cruz Biotechnology, Inc. The procedure was performed as
described previously (Reid et al., 2010). Alternatively, 7µm frozen sections of E9.5 and
E10.5 embryos were stained using a pHistone H3 antisera (Cell Signaling, #9701) and an
Alexa Flour© 488 goat anti-rabbit secondary antisera (Invitrogen A31627).

β-catenin protein detection on frozen sections
Embryos were fixed and set for cryosectioning as previously described (Reid et al., 2010),
and cut at 7µm. For detection of β-catenin, room temperature slides were washed for 10
minutes in PBS, followed by two 10 minute washes in PBST (PBS plus 0.1% Triton X), and
one 15 minute wash in PBST (PBS plus 0.25% Triton X). Sections were blocked in blocking
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solution (0.1M PB, 0.15M NaCl, 0.3% Triton X-100, 30mg Bovine serum albumin) with 5%
normal goat serum for 2 hours at room temperature and then incubated in primary antibody
(Sigma C2206) diluted 1:2000 in blocking solution overnight at 4°C. Sections were washed
3 times for 10 minutes each in PBST, and incubated in goat anti-rabbit Alexa 488
(Molecular Probes) diluted 1:1000 in blocking solution for 2 hours at room temperature,
counterstained with HOECHST, and washed in PBS. Sections were then coverslipped and
photographed.

Skeletal stains
Bone and cartilage was detected as described previously (Reid et al., 2010).

Results and Discussion
Severe facial defects are caused by either loss or constitutive stabilization of β-catenin

To investigate the role of canonical Wnt signaling in the facial ectoderm of developing
mouse embryos, we utilized two different β-catenin alleles in combination with our novel
Crect transgenic line. To generate β-catenin loss-of-function mutants, females homozygous
for the β-catenin floxed allele were bred to males positive for Crect and heterozygous for
floxed β-catenin. One quarter of resultant offspring were β-cateninflox/flox;Crect, hereafter
referred to as LOF (Supplemental Fig. 1A). Compared with wild-type littermates, the LOF
mice displayed hypoplasia of all facial prominences (Fig. 1A, B).

To generate β-catenin gain-of-function mutants, females homozygous for the β-catenin
activating allele (Harada et al., 1999) were bred to males positive for Crect. One half of
resultant offspring were β-cateninΔex3/+;Crect, hereafter referred to as GOF (Supplemental
Fig. 1B). Most GOF mutants did not exhibit any recognizable facial features except for a
widened oral cavity (Fig. 1C). GOF mutants died between E12.5 and E16.5, most likely due
to vasculature defects.

To determine the efficacy of Crect to delete or stabilize β-catenin, we examined β-catenin
localization using immunohistochemistry on sagittal sections of E10.5 embryonic heads
(Fig. 1D–F). In the ectoderm of wild-type embryos, β-catenin protein is mainly observed in
the cytoplasm, with lower levels detected in the nucleus (Fig. 1D). In LOF mutants, β-
catenin was absent from the facial ectoderm (Fig. 1E, red arrow), and in GOF mutants β-
catenin staining in the ectoderm was more intense in both the cell cytoplasm and nucleus
(Fig. 1F, red arrow). These data demonstrate tissue-specific loss or stabilization of β-catenin
in the facial ectoderm of LOF and GOF embryos, respectively.

Embryonic mouse facial ectoderm is competent to respond to stabilized β- catenin
In mouse and chick, the components of canonical Wnt/β-catenin signaling, including β-
catenin itself, are nearly ubiquitously expressed (Geetha-Loganathan et al., 2009). However,
differential expression of molecules that support or antagonize β-catenin mediated signaling
impart specificity and regulation (Huang and He, 2008). To visualize the facial regions that
were affected in our studies, we crossed the LOF and GOF lines to BATgal reporter mice
and examined transcription activity via LacZ expression (Fig. 1G–I) (Maretto et al., 2003).
At E9.5, β-gal activity driven by BATgal was detected around the optic placode and in the
distal mandibular prominence (MnP) (Supplemental Fig. 2A, C), also in the brain and otic
vesicle (Supplemental Fig. 2A, C). At E10.5, BATgal was expressed around the rim of the
nasal pit, and in the distal regions of the MnPs and maxillary prominences (MxP) (Fig. 1G).
Consistent with the immunohistochemistry results in LOF mutants (Fig. 1E), we did not
observe LacZ reporter activity in facial ectoderm (Fig. 1H & data not shown). Staining was
still present in the underlying mesenchyme of LOF embryos, but was decreased compared to
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wild-type, consistent with the overall reduction in size of the facial prominences in the
mutants (Compare Fig. 1G and 1H). In E9.5 GOF mutants we observed an increase in
BATgal expression in the optic and olfactory placodes, ectopic activity in the MnP and MxP,
and punctate expression was observed in lateral facial regions (Supplemental Fig. 2B, D). At
E10.5, GOF mutants exhibited high BATgal activity in the MxP and MnP, and expression
was particularly strong in the nasal region (Fig. 1I). These data demonstrate that the
embryonic facial ectoderm is sensitive to changes in the stabilization of β-catenin, and gene
transcription via LEF/TCF is affected in both mutant models.

Canonical Wnt signaling from the ectoderm controls facial growth
To examine the pathology of LOF and GOF mutants, and how the facial defects manifested
during development, we examined external morphology from E9.5 through E12.5 using
scanning electron microscopy (SEM) (Fig. 2A–I & data not shown). In wild-type mice, the
time period between E9.5 to E12.5 is critical for facial development, as growth and fusion
processes occur among the facial prominences (Fig. 2A–C). In LOF mutants, the facial
prominences were comparable to wild-type at E9.0 (data not shown). Shortly thereafter, the
prominences failed to grow, such that by E10.5 LOF mutants exhibited a hypoplastic facial
morphology, and in general had features more characteristic of an E9.5 embryo (Fig. 2D, &
data not shown). The optic eminence and the corneal ectoderm were reduced (Fig. 2D), and
the eyelids, which form from the corneal ectoderm, did not form (see Fig. 3B). Preliminary
data also suggest defects in the formation of the lens (data not shown); similar to previous
reports examining β-catenin function during eye development (Smith et al., 2005). The
olfactory placode of LOF mutants was underdeveloped, consistent with the hypoplasia of the
medial and lateral nasal processes (Fig. 2D, E). At E11.5, the nasal slit observed in wild-
type embryos has been replaced by a shallow nasal depression in the LOF (Fig. 2E).
Highlighting the lack of facial growth, the groove overlying the lamina terminalis of
forebrain, which normally disappears shortly after E10.5, was still present at E11.5 (Fig.
2E). While the MnPs fuse at the midline of LOF mutants, they too were severely
underdeveloped at both E11.5 and E12.5 (Fig. 2E, F). Most notably, by E12.5 the
frontonasal process of LOF mutants was narrowed, producing a protuberance with a
superficial avian beak-like appearance rather than the normal muzzle of a mouse (compare
Fig. 2C & F).

Similar to LOF mutants, facial development in GOF mutants appeared normal at E9.0 (data
not shown). However, shortly thereafter the prominences began to enlarge at a faster rate
than wild-type (Fig. 2G, H). The nasal process was severely affected, and did not exhibit the
controlled, directional growth that gives rise to a properly shaped nasal pit (Fig. 2H). The
MxP and MnP also exhibited an increase in overall size, and therefore the upper and lower
jaws did not form or fuse properly, leading to a widened oral cavity (Fig. 2I). By E12.5,
most GOF mutants did not possess any features characteristic of a mouse face, such as
vibrissae, or external eyes or ears – although rudimentary eyes were found internalized (Fig.
2I & data not shown). However, we note that a small percentage of mutants exhibited
recognizable facial features, but the defects were still severe, suggesting some variability in
the GOF craniofacial phenotype (Supplemental Fig. 3).

We next studied cell proliferation and cell death to ascertain whether the changes in facial
size and shape were due to differences in these processes. We did not detect major
differences in cell proliferation in LOF and GOF mutants compared to wild-type embryos at
either E9.5 or E10.5 as measured using phospho-histone H3 (Ser10) immunohistochemistry
(data not shown). In contrast, using whole-mount TUNEL analysis at E10.5, we detected a
clear increase in cell death in the LOF mutants (Fig. 2K), compared to lower levels in both
wild-type and GOF embryos (Fig. 2 J and L). Thus, the facial hypoplasia characteristic of
the LOF mutants appears to be caused at least in part by an increase in cell death. In
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contrast, the altered growth of the GOF facial prominences does not seem to correlate with
either a widespread increase in cell proliferation or changes in cell death. At this juncture we
cannot exclude subtle differences in the rate of cell growth as the mechanism underlying the
altered morphology of the GOF facial prominences. However, one alternative possibility is
that stabilization of β–catenin in the facial ectoderm may cause hyperplasia by promoting
increased neural crest cell migration into the facial prominences. Although further studies
will be necessary to test these hypotheses, our data nevertheless clearly demonstrate that
ectodermal β-catenin regulates outgrowth of the facial prominences.

Aberrant Wnt signaling in the ectoderm causes defects in the NC derived head skeleton
The proper growth of the facial prominences is essential for cartilage formation. During
development, the mesenchymal cells beneath the facial ectoderm must receive proliferation
signals for the appropriate amount of time to establish a critical number of progenitor cells
(Chai and Maxson, 2006). These progenitor cell populations then respond to localized and
intrinsic patterning signals, as well as inhibitory signals from the ectoderm, to form a
cartilage of the correct shape and size (Chai and Maxson, 2006). Both LOF and GOF
mutants displayed dramatic changes in the overall shape of the face, which would be
expected to alter the underlying cranial skeleton. LOF mice survive until birth, when they
display a superficial beak-like facial morphology compared with wild-type (Fig. 3A, B). We
therefore examined cartilage and bone in LOF mutants using alcian blue and alizarin red
staining (Fig. 3D, F). However, since GOF mutants die prior to ossification (which is
normally first seen at ~E15.5), only cartilage stains were performed on GOF mutants (Fig.
H, J).

Wild-type skeletons are shown at E18.5 (Fig. 3C, E) and E14.5 (Fig. 3G, I) to highlight the
craniofacial skeletal defects observed in both LOF (Fig. 3D, F) and GOF (Fig. 3H, J)
mutants. In LOF mutants, most of the bones of the face failed to develop. Underlying the
superficial beak-shaped structure, a trace of nasal bone was present together with some
cartilage (Fig. 3D, arrow). Additionally, part of the palatal processes of the maxilla (ppmx)
and a fragment of the zygotic process of the maxilla were also present (Fig. 3, compare E &
F). In contrast, the middle ear ossicles, most of the ectotympanic, the jugal, the mandible,
and the ossifying center of the hyoid bone were all absent (Fig. 3D, F). The bones forming
the neurocranium were all present, although with minor defects. In addition, the
basisphenoid and basioccipital, which are normally separated by cartilage, were connected
by calcified tissues to form a trabecular basal plate in the LOF mutant embryo (Fig. 3E & F
red arrowhead).

GOF mutants exhibited extensive ectopic cartilages throughout the head region resulting in
cartilage fusions and malformations (Fig. 3H, red arrows & J). Thus, identifying specific
skeletal elements was difficult. Cartilages of the head that were identifiable, such as the
parachordal plate (pc) and those of the ear (cuco) were grossly malformed (Fig. 3J).
Meckel’s cartilage, which forms the lower jaw, was turned downwards and in some mutants,
appeared to be duplicated on the interior aspect (Fig. 3H, asterisk in cut out). The nasal
cartilages were wider and misshapen (compare brackets in Fig. 3I, J). Taken together, these
data demonstrate that ectodermal β-catenin signaling plays a critical role in the formation
and patterning of the underlying cranial skeleton.

Gene expression profiling in β-catenin conditional mutants
To investigate changes in gene regulation that may presage the growth and skeletal defects
observed in mutants we initially utilized a combination of commercially available PCR
arrays and real-time RT-PCR to focus on the expression of a limited number of genes
involved in signal transduction. For these analyses we isolated RNA from E10.5 wild-type,
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LOF, and GOF heads, and comparison of their gene expression profiles indicated changes in
the expression of several key molecules (Table 1). Consistent with modification of β-catenin
expression and function, we detected associated changes in genes involved in canonical Wnt
signaling. When compared to wild-type mice, GOF mutants showed increased expression of
transcripts for the secreted WNT inhibitors Wif1, Dkk1 and Dkk4 (Table 1). These results
indicate that stabilizing β-catenin in the facial ectoderm resulted in the induction of genes
involved in negative feedback regulation of Wnt signaling. In support of this conjecture,
LOF mutants showed a corresponding down-regulation of Dkk4 transcripts (Table 1). In
GOF mutants, we observed increased expression of the genes encoding the FGF ligands
Fgf4, Fgf8, Fgf9, and Fgf20 (Table 1). The most dramatic change was in Fgf4 expression,
which was increased >100 fold compared with controls and is a known target of LEF1
(Kratochwil et al., 2002). However, the activation of Fgf expression was limited to a subset
of the gene family, as we did not detect major differences in the expression of Fgf10, Fgf17,
or Fgf18 using RT-PCR analysis (data not shown). We also detected significant changes in
the expression of genes associated with other signaling events in GOF mice. Cdkn1a
expression was increased >4 fold in the GOF embryos, suggesting alterations in cell cycle
regulation. There was also an ~5 fold rise in Bmp2 expression, whereas Bmp4 expression
only showed a modest increase in GOF mice. None of these three genes exhibited significant
expression changes in LOF mutants (data not shown).

We next employed whole-mount in situ hybridization (WMISH) to verify and extend the
analysis of gene expression changes in the context of the developing face (Fig. 4). We first
examined Wnt3, a gene implicated in human facial clefting, which is normally expressed at
the margins of the fusing facial prominences (Fig. 4A). We determined that Wnt3 expression
was drastically reduced in LOF facial prominences (Fig. 4B), but appeared relatively normal
in the branchial arches of GOF mutants, although slightly down-regulated in the maxilla
(Fig. 4C, black arrow). In contrast, Bmp2 expression was comparable in wild-type and LOF
embryos, occurring in the mesenchyme of the facial prominences (Fig 4D, E). In GOF
embryos, though, Bmp2 was expressed in a patchy and ectopic manner in the lateral facial
prominences and nasal pit, in agreement with the increased expression evident from our
real-time data (Fig 4F and data not shown). BMP proteins, particularly BMP2 and 4, are
known to affect facial shape and orofacial clefting in avian and mammalian systems (Chai
and Maxson, 2006;Foppiano et al., 2007). Moreover, excess BMP signaling is associated
with altered beak shape in avians and can cause facial dysmorphology in humans (SYNS1)
(van den Ende et al., 2005). Therefore, the increased levels of Bmp2 expression may
underlie some of the aberrant facial development in the GOF mice. We next examined
Fgf10, which is normally expressed in the MnP and MxP as well as around the nasal pit
(Fig. 4G), and is also associated with craniofacial dysmorphology (Hajihosseini et al.,
2009;Veistinen et al., 2009). Fgf10 transcripts were greatly decreased in the facial
prominences of LOF embryos in comparison to wild-type controls (Fig 4G, H). However,
similar to Bmp2, Fgf10 displayed a disorganized expression pattern in GOF embryonic
facial prominences, but its level of expression was comparable with wild-type controls (Fig
4I, & data not shown). We next examined Fgf4. Fgf4 is not normally expressed in the mouse
face at E10.5 (Fig 4J), but is a known target of canonical Wnt signaling in other
developmental processes (Kratochwil et al., 2002), and was found to be >100 fold increased
in our GOF mutant Real-time PCR array. GOF embryos showed considerable ectopic Fgf4
expression associated with the expanded nasal placodes, and expression was also apparent in
the MxP and MnP (compare Fig. 4J & L). We next studied Dusp6 (also known as Mkp3)
since this is known target gene of FGF signaling (Kawakami et al., 2003). Compared to
wild-type controls (Fig 4M), we found a reduction of Dusp6 expression in LOF embryos
(Fig. 4N), and an increase in Dusp6 expression in the underlying mesenchyme of GOF
embryos (Fig 4O). These findings are consistent with altered FGF ligand expression leading
to changes in downstream effectors of FGF signaling responses in the facial mesenchyme.
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FEZ morphology is disrupted in LOF and GOF mutants
Changes in facial width and morphology prompted us to study Fgf8 and Shh, since these are
the morphogens responsible for FEZ function (Hu et al., 2003). At E10.5, Fgf8 is normally
expressed in the rim of olfactory epithelium surrounding the invaginating nasal pit, the MxP,
and in the proximal region of the MnP (Fig. 5A), in addition to being expressed in the FEZ
(Fig. 5G arrows). In LOF mutants, Fgf8 expression was absent from all facial ectoderm at
E10.5 (Fig. 5C, I), though it was still present in facial endoderm (Fig. 5C, asterisks). In
E10.5 GOF mutants, Fgf8 expression was expanded and up-regulated - consistent with our
Real-time PCR data - and sectional analysis showed that this expansion was confined to the
ectoderm (Fig. 5E, K & data not shown). By E11.5 we observed ectopic Fgf8 expression in
a punctate pattern throughout the head region (Supplemental Fig. 4A, B). Interestingly, Fgf8
expression was unaltered in E9.5 LOF and GOF mutants (Supplemental Fig. 2F, G), though
changes in BATgal reporter activity were visible at this time (Supplemental Fig. 2B, D).
Thus, while it is clear there is an epistatic relationship between Wnt/β-catenin signaling and
Fgf8 expression, these data suggest that either Wnt/β-catenin does not begin to regulate Fgf8
expression until E10.5, or that the regulation is indirect, occurring through one or more
intermediates. The altered expression of Fgf8 in LOF and GOF embryonic facial ectoderm
correlates with the changes observed in the expression of its downstream target, Dusp6, in
the underlying mesenchyme (Fig 4N, O).

In wild-type E10.5 embryos, Shh is expressed in the oral ectoderm of the distal mandibular
prominence, in the basal forebrain, and in the FEZ (Fig. 5B, H, arrows & data not shown). In
LOF embryos, Shh was still expressed in these domains (Fig. 5D, J), however, the bilateral
FEZ domains of Shh appeared to have fused at the midline, and this medio-lateral expression
had expanded along the dorso-ventral axis (Fig. 5J arrows, N bracket). This difference may
be due to the lack of Fgf8 negative regulation, and failure of lateral facial growth. In GOF
mutants, Shh expression was only observed in the most lateral regions of the FEZ, and was
disorganized and punctate (Fig. 5L, M). We also observed ectopic punctate expression in the
MnP, and in the oral cavity (data not shown). At E12.5, Shh expression was observed in a
punctate pattern throughout the head ectoderm (Supplemental Fig. 4C, D), similar to what
was observed with Fgf8 expression. FGF8 and SHH have been shown to act synergistically
during chondrogenesis (Abzhanov and Tabin, 2004), and have significant roles in the
patterning of the MnP (Hu and Helms, 1999; Trumpp et al., 1999; Tucker et al., 1999).
Therefore, the misexpression of these two morphogens during facial development may be
responsible for the ectopic cartilages seen in the GOF mutants throughout the head region
and the misshapen Meckel’s cartilage (Fig. 3 H, J). We also note that the altered expression
of other signaling molecules, especially BMP2, might also influence chondrogenesis.

Conclusions
Implications for facial evolution

It has been hypothesized that changes in canonical Wnt signaling have been a contributing
factor to generating the divergent facial shapes present in vertebrate species (Brugmann et
al., 2007). Our data strongly support this conjecture, since ectodermal ablation or
stabilization of β-catenin during early mouse facial development leads to drastic differences
in craniofacial morphology. However, we note that the alternative experimental approaches
used by Brugmann et al and by ourselves produce subtly different conclusions concerning
the mechanism of Wnt/β-catenin action in facial development. The initial theory that
canonical Wnt signaling was critical for the evolution of facial shape was based in part on a
comparison of Wnt responsive reporter gene expression between chick and mouse. The
midline was found to be the major site of Wnt-responsiveness in chick and this was
postulated to drive outgrowth of the beak from the frontonasal mass (Brugmann et al.,
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2007). Note, however, that recent studies in chick have argued that Wnt responsiveness is
broadly distributed throughout the facial prominences (Geetha-Loganathan et al., 2009; Hu
and Marcucio, 2009a). Analogous studies in mouse demonstrated that the lateral nasal
prominences were the primary region of Wnt/β-catenin signaling, leading to a broader
muzzle shaped face with a narrower midline contribution (Brugmann et al., 2007).
Furthermore, it was shown that inhibition of canonical Wnt signaling throughout the mouse
embryo by targeting the transcriptional effectors Lef1 and Tcf4 resulted in hypoplastic
development of the lateral facial prominences and an expanded midface (Brugmann et al.,
2007).

Using LacZ reporter transgenic mice, we show that the lateral facial regions are highly
responsive to changes in β-catenin activity (Fig 1G–I). These findings are in agreement with
previous conclusions regarding the regions of Wnt responsiveness in the developing mouse
face (Brugmann et al., 2007;Mani et al., 2010). Moreover, in mice, the activity of canonical
Wnt signaling in the lateral facial prominences correlates with their growth and
morphogenesis. Specifically, the absence of ectodermal β-catenin leads to hypoplasia of
these prominences, whereas stabilization of ectodermal β-catenin causes expansion of the
lateral facial regions. In addition, as the midline of LOF mutants is relatively unaffected, our
data further suggest that active Wnt signaling is not necessary for midfacial outgrowth in
mouse. In this regard a narrow, elongated frontonasal shape – superficially resembling an
avian beak in external appearance - is essentially a default face that develops when little or
no active β-catenin signaling is present in the ectoderm of the lateral facial regions. This
mechanism stands in contrast to that proposed for the avian embryo, in which active Wnt/β-
catenin signaling was postulated to cause midfacial outgrowth (Brugmann et al., 2007). We
also note that the removal of β-catenin from the ectoderm of the mouse face as reported here
produced a narrow midfacial region, whereas the global loss of the canonical Wnt
transcriptional activators Lef1 and Tcf4 resulted in a minor widening of the midface
(Brugmann et al., 2007). Both approaches lead to hypoplasia of the more lateral facial
regions and we suspect that the observed differences in facial shape reflect the various
tissues and genes targeted in the two experimental approaches. The results of these two
independent studies are also consistent with the possibility that the addition of increased
Wnt/β-catenin signaling or responsiveness in the lateral facial prominences led to a more
rounded, muzzle-shaped face during the process of mammalian evolution.

Our data show that disturbing ectodermal β-catenin signaling led to altered expression of
multiple signaling molecules, notably Fgf4, Fgf8, Bmp2, and Shh. Alterations of any one of
these, with the exception of Fgf4, has been shown to influence facial development and
patterning (Chai and Maxson, 2006). Nevertheless, the most dramatic changes we observed
were in FGF ligand expression. This latter finding provides a plausible connection between
Wnt signaling, FEZ organization, and ultimately gross facial morphology. Recent data
places the FEZ as an important regulator of mid-facial width in chick and mouse (see model,
Figure 6). Facial width was altered in both LOF and GOF models (Fig. 6). To summarize, in
LOF embryos the FEZ is characterized by a loss of Fgf8 expression and the consolidation of
Shh expression to a single midline domain. This arrangement may mimic the operations of a
single FEZ as observed in chick facial development (Hu et al., 2003), giving rise to the
narrow, pointed, upper face of LOF mutants. In contrast, GOF mutants exhibited an
increased distance between Shh domains and an expansion of Fgf8 expression. Previous data
obtained in the chick model (Abzhanov et al., 2007), predict that this would cause the wider
facial profile observed in GOF mutants.

In conclusion, our data support a model in which ectodermal Wnt/β-catenin signaling lies
upstream of molecules known to regulate facial shape, including the FEZ associated
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molecules Shh and Fgf8. In the future it will be important to understand how these various
signaling pathways interact to regulate mouse facial development.

Research Highlights

• Stabilization of β-catenin in ectoderm alters facial morphology

• Loss of β-catenin in facial ectoderm causes hypoplasia of maxilla and mandible

• Stabilization of β-catenin in facial ectoderm activates Fgf4 and Fgf8

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss or constitutive activation of ectodermal β-catenin via Crect results in severe
developmental defects
A–C) Lateral views of E12.5 wild-type (A), LOF (B), and GOF (C) embryos. D–F) Sagittal
head sections of E10.5 wild-type (D), LOF (E), and GOF (F) stained for β-catenin protein
(green) and counterstained with Hoechst (blue) to show nuclei. G–J) E10.5 ventral views of
wild-type (G), LOF (H), and GOF (I) stained with X-gal to visualize BATgal reporter
activity. Red arrows in E & F point to lack or presence of β-catenin in the ectodermal cell
layer, respectively. Scale bars in A–C represent 1mm.
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Figure 2. Conditional mutants exhibit complementary growth defects during craniofacial
development
Scanning electron microscopy images of wild-type (A–C), LOF (D–F) and GOF (G–I)
embryos shown at E10.5 (A, D, G), E11.5 (B, E, H), and E12.5 (C, F, I). Images in B, E, &
H are shown in a ventral view, all others are lateral views. J–L) Lateral views of E10.5 wild-
type (J), LOF (K), and GOF (L) stained for cell death using TUNEL. e – eye, 1 – optic
eminence, 2 – olfactory placode, 3 – maxillary prominence (upper jaw), 4 – mandibular
prominence (lower jaw), 5 – lateral nasal process, 6 – medial nasal process, 7 – groove
overlying the lamina terminalis of forebrain, 8 – nasal pit, 9 – eye, 10 – branchial arch two,
11 – lacro nasal groove, 12 – frontal nasal process, 13 – ear, 14 – vibrissae, 15 – oral cavity.
Scale bars in C, F, & I represent 1mm, all others represent 500µm.
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Figure 3. Cranial skeletal defects in LOF and GOF mutants
A, B) E18.5 wild-type (A) and LOF (B) embryos. C–F) Alizarin red and alcian blue skeletal
stains of embryos shown in A & B, respectively, shown in lateral (C, D) and norma
verticalis (E, F) views. G–J) Alcian blue cartilage stains of E14.5 wild-type (G, I) and GOF
(H, J) embryos shown in lateral (G, H) and norma verticalis (I, J) views. cuco – cupola
cochlearis, etm – ectotympanic, j – jugal, p – parietal bone, pc – parachordal, ppmx – palatal
process of premaxilla, tbns – trabecular plate-nasal septum, zpmx – zygomatic process of
maxilla. Arrow in A points out normal eye formation, compared to the LOF (B).
Arrowheads in C & D point to presence and absence of middle ear bones, respectively.
Black arrow in D points to residual nasal bone. Red arrowheads in E & F indicate region
between the basisphenoid and the basioccipital in wild-type and LOF skulls. Red arrows in
H point to ectopic cartilages in GOF mutants. Inset in H shows isolated Meckel’s cartilage
in same proximal distal orientation as main panel, but rotated 90 degrees to show duplication
on internal aspect of Meckel’s cartilage (asterisk). Brackets in I & J compare the width of
the nasal cartilages in wild-type and GOF embryos.
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Figure 4. Gene expression profiling in conditional mutants
WMISH of E10.5 wild-type (A, D, G, J, M), LOF (B, E, H, K, N), and GOF (C, F, I, L, O)
shown in lateral views. Gene RNA probes for each row are indicated on the left. Arrow in C
indicates weak expression associated with boundary of maxilla.
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Figure 5. Fgf8 and Shh expression in conditional mutants
A–M) Whole-mount in situ hybridization of Fgf8 (A, C, E, G, I, & K) and Shh (B, D, F, H,
J, L, M) in wild-type (A, B, G, H), LOF (C, D, I, J) and GOF (E, F, K, L, M) shown in
lateral views (A–F) and ventral (G–M). M is magnification of boxed region of Shh
expression in L. N) Sagittal section of embryo shown in J, along plane of section shown by
gray line, bracket indicates Shh expression in the ectoderm of the nasal process. Asterisks in
C indicate expression of Fgf8 in pouch endoderm. Arrows in D point to Shh expression in
the telencephalon (te) and diencephalon (di). Arrows in G, H, J, & L point to FEZ.
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Figure 6. FEZ organization in mutants
Model depicting the expression domains of Fgf8 (yellow) and Shh (red) in chick, wild-type
mouse, LOF, and GOF FEZ (chick and mouse model adapted from (Hu and Marcucio,
2009b)).
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Table 1
Representative gene expression changes in E10.5 heads from LOF and GOF mutants
compared with wild-type controls

All values are the mean + standard error for at least n=3 samples using the ABI platform, and all have P<0.05.
Positive or negative value indicates the fold-increase or decrease, respectively, compared to wild-type control
samples. The dash indicates no significant change. All genes in the Table also showed similar positive or
negative gene expression changes on the SAB platform.

Gene LOF GOF

Dkk4 − 26 ± 6.7 + 45.5 ± 5.2

Dkk1 − + 8.8 ± 1.0

Wif1 − + 7.8 ± 0.9

Fgf4 − + 163 ± 6.4

Fgf20 − + 17.9 ± 4.3

Fgf9 − + 3.3 ± 0.18

Fgf8 − + 3.2 ± 0.25
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