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Abstract

Background—Mutations of WNT3, WNT5A, WNT9B, and WNT11 genes are associated with
orofacial birth defects, including non-syndromic cleft lip with cleft palate in humans. However,
the source of Wnt ligands and their signaling effects on the orofacial morphogenetic process
remain elusive.

Results—Using Foxgl-Cre to impair Wnt secretion through the inactivation of Gpr177/mWis,
we investigate the relevant regulation of Wnt production and signaling in nasal—-facial
development. Ectodermal ablation of Gprl77 leads to severe facial deformities resulting from
dramatically reduced cell proliferation and increased cell death due to a combined loss of WNT,
FGF and BMP signaling in the developing facial prominence. In the invaginating nasal pit, the
Gprl77 disruption also causes a detrimental effect on migration of the olfactory epithelial cells
into the mesenchymal region. The blockage of Wnt secretion apparently impairs the olfactory
epithelial cells through modulation of JNK signaling.

Conclusions—Our study thus suggests the head ectoderm, including the facial ectoderm and the
neuroectoderm, as the source of canonical as well as noncanonical Wnt ligands during early
development of the nasal-facial prominence. Both 3-catenin—dependent and —independent
signaling pathways are required for proper development of these morphogenetic processes.
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Introduction

The mammalian upper face (lip and nose) arises from several paired and unpaired tissue
(buds) during early organogenesis (Jiang et al., 2006; Minoux and Rijli, 2010). On mouse
embryonic day 9 (E9.0), cranial neural crest-derived mesenchymal cells under the head
ectoderm-derived epithelium populate extensively to form the frontal nasal prominence
rostral to the telecephalon. At E10, the nasal placode forms as the focal thickening of the
surface ectoderm in the ventrolateral part of the frontonasal prominence. Asymmetric
outgrowth and bulge around the periphery of the nasal placode form the horse-shoe shaped
lateral (LNP) and medial (MNP) nasal prominences, resulting in formation of the nasal pit
(or olfactory pit) at E10.5. The main nasal epithelium extends olfactory nerves which grow
toward the main olfactory bulbs. In addition to the outgrowth of nerves, several cells leave
the placode region and translocate along similar trajectories as the nerves to constitute neural
components of the central and peripheral nervous systems (Brunjes and Frazier, 1986; De
Carlos et al., 1996; Wray, 2010). During the formation of the nasal pit, mesenchymal cells
rapidly proliferate to conduct the outgrowth of LNP, MNP, and maxillary (MXP)
prominences of the first branchial arch, pushing the nasal pits to the medial face. Around
E11.0, convergence and fusion in multiple directional junctions with the LNP and MXP,
LNP, and MNP result in formation of the nostrils and the lip. The proper thickening and
fusion of the nasal epithelium are highly coordinated by various cellular signals including
Shh, FGFs, TGF-b, and WNT across the epithelium and the underlying mesenchyme.
Interference with activation of these signaling pathways will lead to orofacial clefts (Jiang et
al., 2006).

Variation in WNT genes is tightly associated with nonsyndromic cleft lip with or without
cleft palate (Chenevix-Trench et al., 1992). The human WNT9B and WNT3 genes are
located on chromosome 17q21, one of the first chromosome region implicated in
nonsyndromic cleft lip with cleft palate (CLP) using genetic linkage analysis (Chenevix-
Trench et al., 1992; Niemann et al., 2004; Menezes et al., 2010). It has also been
independently detected in several other linkage and association studies of CLP (Marazita et
al., 2004; Juriloff et al., 2006; Lan et al., 2006). In mice, several Wnt ligands, including
Whnt3 and Wnt9b (Lan et al., 2006), are expressed in the ectoderm of the early facial
prominences. Canonical Wnt signaling reporters such as TopGAL, BATgal, and Axin2-lacZ
are also highly active in the facial prominences and their derivatives, implicating the
importance of Wnt/b-catenin signaling in facial development (Maretto et al., 2003;
Brugmann et al., 2007; Al Alam et al., 2011).

Compound mutation of TCF1/Lef1, the key transcription effectors for Wnt/B-catenin
signaling, resulted in regional alterations of facial specification (Brugmann et al., 2007). The
mouse deletion of canonical Wnt9b showed significant retardation in the outgrowth of the
nasal and maxillary prominences due to reduced proliferation of the mesenchymal cells.
This defect led to a failure of physical contact between the facial prominences resulting in
cleft lip and cleft palate (Jin et al., 2012). Mice with deficiency of Lrp6 exhibited cleft lip
with cleft palate, resembling a common birth defect in humans (Song et al., 2009). The
frontonasal and upper jaw prominences cannot be formed upon conditional ablation of -
catenin in the facial ectoderm where the expression of ectodermal Shh and Fgf8 were down-
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regulated (Reid et al., 2011; Wang et al., 2011). However, the tissue source and effects of
Whnt signaling in orofacial regulation remain elusive, most likely due to the dual role of 8-
catenin in cellular signaling and cell—cell interactions.

In the current study, we investigate the requirement of ectodermal Wnt using Foxg-1-Cre-
mediated deletion of Gprl77 (commonly known as Wntless [WIs]), which is essential for
Whnt sorting and secretion. The results show that ablation of Wnt secretion in the ectoderm
leads to failure of the frontonasal and maxillary prominences to form. These abnormalities
phenocopy the orofacial defects observed in Catnb1!0x(ex2-6)FoxglCre mice (Wang et al.,
2011), suggesting the facial ectoderm and the telencephalic neuroepithelium as the source
for Wnt in orofacial shaping and development. Our data further uncover that ectodermal
Whnt ligands are required for invagination of the nasal pit and migration of olfactory
epithelial cells.

Ectodermal Gprl77 is Required for Orofacial Patterning

To examine the involvement of Gpr177-mediated Wnt production during formation of LNP,
MNP and MXP, whole-mount in situ hybridization was performed on the E9.5 to 10.5
embryos. The Gprl77 transcript was colocalized with those of Wnt3, Wnt6, Wnt9b, and
Wntba in the nasal prominence and maxillary process of the first branchial arch (Fig. 1A—
0). Gprl77 is the mouse orthologue of Drosophila Wntless essential for intracellular Wnt
trafficking (Banziger et al., 2006; Fu et al., 2009; Zhu et al., 2013). Previous studies have
shown that Gprl77 binds to mouse Wnt3, Wnt6, and Wntba (Fu et al., 2009; Zhu et al.,
2013). The results of coimmunoprecipitation analysis showed that Gprl77 associated with
Wnt9b (Fig. 1P), indicating its roles in regulating Wnt9b sorting and secretion. Here we
performed genetic inactivation of Gprl77 to understand the tissue source of Wnt required
for its signaling activation in nasal pit development. To delete Gprl77 in the head ectoderm,
Foxg1-Cre transgene was crossed into mice homozygous with the Gpr177Fx allele to obtain
the Gpr177Fox91Cre mytants (Hebert and McConnell, 2000; Wang et al., 2011). X-gal
staining of embryos carrying a R26R reporter allele revealed that Foxgl-Cre permits site-
specifi DNA recombination in the facial ectoderm and the telencephalic neuroepithelium at
E9.5 (Fig. 1R). The Cre-mediated recombination became evident in the epithelium of the
nasal pits undergoing invagination at E10.5 (Fig. 1S). Highly efficient deletion of Gpr177
occurred at E9.5 in the nasal placode of Gpr177FoX31Cre mytants (Fig. 1T,V), indicating that
Foxgl-Cre is ideal for inactivation of Gprl77 during nasal pit development. Gpr177 was
almost eliminated from the facial epithelium at E10.0 (Fig. 1U,W).

Compared with wild-type embryos (or Gpr177(/1)Foxgl-Cre) the Gpr177Fox9lCre mytants
exhibited severe facial deformities, and failed to form several key features within the upper
face, including upper nasal, upper jaw, and ocular structures at E16.5 (Fig. 2A-D).
Interestingly, these facial defects are highly reminiscent of the phenotype associated with
inactivation of -catenin mediated by Foxgl1-Cre (Wang et al., 2011). SEM images revealed
that the Gpr177Fox81Cre mytants successfully develop the frontal nasal prominence at E9.5
(Fig. 2E,F), but are unable to properly form the LNP and MNP at E10.5 (Fig. 2G,H,J,K).
These results suggest that Gprl77 might be involved in the invagination processes of the
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nasal pit. In contrasts, deletion of Gpr177 in the facial mesenchyme by Wnt1-Cre did not
cause any noticeable defects during nasal pit formation (Fig. 21,L), albeit cleft palate were
detected (Fu et al., 2011; Liu et al., 2015). Therefore, ectodermal rather than mesenchymal
production of Wnt is required for the initiation of LNP and MNP as well as their outgrowth
around the nasal pit.

Activation of B-Catenin Signaling in the Nasal Placode Epithelium Requires the Presence
of Ectodermal Gprl77

Extensive studies have shown that the loss of Gprl77 impairs canonical Wnt signaling in
many organs (Fu et al., 2009, 2011; Chen et al., 2012; Fu and Hsu, 2013; Maruyama et al.,
2013; Zhu et al., 2013, 2014). To determine if this is also the case in development of the
nasal pit, we analyzed the activity of TOPGAL in Gpr177Fox91Cre_\whole-mount X-gal
staining of the E9.5 wild-type head showed that 3-catenin signaling was focally activated in
the confined areas surrounding the nasal placode (Fig. 3A,B, arrows) where LNP and MNP
will develop later at E10.5 (Fig. 3E,F, arrows). Sections of the TOPGAL stained embryos
revealed that B-catenin signaling is activated in the epithelium at E10.5 (Fig. 31).
Immunostaining of the active form of $-catenin further illustrated that the canonical Wnt
signaling is activated in the frontal nasal prominence at E9.5 (Fig. 3K). In contrast, both
TOPGAL and p-catenin activities were significantly diminished in the Gpr177FoxgiCre
mutants (Fig. 3C,D,G,H,J,L), indicating that canonical Wnt signaling stimulation in the
epithelium and mesenchyme of the nasal placode relies on ectodermal secretion of Wnt
ligands. Additionally, quantitative real-time polymerase chain reaction (PCR) and
expression analyses of Axin2 and Lef1, two target genes of canonical Wnt signaling, showed
their reductions in the mutants (Fig. 3M). Consistent with the requirement of ectodermal f-
catenin for shaping of the mouse face (Wang et al., 2011), our data support the hypothesis
that ectoderm, including the facial ectoderm and the neuroectoderm, is the source of
canonical Wnt signaling during nasal pit formation.

Loss of Ectodermal Gpr177 Interferes With Cell Proliferation and Death in Frontal Nasal
Prominences

To address the effect of Gpr177 deficiency on cell proliferation and apoptosis in nasal pit
development, we examined BrdU labeling and TUNEL staining on sections of the E9.5
rostral nasal prominences. Compared with the control, an increase in apoptosis was evident
in the nasal ectoderm as well as the underlying mesenchyme of the Gpr177 mutant (Fig.
4A,C). This alteration was similar to previous finding in the B-catenin mutant (Wang et al.,
2011). In addition, BrdU labeling analysis showed a dramatic reduction in the ectoderm and
mesenchyme of the mutant nasal prominences (Fig. 4B,D). The defects in cell proliferation
and survival likely contributed to the retardation of nasal outgrowth in the Gpr177FoxglCre
mutant.

Epithelial Cell Adhesion and Elongation in the Developing Nasal Pit is Disrupted in the
Gpri177FoxgiCre Mytant

Invagination of cranial placodes, including the optic and nasal placodes, requires dynamic
alterations of epithelial cell shape (Sai and Ladher, 2008; Plageman et al., 2011; Metzis et
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al., 2013). We next investigated the requirement of Gprl77 in the regulation of epithelial
cell shape during these morphogenetic processes. Immunostaining analysis revealed that
actin filaments are confined to the condensed apical surface of the wild-type nasal pit
epithelium; however, severely disorganized apical surface was detected in the nasal pit
epithelium of Gpr177Fox91Cre (Fig. 4E). E-cadherin staining further showed that cell—cell
junctions are also disoriented with abnormal aggregation (Fig. 4E), suggesting the
importance of Gprl77 in the regulation of epithelial cell shape. DAPI staining revealed the
presence of small and round-shaped nuclei in the nasal pit epithelium of Gpr177Foxgl-Cre
mutants in contrast to the elongated epithelial nuclei in the wild-type nasal pit (Fig. 4E).
Taken together, these data demonstrated an irregular epithelial cell adhesion and elongation
within the Gpr177FoX81Cre pasal pit.

Conversely, Wnt1-Cre mediated deletion of Gprl77 in the mesenchyme did not show any
obvious defects in nasal pit cell adhesion and elongation (data not shown), suggesting that
the loss of ectodermal, but not mesenchymal, Wnt secretion accounts for the abrogation of
the nasal pit invagination. Furthermore, immunostaining of the active form of $-catenin in
E9.5 embryos revealed a remarkable decreased active p-catenin in Gprl77 mutant embryos
(Fig. 3K,L). The loss of TopGal signaling in Gpr177Fox91-Cre embryos also indicated a
degradation of p-catenin in Gprl77 deficient facial prominence (Fig. 3A-J). Because 3
catenin acts as a structural protein at cell-cell adherens junctions as well as the central
molecule of canonical Wnt signaling pathway (Sineva and Pospelov, 2014), it is reasonable
to deduce that the disrupted cell shape and adhesion in Gpr177F0*91Cre nasal pit is probably
caused by the loss of B-catenin due to inhibition of Wnt trafficking resulting from Gpr177
deficiency.

Cell Motility is Impaired in the Olfactory Epithelium Lacking Wnt

As development proceeds, the nasal or olfactory placodes were subdivided into the sensory
and respiratory epithelia within the nasal cavity (Croucher and Tickle, 1989; De Carlos et
al., 1996; Toba et al., 2001). The sensory epithelium consists of olfactory sensory neurons
among other cell types. We, therefore, tested if motility of the olfactory epithelial cells was
altered in the hypoplastic nasal pit epithelium due to an absence of intrinsic Wnt signaling.
Examination of Cre recombination activity using R26R/Foxg1-Cre mice showed that X-Gal
staining is positive in some mesenchymal cells near the E9.5 nasal placode (Fig. 1R).
Immunostaining of E-cadherin identified those olfactory epithelial cells translocating into
the nasal pit mesenchyme at E10.5 (Fig. 4F). The results were consistent with previous
reports examining olfactory cell migration in the nasal placode in rats (De Carlos et al.,
1996; Toba et al., 2001). Sox2, a neural stem cell marker in the nasal epithelium, was also
detected in nasal pit mesenchyme of wild-type embryos (Kawauchi et al., 2005) (Fig. 4F).

In contrast, few E-cadherin and Sox2 positive cells were detected in nasal pit mesenchyme
of Gpr177Fox1Cre mice (Fig. 4F). Furthermore, both E-cadherin and Sox2 were found to be
colocalized with B-gal in some cells in mesenchyme of R26R/Foxg1-Cre embryos (Fig. 4G),
indicating that those E-cadherin positive cells are also positive for Sox2. Taken together,
these results suggest that the migration of olfactory epithelial cells to the mesenchyme is
inhibited due to loss of Gprl77. Our findings thus suggest a requirement of intrinsic Wnt for
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the motility of nasal placode cells. Additionally, significantly increased cell death and
reduced cell proliferation present in the olfactory epithelium (Fig. 4A,B) could also lead to a
reduction of Gprl177-deleted olfactory epithelial cells that migrate toward the brain.

Loss of Gprl77 in the Head Ectoderm Diminishes FGF Signaling During Invagination of the
Nasal Pit Epithelium

To elucidate molecular mechanisms underlying the nasal pit defects caused by Gprl77
deficiency, we first examined FGF ligands, key downstream signaling regulators of Wnt/p-
catenin, critical for mouse facial development. Fgf3, 4, 7, 8, 9, and 10 were expressed in the
frontal nasal ectoderm as well as the developing nasal pit (Fig. 5A) (Bachler and Neubuser,
2001; Kawauchi et al., 2005). Fgf8, Fgf10, and Fgfl7 were known to be downstream targets
of Wnt within the facial ectoderm (Song et al., 2009; Wang et al., 2011, Jin et al., 2012).
Using quantitative real-time PCR analysis, we found significant reduction of these genes at
E10.25 (Fig. 5A). Closer examination with in situ hybridization and immunostaining
revealed that the expression of Fgf8 and Fgf10 is diminished at around E10.25 during nasal
pit invagination (Fig. 5A-C,L,M). Moreover, phosphorylated-Erk, a downstream effector of
FGF signaling in the developing face (Corson et al., 2003), was detected in both epithelium
and mesenchyme in invaginating nasal pit of E10.25 wild-type embryos, but significantly
decreased in that of Gprl177 mutants (Fig. 5N,0). FGF signaling (Wang et al., 2011; Jin et
al., 2012) may also be required for orchestrating the regulation of epithelial Wnt signal
during nasal pit formation.

Shh Signaling is Disrupted in the Facial Prominence of Gpr177FoxgiCre

Previous studies have shown that forebrain Shh signaling participates in regulating the onset
of facial Shh expression which is required for establishing the signaling properties of the
frontonasal ectodermal zone (FEZ), which then patterns outgrowth of the upper jaw
(Marcucio et al., 2005, 2011; Hu and Marcucio, 2009; Hu et al., 2015). To determine
whether the Shh signaling form forebrain to facial ectoderm is affected in Gpr177Foxgl-cre
we examined the expression of Shh in both Gpr177FoX81-cre and wild-type embryos. As
revealed by quantitative real-time PCR analysis, the expression of Shh was mildly reduced
in facial prominence at E10.25 (Fig. 5A). Whole-mount in situ hybridization results showed
that Shh expression was retained in FEZ of E10.5 Gpr177Fox31-cre¢ embryos (Fig. 5D,E,
Arrowheads); however, the expression of Shh was reduced in telencephalon and
diencephalon of Gprl77 mutant embryos (Fig. 5D,E, Arrows), suggesting that the Shh
signaling is impaired in response to deletion of Gpr177 in facial epithelium and
neuroepithelium.

Msx1 and Msx2 Expression Was Disrupted in the Invaginating Nasal Pit of Gpr177Foxg1Cre

In formation of the LNP and MNP, we detected focal expression of homeobox transcription
factors, Msx1 and Msx2, (Fig. 5A,F,H), which are also targets of the canonical Wnt pathway
in development of the orofacial prominences (Song et al., 2009; Jin et al., 2012). The

deletion of Gprl177 dramatically reduced the expression of Msx1 and Msx2 in these domains
(Fig. 5A,G,1) (Song et al., 2009; Wang et al., 2011), suggesting that failure formation of the
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nasal pit is associated with the dysregulation of downstream transcription factors modulated
by epithelial Wnts.

Bone Morphogenetic Protein Signaling Within the Invaginating Nasal Pit is Inhibited in the
Gprl77 Mutants

Bmp4 was normally expressed in the fusion regions of the LNP, MNP, and MXP during
nasal lip invagination (Fig. 5J). In situ hybridization showed significant reduction of Bmp4
in LNP of the Gpr177Fox91Cre mytants (Fig. 5K). In contrast, Bmp4 expression in the upper
lip/nasal primordial is not modified in Wnt9b™~ embryos and is only mildly decreased in
Lrp6 mutants (Song et al., 2009; Jin et al., 2012). These data suggest a distinct mechanistic
regulation of Bmp4 in response to the loss of Wnt production and the loss of Wnt/B-catenin
signaling in the nasal placode epithelium. To test the requirement of Gprl177-mediated Wnt
production for the maintenance of bonne morphogenetic protein (BMP) signaling, we
performed immunostaining of phosphorylated Smad1/5/8 as an indicator for its signaling
activity at E10.25. The results showed that activation of BMP4 (Fig. 5J,K) and its signaling
(Fig. 5P,Q) in both the epithelium and the mesenchyme of the invaginating nasal pit is
significantly reduced in the Gpr177Fox91Cre mytants.

Gprl77 Ablation Results in Inhibition of INK Essential for Nasal Epithelial Cell Migration

Previous studies suggested that a f-catenin—-independent Wnt pathway influences tissue
polarity and cell motility through modulation of the JINK (Jun N-terminal kinase) (Davis,
2000; Karner et al., 2009) whose regulation has also been implicated in cell migration and
tissue morphogenesis (Kuan et al., 1999; Huang et al., 2003; Weston et al., 2003; Xia and
Karin, 2004). To determine if the loss of Gpr177 affects the INK pathway in olfactory
epithelial invagination, we first examined its activation by immunostaining. In the control,
cells positive for phosphorylated JNK were found in both the invaginating nasal pit
epithelium and the underlying mesenchyme at E10.25 (Fig. 6A). In contrast, we identified a
significant reduction of the phosphorylated JNK in the epithelium and mesenchyme of
Gpr177Foxg1Cre (Fig. 6B). We were able to further determine the role of JNK in this
developmental process because mesenchymal cells double positive for E-cadherin and X-gal
staining are actually the migratory epithelial cells (Fig. 4G). Next, using in vitro organ
culture with nasal placode explants at E10, we investigated the effects of SP600125, a INK
inhibitor (Huang et al., 2003) on cell migration. Immunostaining of E-cadherin and X-Gal
staining for the R26R/Foxg1Cre reporter cells showed that the addition of SP600125 (Fig.
6D,F), but not U0126 (an inhibitor for ERK) (Fig. 6G), efficiently inhibits distribution of the
nasal epithelial cells within the underlying mesenchyme (Fig. 6C-G). These data suggest
that JNK activation is required for migration of the olfactory epithelial cells during
morphogenesis of the nasal pit and that the epithelial noncanonical Wnt ligands are involved
in olfactory epithelial cell migration.

Discussion

Tissue-specific deletion of Gprl77 in the ectoderm of the rostral head performed in this
study provides genetic evidence that facial epithelium and the telencephalic neuroepithelium
is the source of Wnt during nasal pit invagination. Our finding is the first to show that
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defective Wnt production in the ectoderm results in failure of upper face development.
Similar to epithelial ablation of f-catenin, these results support the notion that signaling
transduced by canonical Wnt ligands within the ectoderm is critical for upper facial
development. Additionally, the current study provides evidence for first time that Gpr177-
mediated Wnt production within the ectoderm is required for the maintenance of JINK
activation tightly linked to nasal epithelial cell motility, which is essential for functional
establishment of the olfactory epithelium.

The deletion of Gprl77 in the head ectoderm abolishes secretion of both canonical and
noncanonical Wnt ligands within the developing nasal epithelia, including the LNP, MNP
and MXP. Genetic analysis of the Gpr177-mediated Wnt production suggests that 3-catenin
signaling essential for orofacial development depends on Wnt ligands secreted from the
head ectoderm. This conclusion is consistent with previous reports on the impaired upper
face arising from ablation of B-catenin signaling (Song et al., 2009; Wang et al., 2011; Jin et
al., 2012). However, Axin2 expression and 3-catenin activation are significantly lower in the
Gprl77 mutants, compared with ectoderm-specific deletion of fcatenin, or loss of Wnt9b or
Lrp6 (Song et al., 2009; Wang et al., 2011; Jin et al., 2012). In contrast, targeted deletion of
Gprl77 in the neural crest-derived mesenchyme (Gpr177WntiCre) did not seem to alter
canonical Wnt signaling in the area surrounding the nasal pit (Fu et al., 2011), albeit cleft
palate is observed in the mutants (Fu et al., 2011; Liu et al., 2015). The presence of Gprl77
or Gprl77-mediated Wnt sorting and secretion in the facial mesenchyme is thus dispensable
for nasal pit formation, but absolutely necessary for palatogenesis. Wnt5a, shown to signal
through noncanonical signaling, is the only ligand known to be expressed in the cranial
mesenchyme (He et al., 2008; Paiva et al., 2010; Zhu et al., 2013), and plays an essential
role in secondary palate development (He et al., 2008).

Our data show that ectodermal deletion of Gpr177 in the nasal prominence and the
telencephalon causes even more severe inhibition of FGF gene expression. FGF signaling in
the facial ectoderm has been shown to be regulated by Wnt/p-catenin signaling through
modulation of mesenchymal cell survival and proliferation (Song et al., 2009; Wang et al.,
2011; Jin et al., 2012). Ectodermal FGFs in nasal pit development are modulated by the
canonical pathway (Wang et al., 2011; Jin et al., 2012). Fgf3, 8, 17, or 10 was significantly
down-regulated in the rostral head tissue in Foxg1-Cre/b-catenin mutant, Wnt9b~/~ or
Lrp5~/~ (Song et al., 2009; Wang et al., 2011; Jin et al., 2012). On the other hand, f-catenin
gain of function in the frontal nasal ectoderm up-regulates the FGF and Shh signaling
(Wang et al., 2011). Ectodermal deletion of Gpr177 causes down-regulation of FGF genes,
including Fgf3, Fgf4, Fgf7, Fgf8, Fgf9, Fgf10, in the rostral head, further supporting this
hypothesis.

Reduction of Erk phosphorylation in Gpr177FoX91Cre js consistent with the requirement of
epithelial Wnt in regulating the FGF signaling-dependent outgrowth of nasal pits (Jin et al.,
2012). Phosphorylated Erk staining reveals FGF signaling domains including the frontonasal
prominences and the branchial arch during embryogenesis (Corson et al., 2003). The
activation of Erk1/2 in the facial mesenchyme is affected by Wnt9b mutation (Jin et al.,
2012), indicating that the ectodermal Wnt ligands play an important role in the FGF-
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mediated nasal outgrowth. The mutation of Lrp6, the co-receptor for Wnt9b, showing
decreases in cell proliferation also supports our findings (Song et al., 2009).

Enhanced cell apoptosis detected in the invaginating nasal pit due to the loss of Gprl77 is
consistent with the ectodermal deletion of $-catenin (Jin et al., 2012), but is not in agreement
with the mutation of Wnt9b or Lrp6. It has been suggested that ectodermal FGF regulates
cell proliferation and survival in a concentration-dependent manner, in which cell survival
requires a lower signaling level (Jin et al., 2012).

Interestingly, Gprl77 in the head ectoderm seems to play role in determining nasal epithelial
cell structure critical for invagination. Ectodermal deletion of Gprl77 reveals an essential
requirement for Wnt production in maintenance of the epithelial cell shape and organization
critical for epithelial motility and morphogenesis (Lienkamp et al., 2012). In mouse
organogenesis, the limb outgrowth and lung tube shaping are shown to be associated with
the orientation of cellular divisions, regulated by the noncanonical Wnt5a/JNK pathway
and/or the FGF/ERK pathway (Qishi et al., 2003; Gros et al., 2010; Tang et al., 2011).
Similar defects in epithelial cell shape have recently been shown in the Wnt1Cre;Ptc1°/c
mutants, where Ptcl is deleted in the facial mesenchyme (Metzis et al., 2013), suggesting
that a potentially conserved mechanism underlying the interaction of signaling pathways is
responsible for the control of placode invagination.

Cell motility is a major contributor to epithelial placode morphogenesis (Streit, 2002;
Ahtiainen et al., 2014). The development of cranial placodes involves cell shape changes
and morphogenetic movements, allowing the placodes to develop into columnar epithelia, to
invaginate, and to give rise to a variety of migratory cells (Schlosser, 2006). It has been
shown that olfactory epithelial cells including sensory CNS neurons leave the olfactory
epithelium and migrate into the forebrain domain (Wray et al., 1989; Valverde et al., 1993;
Wray, 2010). Migration from the olfactory neuroepithelium begins earlier than the
superficial ectodermal invagination that gives rise to the olfactory pit (Fornaro et al., 2001).
It has been shown that directional cell migration drives hair placode morphogenesis
(Ahtiainen et al., 2014); however, whether the epithelial-mesenchymal transition promotes
the invagination of the superficial epithelium and consequently contributes to the formation
of nasal pit requires further investigation.

The migratory defects of the Gpr177Fox91Cre glfactory epithelial cells indicate the
involvement of Wnt in the regulation of cell motility during development of a functional
olfactory organ. However, how the nasal placode responds to the loss of epithelial Wnt
production requires further investigation. In normal development of the nasal placode,
secreted ligands including canonical and noncanonical Wnts, diffuse within the epithelium
or travel across the underlying mesenchyme, to activate the downstream signaling cascades.
Mesenchymal deletion of Gprl77, however, results in proper epithelial invagination and
formation of normal nasal pits in which production of noncanonical Wnt5a is likely blocked.
Although Wnt5a is required for planar cell polarity (PCP) and PCP-dependent cellular
movement by means of activation of Erk and JNK (Gros et al., 2010), our data do not
support this regulatory mechanism. But, it remains possible for an existence of another
noncanonical Wnt pathway which demarcates the motility of nasal epithelial cells in the
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nasal pit through activation of the JNK pathway to promote cell migration (Gros et al.,
2010). This is supported by studies of kidney tubule morphogenesis in which Wnt9b signals
through a noncanonical pathway to activate JNK critical for cell migration and
morphogenesis (Huang et al., 2003; Zhang et al., 2003; Xia and Karin, 2004; Waetzig et al.,
2006; Karner et al., 2009). In the retina, the JNK pathway controls the expression of Bmp4,
which in turn regulates Shh and PAX2 critical for optic fissure closure (Weston et al., 2003).
Furthermore, the RAS/MAP kinase pathway is the main downstream pathway associated
with FGF signaling in which JNK is involved (Raju et al., 2014; Teven et al., 2014),
suggesting the possibility that the inhibition of the FGF signaling could also contribute to
the loss of INK activation in Gprl77 deficient embryos.

As BMP signaling is required for upper lip development (Liu et al., 2005), this study
supports that activation of BMP4 in nasal pit development is downstream of the epithelial
Whnt. The findings are consistent with developmental studies in many other organs including
hair follicles, teeth, and the tongue bud (Chen et al., 2012; Fu and Hsu, 2013; Zhu et al.,
2013, 2014). However, the loss of B-catenin did not affect Bmp4 expression in the nasal pit
epithelium (Reid et al., 2011), suggesting downstream signaling other than p-catenin is
required for regulation of BMP signaling in nasal pit development.

In summary, our findings show that Gprl177 mediated Wnt ligands, produced by the head
ectoderm, regulate the invagination of the developing nasal pit. We suggest that in addition
to the requirement for the well-known Wnt/p-catenin—dependent FGF pathway, Gprl77
mediated noncanonical Wnt production is required for JNK-dependent cellular shaping,
cell—cell junction, and cell migration of the invaginating nasal pit epithelium. These are in
turn required to complete development of the upper face.

Experimental Procedures

Animal Models

The construction of conditional targeted Gpr177 mouse line, the Gpr177-Fx (Gpr177%/%),
has been described previously (Fu et al., 2009). The conditional targeted Gpr177 line was
maintained in B6/C57 background as homozygous. Foxgl-Cre mouse was used to induce
the tissue specific deletion of Gprl77 in the facial ectoderm during embryonic facial
development. Briefly, Gpr177%™ mice were crossed with Foxgl-Cre to obtain
Gpr177(&x/+)Foxgl-Cre mice which were back-crossed with Gpr177%/™ for Gpr177 conditional
knockout mice. Wild-type or Gpr177({/*)Foxgl-Cre |ittermates were used as control embryos.
Mouse lines of R26R reporter, TOPGAL, Foxgl-Cre, and Wnt1-Cre were purchased from
the Jackson Laboratory, Maine. All animal experimental protocols were approved by the
Animal Users Committee of Hangzhou Normal University, China.

Samples of Scanning Electronic Microscope

Embryonic heads were collected and fixed in 0.25% glutaraldehyde. The standard
procedures were followed for SME observation as described previously (Zhu et al., 2013).
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Immunofluorescence and Co-immunoprecipitation

Embryonic heads were fixed in 4% paraformaldehyde for 30 min, washed three times in
phosphate buffered saline (PBS), and processed for either paraffin sections or cryostat
sections. For cryostat sections, samples were treated in 5% sucrose and 15% sucrose, 2 hr
each, and in 30% sucrose. Samples were embedded in OCT and sectioned at 20 mm. To
conduct immunohistochemical staining, sections were washed 3 times in PBST (0.1%Triton
X-100/PBS), then blocked in 5% bovine serum albumin (BSA) for 30 min, and incubated
with primary antibodies diluted with 5% BSA at 4 degC overnight in a humid chamber.
Sections were subsequently washed in PBST, 3 times for 10 min each. Secondary antibodies
(1:1000) and DAPI (1:500) diluted in 5% BSA were applied for 30 min in the dark.
Following application of secondary antibodies, the sections were washed several times with
PBST, for 10 min for each, mounted with Mowiol (Sigma) and stored at 4 degC.

Co-immunoprecipitation was performed as previously described (Zhu et al., 2013).

Primary antibodies used in this study were commercially purchased: E-cadherin (3199, Cell
Signaling Technology), p-JNK (9255, Cell Signaling Technology), p-Erk (4695, Cell
Signaling Technology), Sox2 (ab97959, Abcam), pSmad1/5/8 (9511, Cell Signaling
Technology), Fgf10 (sc-7375, Santa Cruz), Actin (3700, cell signaling technology), active -
catenin (ABC, 05-665, Millipore), f-gal (23781, Promega).

Assays of Cell Apoptosis, BrdU Incorporation

Cell apoptosis was detected with TUNEL assay kit (Roche). Cell proliferation was analyzed
by incorporation of BrdU using in situ cell proliferation detection kits (Roche). BrdU was
injected intraperitoneally to pregnant female mice for 30 min. Embryonic heads were fixed
and processed for sections as described above. For statistical analysis, = 20 consecutive
fields from three samples for both wild-type and mutant were calculated. Two-tailed
Student’s t-tests were used for statistical analysis. A P value < 0.05 was considered
statistically significant. Data are represented as mean 6 standard deviation (SD).

Quantitative Real-Time PCR and In Situ Hybridization

To obtain total RNA for RNA expression analysis by quantitative real-time reverse
transcriptase PCR (RT-PCR), facial primordial tissue at E9.5 and E10.5 were dissected, and
total RNA was isolated using RNAqueous-4PCR kit (Ambion). cDNA was synthesized from
2 mg of total RNA from each sample using PrimeScript 1st strand cDNA Synthesis Kit
(Takara). The synthesized cDNA was diluted to 100 ml and an aliquot of 2 ml was used as
template in a 20 ml quantitative real-time PCR reaction system. Real-time RT-PCR was
performed using following primer sequences: Axin2: 5-ACGCACTGACCGACGATT-3’
and 5-AAGGCAGCAGGTTCCA CA-3; Lefl: 5-AACGAGTCCGAAATCATCCCA-3
and 5’-GCCA GAGTAACTGGAGTAGGA-3; Gprl77: 5¥-GAGAAAATGCA
GAAATTTCCATGG-3 and 5-GGTCTTGGGGGATGTAAAAGTA CAT-3; Bmp4: 5'-
GACTTCGAGGCGACACTTCTA-3 and 5-GAA TGACGGCGCTCTTGCTA-3’; Fgf3:
5-TACAACGCAGAGTGTGA GTTTG-3' and 5-CACCGACACGTACCAAGGTC-3;
Fgf4: 5-T GGGCCTCAAAAGGCTTCG-3 and 5-CGTCGGTAAAGAAAGGCA CAC-3;
Fgf7: 5-CAGAACAAAAGTCAAGGA-GCAACCG-3 and 5'-
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GTCGCTCGGGGCTGGAACAG-3; Fgf8: 5-CCGAGGA-GGGA TCTAAGGAAC-3 and
5-CTTCCAAAAGTATCGGTCTCCAC-3; Fgf9: 5'-
CCCAACGGTACTATCCAGGGA-3 and 5-AGGCCCA CTGCTATA-CTGATAAA-3;
Fgf10: 5-TCAGCGGGACCAAGAA TGAAG-3 and 5'-CGGC-
AACAACTCCGATTTCC-3’; Msx1: 5-TC ATGGCCGATCACAGGAAG-3’ and 5/-
GGAGTCCTCCGACTGA GAAATG-3’; Msx2: 5-TTCACCACATCCCAGCTTCTA-3
and 5-TTGCAGTCTTTTCGCCTTAGC-3; 18S 5-TAGAGGGACAA GTGGCGTTC-3¥
and 5’-CGCTGAGCCAGTCAGTGT-3'. 18S rRNA was used as a reference gene. Real-time
PCR was performed in triplicate using SsoFast EvaGreen Supermix with CFX96 real-time
PCR Detection System (Bio-Rad Laboratories). Data were analyzed with the
CFXManager ™ software and were represented as mean 6 SEM. Data from the wild-type
sample were set as control and were normalized to one.

For in situ hybridizations, embryonic heads were collected at E9.5, E10.5, and E11.5.
Samples were fixed in 4% PFA overnight. Nonradioactive ribopobes for Bmp4, Msx1,
Msx2, Fgf8, Gprl77, Wnt3, Wntba, Wnt6, and Wnt9b were labeled and whole-mount in situ
hybridization was performed as described (Zhu et al., 2013, 2014).

In Vitro Organ Culture

Facial prominences from E9.5 embryos were microdissected and placed on a Nucleopore
Track-Etch Membrane in a Trowell-type organ culture dish as previously described (Zhu et
al., 2014). Facial explants were cultured for 1day in the presence of 25 pM SP600126 or
U0126, harvested and processed for immunostaining or X-gal staining. Three or four
embryos were used for each group in experiments.
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Fig. 1.
Expression of Gprl77 and multiple Wnts in early facial primordial development and

interaction of Gpr177. A-O: Whole-mount in situ hybridization shows that Gpr177, Wnt3,
Wnt6, Wnt9b, and Wntba are expressed in the nasal prominences of E9.5 as lateral views
(A,D,G,J,M, white arrowheads represent the nasal placode region) and E10.5 as lateral
views (B,E,H,K,N) and frontal views (C,F,I,LO). P: Gprl77 coimmunoprecipitates with
Whnt9b in vivo. HEK293 cells transfected with the indicated vectors were subjected to
immunoprecipitation analysis with anti-FLAG antibody-coupled beads. Western blot was
performed with anti-FLAG and Wnt9b antibodies. Q: A schematic showing the orientation
of the tissue sections. R,S: X-gal staining shows that Foxgl-Cre activity is present in the
facial epithelium and neuroepithelium at E9.5 (R) and E10.5 (S). Note the X-Gal positive
stains in the mesenchymal cells underlying the thickening nasal placode at E9.5 (R). T-W:
Immunofluorescence of Gprl77 expression in the facial epithelium, the neuroepithelium,
and the underling mesenchyme (arrowheads) at E9.5 and E10.0. Arrows indicate positive
staining of Gprl77 in the olfactory epithelium. Note that Gpr177 is almost deleted in the
Gpr177Foxg1-Cre mytant at E10.0 (W). Inp: Lateral nasal process; mnp: medial nasal process;
mxp: maxillary process; md: mandibular process; oe, olfactory epithelium; me,
mesenchyme; ne, neuroepithelium.
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Fig. 2.
Gprl77 is required for facial development. A,B: Foxgl-Cre mediated loss of ectodermal

Gprl77 leads to the disruption of craniofacial structures as revealed by gross morphology.
C,D: Alizarin Red and Alcian Blue staining of skeletons on embryos at E16.5. E-L:
Scanning electron micrographs of the facial prominences at E9.5 and E10.5. Front facial
views of wild-type (E,G,J) and Gpr177-deficient (F,H,K). Gpr177Fox31-Cre embryos display
dramatic defects in nasal pit invagination (arrowhead in K vs. J) and outgrowth of mnp, Inp,
and mxp (K vs. J) at E10.5. In contrast, mesenchymal deletion of Gprl77 by Wnt1-Cre
shows minor defects with formation of the nasal pit (arrowhead in L). Inp, lateral nasal
process; mnp, medial nasal process; mx, maxillary process; md, mandibular process. Scale
bars ¥ 500 mm in E-I; 200 mm in J-L.
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Fig. 3.

Ecgtodermal Gprl77 loss-of-function leads to disruption of canonical Wnt signaling. A—H:
Whole-mount X-gal staining shows significant reduction of TopGal activity in E9.5 and
E10.5 Gpr177Fox91-Cre empryos (p E10.5 embryos shows that TopGal signal is present in
the epithelium (arrows in I). Note the loss of staining and the inhibited outgrowth of Inp,
mnp, and mxp in E10.5 Gpr177Fo%81-Cre embryos (J). The olfactory epithelial invagination
of mutant embryos is also significantly inhibited (arrowheads, J compared with wild-type 1).
K,L: Immunostaining with active 3-Catenin shows that the presence of active 3-catenin in
facial epithelium, neuroepithelium, and facial mesenchyme (arrows and arrowhead in K) is
significantly reduced upon the deletion of epithelial Gprl177 (L). The dash line indicates the
boundary between olfactory epithelium and mesenchyme. M: Quantitative RT-PCR analysis
of gene expression in facial prominence of E10.25 embryos. Expression of Lefl, Axin2, and
Gpri77 is significantly down-regulated in Gpr177Fox91-Cre embryos. Inp, lateral nasal
process; mnp, medial nasal process; mx, maxillary process; md, mandibular process; oe,
olfactory epithelium; op, olfactory primordium; me, mesenchyme; ne, neuroepithelium.
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Fig. 4.

Dgletion of ectodermal Gprl77 leads to increased cell death, reduced cell proliferation, and
inhibition of nasal pit invagination. A: TUNEL staining shows that cell death is significantly
increased in both the olfactory epithelium and the mesenchyme of Gpr177Fox91-Cre embryos
at E9.5. B: BrdU staining shows reduced cell proliferation in both the olfactory epithelium
and the mesenchyme of E9.5 Gpr177FoX81-Cre empryos. C,D: Comparison of percentage of
cell death (C) and cell proliferation (D) in the designated area of the nasal pit in the control
and mutant embryos. Standard deviation values are presented as error bars. *P < 0.05. **P <
0.01. E: Immunofluorescence analysis on the nasal pit epithelium of E10.5 embryos for
Actin, E-cadherin and DAPI show defective cell shape and cell movement in the nasal pit
epithelium of Gpr177Foxa1-Cre empryos. Note the irregular Actin fibers, aggregated E-
cadherin, and round-shaped nuclei in the epithelium of Gpr17770x91-Cre mytants as indicated
by arrowheads. F: We found a dramatic reduction in the number of E-cadherin positive cells
in the Gprl77 mutants in the facial mesenchyme as revealed by confocal microscopy
analysis at E10.5. Immunostaining of Sox2 for neural stem cells displays a migration defect
of E10.5 Gpr177Foxal-Cre g|factory epithelial cells. The magnified images of the regions
within the dotted boxes in E and F are shown to the right of the original photographs. G:
Immunofluorescence demonstrates colocalization of Foxgl-Cre positive epithelial cells (8-
gal) with E-cadherin or Sox2 positive cells in the mesenchyme of E9.5 embryos. Cells that
double-stained with B-gal and E-cadherin or Sox2 are indicated by arrowheads. The dotted
line indicates the boundary between epithelium and mesenchyme. Scale bars ¥ 100 mm in
A,B; 10 mm in E; 25 mm in F upper panels,100 mm in lower panels; 50 mm in G.
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Fig. 5.
FGF, BMP, and SHH signaling pathways are altered in the facial prominence of

Gpr177Foxa1-Cre embryos. A: Quantitative RT-PCR analysis of gene expression in the facial
prominences of E10.25 embryos. Expression of Fgf3, Fgf4 Fgf7, Fgf8, Fgf9, Fgf10, Bmp4,
Msx1, and Msx2 is significantly down-regulated in Gpr177F0*91-Cre empryos. By contrast,
expression of Shh is mildly decreased. B—K: Whole-mount in situ analysis shows that
expression of Fgf8, Shh, Msx1, Msx2, and Bmp4, in the facial prominences of E10.5
Gpr177Fox91-Cre embryos as presented in sagittal views. Note that the expression of Fgf8,
Msx1, and Msx2, is abolished completely in Inp, mnp, and mxp of Gpr177 mutant embryos.
D,E: Frontal facial views of the wild-type and mutant embryos show that in Gpr177Foxgl-Cre
embryos, the expression of Shh is retained in the FEZ (Arrowheads); however, its expression
region in telencephalon and diencephalon becomes smaller (Arrows). Immunofluorescence
analysis on sections of E10.25 facial primordia for Fgf10 (L,M), p-Erk (N,O), and
pSmad1/5/8 (P,Q). Expression of Fgf10 protein is reduced in both the epithelium (arrows)
and the mesenchyme (arrowheads) of embryos lacking epithelial Gpr177. Note that, in the
facial primordia of wild-type embryos, distribution of Fgf10 proteins is concentrated at the
sub-epithelial mesenchyme where the epithelium recesses (L). However, Fgf10 proteins are
scattered in the facial mesenchyme of Gpr177Fox81-Cre embryos (M). Phosphorylation of
Erk of Gpr177Fox91-Cre embryos is significantly reduced in the epithelium and diminished in
the mesenchyme (O vs. wild-type N). Phosphorylation of Smad1/5/8 of Gpr177F0oxgl-Cre
embryos is reduced in the olfactory epithelium and diminished in the mesenchyme (Q vs. P).
Arrows and arrowheads point out positive staining in the epithelium and the mesenchyme,
respectively. Scale bars ¥ 100 mm. FEZ, frontonasal ectodermal zone.
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Fig. 6.
Angr177/.]NK signaling is required for nasal epithelial cell migration. A,B:
Immunofluorescent staining shows that phosphorylated JNK is reduced in the epithelium
and completely abolished in the mesenchyme of Gpr177Fo%81-Cre embryos (B) comparing
with the wild-type (A). C-G: Immunofluorescence and X-gal staining on the sections of
R26RLaczFox91-Cre facial explants shows that the epithelial cell migration is inhibited with
treatment of SP600125 (D, F vs. C, E). Note that the migrating cells with positive staining
are present in dimethyl sulfoxide group (C,E) and U0126 (G), but not in SP600125 (D,F)
group. Arrowheads indicate migrating epithelial cells. Scale bars ¥ 100 mm in A,B; 50 mm
in C-G.
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