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Abstract

Background: Previous studies showed that mice lacking Fgf18 function had cleft palate defects
and that the FGF18locus was associated with cleft lip and palate in humans, but what specific
roles Fgf18 plays during palatogenesis are unclear.

Results: We show that Fgr18exhibits regionally restricted expression in developing palatal
shelves, mandible, and tongue, during palatal outgrowth and fusion in mouse embryos. Tissue-
specific inactivation of Fgfl8throughout neural crest-derived craniofacial mesenchyme caused
shortened mandible and reduction in ossification of the frontal, nasal, and anterior cranial base
skeletal elements in Fgf187C;Wntl-Cre mutant mice. About 64% of Fgf18C:Whntl-Cre mice
exhibited cleft palate. Whereas palatal shelf elevation was impaired in many Fgrf18°C;Wnt1-Cre
embryos, no significant difference in palatal cell proliferation was detected between
Fgf18°¢:Whntl-Cre embryos and their control littermates. Embryonic maxillary explants from
Fgf18°¢:Whntl-Cre embryos showed successful palatal shelf elevation and fusion in organ culture
similar to the maxillary explants from control embryos. Furthermore, tissue-specific inactivation
of Fgfi8in the early palatal mesenchyme did not cause cleft palate.

Conclusion: These results demonstrate a critical role for Fgfi18expression in the neural crest-
derived mesenchyme for the development of the mandible and multiple craniofacial bones but
Fgfi8expression in the palatal mesenchyme is dispensable for palatogenesis.
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Introduction

Development of the secondary palate begins on embryonic day (E) 11 in mice, which is
corresponding to the 6" week of human development.! The primordia of the palatal shelves
(PS) emerge from the oral side of the maxillary processes, grow vertically, and occupy the
position lateral to the tongue until E14 to E14.5 when the PS reorient to the horizontal
position above the tongue.? Further growth of PS ensures the attachment and fusion of
opposing PS at the midline as well as fusion with the primary palate anteriorly and with the
nasal septum dorsally. Further differentiation of palatal mesenchyme cells generates the
palatal processes of the maxillary and palatine bones of the hard palate. Upon completion of
palatogenesis, the initial oronasal cavity is subdivided into a nasal and an oral cavity. Any
defect in the palatogenesis process might result in cleft palate (CP). In addition, impaired
development of other oral and craniofacial components can also cause CP since secondary
palate development occurs in concert with the development of those structures.?

The growth of PS is regulated by reciprocal signaling interactions between the palatal
epithelium and the neural crest-derived palatal mesenchyme.? The secreted protein Sonic
Hedgehog (Shh) is expressed in the palatal epithelium and signals to the palatal
mesenchyme through activating the transmembrane protein Smoothened (Smo). Tissue-
specific inactivation of SA/in the developing epithelium in K24-Cre: ShH*" embryos caused
a reduction in epithelial and mesenchyme proliferation and resulted in CP,3 while Jn vitro
cultures showed that Shh stimulated PS mesenchymal proliferation.# Tissue-specific
inactivation of Smoin cranial neural crest cells resulted in the complete absence of
secondary palate structures in the Sm0“": Wnt1-Cre mutant mouse embryos.> In contrast,
epithelial loss of function of Smo did not result in CP, implying that the PS mesenchyme is
the major target for Shh action during palate development.# Tissue-specific inactivation of
Smo in the developing palatal mesenchyme caused significant reduction in PS mesenchyme
proliferation, resulting in cleft palate in Osr2/5Ce;Smo mice.3 Fgf10, encoding a
mitogenic growth factor of the fibroblast growth factor (FGF) family, is expressed in the
developing palatal mesenchyme and is a target of Shh signaling.3# Fgf10 signals to the
palatal epithelium through the Fgfr2b receptor to maintain SAh expression, resulting in a
positive feedback loop coordinating palatal epithelial and mesenchyme proliferation.# In
addition to Fgf10, Fgf7and Fgfi8are expressed in the developing palatal mesenchyme.6-8
In contrast to the function of Fgf10, however, both Fgf7 and Fgf18 have been shown to
inhibit Sh4 expression in the palatal epithelium in palatal explant culture assays.58 Xu et al.
(2016) identified a Shh-Foxf-Fgf18-Shh regulatory circuit in which the Foxfl and Foxf2
transcription factors act downstream of Shh signaling to restricted Fgf18expression in the
palatal mesenchyme during PS growth. On the other hand, mice lacking Fgf18 function died
shortly after birth, with most of the Fgf18~~ pups exhibiting cleft palate.® Fgf187~ pups
also exhibited delayed ossification of both cranial and appendicular bones.

In this study, we use an Fgf18 conditional knock-out mouse model to study the role of Fgf18
in palate development. Tissue-specific inactivation of FgfZ8in premigratory neural crest
cells in the Fgf18°C:Wnt1-Cre embryos caused cleft palate in association with hypoplastic
craniofacial bones including reduced mandible. Whereas many Fgf187¢;Wntl-Cre embryos
exhibited failure of PS elevation, the Fgf187¢;Wntl-Cre mutant maxillary explants,
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dissociated from the mandible and tongue, exhibited PS elevation and fusion similar to the
control explants in culture. Furthermore, we demonstrate that tissue-specific inactivation of
Fgf18in palatal mesenchyme cells did not disrupt palatogenesis, indicating that Fgf18
expression in the palatal mesenchyme is not required for normal palatogenesis.

2 Results and Discussion

2.1 Expression of Fgf18in the developing palate and mandible

Fof18~~ mutant mice died shortly after birth, with most having a cleft palate defect.%10 To
investigate the function of Fgf18 in palate development, we examined the expression
patterns of FgfZ8 mRNASs during palate development in mouse embryos by using whole
mount and section in situ hybridization analyses (Figure 1). FgfI8 mRNA expression was
observed in the posterior region of the developing palatal primordia at E11.5 (Figure 1A-E).
From E12.5 to E13.5, the expression of FgfZ8 mMRNAs was maintained at a high level in the
posterior region of PS, and was decreased by E14.5 (Figure 1F-T). Compared with strong
expression in the posterior region, FgfZ8 mRNA expression in the anterior regions of PS was
at a much lower level in E12.5 and E13.5 embryos (Figure 1F, K). No Fgfi8expression was
detected in the middle region of PS (Figure 1A, F, K), consistent with previous report.8 In
addition to expression in the PS, FgfI8 mRNAs were highly expressed in the developing
tongue and mandible at E11.5 and E12.5 (Figure 1B-E, G-J), and in the maxillomandibular
junction region at E13.5 (Figure 1M-0). These results suggest that Fgf18 signaling might
regulate the development of multiple craniofacial structures during the time of palatogenesis.

2.2 Tissue-specific inactivation of Fgf18 in premigratory neural crest cells caused cleft
palate and micrognathia

Many of the craniofacial tissues expressing Fgfi8are derived from cranial neural crest cells.
The Whit1-Cretransgenic mice express the Cre recombinase in premigratory neural crest
cells and have been widely used in craniofacial development studies.1112 We crossed
Fof1&/c conditional mice with WntZ-Cretransgenic mice to investigate the role of Fgf18
expression in the neural crest-derived craniofacial mesenchyme. The Fgf18¢:Whntl-Cre
pups were born at expected Mendelian ratio but most of them died shortly after birth with an
“air in stomach” phenotype. By morphological analysis and skeletal preparations at E18.5
and later stages (Figure 2), we found that ~64% (18 out of 28) of Fgf187¢;Wnt1-Cre pups
exhibited CP (Figure 2F, L), which is a lower penetrance than previously reported for CP in
Fof18~~ mice.% A few Fgf18 :Whtl-Cre pups that didn’t have overt CP survived for a few
days after birth but failed to thrive and died before weaning. Analyses of skeletal
preparations of E18.5 embryos revealed that all Fgf187C;Wnt1-Cre mutants, regardless
whether they had CP, exhibited shortened lower and upper jaws compared with control
littermates (Figure 2G-L). In addition, ossification of the frontal and nasal bone was
decreased and the ossification of the presphenoid bone in the cranial base was severely
impaired in the Fgf18°¢:Whntl-Cre mutants compared with their control littermates (Figure
2M-R). These data indicate that Fgfi8expression in the neural crest-derived mesenchyme is
crucial for craniofacial bone development.
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We measured the lengths of lower and upper jaws of the skeletal preparations to quantify the
micrognathia defect in the Fgf18“¢ :Whntl-Cre mutants. No significant length difference of
mandibular bone was found between Fgf18“¢:Wnt1-Cre embryos with and without CP
(Figure 2S, T). However, the length of the mandibular bone was reduced by 14.5%, whereas
the length of the upper jaw, measured from the posterior edge of the basisphenoid bone to
the anterior end of the nasal cartilage (Figure 2J), was reduced by 5.9%, in the
Fgf18°¢:Whtl-Cre embryos compared with control littermates at E18.5 (Figure 2S, T).
These results indicate that FgfI8expression in the neural crest-derived mandibular
mesenchyme plays a crucial role in mandibular growth.

In addition to cleft palate, high arched palate (also described as high-vaulted palate), which
is characterized by an abnormally pronounced curvature angled superiorly along the palatal
midline, is another palatal anomaly associated with many craniofacial syndromes.13-15
Patients with several FGF receptor hyperactivation syndromes, such as Apert and Pfeiffer
syndromes, exhibit either cleft palate or high arched palate.14 Despite the fused secondary
palate, high arched palate is associated with postnatal upper airway obstruction and
secondary dental anomalies, including gingival swelling and dental crowding, which
significantly affect the quality of life.14.1° Since those Fgf18%C;WntI-Cre mutant mice that
were born without cleft palate defect failed to thrive postnatally, we examined whether those
mutants exhibited high arched palate using a recently described quantitative method for
defining high arched palate in mutant mice.3 Both the palatal arch height and angles in the
non-cleft Fgf187C;Wntl-Cre mutant pups were slightly increased but statistically not
significantly different from those in the control littermates (n = 3 for each genotype) (Figure
3A-C). These results indicate that Fgf18expression in the neural crest-derived cranial
mesenchyme does not play a crucial role in post-fusion palatal morphogenesis.

2.3 Fgf18¢/c;wnt1-Cre embryos exhibited defects in palatal shelf elevation but no defect
in palatal shelf growth

To investigate the mechanism of cleft palate pathogenesis in Fgf18¢:WhntI-Cre embryos,
we performed histological analysis of Fgf18¢:Wnt1-Cre embryos and their control
littermates at different stages in palatogenesis (Figure 4). At E13.5, the Fgf18“¢ - Wnt1-Cre
embryos exhibited similar PS shape and size to their control littermates (Figure 4A, B). By
E14.5, whereas PS had elevated to the horizontal position above the tongue and began to
fuse in control embryos (Figure 4C), Fgf18¢:Whntl-Cre embryos exhibited failure of
elevation of one or both PS (Figure 4D, E). At E16.5, when the control embryos showed
complete palatal fusion with dissolution of the midline epithelial seam (Figure 4F), 60% (3
out of 5) of the FgF18¢:WhntI-Cre embryos exhibited cleft palate (Figure 4H, 1), with some
(1 of 5) still exhibited vertically oriented PS (Figure 41).

Previous studies have shown that reduced palatal mesenchyme proliferation could cause the
failure of PS elevation and fusion.218 We examined whether cell proliferation was altered in
the PS of Fgf18¢:Whntl-Creembryos at E13.5 by in vivo EAU labeling (Figure 5). However,
no significant difference in palatal mesenchyme proliferation in any region of the PS was
detected between Fgf18¢:Wnt1-Cre embryos and their control littermates (Figure 5A-G).
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2.5 Fgfl8 expression in the palatal mesenchyme is not required for palatal shelf elevation

and fusion

Since all Fgf18°¢:Wnt1-Cre mutants exhibited significantly shortened mandible (Figure 2),
a structural defect known to contribute to failure of PS elevation,1”-18 we investigated
whether the mandible plays a key role in cleft palate pathogenesis in the Fgf18°¢:Whnt1-Cre
embryos by using the maxillary explant culture assay. Maxillary explants were manually
dissected from fresh E13.5 Fgf18°¢:WhntI-Cre embryos and their control littermates and
cultured in roller bottles as previously described.18 After 3 days of culturing, 17 out of 20
(85%) Fgrf18“¢:Whtl-Cre maxillary explants and 19 out of 22 (86%) control maxillary
explants showed fused secondary palate (Figure 6A-D), with paired #test indicating no
statistically significant difference between the mutant and control groups (£ = 0.36).
Histological analysis revealed that PS fusion was complete, with dissolution of the midline
epithelial seam, in both Fgf18“¢;Wnt1-Cre and control explants (Figure 6C, D).

Since we removed the mandible and tongue when performing the maxillary explant culture
experiment and since Fgf18 was highly expressed in the developing tongue mesenchyme
during the stages prior to PS elevation (Figure 1), we analyzed whether the tongue
development was impaired in the Fgf18“¢ :Wnt1-Cre embryos. Histological analysis of
E13.5 embryos showed no obvious difference in tongue shape or size in between the
Fof187C:Witl-Cre embryos and their control littermates (Figure 7A, B). We measured the
length and height of the tongue using serial midsagittal sections and found that there was no
significant difference between the measurements from the Fgf18¢Wnt1-Cre mutant and
Fogf187* control littermates (Figure 7C). Since FGF signaling, involving Fgf6 and Fgf10,
has been implicated in playing important roles in myoblast proliferation, differentiation, and
muscle organization during tongue morphogenesis, 1920 we analyzed whether tongue muscle
development was affected in Fgf187C Whntl-Cre embryos by using immunofluorescent
staining for muscle actin. Whereas the overall organization of the tongue muscles appeared
similar in the E13.5 Fgf18“C;Wntl-Cre mutant and Fgf18°* control littermates (Figure 7D
1), we consistently detected reduced muscle actin staining in the lateral sides of the superior
longitudinal muscles in the anterior two-thirds of the tongue in the Fgf18°C; Wnt1-Cre
embryos in comparison with the control littermates (n=3 each genotype) (Figure 7, compare
H with E and | with F, respectively). Thus, Fgfi8expression in the neural crest-derived
tongue mesenchyme plays an important role in tongue muscle development and defects in
both the mandible and tongue may contribute to the impairment of PS elevation in the
Fof187C - Wintl-Cre embryos.

To further verify whether Fgf18expression in the developing palatal mesenchyme plays a
significant role in palatogenesis, we used Osr2-CreK/mouse line in which Cre expression
was highly specifically activated in the palatal mesenchyme at the onset of PS outgrowth?!
to conditionally inactivate Fgf18. We first generated Fgf18°¢:Osr2-CreK/ mice and found
that they survived postnatally and lived a normal life span. To ensure effective inactivation of
Fgr18in the developing palatal mesenchyme, we crossed Fgf18“C mice to E//a-Cre
transgenic mice22 and generated Fgf18''~ heterozygous null mice. We then crossed Fgf18/~
mice with FgF187¢;0sr2-CreK/ mice to analyze Fgf18°~ Osr2-CreK] progeny. Quantitative
real-time PCR analysis of manually dissected PS tissues from E13.5 Fgf187~;Osr2-CreK/
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embryos showed that £gf18 mRNAs were decreased by 90% in the Fgf18“~,;Osr2-CreK]
mutant palatal tissues in comparison with the control littermate palatal tissues (Figure 8A),
indicating efficient Cre-mediated inactivation of the Fgf18gene in the palatal mesenchyme.
We found that Fgf18¢~Osr2-CreK/ mice (n>20) were born at expected Mendelian ratio and
lived without obvious growth or health problems. Histological sections of Fgf18%~;Osr2-
CreK/embryos at E14.5 showed palatal fusion similar to control Fgf18* embryos. These
data indicate that Fgf18expression in the palatal mesenchyme is dispensable for palate
morphogenesis, and that CP defects in FgfI8~~ and Fgf187¢;Wnt1-Cre mutants were
secondary consequences of other craniofacial structural anomalies such as micrognathia.

Recently, Hagan et al. (2019) generated a new Fg£18 conditional mouse line, Fgf187°%, in
which the critical exon-1C is floxed,23 whereas the Fgf1&° allele we used contained floxed
exon-3.24 They crossed the Fgf18™°% mice with Dermo1¢" (also known as 7wist2¢"€) mice,
in which Cre is highly expressed in condensed mesenchyme including neural crest-derived
cranial mesenchyme,25 and showed that the Dermo1C7e:Fgf180%/flox mice exhibited
calvarial and other skeletal defects similar to Fgf187~ mice but Dermol1€"e Fgf18710x/flox
mutants did not have cleft palate.23 It is not known whether Fgf18was effectively
inactivated in the early mandibular and palatal mesenchyme in Dermo1C"e;Fgf18710x/flox
mutant embryos, however. Our results from the Fgf18¢ Whntl-Creand Fgf18°~ Osr2-CreK]
mutants clearly demonstrate that Fgf18expression in the palatal mesenchyme is dispensable
for palate morphogenesis. Hagan et al. (2019) also generated Fgf18<"€ERTZ knockin mice?3,
which will be an excellent tool for lineage tracing Fgfi8-expressing cells in cell-cell
interactions during tissue morphogenesis, such as for further clarifying the role of Fgf18
signaling from the neural crest cells in tongue muscle morphogenesis.

3 Experimental Procedures

3.1 Mice

The previously described £//a-Cre,?2 Osr2-CreK1? Wnt1-Cre'l transgenic mice and mice
carrying the Fgf187°% conditional allele?* (abbreviated as Fgf18°) were used in this study.

Since the Wntl-Cretransgene was integrated in the HZ2az2locus,28 which is located on the
same chromosome as the Fgf18 gene (mouse Chromosome 11), we first crossed
Fof187*;WntI-Cre F1 male mice with CD1 female mice to generate Fgf18%*;Wnt1-Cre G2
male progeny that carried the WntI-Creand Fgfi&° alleles in cis. Subsequently, we set up
timed mating of Fgf18°¢ female mice with the Fgf18* :Whnt1-Cre G2 male mice for
analysis of Fgf18¢:Wnt1-Cre mutants and their littermates. In addition, Fgf18°¢ female
mice were crossed with £//a-Cre male mice?2 and the progeny crossed with C57BL/6 inbred
mice to select for Fgf18"~ mice carrying germline deletion of the floxed exon3 of the Fgf18
gene for subsequent generation and analysis of Fgf18%~;Osr2-CreK/ mice. For timed
mating, embryonic day (E) 0.5 was designated as noon of the day when a vaginal plug was
identified.

All animal work procedures were performed following recommendations in the Guide for
Care and Use of Laboratory Animals by the National Institutes of Health and approved by
the Institutional Animal Care and Use Committee (IACUC) at Cincinnati Children’s
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Hospital Medical Center. This study conformed with the ARRIVE guidelines (Animal
Research: Reporting of /n Vivo Experiments) for preclinical animal studies.

3.2 Histology, in situ hybridization, skeletal preparation, and immunofluorescent staining

Embryos and pups for histological analysis, /n situhybridization, and skeletal preparation
were collected and processed as previously described.2” Immunofluorescent staining of
tongue muscles was performed with Anti-muscle Actin monoclonal antibody (1:1000, Clone
HUC1-1, generously provided by Dr. James Lessard (Cincinnati Children’s Hospital
Medical Center).28) and goat anti-mouse secondary antibody (1:1000, Alexa Fluor®
A11001, Lot#1484573, Life Technologies) on 8 um- thick serial paraffin sections following
the protocol described previously.29 Images were taken using a Nikon DS-Qi2 microscope,
and the autofluorescence of blood cells was removed with the image operations function of
the NIS-Elements AR 4.30.03 64-bit software.

3.3 Cell proliferation analysis

Cell proliferation analysis was performed with minor modifications of the previously
reported procedure.18 Briefly, pregnant mice were injected intraperitoneally with EdU
labeling reagent (Invitrogen Click-iT EdU Imaging Kit, 100 uL/mouse, 2.5 mg/mL in
dimethyl sulfoxide [DMSO]) on the gestational day 13.5. One hour after injection, embryos
were dissected, fixed in 4% PFA at 4°C overnight, embedded in paraffin, and sectioned at 5-
um thickness in the coronal plane. Immunodetection of EdU was carried out following the
manufacturer’s instructions. The numbers of EdU-labeled nuclei and total nuclei were
recorded from 10 coronal sections each in the anterior, middle, and posterior regions of the
PS from 3 pairs of control and mutant littermates. Data were recorded and measured using
Nikon NIS-Elements AR 4.30.03 64-bit software. Student’s #test was used to analyze
differences in the data sets, and a P value less than 0.05 was considered statistically
significant.

3.4 Quantitative real-time PCR

Total RNAs were extracted from manually dissected PS at E13.5 using the RNeasy micro kit
(Qiagen, 74004). First-strand cDNAs were prepared using the SuperScript 11 First-Strand
Synthesis System (Invitrogen, 18080-051), and real-time gPCR was performed using a Bio-
Rad CFX96 Real-Time System with conditions recommended by the manufacturer. The
relative levels of FgfZ8 mRNAs in each sample were normalized to that of Hprt mMRNAS.
Student’s ttest was used to analyze differential expression data. The sequences of Fgf18
PCR primers are Fgfl18-E3-F (CGAGGACGGGGACAAGTATG) and Fgfl18-E4-R
(GCCTTTTCGGTTCATACACAGG). The Hprt PCR primers used are Hprt-F
(TGCTGGTGAAAAGGACCTCTCG) and Hprt-R (CTGGCAACATCAACAGGACTCC).

3.5 Embryonic maxillary explants culture

Embryonic maxillary explants were dissected from E13.5 Fgf187* and Fgf187¢;:Wntl-Cre
embryos and cultured in roller bottles as previously described.18
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3.6 Measurement of palatal arch height and angles

Palatal arch height and angle measurements were performed according to the method
described by Conley et al (2016)!3 with minor modifications. Briefly, Embryos were
dissected at E18.5, with the mandible and tongue removed from the embryonic heads. The
samples were fixed overnight in 4% paraformaldehyde at 4 °C, and stained with the
fluorescent DNA stain 4’,6-diamidino-2-phenylindole (DAPI) in PBS. The stained samples
were imaged using the Nikon FN1 upright MP confocal microscope, and 3D rendering was
performed with NIS Element AR 5.200.00 64-bit software. The Palatal arch height
measurements were obtained from Z-profiles via calculating the shortest distance from the
highest superior point of the palatal arch (Pg in Figure 3A) to the line connecting the lateral
base of the palate shelves (P, and P, in Figure 3A). The line segments &, 4, and ¢ represent
the distances from Pg to P4, Pg to Po, and Pq to Py, respectively, and the lengths of 4, 6, and ¢
were measured with the NIS Elements AR 5.200.00 64-bit software. The height (/) was
calculated using the formula

\/4a202 - (a2 - b2 + 62)2

h= 2c

The palatal angle (&) was measured as the average of 8 and & which were calculated using
the formulae @,=arcsin(//a) and 6,=arcsin(A/b). Student’s ¢ftest was used to analyze
differences in the data sets, and a P value less than 0.05 was considered statistically
significant.
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Figure 1. Patterns of Fgf18 mRNA expression during palate development.
Whole-mount oral views of the upper and lower jaws (A-B, F-G, K-L, and P-Q) and frontal

sections of mouse embryonic heads (C-E, H-J, M-O, and R-T) showing patterns of Fgf18
MRNA expression in developing mouse craniofacial tissues at E11.5 (A-E), E12.5 (F-J),
E13.5 (K-0), and E14.5 (P-T). Representative images of frontal sections from the posterior,
middle, and anterior regions of the palatal shelves from each embryonic stage (the regions
are indicated on whole mount images in the left column) are displayed from left to right in
each row. Arrowheads point to the domain of Fgf78 mMRNA expression in the posterior
palatal shelf. Black arrows point to the FgfZ8expression at the maxillomandibular junction
region, whereas green arrows point to the midline epithelial seam of the fusing secondary

palate at E14.5. p, palatal shelf; t, tongue.
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Figure 2. FgflSdC;Wntl-Cre mouse embryos exhibit micrognathia and cranial skeletal defects.
(A-F) Lateral (A-C) and palatal (D-F) views of PO Fgf18* (A, D) and Fgf18“¢:Wnt1-Cre
(B, C, E, F) heads. (G-L) Skeletal preparations of E18.5 Fgf18* (G, J) and Fgf18¢:Wintl-
Cre (H, 1, K, L) embryos were stained with Alizarin red and Alcian blue, with the lateral (G-
1) and palatal (J-L) views shown. (M-R) Skeletal preparation of PO Fgf187*(M, P) and
Fgf18“C:Whti-Cre (N, O, Q, R) pups were stained with Alizarin red only, with the dorsal
views of heads (M-O) and the cranial base (following removal of the calvarial bones) (P-R)
are shown. Arrows in H and L point to the underdeveloped nasal bones in Fgf18°¢:Whnt1-
Cre mutants. Green dashed lines in P-R show the position of the presphenoid bone. Asterisks
in F and L mark the cleft palate. bo, basioccipital bone; bs, basisphenoid bone; f, frontal
bone; p, parietal bone. (S and T) Quantitative comparison of the length of the mandibular
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bone (G) and of the upper jaw (H). **, £<0.01; ***, P<0.001; n.s., no significant difference.
Scale bar: 1 mm.
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Figure 3. Analysis of palatal arch height and anglesin Fgf18‘3/+ and FgleClC;Wntl-Cre embryos
at E18.5.
(A-C) Z-profiles of corresponding maximum intensity projections of each embryo (A) and

the statistical analyses of the palatal arch height (B) and angles (C). The formulae for
calculating the length of the palatal arch height (/) and angles are described in the
Experimental Procedures section.
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Figure 4. FgflSdC;Wntl-Cre mutant mouse embryos exhibited partial penetrance of cleft palate.
(A-1) Hematoxylin and eosin (HE) and Alcian blue-stained frontal sections from the middle

region of the developing palatal shelves in Fgf187* and Fgf187¢:Wnt1-Cre embryos at
E13.5 (A-B), E14.5 (C-E), and E16.5 (F-1). Arrowheads in F and G point to midline of the
fused secondary palate. The ratio number in each panel indicates the number of embryos
with the representative phenotype of total sectioned embryos of that genotype at that
developmental stage. p, palatal shelf; t, tongue.
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Figure 5. Analysis of palatal mesenchyme cell proliferation in FgflSCj+ and FgflSdC;Wntl-Cre

embryosat E13.5.

(A-F) Representative images of frontal sections through the anterior (A, B), middle (C, D)
and posterior (E, F) regions of the palatal shelves in E13.5 Fgf187* (A, C, E) and Fgf18°¢
Whnt1-Cre (B, D, F) embryos showing the distribution of EdU-labeled nuclei (red). Sections
were counterstained with DAPI (blue). The white lines divide the palatal shelf into oral and
nasal sides for cell counts. (G) The percentage of EdU-labeled cells in the E13.5 palatal
mesenchyme. Three embryos of each genotype were used for statistical analysis with
Student’s ttest. AO, oral half of the anterior region; AN, nasal half of the anterior region;
MO, Oral half of the middle region; MN, nasal half of the middle region; PO, oral half of the
posterior region; PN, nasal half of the posterior region. n.s. no significant difference.
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Figure 6. Analysis of palatogenesisin maxillary explants of E13.5 Fgf18‘:/+ and FgflSdC;Wntl-
Cre embryos.

(A-D) Whole-mount palatal view (A, B) and frontal sections through the middle region of
the secondary palate (C, D) of the E13.5 maxillary explants after three days of organ culture
in vitro. Dashed line in A and B indicates the approximate position of the frontal sections in
(C) and (D). Arrow in C and D points to midline of fused secondary palate. p, palatal shelf.
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Figure 7. Analysis of tongue development in FgleC/Jr and FgleC/C;Wntl-Cre embryos at E13.5.
(A, B) Sagittal sections through the midline of the tongue in Fgf18%* (A) and

Fgf18°¢ Wnt1-Cre (B) embryos at E13.5. Lines in (A) indicate the length and height
measurement method. Dashed lines in (B) show the approximate positions of sections shown
in (D-1). ant, anterior; mid, middle; post, posterior. (C) Quantitative comparison of the length
and height of the tongue. (D-1) Immunofluorescent staining of muscle Actin (green) in
Fof187* (D-F) and Fgf187c Whntl-Cre (G-1) embryonic tongue at E13.5. Sections were
counterstained with DAPI (blue). White arrows point to lateral sides of the superior

longitudinal muscle.
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Figure 8. Palatal development occurred normally in Fgf18°/';Oer-CreKI mutant embryos.
(A) Comparison of the of levels of FgfZ8 mMRNAs in the palatal shelves of E13.5

Fgf187-,0sr2-CreKland Fgf18°* embryos by RT-gPCR analysis. ***, £<0.001. (B-G)
Frontal sections through the secondary palate of E14.5 control (B-D) and Fgf18;Osr2-
CreK/ mutant (E-G) embryos at anterior (B, E), middle (C, F) and posterior (D, G) regions.
p, palatal shelf; t, tongue.
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