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epithelial-mesenchymal interactions
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Classical research has suggested that early palate formation develops via epithelial-mesenchymal inter-
actions, and in this study we reveal which signals control this process. Using Fgf10~/~, FGF receptor 2b~/~
(Fgfi2b~/-), and Sonic hedgebog (Shh) mutant mice, which all exhibit cleft palate, we show that Shh is a down-
stream target of Fgf10/Fgfr2b signaling. Our results demonstrate that mesenchymal Fgf10 regulates the
epithelial expression of Shh, which in turn signals back to the mesenchyme. This was confirmed by demon-
strating that cell proliferation is decreased not only in the palatal epithelium but also in the mesenchyme
of Fgfr2b~~ mice. These results reveal a new role for Fgf signaling in mammalian palate development. We
show that coordinated epithelial-mesenchymal interactions are essential during the initial stages of palate
development and require an Fgf-Shh signaling network.

Introduction

Isolated cleft palate is a common congenital craniofacial birth
defect, occurring once in every 1,000 births. Cleft palate as an
isolated malformation is distinct from cleft lip with or without
cleft palate, which has a higher incidence (1:700) (1). Cleft pal-
ate associated with other abnormalities as part of a syndrome
account for 55% of cases (2). Higher incidences of cleft palate
are reported in offspring of individuals with cleft palate as
part of a syndrome than in those in families with no obvious
syndrome (3). Mutations causing clefting have been found in
a variety of genes including transcription factors, growth fac-
tor receptors, extracellular matrix components, and cell surface
adhesion molecules (4). Mutations in FGF receptor 2 (FGFR2)
and in TWIST, a transcription factor involved in FGF signaling,
cause the craniosynostosis syndromes Apert and Saethre-Chot-
zen, respectively (4-6). Both of these syndromes are character-
ized by cleft palate; Kreiborg and Cohen (1992) have described
76% of Apert syndrome patients exhibiting cleft palate. Almost
all patients had a Byzantine arch-shaped palate (7).

The mammalian secondary palate forms from outgrowths of
the maxillary processes, which start to develop at embryonic day
12 (E12) in the mouse. These bilateral projections form shelves
that grow downward between the developing tongue and the
lower jaw. At E14 they elevate to a horizontal position above the
tongue, where they approximate and fuse (8). They also fuse with
the primary palate and thereby form a barrier between the oral
and nasal cavities, which allows breathing and feeding to continue
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at the same time. Failure of any of these processes can resultin a
hole or cleft between the mouth and nose.

Soluble growth factors play key roles in reciprocal and reiterative
signaling, which control the development of many organs through
tissue-tissue interactions (9). Classical experiments suggest that
epithelial-mesenchymal interactions play key roles during palate
development. However, experimental studies have focused mostly
on the events of palatal fusion (10, 11). A recent publication by
Zhang et al. (12) showed that bone morphogenetic protein/Msx1
(Bmp/Msx1) signaling has a role in early palate development.
Despite members of the Fgf gene family playing important roles
in the development of embryonic outgrowths, including the early
facial primordia, no investigations have been conducted on Fgf
signaling during palatal shelf development (13).

In order to study the role of Fgf signaling in early palate devel-
opment, we investigated Fgfr2b (IIIb isoform)-null mice and
also mice lacking Fgf10, which is a ligand for Fgfr2b (14). In the
absence of Fgfr2b, Fgf10 could bind to Fgfrlb. Not only has
binding affinity been demonstrated, but activation of Fgfr1b by
Fgf10 has also been shown to stimulate mitogenesis (15). We
report that, in addition to Fgfr2b/- mice (16), Fgf107/- mice also
exhibited a cleft palate. Both mutants showed a disruption in
palatogenesis during the initial stages of development prior to
shelf elevation. Here we show that Fgfr2b was expressed in the
developing palatal epithelium and that Fgfl0 transcripts were
localized in the adjacent underlying mesenchyme, indicating
that epithelial-mesenchymal interactions are involved in growth
control during normal palatogenesis.

We also show that the epithelium of both mutants was thin due
to a severe reduction in cell proliferation. There was also a reduction
in cell proliferation in the mesenchyme. As the Fgf10/Fgfr2b signal-
ing affects the epithelium, the proliferation defects in the mesen-
chyme were secondary to the lack of reciprocal epithelial signals.
Sonic hedgehog (Shh) expression in the epithelium was downregulated
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in both Fgfr2b-- and Fgf10-/- mice. In vitro experiments showed that
recombinant FGF10 protein induced both proliferation as well as
Shh expression in the palatal epithelium and thatit also induced the
hedgehog receptor Patched 1 (Ptcl) in the adjacent underlying mes-
enchyme. We suggest that Shh acts downstream of Fgf10/Fgfr2b
signaling and stimulates mesenchymal proliferation. In support of
this hypothesis, we showed that exogenous Shh peptide induced
proliferation in isolated palatal mesenchymal explants and that tar-
geted inactivation of Shh in the oral epithelium led to a similar cleft
phenotype to that of Fgfr2b-/- and Fgf10-/- mutants. Interestingly,
lack of Smoothened (Smo) in the epithelium did not disturb palatal
development. As Shh signals through Smo, this confirms that the
target tissue of Shh is not the epithelium but the mesenchyme.
Taken together, our results provide molecular evidence that
reciprocal epithelial-mesenchymal interactions are essential in the
growth and morphogenesis of the developing palate and that these
interactions are under the control of Fgf10/Fgfr2b signaling.

Results

Fgfr2b~/~ and Fgf10~/~ mice exhibit cleft palate

A total of 51 Fgfr2b~~ and 33 Fgf10~~ mice between the ages E11
and newborn (NB) were compared with a similar number of WT
littermates. All Fgfr2b~~ and Fgf10~~ mutants studied exhibited
a complete, wide cleft of the secondary palate (Figure 1, A-C).
Abnormalities in the palate were first noted at E13. The mutant
palates were short and squared in shape in comparison to WT and
did not have “finger-like” palatal projections lateral to the tongue
with a characteristic bend between the medial edge and the devel-
oping molar tooth (Figure 1, D-F). In the mutants, the palatal
epithelium was thin and lacked stratification (Figure 1, G-I). In
some instances, the epithelial covering at the tip of the palatal
projection (medial epithelial edge, MEE) had disintegrated, and
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Figure 1

Palatal abnormalities in Fgfr2b=- and Fgf10-- mice. (A—C)
View of the palate with mandible removed from NB mice.
(A) WT palate was completely closed with clear symmetrical
rugae. (B and C) Fgfr2b-- and Fgf10-- mutants exhibited a
similar wide cleft of the secondary palate, with a view into
the nasal cavity (asterisks). (D-L) E13 and E15 hematoxylin
stained coronal sections through the oral cavity. (G-I) High-
er-magnification views of D—F. By E13 the epithelium of WT
mice had begun to thicken and stratify into a squamous pat-
tern. That of both mutants was thin and lacked organization.
Occasional patches of thicker epithelium did form, notably
in Fgf10-- mice either at the MEE (l) or as outgrowths from
the dorsum of the tongue (F, arrow). However, cells in these
patches underwent apoptosis (see Figure 4). (K and L) Pala-
tal shelves were positioned above the tongue but neither met
nor fused. (L) Epithelial fusion between the palatal shelf and
mandible (arrow). C, cranial base; f, floor of the mouth; m,
Meckel’s cartilage; nc, nasal cavity; p, palatal shelf; t, tongue;
tb, molar tooth bud. Scale bars: A, 2 mm (A-C, same magnifi-
cation); D, 200 um (D-F, same magnification); and J, 200 um
(J-L, same magnification).

underlying mesenchymal cells had broken through into the oral
cavity (data not shown). Partial ankylosis of the tongue was also
evident, with defective epithelialization between the floor of the
mouth and the tongue (Figure 1, ]J-L). Also, epithelial fusions were
noted between the nasal surface of the palate and the tongue, as
well as the oral surface of the palate and the mandible (Figure
1L). More evidence of a disordered epithelium in the mutant was
exemplified by the occurrence of isolated epithelial outgrowths
on the dorsal surface of the tongue. These were more prevalent
in Fgf107~ mice (Figure 1F). By E15 the palatal shelves were posi-
tioned above the tongue and had fused in the WT mice, but they
were widely spaced in both mutants (Figure 1, J-L). At birth, the
palatal shelves appeared to have regressed in size (Figure 1, A-C).
Due to their abnormal morphology and size, the palatal shelves
had no possibility of meeting and fusing. In addition, the mutant
palatal shelves lacked rugae (Figure 1, A-C).

Expression of Fgfr2b, Fgf10, and Fgf7 transcripts

during palate development

Fgfr2b transcripts were detected in the developing oral epithelium
(E12-14) particularly in the palate, floor of the mouth, and the
tongue (Figure 2, A, D, and G). At E13 Fgfr2b mRNA was also
detected in the mesenchyme of the nasal side of the palate, butata
much lower level (Figure 2D). Fgf10 transcripts were localized from
E12 to E14 in the mesenchyme of the palate, floor of mouth, and
tongue. These locations were directly adjacent to the epithelium,
where Fgfr2b was expressed, suggesting epithelial-mesenchymal
interactions (Figure 2, B, E, and H). In the palate, Fgf10 was mainly
expressed in mesenchyme adjacent to the MEE and the oral epi-
thelial surface. Fgf7 displayed a similar expression pattern to that
of Fgf10, though in the palate it was mainly localized on the nasal
rather than oral aspect (Figure 2, C, F, and I). Interestingly, Fgf10
and Fgf7, both ligands of Fgfr2b, were colocalized in the region of
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Figure 2
Detection of Fgfr2b, Fgf10, and Fgf7 mRNA during palatogenesis by in situ
hybridization. (A) At E12, Fgfr2b was expressed throughout the oral epithelium.
(B) Fgf10 was detected in mesenchyme immediately adjacent to the epithelium in
the early palatal outgrowths, the tongue, and the floor of the mouth. (D, E, G, and
H) This pattern continued at E13 and E14, with Fgfr2b being strongly expressed
in the epithelium of the palate and floor of the mouth. Fgf10 was mainly expressed
in mesenchyme underlying the MEE and the oral epithelial surface of the palate.
(D) Fgfr2b (weakly), (E) Fgf10, and (F) Fgf7 transcripts were also detected in the
mesenchyme in the bend region between the palatal shelf and the cranial base
(arrows) (arrowhead indicates the anterior-posterior groove between the palatal
process and the body of the maxilla). (C and F) At E12 and E13 Fgf7 was mainly
expressed in the palatal mesenchyme immediately adjacent to the future nasal
epithelium. (I) After shelf elevation, Fgf7 was also expressed in the mesenchyme
adjacent to the oral epithelium. f, floor of the mouth. All images are the same

N
>

mean number of BrdU-positive cells in the 20 sections
assayed for each region (Figure 30, column 1 vs. col-
umn 4). This was reflected in the mesenchyme with
proliferation in the posterior apex (mean = 85.4) being
greater (P < 0.0005) than the anterior (mean = 68.7)
(Figure 3P, column 1 vs. column 4). In the bend region,
epithelial proliferation was greater (P < 0.0005) in the
anterior region (mean = 14.0) compared with the poste-
rior (mean = 11.0) (Figure 30, column 7 vs. column 10).
In the bend mesenchyme no difference was recorded.

Comparison of epithelial cell proliferation in Fgfr2b~/-,
Fgf107/~ and WT mice. Cell proliferation was signifi-
cantly reduced in all epithelial areas surveyed in
Fgfr2b~/~ palates when compared with WT littermates
at both E12 and E13. This ranged from a 30% to a 74%
reduction (Figure 3, B, E, G, J, M, and O). Epithelial
cell proliferation was also significantly reduced in all
areas in Fgf107/~ palates, except for the bend region in
E13 mice (Figure 3 C, F, G, K, N, and O).

Comparison of mesenchymal cell proliferation in Fgfr2b~-,
Fgf107/~ and WT mice. In Fgfr2b~~ mice, mesenchymal
proliferation was reduced at all locations compared with
WT littermates at both E12 and E13 (12-32% reduction).
The reduction was less than that seen in the epithelium
(Figure 3, B, E, H, ], M, and P). This suggests that the
epithelium is supporting mesenchyme proliferation and
that when the epithelial receptor is blocked, a mitogenic
downstream signal from the epithelium to the mes-
enchyme is blocked. This is evidence that, in addition
to there being signaling from the mesenchyme to the

magnification; scale bar: 200 um.

the “bend” between the palatal shelf and the cranial base (Figure
2, E and F). Fgf3, another ligand of Fgfr2b, was not detected in the
developing palate (data not shown).

Cell proliferation is reduced in the developing

palate of Fgfr2b~/~ and Fgf10~/~ mice

We further investigated the pathogenesis of the cleft palates in
Fgfr2b~/~ and Fgf107~ mice by performing a detailed survey of cell
turnover by BrdU incorporation and TUNEL staining. We chose two
stages to investigate: E12, when palatal shelf growth has just begun,
and E13, just prior to shelf elevation but when the shelves are still
elongating. It has been reported that some of the genes involved in
palatal development are differentially expressed in an anterior-pos-
terior fashion (12). Therefore, sections from both anterior and poste-
rior (at the level of the first lower molar tooth) regions were analyzed.
Our in situ hybridization analysis showed that Fgf10 and Fgf7 were
colocalized to a region of mesenchyme directly below the epithelium
at the curved junction between nasal surface of the palatal shelf and
the cranial base (Figure 2, E and F). This bend region was therefore
assayed in addition to the apex of the palatal shelf itself.

Comparison of anterior and posterior palatal cell proliferation in WT
mice. At E12, cell proliferation was greater in the posterior apex
epithelium (mean = 36.0) compared to the anterior apex epithe-
lium (mean = 28.3, P=0.07). At E13, proliferation was significantly
greater (P < 0.0005) in the posterior apex epithelium (mean = 29.1)
compared with the anterior apex (mean = 24.0), assessed by the
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overlying epithelium, signaling also occurs from the
epithelium back to the mesenchyme. In Fgf107~ mice,
mesenchymal proliferation was reduced at E12 and to a
lesser extent at E13 (Figure 3, C, F, H, K, N, and P).

Fgf10/Fgfr2b signaling acts as an epithelial survival factor

Prior to E14, TUNEL-positive cells were not detected in the devel-
oping posterior palatal epithelium of WT mice. However at E13, in
both Fgfr2b7~ and Fgf107~ mutants, we detected isolated areas of
TUNEL-positive cells (Figure 4). These were in patches of thickened
epithelium, notably in the MEE and bend region of the palate, in
the dorsum of the tongue, and in the floor of the mouth (Figure 4,
B, C, E, and F). This indicated that Fgfi-2b/Fgf10 signaling could act
not only as a proliferative factor but also as a cell survival factor.
Areas known to contain apoptotic cells, the MEE at E14 and the
enamel knot of the developing tooth, were used as positive controls
(data not shown). No difference in TUNEL staining was detected in
the palatal mesenchyme between WT and mutant samples.

Palates from Fgfr2b~/~ mice fuse in vitro

Although the expression pattern of Fgfr2b and the morphology
of Fgfr2b~~ mice suggested that the defect in palatogenesis was
in early palatal growth, we investigated the possibility that there
may be a defect in the fusion process. Palates from both E12.5 and
E13.5 Fgfr2b”~ mice were dissected free and placed side by side
in Trowell-type culture dishes. The explants were placed close to
each other in the same anterior-posterior orientation and were cul-
tured for 96 hours. Hematoxylin and eosin-stained tissue sections
were examined in order to assess whether the explants were fused.
Explants of palates from Fgfr2b~~ mice were compared with those
Volume 113
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Cell proliferation in the developing palate in WT, Fgfr2b--, and Fgf10-- mice. (A—H) BrdU analysis of E12 palate. (A—F) Histological sections
of BrdU staining. Compared to that in WT animals, proliferation in Fgfr2b=- and Fgf10-- mutants was reduced in all areas analyzed. This was
significant in all epithelial readings, and in general the reduction was greater in Fgfr2b-- compared with Fgf10-- mutants. (I-P) BrdU analysis
of E13 palate. (I-N) Histological sections of BrdU staining. Proliferation rates were significantly reduced in all epithelial areas analyzed except
in Fgf10~- mutants in the bend region at the junction of the nasal aspect of the palatal shelf and the cranial base. Mesenchymal proliferation

rates were also reduced in both mutants, though not to the degree seen

in the epithelium. (I) BrdU incorporation was particularly noticeable in

the groove between the maxilla and the palatal process (arrow). All sections are the same magnification; scale bar, 200 um. The y axes in G,
H, O, and P indicate the mean values of BrdU incorporation of each area assayed. Error bars represent standard deviation; asterisk denotes a
significant finding (P < 0.005) compared with the WT value. In A and L, dotted lines indicate length of epithelium measured, and green and yellow
areas indicate the mesenchymal areas assayed in the apex (a) and bend (b) regions. Ant, anterior; Post, posterior.

of heterozygote (Het) and WT littermates (E12: 7 mutants, 13 WT
or Het mice; E13: 5 mutants, 9 WT or Het mice). After 48 hours in
culture, all explants had started to fuse. After 96 hours, all explants
had fused in a similar fashion, such that the mesenchymal tissue
from opposing shelves had become continuous (data not shown).
No differences were observed in fusion between explants cultured
in media containing serum or in chemically defined media.

FGF10 induces proliferation in the palatal epithelium

To confirm that the reduction in proliferation described in
Fgfr2b~~ and Fgf107~ mutants was a direct result of Fgf10/Fgfr2b
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signaling, we tested the effects of recombinant FGF10 protein on
the developing palate. FGF10-impregnated beads were placed on
WT mouse palatal explants, cultured for 48 hours, pulsed with
BrdU, and analyzed. FGF10 stimulated palatal epithelial prolif-
eration and increased epithelial thickness (5/5 explants) (Figure
5A). Control BSA-coated beads had no effect (Figure 5B).

FGF10 induces Shh and Ptc1, Shh has mitogenic activity, and its
mRNA expression is altered in Fgfr2b~/~ and Fgf10~/~ mutants

As Fgfr2b is expressed in the palatal epithelium, the reduced pro-
liferation rate in the palatal mesenchyme of Fgfr2b~~ mutants sug-
Volume 113 1695
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gests that a signal from the epithelium may stimulate proliferation
in the underlying mesenchyme. We therefore sought to establish
the nature of this potential signal. Shh is expressed in the oral epi-
thelium (Figure 5, G and J). It possesses mitogenic properties, and
in other developing organs it acts as a signaling molecule over
both short and long ranges, often downstream of Fgf signaling
(17). To test whether Shh could induce proliferation in the palatal
mesenchyme, we performed experiments in which exogenous Shh
peptide was applied to mesenchymal palatal explants. Shh induced
proliferation in the palatal mesenchyme as assayed by BrdU (Fig-
ure 5C). Significantly, we found the expression pattern
of Shh to be altered in Fgfr2b~~ and Fgf10~~ mutants
(Figure S5, H, I, K, and L). At E11, before the palatal
shelves had started to elongate, Shh was expressed in a
similar pattern in both WT and mutant mice (data not
shown). In the anterior region, transcripts were local-
ized to the oral epithelia in the midline of the devel-

Figure 5

Shh is a target of Fgf10/Fgfr2b signaling. (A) FGF10-impreg-
nated bead stimulates palatal epithelial proliferation (arrow).
(B) BSA-impregnated bead had no effect on proliferation.
(C) Shh bead stimulated proliferation in isolated palatal
mesenchymal explants. (D) FGF10 induced Shh in vitro,
in the oral side of WT palatal epithelium (arrow), but not in
Fgfr2b~- mutant mice (E). (F) FGF10 also induced Ptc1 in
the mesenchyme immediately adjacent to the bead in pala-
tal explants (arrows). Ptc1 is a known target of Shh and an
indicator of the level of hedgehog signaling. (G-L) In situ
hybridization to detect Shh mRNA. Shh was expressed in the
MEE and the oral side of the palatal epithelium, as well as
in the dorsum of the tongue. (H, I, K, and L) In Fgfr2b~- and
Fgf10-- mutants, Shh expression was reduced and concen-
trated to discrete patches of palatal epithelium. Shh remained
expressed throughout the tongue dorsum epithelium (arrow).
(M and N) Frontal histological sections through the poste-
rior oral region of NB WT (M) and K74-Cre;Shhe/» (N) mice,
stained with Ladewig’s trichrome. (M) In the WT mouse, the
palatal shelves had elevated and fused in the midline form-
ing a barrier between the oral cavity and the nasopharynx
(asterisk). (N) The palatal shelves of K74-Cre;Shhe» mutants
failed to develop beyond rudimentary processes. (O) In situ
hybridization to detect Smo mRNA at E13. Transcripts were
detected in the mesenchyme of the palate (arrow). G-I, L
and O, same magnification; scale bars: 200 um. J and K:
original magnification, x12.5.
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Figure 4

Detection of TUNEL-positive cells in the posterior oral cavity
of WT, Fgfr2b--, and Fgf10-- mice at E13. (A and D) TUNEL-
positive cells were not detected in WT oral epithelium. (B, C, E,
and F) TUNEL-positive cells were detected in the dorsum of the
tongue (B and C, arrowheads), in the palatal bend (B, arrow),
in the floor of the mouth (E, arrow), and in the MEE (F, arrow)
in both Fgfr2b--and Fgf10-- mice. TUNEL-positive cells were
also occasionally detected in the palatal mesenchyme (B). D
and F are high magnifications of the palatal shelf apex in A and
C, respectively. A and C are the same magnification, as are B
and E; scale bars: 100 um.

oping maxilla and mandible and also more laterally in the max-
illary epithelium. Further posteriorly, Shh was expressed widely
in the oral and tongue epithelia, though the intensity may have
been reduced in the Fgfr2b7~ mutants (data not shown). However,
at E13 in both the anterior and posterior regions of the palate,
Shh expression was restricted to isolated patches of epithelia in
Fgfr2b~/- and Fgf10~/~ mutants, whereas Shh was highly expressed
in the MEE and the palatal oral epithelium in WT mice (Figure S,
G-L). The expression pattern of Shh in the dorsum of the tongue
in the mutants was similar to that of WT mice. In addition, FGF10

FGF10 bead ,-FGF10 bead
3 L Wit

H

Volume 113~ Number 12 June 2004



induced Shh in the epithelium in E12.5 WT palatal explants (4/5
explants) but not in the palatal explants from Fgfr2b~~ littermates
(0/3 explants) (Figure 5, D and E). Furthermore, FGF10 induced
the downstream target of Shh, Ptcl in the underlying palatal mes-
enchyme (4/4 explants) (Figure SF.

We observed that in WT mice, the MEE and oral epithelium
were thicker than the epithelium on the nasal aspect of the palate
(Figure 1G and Figure 2, D-F). This thickening was most notable
in the groove that runs in an anterior-posterior direction between
the palatal shelf and the body of the maxilla (Figure 2F). In this
groove area, groups of BrdU-positive cells were noted (Figure 3,
I'and L). Fgfr2b”/~ and Fgf10/~ mice showed neither generalized
epithelial thickening of the oral epithelium nor thickening in the
groove area. Interestingly, in WT mice Shh expression was restrict-
ed to the MEE and oral surfaces (Figure 5, G and J). During the
development of other organs, regions of the epithelium thicken
and exhibit differential gene expression patterns. Examples of
this include the apical ectodermal ridge (AER) in the limb and
the enamel knot in the tooth (9, 18). These regions act as signal-
ing centers and are important in determining identity and pat-
terning during morphogenesis. It is tempting to speculate that
the oral surface of the palatal epithelium, particularly the groove
region, may have a similar role.

Keratin 14Cre;Shh” mice exhibit cleft palate

but K-14Cre;Smo“” mice do not

Although Shh-null mice do survive until birth, they exhibit such
severe disruption of the head and face that identifiable nasal,
maxillary, and mandibular structures fail to form, thus making
it difficult to study palatogenesis (19). Using Cre-recombinant
technology we generated mice deficient in either Shh or Smo under
the Keratin 14 (K-14) promoter (20, 21). In these transgenic mice,
Shh and Smo expression is inactivated only in the epithelium (20,
22). Eighty-five percent of K-14Cre;Shh” mice exhibited a cleft pal-
ate with rudimentary palatal shelves spaced widely apart, dem-
onstrating that epithelial Shh is critical for palate development
(Figure 5, M and N). To test whether the effect of Shh is on the
epithelium or the underlying mesenchyme, we analyzed the pal-
ates of K-14Cre;Smo?" mice. These were indistinguishable from
those of their WT littermates (data not shown). Thus, blocking
the downstream targets of Shh in the epithelium had no effect on
palatogenesis. Therefore, Shh protein must be exerting its effect
on the adjacent mesenchyme. In addition, we found that Smo was
expressed in the mesenchyme of the palate at E13 (Figure 50).

Discussion

In this study we have found that when either Fgf10 or its receptor
Fgfr2b is knocked out, mice develop cleft palate. Development is
affected early, with the palatal processes failing to grow and to
make the morphological change from a bud into a normal pala-
tal extension. This disruption is similar to abnormalities seen in
the development of both Fgf10~~ and Fgfr2b~~ mice limb buds;
although these are initiated, outgrowth fails to occur (16, 23). In
Fgfr2b~~ mutants, the skin is thin and shows a low proliferation
rate in the basal layer, and in the developing limb, the AER exhib-
its an increase in apoptosis (16, 24). Consistent with this, the
epithelium was found to be thin and cell proliferation reduced
in the palates of both Fgf10~~ and Fgfr2b~~ mice. Where the pala-
tal epithelium did show signs of thickening, the cells underwent
apoptosis, indicating that Fgf10/Fgfr2b signaling has both cell
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proliferation and cell survival functions during palatal develop-
ment. We found the change in cell proliferation and cell death to
be of a similar magnitude to that found in other developmental
systems affected in Fgf107~ and Fgfr2b~ mice. These included the
limb, skin, and thymus, all of which showed gross abnormalities
(16,24, 25). A similar degree of change in cell turnover was detect-
ed in the palatal mesenchyme of MsxI~7~ mice, and this accounted
for the cleft palate. Interestingly, in Msx17~ mutants, the timing
of the proliferation defect seemed to be critical in that defective
proliferation was detected only at E12 and not at E13 (12). In
Fgf10/- and Fgfr2b~/~ mice, there is defective cell turnover from
E12 onward. It thus seems that not only can the degree of change,
but also the timing of the defect, in cell turnover account for the
wide cleft palate seen in NB mice.

Epithelial-mesenchymal interactions regulate early palate develop-
ment. Vertebrate limbs and teeth develop by a series of interac-
tions with signals from the developing mesenchyme passing to
the overlying epithelium, causing it to thicken. This thickened
epithelium signals back to the underlying mesenchyme to direct
growth and patterning. We have previously shown that in both
limbs and teeth, Fgf10/Fgfr2b signaling plays important roles in
initial budding and in maintaining growth (24, 26). Here we pro-
vide evidence that Fgf10 signals from the palatal mesenchyme to
its receptor in the palatal epithelium and that signals pass back to
the mesenchyme. Furthermore, we show that during palatal shelf
budding and growth, the epithelium on the oral aspect of the pal-
ate thickens and that Fgf10 induces this thickening. We therefore
demonstrate that signals operating in the developing palate are
similar to those in the developing tooth and limb.

Previous studies have shown that the palatal mesenchyme can
maintain cell proliferation and apoptosis in the epithelium through
the action of epidermal growth factor on its receptor, which is locat-
ed in the epithelium (27, 28). Also, in vitro tissue dissociation and
recombination studies have shown that the mesenchyme can specify
the palatal epithelium into its different regions: the oral, nasal, and
medial edge epithelia (11). In this study we show that Fgf10 signals
from the mesenchyme to the epithelium to regulate Shh which sig-
nals back to the underlying mesenchyme. We propose that this sig-
naling network leads to changes in palatal size and shape.

Shh is a target of Fgf10/Fgfr2b signaling. We propose that Shhis a
downstream effector of Fgf10/Fgfr2b signaling, as Shh expression
was downregulated in the palatal epithelium of both Fgf10~/~ and
Fgfr2b~~ mutants. Altered Shh expression has previously been
demonstrated to occur in the limb bud and lung endoderm of
Fgf10~~ mice (23). In the developing lung, Shh is also known to
negatively regulate Fgf10, and removal of the Shh inhibitor Hip
results in a downregulation of Fgf10 and lung hypoplasia (29,
30). In the developing limb, Shh is expressed in the zone of polar-
izing activity in the mesenchyme, and epithelial Fgf’s regulate
its expression. It has a key role in determining anterior-posterior
identity, and an analogous role in the palate may be postulated,
with Shh exhibiting an asymmetric expression pattern; i.e., only
on the oral aspect and the MEE (Figure 5, D and G). Interest-
ingly, in the limb, Shh is not only dependent on Fgf10 but can
also maintain the expression of Fgf10 in the progress zone in the
mesenchyme (31). Thus, in both the developing limb and lung,
Fgf10 regulates Shh and vice versa.

We show that exogenous FGF10 induced Shh in WT palatal
epithelium and that this was not the case in Fgfr2b~~ mice. Thus,
the altered expression pattern of Shh in Fgf10~/~ and Fgfr2b~/~
Volume 113 Number 12
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Figure 6

Molecular control of early palate development. (A) Schematic diagram
showing the mRNA expression of Fgfr2b, Fgf10, and Fgf7 in the E13
mouse palate. Fgfr2b was expressed in the oral epithelium and at a low
level in the mesenchyme in the bend area between the cranial base
and palatal shelf. Fgf10 and Fgf7 were also expressed at this site. In
addition, Fgf10 was mainly expressed in the mesenchyme on the oral
side of the developing palate and Fgf7 on the nasal aspect. In the mes-
enchyme adjacent to the MEE, Fgf10 and Fgf7 expression domains
overlapped. “Groove” indicates the anterior-posterior groove between
the palatal process and the body of the maxilla. (B) Schematic diagram
illustrating the proposed Fgf10/Fgfr2b epithelial-mesenchymal interac-
tions and possible downstream signaling in the developing palate.

mutants is not secondary to defective epithelium. We demon-
strate the essential role of Shh in palatogenesis by showing that
K-14Cre;Shh”/" mice exhibit cleft palate. We also provide evidence
that Shh acts on the palatal mesenchyme, as K-14Cre; Smo?” mice,
in which Shh signaling is blocked in the epithelium, exhibited
normal palatogenesis.

Fgf signaling during palatogenesis. We have shown that Fgf10/
Fgfr2b signaling regulates Shh during palatogenesis. Fgfr2b
is predominately in the ectoderm of most developing organs,
and in many it is required for cell proliferation. In addition, it
appears that Fgf10/Fgfr2b signaling is important for the expres-
sion of the subsequent signals regulating mesenchymal develop-
ment. Thus, in the limb bud, Fgf10, signaling through Fgft2b,
regulates the expression of other members of the Fgf family in
the epithelium (reviewed in 18). The expression of members
of the Fgf gene family in the palatal epithelium has not been
reported. Interestingly, Fgf18-null mice have been reported to
exhibit cleft palate (32, 33).
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Tissue recombination experiments in the chick facial primor-
dia have demonstrated that the epithelium is required to main-
tain FGFR2 expression levels in the underlying mesenchyme.
Also, Fgf2, which is present in the facial epithelium, can par-
tially compensate for the removal of the epithelium (34-36).
Nevertheless, it is the mesenchyme that controls the shape of
the facial primordia (37).

Fgf10 and Fgf7 have different but overlapping expression
domains. We show that Fgf10 is mainly expressed in the oral side
of the palatal mesenchyme and Fgf7 expression is more restricted
to the nasal aspect. Their expression domains overlap at the pal-
atal apex and in the bend region (Figure 6A). This suggests that
they may have differential, combined, or compensatory actions.
We found that the effects on both epithelial and mesenchymal
cell proliferation in Fgf10~~ mice were less severe in the bend
region than those in Fgfr2b~/~ mice. As Fgf7 is known to bind
to Fgfr2b and has been suggested to play a role in epithelial-
mesenchymal interactions in other organs including the lung
and limb (29, 38), Fgf7 may partially compensate for the loss of
Fgf10 in this region. Palatal abnormalities in Fgf7~/~ mice have
not been reported (39). We also suggest that as Fgf10 and Fgf7
are differentially expressed in the oral and nasal aspects of the
developing palate, they may not only have distinct effects on epi-
thelial proliferation and palatal morphogenesis, but also differ-
ent effects on determining whether the epithelium differentiates
into nasal, medial, or oral type. The abnormal epithelial fusions
observed between the palatal processes, the tongue, and the
mandible, in both Fgf10~~ and Fgfr2b~~ mutants (Figure 1L), may
have resulted from abnormalities in epithelial differentiation.
Loss of Fgf10/Fgfr2b function may also affect mesenchymal cell
differentiation. Thus, differentiation abnormalities in either the
palatal epithelium or the mesenchyme could result in a mor-
phological change in the developing palatal shelves, manifesting
in the formation of a cleft. To test this hypothesis we analyzed
the immunolocalization of a-actin and detected no difference
between WT, Fgf10~-, and Fgfr2b~/~ palates (unpublished data).
However, a more extensive survey of other differentiation mark-
ers could still reveal defects.

We have shown how Fgf10/Fgfr2b/Shh signaling is essential
for normal mammalian palate development. Elucidation of this
pathway allows the design of therapies where the downstream
effects are treated. The model presented (Figure 6B) integrates
well with the Msx1 and Pax9 loss of function models in mice,
in which Bmp signaling is disrupted in early palatogenesis (12,
40). Analogously, loss of function mutations in MSX1I have been
found in patients with cleft palate, and PAX9 has been associ-
ated with human clefting (41, 42). Mutant mice lacking Trans-
forming growth factor B3 (TgfP3) exhibit an isolated cleft palate,
and this is characterized by defects in the fusion process of the
palatal shelves (43-453). Interestingly the expression patterns of
Fgfr2b and Shh overlaps with that of TgfB3. We demonstrate that
isolated palatal shelf explants from Fgfr2b~/~ mice fused. The
palatal phenotype in Fgfr2b~/~ embryos occurs earlier than that
in Tgfb37/~ embryos. The most notable difference in the phe-
notypes is that in TgfB3~/~ animals, the palatal shelf growth is
normal until fusion at E14.5, while Fgfr2b~~ animals lack the
early palatal shelf outgrowth. Even though we show that a Fgf-
Shh signaling network has a role during early palatogenesis,
this does not exclude a role for either Fgf or Hedgehog signal-
ing later during palatogenesis.
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Growth factor signaling during early palatogenesis. We have started
to put together a signaling network operative during early pal-
ate morphogenesis (Figure 6B). We have shown that Fgf10 sig-
nals from the palatal mesenchyme to its receptor Fgfr2b in the
overlying epithelium. Besides stimulating cell proliferation, this
signaling activates other cues, at least Shh. This signaling network
controls epithelial and mesenchymal cell turnover, which directs
early palatal shelf morphogenesis and growth. Also, we suggest
that differential ligand activity through Fgfr2b may influence the
fate of the palatal epithelium, determining its differentiation into
nasal, oral, or medial edge epithelium. This model ties in well with
the work of Zhang et al. (12), in which the cleft palate found in
Msx1-deficient mice is rescued by overexpressing the downstream
effector of Msx1, BMP4. They show that Shh can induce Bmp2 in
the tissue culture of anterior palatal mesenchyme and that Shh
and BMP2 can induce mesenchymal proliferation. Shh is absent
from the epithelium of Msx17~ mice but is restored when the cleft
phenotype is rescued by mesenchymally expressed BMP4. This
indicates that Bmp4 can regulate Shh (12).

Taken together, we reveal a new role for Fgf signaling in mam-
malian secondary palate development, which controls epithe-
lial and mesenchymal proliferation as well as early palatal shelf
morphogenesis and growth.

Methods

Transgenic mice and tissue preparation

Fgfr2(11Ib)~~ and Fgf10~/~ mice were obtained by crossing
heterozygous breeding pairs. The generation and genotyping of
these mice has been described previously (16, 46). The genera-
tion of K-14Cre;Shh*" and K-14Cre;Smo%” mice has been described
previously (20, 21). Whole heads of mice aged between E11 and
NB were dissected free under a stereomicroscope. The age of the
embryos was determined by the day of the appearance of the vagi-
nal plug (day 0) and by morphological criteria. Following over-
night fixation in 4% paraformaldehyde (PFA) in PBS at 4°C, the
tissues were dehydrated in an ethanol series and embedded in par-
affin. Frontal sections of 7 wm in thickness were cut and mounted
on Superfrost plus slides (VWR International Ltd., Poole, Unit-
ed Kingdom), dried overnight at 37°C, and stored at 4°C. WT
lictermates were used as controls in all experiments.

Organ culture

Palatal shelf cultures. E12.5 and E13.5 palatal shelves were dis-
sected free and placed side by side in a similar manner to that in
Taya et al (44), though we used a Trowell-type organ culture sys-
tem (47). Both DMEM (Sigma-Aldrich, Poole, United Kingdom)
with 10% bovine calf serum and serum-free BGJ-b (Gibco-Life
Technologies, Paisley, United Kingdom) media were used. Both
media were supplemented with glutamax and penicillin/strep-
tomycin (Sigma-Aldrich).

Palatal mesenchymal explants. E12.5 palates were dissected out
with the surrounding maxillary tissue, and epithelia were removed
by dissection following treatment with pancreatin (2.25%) (Sigma-
Aldrich) and trypsin (0.75%) (Sigma-Aldrich) solution on ice for 30
minutes, followed by 30 minutes in media on ice. Isolated palatal
mesenchymal explants were cultured for 48 hours in DMEM with
10% bovine calf serum, glutamax, and penicillin/streptomycin.

Bead assays. Heparin-coated acrylic beads (Sigma-Aldrich) were
incubated in 50 ng/ul recombinant human FGF10 (R&D Sys-
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tems, Abingdon, United Kingdom) or BSA at 37°C for 40 minutes
and stored at 4°C before being placed on the explant. Bead assays
were cultured for 24-48 hours. Similarly, Affi-gel agarose beads
(Biorad, Hemel Hempstead, United Kingdom) were impregnated
with mouse Shh peptide (Sigma-Aldrich) (1mg/ml).

In situ bybridization

Preparation of Fgfr2b, Fgf3, Fgf7, Fgf10, Ptc1, and Shh 3°S-UTP-labeled
riboprobes, in situ hybridization, and image analysis have all been
described previously (5, 26, 48-50). Antisense Smo probe (a kind gift
from M.T. Cobourne, King’s College, London, United Kingdom)
was generated from Bluescript KS (Stratagene, La Jolla, California,
USA) by linearizing with NotI and transcribing with T3.

Proliferation assay and TUNEL
Cell proliferation was assessed by pulsed BrdU incorporation.
Mice were injected intraperitoneally with 10 ul/g body weight
BrdU (Zymed, San Francisco, California, USA) and sacrificed
after 2 hours. Experiments were in accordance with the Animal
Welfare Committee of The University of Helsinki. Explants were
cultured for 20 hours, and then BrdU was added to the medium
(1:200) for 4 hours. Zymed’s streptavidin-biotin staining system
was used according to the manufacturer’s instructions, and sec-
tions were counterstained with hematoxylin. The number of
BrdU-positive cells was recorded by two individuals, with the
mean taken. The total number of cells was not found to dif-
fer between genotypes. Thus, the value of BrdU-positive cells
reflects the percentage of the total cell population undergoing
proliferation and is not a reflection of varying cell density. A
total of 11 WT littermates, 6 Fgfr2b~ mice, and 6 Fgf107/~ mice
were used, and 58 WT, 54 Fgfr2b”/-, and 43 Fgf10~/~ sections
counted. Using a grid, at E12 BrdU-positive cells were counted
in a 0.02 mm? area of mesenchyme in the apex of the palatal
projection and a 0.006 mm? area in the bend region. A 286-um
length of epithelium was counted in the apex of the palatal pro-
jection, and a 143-um length in the bend region was counted. At
E13 the areas were 0.02 mm? and 0.007 mm? for the apex and
bend areas, respectively, and 329 um and 164 wm for the lengths
of epithelium (Figure 3L).

Apoptotic cells were identified on paraffin sections using Pro-
mega’s DeadEnd Colorimetric TUNEL System (Promega, Madi-
son, Wisconsin, USA).
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