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Abstract

Mammalian palatogenesis depends on interactions between the stomodium-derived epithelium and the cranial neural crest-derived

ectomesenchyme. Fibroblast growth factor 10 (FGF10) is a mesenchymal signaling factor that guides the morphogenesis of multiple organs

through tissue–tissue interactions. This is consistent with widespread agenesis and dysgenesis of organs observed in Fgf10�/� mice. In this

study, we report the presence of a wide-open cleft secondary palate in Fgf10 homozygous null mutant mice. Fgf10 transcripts were detected

in the palatal mesenchyme from E11.5 to E13.5 during normal palatogenesis and were enriched in the anterior and middle portions of the

palatal shelves. In Fgf10�/� embryos, histological analyses revealed aberrant adhesion of the palatal shelves with the tongue in the anterior

and fusion with the mandible in the middle and posterior beginning at E13.5, which could prevent normal elevation of the palatal shelves

leading to a cleft palate. TUNEL and BrdU assays demonstrated significant levels of apoptosis in the medial edge epithelium (MEE) but

unaltered cell proliferation in mutant palatal shelves. At the molecular level, we show that Fgf10 is epistatic to Jagged2 and Tgfb3 in the

developing palate. Notably, the expression of Jagged2 is downregulated throughout the palate epithelium in Fgf10 mutants while Tgfb3 is

misexpressed in the palatal epithelium at the oral side. Our results demonstrate that mesenchymally expressed Fgf10 is necessary for the

survival of MEE cells and for the normal expression of Jagged2 and Tgfb3 in the palatal epithelium during mammalian palatogenesis.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

The secondary palate develops from palatal shelves that

emerge bilaterally from the internal surfaces of the maxillary

primordia. The palatal shelves are formed of pharyngeal

ectoderm and mesenchyme of both neural crest and

mesodermal origin. Epithelial–mesenchymal interactions
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between the pharyngeal ectoderm and underlying mesen-

chyme guide the vertical growth of the palatal shelves on

both sides of the tongue between embryonic day 12.0

(E12.0) and E13.5 in the mouse. Concomitant with the

enlargement of the lower jaw and the lowering of the tongue

at E14.0, the shelves elevate to a horizontal position above

the dorsum of the tongue. Around E14.5, the horizontal

palatal shelves make contact, adhere, and fuse along their

midline forming a multilayered seam, which thins to a single

layer and is eventually replaced by mesenchymal cells. This

multistep palatogenesis is precisely regulated and coordi-

nated. Disruption at any step of the process leads to the

formation of cleft secondary palate.
277 (2005) 102–113

https://core.ac.uk/display/82812503?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


S.R. Alappat et al. / Developmental Biology 277 (2005) 102–113 103
Cleft palate is recognized as a commonly occurring

congenital abnormality estimated as affecting 1/700 to

1/1000 births among European descent (Francis-West et

al., 2003). The incidence of cleft palate varies widely

depending upon genetic and environmental dtriggersT
including exposure to teratogenic agents. Linkage disequi-

librium studies on human syndromes with cleft palate and

investigations of induced and spontaneous mouse mutants

manifesting a secondary cleft palate have lead to the

identification of genes and the developmental stage-specific

aberrations associated with their mutant forms. The major

categories recognized are (1) failure of palatal shelf

formation or elevation exemplified by the human syndrome

Treacher Collins, Ryk mouse mutants, Ephb2/Ephb3 double

mutant mice, Pax9 mutant, and Jagged2 mutant (Adams et

al., 1999; Halford et al., 2000; Jiang et al., 1998; Orioli et

al., 1996; Peters et al., 1998); (2) failure of shelves to meet

and fuse following elevation as in the Msx1 and Osr2

mutants (Lan et al., 2004; Satokata and Maas, 1994); (3)

persistence of the medial epithelial seam as reported in

Apaf1-deficient mice, Tgfb3 knockout mice, and Egfr�/�

mice (Cecconi et al., 1998; Kaartinen et al., 1997; Martı́nez-

Álvarez et al., 2000b; Miettinen et al., 1999; Taya et al.,

1999), and (4) developmental defects of the tongue muscles

featured in Hoxa2 mutant mice that prevent descent of the

tongue and block palate closure (Barrow and Capecchi,

1999).

Investigations into the cellular mechanisms underlying

the disappearance of the midline epithelial seam provide

evidence of cell intercalation (Tudela et al., 2002),

programmed cell death (Cuervo and Covarrubias, 2004;

Martı́nez-Álvarez et al., 2000b; Mori et al., 1994), cell

migration (Carette and Ferguson, 1992), and epithelial–

mesenchymal transformation (Griffith and Hay, 1992;

Martı́nez-Álvarez et al., 2000b; Shuler et al., 1991, 1992).

Recent studies by Cuervo and Covarrubias (2004) demon-

strate that superficial peridermal cells migrate to the oral and

nasal aspects allowing fusion of basal medial edge

epithelium (MEE) cells from opposing shelves. Ultimately

these basal cells undergo apoptosis in situ while periderm

cells become apoptotic postmigration within the oral and

nasal triangles of the midline epithelial seam. They found no

evidence to support epithelial–mesenchymal transformation

of MEE cells in the murine palate. Notably, activation of cell

death triggers basal lamina degradation, a prerequisite for

complete fusion and mesenchymal confluence (Blavier et

al., 2001; Cuervo and Covarrubias, 2004). A dcocktailT of
metalloproteinases (MMPs) and tissue inhibitors of metal-

loproteinases (TIMPs) mediates the degradation of the basal

lamina (Mansell et al., 2000; Morris-Wiman et al., 1999,

2000). Of the MMPs and TIMPs expressed in the develop-

ing palate, MT1-Mmp, Mmp13, and Timp2 are expressed in

the MEE during fusion (Blavier et al., 2001).

A growing number of genetic and environmental factors

that are significant to the process of palate formation are

being identified. Fibroblast growth factor 10 (FGF10)
belongs to a family of more than 20 secreted polypeptide

factors with essential roles in vertebrate embryogenesis and

adult tissue homeostasis (reviewed in Ornitz and Itoh,

2001). FGF10 is a significant mediator of mesenchymal–

epithelial signaling during vertebrate organogenesis through

the regulation of cellular functions such as directed cell

migration, cell proliferation, differentiation, and cell sur-

vival. Consistent with its widespread expression, mice

lacking Fgf10 exhibit agenesis and dysgenesis of multiple

organs and die perinatally from respiratory failure (Min et

al., 1998; Ohuchi et al., 2000; Sekine et al., 1999). In this

study, we examined the expression pattern of Fgf10 in the

developing secondary palate and characterized the morpho-

logical, cellular, and molecular deviations between wild

type and Fgf10-deficient palates that explain the cellular and

molecular etiology of the cleft palate exhibited by Fgf10�/�

mice.
Materials and methods

Animals

Generation and genotyping of Fgf10, Jagged2, andMsx1

mutant mice have been described previously (Jiang et al.,

1998; Satokata and Maas, 1994; Sekine et al., 1999). Mutant

embryos were harvested from timed pregnant heterozygous

mating. The embryonic age was defined as E0.5 in the

morning of the day when a vaginal plug was discovered.

Embryonic heads were removed and fixed in fresh 4%

paraformaldehyde (PFA) in PBS overnight at 48C, dehy-
drated through graded alcohol series, and embedded in

paraffin for sectioning.

Histology and skeletal staining

Standard hematoxylin and eosin staining was performed

on paraffin-embedded 10-Am coronal sections of staged

embryonic heads from wild type and Fgf10�/� mice.

Skeletal staining was done as previously described (Zhang

et al., 2000). Briefly, the skin was removed from the heads

of wild type and Fgf10�/� newborn mice and fixed

successively in absolute ethanol and acetone for periods of

2 and 3 days, respectively. The fixed samples were stained

in solution comprising 1:1:1:17 parts of 0.1% Alizarin Red

S (in 95% ethanol):0.3% Alcian blue (in 70% ethanol):gla-

cial acetic acid/ethanol for 5 days. Following alkaline

hydrolysis and glycerol clearing, the differentially stained

cartilage (blue) and bony (red) elements of the skull were

visualized and photographed.

Cell proliferation and cell apoptosis assays

Immunodetection of BrdU on 10-Am paraffin-embedded

samples was performed with the BrdU labeling and

Detection Kit (Roche Diagnostics Corporation, Indianap-



Fig. 1. Fgf10�/� mice exhibit a complete cleft secondary palate. (A) An

oral view of a normal palate of a newborn wild type mouse. (B) A wide-

open secondary cleft palate (black arrowheads) of a newborn Fgf10�/�

mouse. (C and D) Stained skeletal preparations of neonatal skulls. Ventral

view of the skull in normal (C) and Fgf10�/� mice (D). In the mutant, the

palatal shelves of the maxilla (Mx) are absent while the vestigial shelves of
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olis) according to the manufacturer’s protocol. Mouse

embryos were labeled with BrdU via intraperitoneal

injection of BrdU labeling reagent into timed pregnant

mice. Embryos were fixed with Carnoy fixative 1 h after

injection, dehydrated with ethanol, and embedded in wax.

The primary and secondary antibody incubations were

carried out at 378C for 1 h and 30 min, respectively.

Nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-phos-

phate (Roche Diagnostics Corp.) was used as substrate to

visualize the sites of BrdU incorporation. The color reaction

was performed at room temperature and in the dark.

TUNEL assay was performed using the dIn situ cell death
detection kitT (Roche Diagnostics Corp.) following the

manufacturer’s instructions. Briefly, tissues were fixed in

4% PFA (in PBS) and then dehydrated through an

increasing graded ethanol series and processed for section-

ing. Following rehydration steps, the 10-Am sections were

treated with Proteinase K (in 10 mM Tris–HCl, pH 8.0) at a

concentration of 20 Ag/ml for 15–20 min at room temper-

ature. The samples were incubated with the TUNEL

reaction mixture (a mixture of fluorescein-tagged nucleo-

tides and the enzyme terminal deoxynucleotidyl transferase)

at 378C for 1 h and converter-AP (alkaline phosphatase

conjugated to Antifluorescein Fab fragments) for 30 min at

378C. NBT/BCIP was used as substrate solution to detect

the sites of in situ apoptosis with a light microscope.

In situ hybridization

PFA-fixed samples (4%) were dehydrated by passage

through a graded ethanol series. The dehydrated samples

were subsequently embedded in paraffin in preparation for

nonradioactive in situ hybridization. Serial tissue sections of

10-Am thickness were treated with proteinase K at 1 Ag/ml

for 20 min at room temperature. The following cDNAs were

used to generate antisense riboprobes: an 800-bp mouse

Fgf10 (Suzuki et al., 2000); an 800-bp mouse Msx1 (Hill et

al., 1989); a 1.37-kb mouse Pax9 (Peters et al., 1998); a 1.4-

kb mouse Jagged2 (Jiang et al., 1998); a 455-bp mouse

Tgfb3 (from Invitrogen); a 470-bp mouse Snail (from Dr.

Tom Gridley). The mouse Fgfr2b-specific cDNA (229 bp)

and the 367-bp mouse Tgfb1 cDNA were cloned via RT-

PCR. All riboprobes were generated by in vitro transcription

using digoxigenin-UTP and according to the manufacturer’s

instructions (Roche Diagnostics Corp.). An anti-DIG

alkaline phosphatase-conjugated antibody (Roche Diagnos-

tics Corp.) was used to detect sites where probe bound.

Visualization of the hybridization signal was accomplished

by the addition of BM Purple AP substrate (Roche

Diagnostics Corp.).
the palatine (PL) appear to be laterally displaced (white arrow heads)

allowing direct viewing of the vomer (v) and presphenoid (PS) skull bone

elements. In C, small asterisks represent shelves of the maxilla and large

asterisks indicate shelves of the palatine. Black arrowheads in D indicate

the vestiges of the maxilla in the mutants. Abbreviation: P, primary palate;

R, rugue; S, secondary palate; AL, alisphenoid; BS, basisphenoid; Pt,

pterygoid.
Results

Examination of Fgf10 homozygous null neonates

revealed a complete, wide-open cleft indicative of an
abortive secondary palate development and failed separation

of oral and nasal cavities unlike the wild type controls (Figs.

1A and B). Examination of skeletal preparations of wild

type and Fgf10�/� heads of newborn mice revealed that the

palatal processes of both the maxilla and palatine were

absent allowing a direct view of the vomer and the

presphenoid as illustrated in Figs. 1C and D.

We next examined the histological basis for a cleft palate

phenotype in Fgf10 null mutants. The first morphological

aberration in palate development was evident as early as

E12.5 but was pronounced by E13.5 (Fig. 2). At E12.5, the

ventrolateral indentation of the shelf was poorly demarcated

giving it a broadened appearance in the anterior and middle

while posterior to the molars the shelves were narrow and

wedge-shaped (data not shown). Histological examination

of serial coronal sections through E13.5 mutant heads

revealed occasional adhesion of the palatal shelf with the

tongue in the anterior and recurrent fusion with the



Fig. 2. Histological analyses of coronal sections of wild type and Fgf10�/� palates at E13.5 (A–F) and E15.0 (G and H). (A and B) Sections anterior to the first

molars; (C, D, G, and H) sections along the plane of the first molars designated as middle portion; (E and F) sections posterior to the first molars. (I and J)

Magnified view of the region indicated by an arrowhead in panels A and B. The arrows in B and J point to the site of adhesion between the anterior palate and

the tongue in the mutants. The arrows in D, F, and H point to anomalous fusion of the oral epithelia of the palate and the mandible. (G and H) Bilateral shelf

elevation is impaired in Fgf10�/� mutant mice. (G) At E15.0, the palatal shelves from wild-type embryos have elevated and are horizontally oriented over the

dorsum of the tongue as seen in coronal sections through the middle plane. (H) Palatal shelves from a corresponding stage in null mutant embryos fail to elevate

and remain vertically oriented. Abbreviation: ns, nasal septum; ps, palatal shelf; T, tongue. Scale bars in A–F = 50 Am.
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mandible in the middle and posterior planes (Figs. 2B, D, F,

and J). At E14.5–15.0 while the palatal shelves in wild type

had elevated to a position above the dorsum of the tongue,
the mutant shelves remained in vertical orientation on either

side of the tongue (Fig. 2H). Thus, in Fgf10 null mutants,

the elevation of the palatal shelves was physically prevented
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by adhesion or fusion to the tongue and mandible along

their nasal and oral aspects. Consequently, the tongue never

descends in Fgf10 mutants.

The presence of a cleft palate in Fgf10�/� mice suggests

that Fgf10 plays a critical role in palate development. To

determine the correlation between Fgf10 expression and the

different stages of palatal morphogenesis, we analyzed the

spatiotemporal distribution of Fgf10 transcripts in the palate

from E11.5 to E14.5 embryos (Fig. 3). Fgf10 was

exclusively found in the palatal mesenchyme from E11.5

to E13.5. Interestingly, Fgf10 was expressed in close

apposition to the palatal epithelium in the anterior through

middle planes at E11.5 when palate development initiates

with little to no expression posterior of the first molars

(Figs. 3A, D, and G). By E12.5 and E13.5, expression was

displaced gradually ventrolaterally away from the MEE and

was detected in close apposition to the oral epithelium

occupying the mid-oral and lateral regions of the palate

mesenchyme (Figs. 3B, C, E, and F). Fgf10 expression was

greatly reduced in the posterior palate and showed maximal

displacement into the lateral mesenchyme just outside of
Fig. 3. Fgf10 expression in developing palatal shelves. (A–C) Coronal sections of

palatal shelves along the plane of the first molars. (G–I) Coronal sections of the pa

intensely expressed in the mesenchyme of the developing palatal shelves in the a

epithelia. Expression is also seen in the forming tongue. However, Fgf10 expre

submandibular gland anlage (arrow) (G). (B, E, and H) By E12.5, the Fgf10 expre

to the oral epithelia of the palate (B and E). Expression in the tongue is stronger

lateral to the ventral indentation (H). Fgf10 expression also localizes to the mesen

At E13.5, maximal ventrolateral displacement of Fgf10 expression is observed,

Expression in the submandibular gland persists (I). Abbreviation: mee, medial

submandibular gland; T, tongue. Scale bars A–I = 50 Am.
the palatal shelves (Figs. 3H and I). No Fgf10 expression

was detected at E14.5 (data not shown). In addition to the

palate, Fgf10 was expressed in the mesenchyme of the

tongue in a decreasing anterior–posterior and distal–

proximal gradient from E11.5 to 13.5. The expression in

the tongue was most intense in the anterior planes at E12.5

and E13.5 (Figs. 3B and C).

FGF10 is a secreted signaling factor with established roles

in organogenesis. At the cellular level, FGF10 functions

either to promote the proliferation of the epithelial compo-

nents in developing organ primordia such as the lungs,

pancreas, and cecum, or imparts a survival function as

reported in the incisor tooth germs (Bellusci et al., 1997;

Bhushan et al., 2001; Burns et al., 2004; Harada et al., 2002;

Hart et al., 2003). Therefore, we hypothesized that loss of

Fgf10 function may result in cell proliferation or survival

defects leading to aberrant extension of the palate. We

compared cell proliferation rates between the wild type and

Fgf10 mutant palates at E12.5 using BrdU incorporation

assays (Figs. 4A–D). The results revealed comparable levels

of cell proliferation in wild type and mutant samples
the palatal shelves anterior to the first molars. (D–F) Coronal sections of the

latal shelves posterior to the first molars. (A, D, and G) At E11.5, Fgf10 is

nterior (A) and middle (D) portions in close apposition to the medial edge

ssion is not evident in the posterior palatal shelves, but is present in the

ssion domain is displaced ventrolaterally away from the MEE but subjacent

in the anterior–dorsal regions. (B and E) Faint expression of Fgf10 is seen

chymal component of the submandibular gland primordial (H). (C, F, and I)

which spans the midoral to lateral mesenchyme in all planes examined.

edge epithelium; n, nasal; ns, nasal septum; o, oral; ps, palatal shelf; sg,



Fig. 4. Analyses of cell proliferation and apoptosis in Fgf10�/� palatal shelves. (A–D) Cell proliferation assays on E12.5 palatal shelves of wild type (A and C)

and Fgf10 mutant (B and D) mice show comparable levels of cell proliferation in the anterior (A and B) and posterior (C and D) portions of palate. (E–H)

TUNEL assays on E13.5 palatal shelves of wild type (E and G) and Fgf10 mutants (F and H) show significant cell apoptosis in the anterior medial edge

epithelium of the mutant palate (arrows) (B). Abbreviation: mee, medial edge epithelium; mn, mandible, n, nasal; o, oral; ps, palatal shelf, T, tongue. Scale

bars = 50 Am.
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throughout the palate. However, TUNEL assays on coronal

sections of E13.5 wild type and mutant heads showed

significant levels of cell apoptosis within the anterior MEE

cells of the mutant palatal shelves (Figs. 4E–H). The posterior

region of the palatal shelves in mutants, similar to the wild

type controls, did not show cell apoptosis. Therefore, during

palatogenesis, FGF10 functions as a survival factor for the

anterior MEE. Given that mesenchymal expression of Fgf10

was not seen in close apposition to the MEE at this stage, it

would appear that the survival function is indirect.

To understand the molecular epistatic relationships

within the FGF10 signaling pathway and the genes thought
to be critical for normal palatogenesis, we compared the

distribution of certain candidate genes in the developing

palates of wild-type embryos and Fgf10 homozygous null

mutants. Previous studies have shown strong induction of

Pax9 by FGF8 in explants of the posterior palate (Zhang et

al., 2002). Moreover, it was reported that Pax9 deficiency

results in unelevated palatal shelves owing to a mechanical

hindrance (Peters et al., 1998). Similar to Fgf10�/� mice,

the shelves in Pax9 mutants are abnormally shaped and

lacked the characteristic ventrolateral indentation. There-

fore, we asked if Pax9 is a candidate gene in the FGF10

signaling pathway. Accordingly, we examined the levels of
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Pax9 expression in the palate from Fgf10 null embryos and

found that its distribution was unaltered from wild type (Fig.

5). The Msx1 homeobox gene is exclusively expressed in

the anterior mesenchymal cells of the developing palate and

controls a genetic pathway that includes Shh, Bmp2, and

Bmp4 (Zhang et al., 2002). To test if Msx1 and Fgf10 exist

in the same genetic pathway, we examined Msx1 expression

in Fgf10�/� palate as well as Fgf10 expression in Msx1�/�

palate. The results indicated an unchanged Msx1 expression

in Fgf10 mutants and vice versa, as compared to that in the

wild-type palate (data not shown). In addition, although

FGF receptor-2b (FGFR2b) functions as a receptor for the

FGF10 ligand (Igarashi et al., 1998) and knockout of Fgfr2b

in mice similarly results in a cleft palate (De Moerlooze et

al., 2000), Fgfr2b expression, which is detected in the

palatal epithelium, remains unaltered in the developing

palatal shelves of Fgf10�/� embryo (data not shown). We

therefore conclude that Pax9, Msx1, and Fgfr2b are not

downstream target genes of FGF10.

Null mutants of the gene encoding the Notch ligand

Jagged2 give a palate phenotype similar to Fgf10 mutants.

Embryos deficient in Jagged2 develop a cleft palate as a
Fig. 5. Expression of Pax9 in wild type and Fgf10�/� palatal shelves at E12.5.

patterns of Pax9 to the wild type (A, C, and E) in the anterior (A and B), middle (C

ns, nasal septum; ps, palatal shelf; T, tongue. Scale bars = 50 Am.
result of failed elevation of palatal shelves that are

aberrantly adhered or fused with the tongue and the

mandible (Jiang et al., 1998). Previous studies have

demonstrated that FGF10 can positively regulate the

expression of various members of the Notch signaling

pathway among them Jagged2 in the developing pancreas

(Norgaard et al., 2003). This regulation of Notch signaling

by FGF10 dictates cell proliferation versus cell differ-

entiation decisions within a population of pancreatic

progenitor cells (Hart et al., 2003; Norgaard et al., 2003).

In addition, integration of FGF10 and Notch signaling

pathways is used in establishing the stem cell compartment

of mouse incisors and in specifying tissue boundaries of the

enamel knot within the molars (Harada et al., 1999;

Mustonen et al., 2002). Given the similarity of the cleft

palate phenotype between Jagged2 and Fgf10�/� mutants

together with evidence supporting the integration of FGF10

and Notch pathways within other developing organs, we

examined the expression of Jagged2 in the Fgf10�/� palate.

In situ hybridization revealed that Jagged2 was expressed

throughout the epithelium of a wild-type palate at E12.5

(Figs. 6A, C, and E). Significantly, in the Fgf10 mutant, we
The Fgf10 mutants (B, D, and F) show comparable expression levels and

and D), and posterior planes (E and F). Abbreviation: de, dental epithelium;



Fig. 6. Downregulation of Jagged2 expression in Fgf10�/� palatal shelves. (A, C, and E) Jagged2 is expressed in the nasal, oral, and medial edge epithelia of

the wild type palate at E12.5. (B, D, and F) Significant downregulation of Jagged2 expression is seen in the palate epithelium (arrows) of Fgf10�/� mutant

embryo at E12.5. Abbreviation: de, dental epithelium; ps, palatal shelf, T, tongue. Scale bar = 50 Am.
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found a complete downregulation of Jagged2 expression

throughout the palate epithelium at the equivalent stage

(Figs. 6B, D, and F), but Jagged2 expression in the dental

epithelium remained unaltered (Fig. 6D). Our results

indicate that Fgf10 is epistatic to Jagged2 in the developing

palate. This conclusion is further supported by evidence that

Fgf10 expression remains unaltered in Jagged2 mutants

(data not shown).

Beginning at E13.5, we observed anomalous fusion of

the palatal shelves with the mandible in the middle and

posterior regions of the Fgf10�/� mutant palate. Several

studies support a critical role for TGFh3 in the process of

normal palate fusion involving the MEE. Also, Tgfb3
expression is specifically confined to the MEE in the wild

type palate (Fitzpatrick et al., 1990; Pelton et al., 1990). We

asked if the fusion between the oral epithelia of the palate

and the mandible in the Fgf10 mutant involved ectopic

Tgfb3 expression. We checked the mutant palates for Tgfb3
expression and compared the transcript distribution patterns

with that of wild type (Fig. 7). Remarkably, while the

anterior showed similar expression pattern, in the middle

and posterior planes we detected ectopic expression of
Tgfb3 in the oral epithelium of the palate and at the site of

fusion between the palatal shelves and mandible. Therefore,

Fgf10 regulates Tgfb3 and the misexpression of Tgfb3 in

Fgf10�/� null mutants partially explains the aberrant fusion

seen between the mandible and the oral epithelium of the

palatal shelves. Further substantiating this conclusion was

the detection of apoptotic cells along the fusion site at E15.5

(Figs. 7G and H) and the emerging confluence of the palate

with the mandible beginning at E16.5 (Fig. 7I). To examine

if a downregulation of Jagged2 in the Fgf10�/� palatal

epithelium accounts for the ectopic Tgfb3 expression, we

examined Tgfb3 expression in Jagged2 mutants at E13.5.

Contrary to our expectations, we found no alteration in

Tgfb3 expression in Jagged2 mutants when compared with

wild-type controls (data not shown). Therefore, our data

suggest that FGF10 regulates Jagged2 and Tgfb3 by two

discrete pathways.

A correlation between apoptosis in the MEE and the

expression of Tgfb3, Tgfb1, and Snail has been recently

demonstrated (Martı́nez-Álvarez et al., 2004). A lack of

Tgfb3 expression in the MEE leads to upregulation of Tgfb1
in the palatal mesenchyme. An elevated Tgfb1 in turn



Fig. 7. Ectopic expression of Tgfb3 in Fgf10�/� palates at E13.5. (A, C, and E) Wild-type expression of Tgfb3 in the palatal epithelium of anterior (A), middle

(C), and posterior (E) planes. (B, D, and F) Expression of Tgfb3 in the palatal epithelium of the mutant palate. Expression in the anterior plane (B) is

comparable to the wild type, but the expression in the middle (D) and posterior (F) planes expanded to the oral side. Arrows indicate the extent of Tgfb3
expression. (G and H) TUNEL-positive cells are detected at the site of fusion between the palatal epithelium and the mandibular epithelium. (I) Coronal section

of Fgf10�/� palate at E16.5 shows fusion of the palatal shelf with the mandible in the middle portion of palate. The black arrows point to the site of

mesenchymal confluence. Abbreviation: mee, medial edge epithelium; mn, mandible; n, nasal; o, oral; ps, palatal shelf; tb, tooth bud. The red asterisks in

panels D and F indicate ectopic sites of Tgfb3 expression. Scale bars = 50 Am.
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activates ectopic Snail expression in the palatal epithelium

and promotes cell survival (Martı́nez-Álvarez et al., 2004).

We asked whether ectopic Tgfb3 expression in the palatal

epithelium of Fgf10�/� mice suppresses the expression of

Tgfb1 and Snail in the palatal mesenchyme, which may also

contribute to the high levels of cell apoptosis observed in the
MEE and at the sites of aberrant fusion between the palatal

shelves and mandibles of Fgf10 mutants. In situ hybrid-

ization analyses revealed that the levels of Tgfb1 and Snail

expression in the palates of Fgf10�/� mice were comparable

to that of wild type (data not shown), thus ruling out this

possibility.
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Discussion

This study examines the role of FGF10 in palate

development and attempts to elucidate the cellular and

molecular basis for a cleft palate phenotype in Fgf10�/�

mutant mice. We have shown that Fgf10 mutants have a

complete cleft secondary palate by examining the gross

morphology and by skeletal staining. Histological analyses

reveal that these mutants have an elevation defect caused by

the anomalous fusion of the palatal shelves with the tongue

in the anterior and the mandible in the middle to posterior

regions. We have also shown that Fgf10 was expressed from

E11.5 to E13.5 by in situ hybridization and that it may be

indirectly required for the survival of medial edge epithelial

cells in the anterior regions of the developing palate. Lastly,

we demonstrate that FGF10 regulates the expression of

Jagged2 and Tgfb3 by two separate pathways.

Our results demonstrate that both Jagged2 and Tgfb3
function downstream of Fgf10 during palatogenesis. In the

Fgf10 homozygous null embryos, Jagged2 expression was

completely lost from the palate while Tgfb3 was ectopically

expressed in the mutant palate epithelium with its expres-

sion domain extending past the medial edge epithelium into

the oral and nasal epithelia (Figs. 6 and 7). Therefore, Fgf10

positively regulates Jagged2 and negatively regulates

Tgfb3. The observed fusion of the palatal shelves with the

tongue and mandible in Fgf10�/� palate probably occurs as

a result of downregulation of Jagged2 compounded by the

ectopic expression of Tgfb3, both of which appear to be

independently regulated by Fgf10. Jagged2 and Tgfb3
represent critical factors in palatogenesis since targeted

deletion of either gene results in a cleft palate. As in teeth,

we demonstrate a survival function for Fgf10 in the palate.

Loss of Fgf10 results in apoptosis of medial edge epithelial

cells in the anterior. This is consistent with the observed

expression of Fgf10 in the anterior and middle regions of

the palate mesenchyme.

Positive regulation of genes in the Notch pathway by

FGF10 was previously reported in the tooth and pancreas

(Hart et al., 2003; Mustonen et al., 2002). In addition to

the palate, Jagged2 and Fgf10 are expressed in the limb,

submandibular glands, and tooth where epithelial–mesen-

chymal interactions drive organogenesis (Valsecchi et al.,

1997). The possibility of any interaction between Jagged2

and TGFh3 signaling in the palate falls outside the scope

of the present study. However, the literature supports the

existence of cross talk between the Notch and TGFh
pathways in myogenic, endothelial, pancreatic, and

neuronal development (Goumans et al., 2002; Kim and

Hebrok, 2001; Shah et al., 1996). In these instances,

intracellular transducers of both pathways are recruited to

promoters on Notch target genes through protein–protein

interactions leading to signal integration (Blokzijl et al.,

2003).

Ferguson (1984) reported that the adhesion of the palatal

shelves exhibited tissue specificity and normally occurs
between the medial edge epithelia and not the tongue or

superficially placed maxillary epithelia. In Fgf10�/�

mutants, we find the aberrant bilateral fusion of the palatal

shelves with the mandible in the middle and posterior

regions (Fig. 2). Since TGFh3 is essential for the adhesion

and fusion of the contacting palatal shelves, we hypothe-

sized that the aberrant fusion between the oral epithelium of

the palatal shelves and the mandible in the Fgf10�/�

mutants could be the result of ectopic expression of Tgfb3.
The biological roles of TGFh3 in the developing palate are

many. It is required for maintaining MEE cell polarity, the

induction of cellular appendages that promote adhesion, and

the regulation of cell intercalation, cell death, and EMT to

form the definitive palate (Gato et al., 2002; Kaartinen et al.,

1997; Martı́nez-Álvarez et al., 2000a,b; Taya et al., 1999;

Tudela et al., 2002). Examination of Tgfb3 expression

between wild type and Fgf10�/� palate at E13.5 revealed

that Tgfb3 expression extends into the oral epithelium in the

middle and posterior regions of mutant palatal shelves. The

expression in the anterior regions remained confined to the

medial edge epithelia and is comparable between mutants

and wild type samples. Histological sections through the

E16.5 Fgf10�/� palate revealed thinning and gradual

disappearance of the epithelium along the line of fusion

(Fig. 7I), consistent with the known function of Tgfb3. This,
together with the observed TUNEL-positive cells also at the

site of aberrant fusion, gives credence to our hypothesis.

Thus, the absence of FGF10 results in the misexpression of

Tgfb3 rendering the oral epithelia competent to fuse with

the mandible. To date, the literature supports both syner-

gistic and antagonistic interactions between the FGF and

TGFh family members when modulating various devel-

opmental events (Papetti et al., 2003; Unda et al., 2001).

Our study suggests that FGF10 exerts a molecular control

on the temporospatial expression of Tgfb3 within medial

edge epithelial cells.

In a normally developing palate, Tgfb3 expression is first

seen at E13.5 in the MEE (Fitzpatrick et al., 1990; Pelton et

al., 1990). Our study shows that as palatal development

progressed, Fgf10 expression in the mesenchyme became

more and more ventrolaterally displaced. The emergence of

Tgfb3 expression around E13.5 appears to coincide with the

displacement of Fgf10 expression away from the MEE.

Furthermore, the extended domain of Tgfb3 expression in

the oral palatal epithelia of Fgf10 homozygous null mutants

suggests a negative influence of Fgf10 on Tgfb3 during

palatal ontogeny. Therefore, the temporal and spatial

expression of Fgf10 may serve as a molecular control for

the timely expression of Tgfb3 at late E13.5 when Fgf10

expression in the wild type palate begins to decline and

becomes ventrolaterally displaced probably permitting the

induction of Tgfb3 expression in the MEE. This is

reminiscent of the role of FGF10 in the developing lungs

where it functions as a morphogen in regulating the spatial

expression of genes (Bellusci et al., 1997; Park et al., 1998;

Weaver et al., 2000).
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Both Fgf10 and Jagged2 null mice exhibit wide-open

clefts as a result of impaired elevation of the palatal

shelves. In both these mutants, the palate adheres dorsally

with the tongue. The fusion of the palate with the mandible

is more pronounced in the Fgf10 mutant and extends from

the middle to the posterior of the palate, while in Jagged2

mutants fusion with the mandible is regionally restricted to

the medial, mid-oral plane. Comparable levels of Fgf10

expression in Jagged2 homozygous mutants and in wild

type embryos confirm that mesenchymal Fgf10 is epistatic

to epithelial Jagged2 in the developing palate (data not

shown). Contrary to our expectation, misexpression of

Tgfb3 is specific to Fgf10 mutant palates and is not

observed in the Jagged2�/� palate. The expression of

Tgfb3 in Jagged2 null background was similar to that in

wild type. Together, our studies indicate that the down-

regulation of Jagged2 and the extended domain of Tgfb3
expression in the Fgf10 mutant result in a more

pronounced elevation defect. This could account for the

more aggressive fusion observed between the palate and

mandible in Fgf10�/� mutants as opposed to Jagged2�/�

mutants.

The combined regulation of Notch and TGFh signaling

pathways by FGF10 appears to be essential to a normally

developing palate. Further elucidation of the molecular

hierarchies and the cellular responses evoked by cross talk

between these pathways will contribute significantly to our

understanding of the etiology of a cleft palate.

During the revision of this paper, similar results from

studies on Fgf10�/� mice were reported by Rice et al.

(2004). The authors also demonstrated that Shh in the

palatal epithelium is a downstream target of FGF10

signaling. However, the authors showed a decreased cell

proliferation in Fgf10�/� palatal epithelium, a phenotype

that we did not observe.
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