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Background: TGFB/BMP signaling plays an important role in palate development.
Results: Inactivation of Takl in the neural crest lineage leads to cleft palate associated with malformed tongue and microg-

nathia, resembling human Pierre Robin sequence clefting.

Conclusion: Cleft palate formation in TakI mutants is a secondary consequence of abnormal tongue development.
Significance: TAKI could represent a candidate gene for human Pierre Robin sequence clefting.

Cleft palate represents one of the most common congenital
birth defects in humans. TGFf signaling, which is mediated by
Smad-dependent and Smad-independent pathways, plays a cru-
cial role in regulating craniofacial development and patterning,
particularly in palate development. However, it remains largely
unknown whether the Smad-independent pathway contributes
to TGEp signaling function during palatogenesis. In this study,
we investigated the function of TGF activated kinase 1 (Tak1),
a key regulator of Smad-independent TGFf signaling in palate
development. We show that Takl protein is expressed in both
the epithelium and mesenchyme of the developing palatal
shelves. Whereas deletion of Takl in the palatal epithelium or
mesenchyme did not give rise to a cleft palate defect, inactiva-
tion of Takl in the neural crest lineage using the Wnti-Cre
transgenic allele resulted in failed palate elevation and subse-
quently the cleft palate formation. The failure in palate elevation
in Wntl-Cre;Tak1®'® mice results from a malformed tongue and
micrognathia, resembling human Pierre Robin sequence cleft of
the secondary palate. We found that the abnormal tongue devel-
opment is associated with Fgf10 overexpression in the neural
crest-derived tongue tissue. The failed palate elevation and cleft
palate were recapitulated in an Fgfl0-overexpressing mouse
model. The repressive effect of the Takl-mediated noncanoni-
cal TGE signaling on Fgf10 expression was further confirmed
by inhibition of p38, a downstream kinase of Takl, in the pri-
mary cell culture of developing tongue. TakI thus functions to
regulate tongue development by controlling Fgf10 expression
and could represent a candidate gene for mutation in human
PRS clefting.
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Cleft palate, a common birth defect in humans with a preva-
lence ranging between 1/700 and 1/1,000, arises from genetic or
environmental perturbations in palate development. The defi-
nite mammalian palate forms through the union of a primary
palate and two secondary palatal shelves. Formation of the sec-
ondary palate involves palatal shelf growth, elevation of the
shelves, fusion between paired shelves, and the disappearance
of the midline epithelial seam (1). Whereas disruptions to any of
these steps could result in a cleft palate defect, it has been esti-
mated that among those afflicted by isolated cleft palate,
approximately 90% of the cases could be attributed to defective
palate elevation (2). Palatal shelf elevation, a step that brings the
palatal shelves from a vertical to a horizontal position above the
tongue, is triggered by intrinsic forces within the palatal shelf
and by the coordinated growth and movement of other cranio-
facial and oral structures (1). Intrinsic or extrinsic defects that
cause failed or delayed palatal shelf elevation and ultimately
cleft palate formation have been well illustrated in many
mutant mouse models (3—16). Among these models, physical
obstructions such as abnormal palatal shelf-mandible/tongue
fusion, a small mandible, or steric hindrance by the tongue
appear to be major factors. In humans, cleft palate attributed to
physical obstruction to palatal shelf elevation by the tongue and
micrognathia is clinically known as the Pierre Robin sequence
(PRS)® (17). Mutations in several genes, including SATB2 and
SOX9, have been implicated in PRS-like clefting (18 —20).

The tongue is a muscular organ derived from two mesenchy-
mal cell lineages in addition to the covering epithelium: the
mesoderm-derived myogenic progenitors and the cranial neu-
ral crest (CNC)-derived connective tissues (21-23). Genetic
labeling experiments have shown that the mesoderm-derived
myogenic progenitors primarily occupy the core of the tongue
primordium, whereas the CNC-derived cells largely contribute

°> The abbreviations used are: PRS, Pierre Robin sequence; BMP, bone mor-
phogenetic protein; CNC, cranial neural crest; E, embryonic day; Tak1,
TGFB-activated kinase 1.
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to the region that surrounds the myogenic core as well as the
tongue septum (21). Interactions between these two groups of
cells are essential for tongue development, and TGE3-mediated
FGF signaling plays a critical role in such tissue-tissue interac-
tions (21, 24).

Transforming growth factor B (TGEB) signaling plays
diverse roles in a variety of cellular processes during develop-
ment (25). Signaling of the TGF superfamily, including bone
morphogenetic proteins (BMPs), is transduced into cells by
binding of ligands to the type I and type II serine/threonine
kinase receptor complex. Canonical TGFB/BMP signaling
occurs via activation of receptor-regulated Smads (R-Smads)
2/3 and 1/5/8, respectively. The activated R-Smads then bind to
common Smad (Smad4) and enter the nucleus to interact with
other transcription factors and regulate downstream gene
expression. In addition to the canonical Smad pathway, TGF3/
BMP receptors can also activate members of the mitogen-acti-
vated protein kinase (MAPK) pathway, known as the nonca-
nonical pathway, including the TGFB-activated kinase 1 (Tak1)
(26,27). Takl, a member of the MAPKKK family, was originally
as a key regulator of MAPK kinase activation in TGF signaling
pathways (27). Upon activation, Takl phosphorylates MKK3/6
directly, leading to the activation of a number of downstream
kinases including p38 and Jun kinases (28 —30).

Many studies have demonstrated the critical roles of TGFB/
BMP signaling in every step of palatogenesis (31-35). However,
most of these studies were focused on the ligands and receptors
as well as Smad-dependent signaling pathways. Recent studies
have implicated a role for p38 MAPK, a downstream kinase of
Takl, in TGFB-induced palatal fusion and cell proliferation in
the palatal mesenchyme (36, 37). In addition, Tak1-haploinsuf-
ficiency in CNC cells rescued the cleft palate defect in Tgfbr2
mutant mice (38). However, the role of TakI in palate develop-
ment remains elusive. In this study, we examined TakI expres-
sion and investigated its function during palatogenesis by tis-
sue-specific inactivation.

EXPERIMENTAL PROCEDURES

Animals—The generation and genotyping of Tak1"'F, Wnt1-
Cre, K14-Cre, Osr2-Cre, and R26R reporter mice have been
described previously (39—43). To generate WntI-Cre;Takl™'"
mice, Wnt1-Cre;Tak1®™'™ mice were crossed with TakI"'F mice.
K14-Cre;TakI™" and Osr-2Cre;TakI™'" mice were obtained by
crossing K14-Cre;TakI™" or Osr2-Cre;Takl™ " mice with
Tak1®'" mice, respectively. Fgf10 conditional transgenic mice
(pMes-Fgf10) were generated by pronuclear injection of a con-
struct containing the full-length mouse FgfI10 cDNA inserted at
the 3’ end of the LoxP-flanked STOP cassette and the 5’ end of
the IRES-Egfp sequence under the control of the chick B-actin
promoter. Embryos were harvested from timed-pregnant mice.
Animals and procedures used in this study were approved by
the IACUC of Tulane University.

Histology, Immunohistochemical Staining, and in Situ
Hybridization—Staged embryos were harvested in ice-cold
phosphate-buffered saline (PBS), and embryonic heads were
removed and fixed in 4% paraformaldehyde/PBS overnight at
4 °C. For histological and in situ hybridization analyses, samples
were dehydrated through a graded ethanol series and embed-
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ded in paraffin. Serial sections were made at 10 wum and sub-
jected to standard hematoxylin/eosin staining or to section in
situ hybridization using nonradioactive riboprobes, as
described previously (44). Three independent experiments of in
situ hybridization were performed for the expression of each
gene. For immunohistochemical staining, samples were
washed with 30% sucrose/PBS, then embedded in O.C.T. com-
pound (Tissue-Tek) and cryo-sectioned. Sections were washed
in PBS and blocked with 10% goat serum in PBS for 1 h prior to
being incubated at 4 °C overnight with the primary antibodies,
including anti-Takl (Santa Cruz Biotechnology), anti-FGF10
(Santa Cruz Biotechnology), anti-MyoD (Santa Cruz Biotech-
nology), and anti-phosphorylated-p38 (R&D Systems). For
negative controls, the primary antibody was omitted. For 3,30-
diaminobenzidine reaction, biotinylated anti-rabbit IgG (H+L)
(Vector Laboratories) was used as the secondary antibody. Sec-
tions were then treated with streptavidin-HRP according to the
manufacturer’s instructions. Finally, the specimens were visu-
alized using 3,30-diaminobenzidine reagent kit (Invitrogen).
Slides were counterstained in 0.5% methyl green in 0.1 M
sodium acetate for 1 min, washed in water, dehydrated in 100%
n-butyl alcohol, rinsed in xylene, and mounted with Permount
(Fisher Scientific). For fluorescent visualization, FITC-conju-
gated (Alexa Fluor 488; Invitrogen) and Texas Red-conjugated
(Alexa Fluor 595; Invitrogen) antibodies were used.

Cell Proliferation Assay—BrdU labeling was conducted to
determine the cell proliferation rate, as described previously
(38, 45). BrdU was injected into timed pregnant mice peritone-
ally for 1 h prior to embryo harvest at a dose of 1.5 ml of labeling
reagent/100 g of body weight using the BrdU Labeling and
Detection Kit II from Roche Applied Science. Samples were
fixed in Carnoy’s fixative, ethanol-dehydrated, paraffin-embed-
ded, and sectioned at 5 um. The sections were subjected to
immunodetection according to the manufacturer’s protocol.
Cell proliferation rates were measured by counting BrdU-pos-
itive cells and total cells in defined arbitrary areas. The outcome
was presented as percentage of labeled cells out of the total
number of cells in the defined arbitrary areas, and Student’s ¢
test was used to determine whether there was a significant dif-
ference between the mutants and wild type controls. Three
independent BrdU-labeling experiments with minimal three
samples of each genotype were performed.

In Vitro Roller Cultures—Roller cultures were performed
essentially as described previously (7). Briefly, embryonic day
(E) 13.5 mice were collected and decapitated individually in
sterile ice-cold PBS. The tail of each embryo was subjected to
DNA extraction for genotyping. Each embryonic head, either
with removal of the tongue or removal of the mandible, was
placed in a 20-ml glass bottle containing 2 ml of DMEM
supplemented with 20% fetal calf serum. Bottles were fixed
inavertical position on a rotary apparatus rotating at a speed
of 4 rpm in an incubator at 37 °C and 5% CO,. After 24 h in
culture, samples were washed in PBS, fixed in 4% parafor-
maldehyde, and processed for histological examination, as
described above.

Tongue Height Measurements—E13.5 and E14.5 embryonic
heads (n = 3 for each genotype) were fixed in 4% paraformal-
dehyde, embedded in paraffin, and sectioned in the coronal
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plane at 10 wm. Littermates of wild type controls and transgenic
or knock-out mice were processed in parallel and used for com-
parison. Sections were subjected to hematoxylin/eosin staining
and photographed using an Olympus digital capture system
with a digital caliper placed on the image. Sections of both wild
type and transgenic/mutant embryos at comparable levels
along the anterior to the posterior axis were selected, and the
height of the tongue was measured from the bottom of the
tongue to the most superior aspect of the mid-tongue epithe-
lium along the midline. Three continuous sections at each level
were measured. Statistical analysis of the measurements was
performed using Excel and a paired Student’s ¢ test. Statistical
significance was determined if p < 0.05.

Immunoblotting Analysis—Immunoblots were performed as
described previously (46, 47). The antibodies used for immuno-
blotting were rabbit polyclonal antibody against FGF10 (Milli-
pore) and mouse monoclonal antibody against GAPDH
(Chemicon).

Tongue Mesenchymal Cell Culture—Primary tongue mesen-
chymal cells were obtained from E13.5 wild type embryos.
Briefly, the tongues were isolated and trypsinized for 30 min at
37 °Cina CO, incubator. After pipetting thoroughly, cells were
cultured in DMEM containing 10% fetal bovine serum supple-
mented with penicillin, streptomycin, L-glutamate, sodium
pyruvate, and nonessential amino acids. Tongue mesenchymal
cells were treated with or without p38 MAPK inhibitor
SB203580 (10 M) for 24 h prior to being subjected for RNA or
protein extraction.

Tongue Organ Culture—The tongues were microdissected
from E13.5 embryos and cultured in serum-free chemically
defined medium as described previously (36, 38). Agarose beads
soaked with either BSA (1 mg/ml) or FGF10 (10 wg/ml) (R&D
Systems) or FGF10 neutralizing antibody (FGF10 Nab; 10
pg/ml) (Millipore) were implanted onto explanted tongue sam-
ples. After 20 h in culture, explants were pulsed with BrdU
labeling reagent (0.1 mg/ml) for 4 h prior to harvest, fixed in 4%
paraformaldehyde/0.1 M phosphate buffer (pH 7.4), and pro-
cessed as described previously (38,47). Total and BrdU-positive
cells around the beads were counted.

Quantitative RT-PCR—Total RNA was isolated from pri-
mary mouse tongue mesenchymal cells with the QIAshredder
and RNeasy Micro extraction kit (Qiagen), as described previ-
ously (36, 47). The following PCR primers were used: Fgf10,
5'-AAGAACGGCAAGGTCAGCGGGA-3' and 5'-CATTTGC-
CTGCCATTGTGCTGC-3'; Gapdh, 5'-AACTTTGGCATTGT-
GGAAGG-3' and 5'-ACACATTGGGGGTAGGAACA-3'.

MicroCT Analysis—MicroCT analysis was performed using
SCANCO uCT50 at the University of Southern California
Molecular Imaging Center. The microCT images were
acquired with the x-ray source at 70 kVp and 250 nA. The data
were collected at a high resolution of 20 wm. The reconstruc-
tion was done with AVIZO 6 (Visualization Sciences Group), as
described previously (38).

RESULTS

Expression of Takl in the Developing Palate and Tongue—To
study the potential function of Tak! in palate development, we
first examined Takl expression in the developing secondary
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palatal shelves using immunohistochemistry. Our results show
that Takl expression was detected in the epithelium and mes-
enchyme of the developing palatal shelf at E12.5 and E13.5 with
arelatively higher level of mesenchymal expression in the ante-
rior portion (Fig. 1, A, B, D, and E). At the same stages, Takl
expression was also detected in the surrounding mesenchymal
cells circumscribing the myogenic core of the developing
tongue (Fig. 1, G and H). In addition, Takl expression was
observed in the tongue septum region. These Takl-expressing
domains overlap with areas populated by CNC-derived cells in
the tongue primordium (Fig. 1K and Ref. 21).

Tak1 Deficiency in the CNC Lineage Leads to Complete Cleft-
ing of the Secondary Palate—Because Takl is expressed in the
CNC-derived palatal mesenchyme and the Takl downstream
kinase p38 MAPK is implicated in proliferation of palatal mes-
enchyme (36), we investigated the role of Takl in palatal devel-
opment by inactivating TakI in the CNC-derived cells using the
WntI-Cre transgenic allele and floxed Takl mice. The effi-
ciency of Takl1 gene deletion by the Wnt1-Cre allele in the pal-
atal and tongue mesenchyme was shown by immunohisto-
chemical staining on Tak1 protein in the mutants (Fig. 1, C, F,
and ). Wnt1-Cre;TakI™'F mice died perinatally, exhibiting a
cleft palate defect with 100% penetrance, micrognathia, and
hypoplastic calvarial bones (Fig. 2B and supplemental Fig. S1).
Histological examinations revealed that morphological struc-
tures of the palatal shelves along the anterior-posterior axis in
the mutants were comparable with the wild type controls up to
E13.5 (Fig. 2, C and D). However, a pronounced aberration in
palate development was observed in the mutants at E14.5, by
which time the wild type palatal shelves have elevated to above
the tongue and begun to fuse at the midline (Fig. 2, G and I). In
Wntl-Cre;TakI™'® embryos, both the anterior and posterior
portions of the palatal shelves failed to elevate and remained in
the vertical position on both sides of a heightened tongue (Fig.
2, H and J). At E16.5, the palatal shelves have fused completely
in the wild type controls, but the mutant palate shelves
remained at the vertical position (Fig. 2, K-N). These observa-
tions suggest a role for Tak! in the palatal mesenchyme during
palatogenesis.

Because defective cell proliferation was found to be associ-
ated with an altered activation of p38 MAPK in the palatal mes-
enchyme (36), we performed a BrdU labeling experiment to
determine whether the absence of TakI could cause defective
cell proliferation in the palatal mesenchyme of Wnti-Cre;
TakI™'® embryos at E13.5 before the obvious palatal defect
became discernible. We found that the mutants exhibited a
reduction of approximately 9% on the cell proliferation index in
the anterior palatal mesenchyme compared with its wild type
counterpart (Fig. 3, A, B, and G). However, the cell proliferation
rate in the posterior palatal mesenchyme of the mutants was
comparable with the wild type controls (Fig. 3, C, D, and G).
This restricted change in cell proliferation rate in the anterior
palatal mesenchyme is consistent with a higher level of Tak1
expression in the anterior palatal shelves (Fig. 1).

We next compared the expression of several genes in the wild
type and WntI-Cre;Takl™'* palatal shelves that are known to be
either downstream targets of TGF3/BMP signaling or to be
involved in cell proliferation regulation in the palatal mesen-
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FIGURE 1. Expression of Tak1 in the developing palate and tongue. A, B, D, and E, Tak1 protein is present in the palatal epithelium and mesenchyme in the
anterior and posterior domain of E12.5 and E13.5 wild type palatal shelves. G and H, Tak1 expression is also seen in the peripheral mesenchymal cells (white
arrows) and lingual septum area (red arrows) of the wild type developing tongue at E12.5 and E13.5. C, F, and /, Tak1 protein is dramatically reduced or almost
undetectable in the palatal mesenchyme and the tongue of E13.5 Wnt1-Cre;Tak1™F embryo. Note that Tak1 protein remains in the palatal epithelium of the
mutant. J, negative control for immunohistochemistry. K, LacZ staining shows population of CNC-derived cells in the peripheral mesenchymal region (black
arrows) and the lingual septum domain (red arrow) in the tongue of E13.5 Wnt1-Cre;R26R embryo.

chyme during palatogenesis. These genes included MsxI,
Bmp2, Bmp4, Osr2, and Pax9 (11, 45, 48). Because Takl is
highly expressed in the anterior palatal mesenchyme and a
defective cell proliferation was found there, we focused on the
expression of these selected genes in the anterior palate. Our
results showed that Bmp2, Bmp4, Msxl, and Osr2 were
expressed normally in the mutant palate (supplemental Fig. S2).
However, we indeed observed a down-regulation of Pax9
expression in the mutant (Fig. 3, E and F), suggesting that Takl
acts as a mediator of Pax9 expression in the developing palate
and that the down-regulation of Pax9 expression may contrib-
ute to the reduced cell proliferation rate in the WntI-Cre;
TakI™'* palatal shelves.

Takl Is Not an Intrinsic Factor Essential for Palatogenesis—
Because Takl1 protein is also present in the palatal epithelium as
well, we sought to address the question of whether Tak! is also
required in the epithelium for palate development. We used a
K14-Cre transgenic mouse line to inactivate TakI specifically in
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the embryonic epithelium, including the palatal epithelium.
Histological examination showed normal palate formation in
such mice (K14-Cre;TakI™'") (Fig. 4B), suggesting that TakI is
dispensable in the epithelium for normal palatogenesis.
Because CNC cells contribute to the formation of a variety of
craniofacial organs and Wnt-Cre;TakI™'" mice exhibited a
complete clefting of the secondary palate associated with other
craniofacial anomalies, we asked whether the cleft palate defect
in Wntl-Cre;Takl®'F mice is the direct consequence of loss of
Takl in the palatal mesenchyme or whether it is instead sec-
ondary to other craniofacial organ defects. To address this
question, we utilized the Osr2-Cre mouse line, which expresses
Cre recombinase specifically in the palatal mesenchyme start-
ing at E11.5, the time when mouse palatogenesis begins (41).
Surprisingly, Osr2-Cre;Tak1"'" mice developed a normal palate
(Fig. 4C) and could even survive to adulthood (# > 10, data not
shown). These observations indicate that TakI is not an intrin-
sic factor in the palatal mesenchyme that is required for palate
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FIGURE 2. Deletion of Tak1 in the CNC lineage leads to failed elevation of
secondary palate and a complete clefting. A and B, whole mount views of
E18.5 wild type (A) and Wnt1-Cre;Tak1"F (B) mice show a completely clefting
of the secondary palate in mutant. C-F, histological sections show compara-
ble morphology of control (C and E) and mutant (D, F) palatal shelves at both
the anterior and posterior domains at E13.5. G-N, histological sections show
failed elevation of palatal shelves at E14.5 and E16.5 in Wnt1-Cre;Tak1™/"
mice (H, J, L, and N) compared with stage-matched controls (G, /, K, and M).
T,tongue; PP, primary palate; PS, palatal shelf. Scale bars, 100 wm (C-J), 500
um (K-N).

development. The failed palate elevation in WntI-Cre;TakI™'"
mice is a secondary consequence to extrinsic defects.

Malformed Tongue Obstructs Palate Elevation in Wnt1-Cre;
Tak1*’* Mice—Steric hindrance of a malformed tongue repre-
sents a major extrinsic obstruction for palate elevation. We
therefore set out to examine the histological phenotype of the
tongue in Wnt1-Cre;TakI"'* embryos. At E13.5, both wild type
and mutant mice exhibited similar tongue morphology along
the anterior-posterior axis (supplemental Fig. S3). However, at
E14.5, although the width of the mutant tongue did not
increase, the height of the tongue was increased significantly
(p <0.01) along the anterior-posterior axis compared with wild
type littermates (Fig. 5).

To determine whether the malformed tongue is responsible
for the failed palate elevation in Wutl-Cre;TakI®’* mice, we
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FIGURE 3. Cell proliferation in the developing palate. A-D, BrdU labeling
shows cell proliferation rate in E13.5 wild type control (A and C) and Wnt1-Cre;
Tak1™F (B and D) palatal shelves. The circles demarcate the arbitrary regions for
counting total cells and BrdU-positive cells. E and F, in situ hybridization shows
down-regulation of Pax9 in the palatal mesenchyme of E13.5 Wnt1-Cre;Tak1™*
embryo (E) compared with the control (F). G, comparison of the ratio of BrdU-
labeled cells in the defined regions of the palatal shelves of E13.5 wild type and
Wnt1-Cre;Tak1™F embryos is shown. ¥, p < 0.05. T, tongue. Error bars, S.E.

atal epithelium or mesenchyme. Coronal sections through mid-level palate
of E16.5 wild type control (A and C) and K14-Cre;Tak1™" (B) and Osr2-Cre;Tak1™®
(D) mice show normal palate formation. Scale bars, 200 pm. PS, palatal shelf.

performed in vitro organ culture on a rotary apparatus. E13.5
embryos were harvested from mating between Wntl-Cre;
Tak1®'* and TakI*'" mice. Embryonic heads were collected

ALY
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FIGURE 5. Comparison of tongue height in E14.5 control and Wnt1-Cre;
Tak1%F embryos. Measurement of tongue height along the anterior-poste-
rior axis of E14.5 wild type control (4, C, and E) and Wnt1-Cre;Tak1™* (B, D, and
F) embryos shows a significantly heightened tongue (G) in Wnt1-Cre;Tak1"/*
embryo. *, p < 0.01. Scale bars, 200 um.

individually, and either the tongue or the mandible was
removed. Each head without its mandible or tongue was placed
in a bottle and subjected to roller culture for 24 h, then pro-
cessed for histological examination after genotyping. As shown
in Fig. 6, similar to the wild type controls (7 of 7; Fig. 6A), the
palatal shelves of the mutant head without the mandible (8 of 8;
Fig. 6B) were able to elevate after 24 h in culture. Furthermore,
in both control (6 of 6) and mutant (6 of 6) samples with
removal of the tongue, the palatal shelves elevated and made
contact after 24 h in culture (Fig. 6, C and D). Identical results
were also observed by other group.® These observations indi-
cate that the failure of palate elevation is indeed secondary to
physical obstruction by the malformed tongue as well as the
reduced size of the mandible in Wnt1-Cre; TakI™'F mice, resem-
bling human PRS cleft of the secondary palate (17).

Enhanced Cell Proliferation Is Associated with Overexpres-
sion of Fgf10 in the Developing Tongue of Wntl-Cre;Takl™"*
Mice—To determine whether the heightened tongue in Wnt1-
Cre;Tak1®'* embryos resulted from an increased cell prolifera-
tion rate, we performed BrdU labeling experiments on the
tongue primordia in both wild type controls and mutants at
E13.5, before the time at which the tongue phenotype becomes
obvious. We counted BrdU-positive cells and total cells in two

6 V. Kaartinen, unpublished observations.
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FIGURE 6. Tak1 is not an intrinsic regulator of palatal shelf elevation. A
and B, histological sections show palatal shelf elevation in E13.5 wild type (A)
and Wnt1-Cre;Tak1"* (B) embryonic head with removal of the mandible after
24 hin roller culture. C and D, histological sections show elevation and con-
tact of palatal shelves in wild type (C) and Wnti-Cre;Tak1™" (D) embryonic
head with removal of the tongue after 24 h in roller culture. M, Meckel’s car-
tilage; PS, palatal shelf.

arbitrarily defined regions populated by CNC-derived cells (Fig.
1K): the lingual septum area and the lower peripheral region
where the longitudinal myogenic cells also reside (Fig. 7, A and
B). The percentage of BrdU-positive cells within these two
defined areas of the control and mutant tongues was compared.
As summarized in Fig. 7H, the cell proliferation rate is indeed
increased significantly (p < 0.01) in mutants in both regions,
which appears to contribute to the malformed tongue in
mutants.

It has been demonstrated previously that FGF10 from the
CNC-derived mesenchymal cells acts to induce proliferation of
mesoderm-derived myogenic progenitors in the developing
tongue (21, 24). Our double immunohistochemical staining
confirmed distinct populations of FGF10-expressing cells and
MyoD-positive cells in the developing tongue (Fig. 7G). We
then determined whether inactivation of TakI could lead to
overexpression of FGF10 in the CNC-derived mesenchymal
cells in the developing tongue by in situ hybridization and
immunohistochemical staining. We found that in the wild type
controls, FGF10 mRNA and proteins were detected primarily
in the peripheral mesenchyme at E13.5 and E14.5 (Fig. 7, C and
E, and data not shown). In the WntI-Cre;Takl®’t mutant
tongue, we detected dramatically elevated levels of FGF10
mRNA and proteins at the same stages (Fig. 7, D and F, and data
not shown).

To confirm that the enhanced Fgf10 expression in the CNC-
derived mesenchymal cells is responsible for the elevated cell
proliferation rate in WntI-Cre;TakI™" tongue, we performed
in vitro organ culture of developing tongue with protein-soaked
agarose beads. We first tested whether exogenous applied
FGF10 protein was able to stimulate cell proliferation in the
tongue by implanting BSA and FGF10-soaked beads to the
opposite side of E13.5 wild type tongue explants (# = 5) in
Trowell organ culture (Fig. 84). After 24 h in culture, explants
were impulse with BrdU labeling reagent, and cell proliferation
rates were examined. Indeed, exogenously applied FGF10 pro-
tein induced a significant amount of BrdU positive cells around
the bead compared with BSA control (Fig. 8, A and B). We
subsequently examined whether FGF10-neutralizing antibody
would rescue aberrant cell proliferation in WutICre;Takl®'*
tongue. As shown in Fig. 8, whereas application of FGF10 anti-
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FIGURE 7. Enhanced cell proliferation in the tongue of Wnt1-Cre;Tak1/*
mice is associated with overexpression of Fgf10. A and B, BrdU labeling in
the tongue of E13.5 control (A) and Wnt1-Cre;Tak1"" embryo (B). BrdU-posi-
tive cells within the two arbitrary regions designated as LM (lingual septum)
and LS (longitudinal muscle) were counted, and the percentage of the posi-
tive cells among the total cells within the arbitrary region was used for com-
parison between the control and mutant. C-F, in situ hybridization (C and D)
and immunohistochemical staining (E and F) showing enhanced FGF10
mRNA and protein expression in the mutant tongue (D and ) at E13.5 com-
pared with the controls (C and E). Red arrows point to in the surrounding
mesenchymal tissue, and black arrows point to lingual septum domain where
FGF10 expression is enhanced. G, double immunohistochemical staining
showing expression of FGF10 (green color) and MyoD (red color) in distinct cell
populations; white arrowheads, MyoD-positive cells, and yellow arrowheads,
FGF10-expressing cells. H, comparison of BrdU-labeled cells in designated
areas of the tongue in controls and mutants. *, p < 0.01. Error bars, S.E.

body to E13.5 control tongue explants (n = 5) slightly reduced
cell proliferation rate compared with BSA beads, FGF10 anti-
body was able to reduce cell proliferation rate significantly in
E13.5 Wnt1Cre;Tak1®'* tongue explants (1 = 5) compared with
BSA controls (n = 5). Cell proliferation rate in the mutant
tongue was resumed to the control level (Fig. 8G).

To test whether overexpression of Fgf10 in the CNC lineage
could recapitulate the tongue and cleft palate phenotypes
observed in WutlCre;Takl®'F mice, we created a conditional
transgenic Fgfl0 mouse line. Upon compounding with the
WntI-Cre transgenic allele, the transgenic Fgf10 allele is acti-
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FIGURE 8. FGF10 stimulates tongue cell proliferation in organ culture. A
and B, BrdU labeling shows FGF10 significantly stimulates cell proliferation in
E13.5 wild type tongue compared with BSA control. C-G, BrdU labeling shows
inhibition of cell proliferation by FGF10-neutralizing antibody in E13.5
Wnt1Cre;Tak1™F tongue explants. *, p < 0.05. b, bead; NAb, neutralizing anti-
body. Error bars, S.E.

vated in CNC-derived cells. Whereas this transgenic allele was
not fully penetrant, we did observe complete cleft palate forma-
tion in 26% of WntI-Cre;pMes-Fgf10 mice (5 of 19). We then
further analyzed the double transgenic embryos that exhibited
abnormal palate development at E14.5 and compared them
with their wild type littermates. We found that in these trans-
genic mice, the palatal shelves failed to elevate on one or both
sides, associated with a significantly heightened (p < 0.01)
tongue (Fig. 9, B-E). BrdU labeling assay further revealed an
elevated cell proliferation rate in the WntlCre;pMes-Fgfl0
tongue (Fig. 9, F-J). Thus, overexpression of Fgf10 in CNC-
derived cells recapitulates the cleft palate and tongue pheno-
types in Wnt1-Cre;Tak1®'* mice.

Inhibition of p38 MAPK Activity Up-regulates Fgf10 Expres-
sion in the Developing Tongue—Takl acts through MKK3/6 to
activate a number of downstream kinases including p38 and Jun
kinases (28 —30). It was demonstrated previously that the ele-
vated activity of p38 MAPK, the downstream kinase of Takl,
leads to repression of Fgf9 expression in the developing palatal
mesenchyme (36). We assumed that the same mechanism
might be used in the developing tongue to regulate Fgf10
expression. To test this hypothesis, we first confirmed that the
loss of Takl leads to a significantly reduced level of p38 phos-
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FIGURE 9. Failed palate elevation associated with heightened tongue in mice overexpressing Fgf10 in the tongue. A-£, comparison of tongue height
through mid-level of tongues of E14.5 control (A and C) and Wnt1-Cre;pMes-Fgf10 (B and D) mice reveals a heightened tongue in the transgenic animal (E). F-J,
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phorylation (p-p38) but does not alter the level of phosphory-
lated Jun (p-Jun) in the developing tongue (Fig. 10, A-D). We
then prepared primary mesenchymal cells derived from the
tongue primordia of E13.5 wild type embryos and cultured
them in the presence or absence of the p38 MAPK inhibitor
SB203580. After 24 h in culture, the cells were subjected to
analysis of Fgf10 expression by real-time RT-PCR and Western
blotting. As shown in Fig. 10E, in the presence of p38 inhibitor,
the tongue primary mesenchymal cells expressed a significantly
higher level of Fgf10 mRNA than in the absence of p38 inhibitor
(p < 0.01), as measured by quantitative RT-PCR. This
enhanced FGF10 expression was further confirmed by Western
blotting assay at protein level (Fig. 10F).

DISCUSSION

The importance of TGFB/BMP signaling in palate develop-
ment has been studied extensively. For example, inactivation of
several TGFB/BMP receptors, including Bmprla, Tgfbrl, and
Tgfbr2, in the developing palate leads to a cleft palate formation
(35). Similarly in humans, mutations in either TGFBRI or
TGFBR2 have been shown to underlie Loeys-Diestz syndrome,
which presents craniofacial anomalies including cleft palate
(49-51). Although TGFB/BMP signals mainly through the
Smad-dependent pathway, TGF also signals via a Smad-inde-
pendent pathway that complements Smad action (25). Activa-
tion of the Smad-independent pathway could reinforce, atten-
uate, or modulate downstream cellular responses induced by
Smad-dependent signaling (30). Thus, the balance between
Smad-dependent and Smad-independent pathways appears to
be critical for cellular-specific response to TGFB. However, the
extent to which the noncanonical pathway contributes to
TGEp signaling in palate development remains poorly under-
stood. In this study, we investigated whether Takl-mediated
noncanonical TGFf3 signaling plays a role in palatogenesis.
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FIGURE 10. Inhibition of p38 MAPK promotes Fgf10 expression in primary
tongue mesenchymal cells. Aand B,immunostaining on the tongue of E13.5
control (A) and Wnt1-Cre;Tak1™" mutant (B) reveals a significantly reduced
level of phosphorylated p38 MAPK (p-p38) in the mutant. C and D, immuno-
staining shows comparable levels of p-Jun in the tongue of E13.5 wild type and
Wnt1-Cre;Tak1™F embryos. E, quantitative RT-PCR shows an approximately 50%
enhanced Fgf10 expression in primary tongue mesenchymal cells in the pres-
ence of p38 MAPK inhibitor compared with the control. F, Western blotting
shows increased FGF10 expression in primary tongue mesenchymal cells in the
presence of p38 MAPK inhibitor. *, p < 0.01. Error bars, S.E.
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We show that Takl is expressed in both the epithelium and
mesenchyme of the developing palatal shelves. Inactivation of
Takl in the neural crest lineage leads to failed palatal shelf ele-
vation and subsequently to a cleft palate formation. However,
the fact that inactivation of TakI in either the palatal epithe-
lium or palatal mesenchyme does not affect palate formation
argues for a dispensable role for the Tak1-mediated noncanoni-
cal TGEP signaling in palate development. We provide evi-
dence demonstrating that the failed elevation of palatal shelves
in Wnt1-Cre;Tak1"'" mice is not caused by an intrinsic defect
but is rather a secondary consequence to the steric hindrance
by the malformed tongue.

It is generally accepted that palatal shelf elevation is a rapid
process controlled by both intrinsic erectile force and extrinsic
influences from other craniofacial structures (1). Failed or
delayed palatal shelf elevation caused by either intrinsic or
extrinsic defects results in cleft palate, as is well illustrated in a
number of mutant mouse models (31, 33). The failure of palate
elevation due to physical obstruction by the tongue was
reported in several mutant strains (4, 5, 9, 13). Interestingly,
mutation in Prdm1l6, a transcriptional cofactor that regulate
TGEp signaling, causes failed palate elevation associated with
an elevated tongue and smaller mandibular bone, mimicking
human PRS clefting (5). Prdm16 is expressed in the developing
craniofacial organs, including the palatal shelves, tongue, and
mandibular arch. Loss of Prdm16 results in reduced TGFp sig-
naling in these craniofacial organs (5). Together with the simi-
lar clefting phenotype found in Wnt1-Cre;Tak1™'" mice, these
observations suggest that mutations in TGFp signaling path-
ways may be implicated in human PRS clefting and make TAK1
a candidate gene for such human congenital disease.

Whereas most of the muscles in the tongue originate from
the occipital somites, CNC-derived cells form connective tis-
sues. CNC cells may act to initiate and direct tongue develop-
ment and function to regulate proliferation, survival, and dif-
ferentiation of myogenic progenitors (24). It was shown
previously that deletion of Tgfbr2 in CNC cells results in micro-
glossia due to a reduced proliferation rate of myogenic cells
associated with down-regulation of Fgf10 in CNC-derived cells,
indicating a positive regulation of Fgf10 by TGF 3 signaling (21).
However, in Wntl-Cre;Tak1®*'* mutants, Fgfl0 expression is
up-regulated in CNC-derived tongue tissues. The repressive
effect of the Takl-mediated pathway on Fgf10 expression was
further confirmed by elevated Fgfl10 expression in primary
tongue mesenchymal cells in the presence of p38 MAPK inhib-
itor. Because the inhibition of p38 did not enhance Fgf10
expression level as dramatically as was seen in Wntl-Cre;
Tak1®'F mutant, it is likely that other signaling cascade down-
stream from Takl also contributes to the inhibition of Fgf10
expression in the developing tongue. These observations sug-
gest a dual role for TGE signaling in the regulation of Fgf10
expression in the developing tongue, with the Takl-mediated
noncanonical pathway as a negative regulator and other path-
ways, possibly the Smad-dependent pathway, as a positive reg-
ulator. This hypothesis is consistent with the notion that the
Smad-independent pathways sometimes attenuate down-
stream cellular responses to TGF signaling (30).
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Malformation of the tongue in Wntl-Cre;Takl™" mice
appears to be associated with dysregulated cell proliferation.
The increased cell proliferation rate in the mutant tongue is
very likely responsible for the formation of the heightened
tongue. The smaller mandible could also contribute to this tongue
phenotype in the mutant. Nevertheless, the abnormal tongue
development in Wnt1-Cre;TakI™'" mice apparently results from
Fgf10 overexpression, as the phenotype of failed palate elevation
associated with a malformed tongue is also found in the trans-
genic mouse model that bears Fgfl0 overexpression in CNC
cells. It should be pointed out that whereas Osr2-Cre activity is
detected in peripheral mesenchyme of developing tongue (41),
we did not observe a heightened tongue in Osr2-Cre;Takl®'*
mice (Fig. 4 and data not shown). The difference in tongue
phenotype in Wntl-Cre;TakI®™" and Osr2-Cre;TakI™'* mice
could be explained by the much broader expression domain of
Wntl-Cre in the developing tongue.

In conclusion, our results demonstrate a nonintrinsic role for
Takl-mediated TGFp signaling during palatogenesis. Inactiva-
tion of Takl1 in the CNC lineage leads to cleft palate because of
failed palate elevation. This failed elevation is due to physical
obstruction by a malformed tongue and possibly micrognathia
as well, making it similar to human PRS clefting. TAK1 is there-
fore suggested as a candidate gene for mutation in human PRS
clefting. Tak1 regulates tongue development by negatively con-
trolling Fgf10 expression in CNC-derived cells.
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