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Cleft palate represents one of the most common congenital
birth defects. Transforming growth factor � (TGF�) signaling
plays crucial functions in regulating craniofacial development,
and loss of TGF� receptor type II in cranial neural crest cells
leads to craniofacial malformations, including cleft palate in
mice (Tgfbr2fl/fl;Wnt1-Cremice). Herewe have identified candi-
date target genes of TGF� signaling during palatal formation.
These target genes were selected based on combining results
from gene expression profiles of embryonic day 14.5 palates
from Tgfbr2fl/fl;Wnt1-Cre mice and previously identified cleft
palate phenotypes in genetically engineered mouse models. We
found that fibroblast growth factor 9 (Fgf9) and transcription
factor pituitary homeobox2 (Pitx2) expressions are significantly
down-regulated in the palate of Tgfbr2fl/fl;Wnt1-Cre mice, and
Fgf9 and Pitx2 loss of functionmutations result in cleft palate in
mice. Pitx2 expression is down-regulated by siRNA knockdown
of Fgf9, suggesting that Fgf9 is upstream of Pitx2. We detected
decreased expression of both cyclins D1 andD3 in the palates of
Tgfbr2fl/fl;Wnt1-Cremice, consistent with the defect in cell pro-
liferation. Significantly, exogenous FGF9 restores expression of
cyclins D1 andD3 in a Pitx2-dependentmanner and rescues the
cell proliferation defect in the palatal mesenchyme ofTgfbr2fl/fl;
Wnt1-Cremice. Our study indicates that a TGF�-FGF9-PITX2
signaling cascade regulates cranial neural crest cell proliferation
during palate formation.

Cleft palate represents one of the most frequent congenital
birth defects in the human population (1). The causes of cleft
palate remain largely unknown, but they appear to be complex,
including genetic and environmental factors (2, 3). Cleft palate
causes many clinical symptoms and complications, such as dif-
ficulties with suckling and eating, dysfunction of tongue and

oral muscles, dental abnormalities, and speech and language
delay (4). Therefore, prevention of cleft palate is the ultimate
objective, and a prerequisite of this aim is to elucidate the
mechanisms of healthy palate development and the causes of
cleft palate.
The majority of cells in the craniofacial region are derived

from cranial neural crest cells (CNCC),2 which produce the
facial skeleton, smooth muscle, and sensory nerve. Transform-
ing growth factor � (TGF�) signaling plays crucial functions in
craniofacial development, including palate formation by medi-
ating cell proliferation, differentiation, and extracellular matrix
formation via regulation of downstream target genes (5–7).
TGF� ligands activate the membrane receptor serine/threo-
nine kinase complex composed of TGF� receptor type II
(T�RII) and TGF� receptor type I (T�RI/ALK5). The ligand-
receptor complex phosphorylates SMAD2 and SMAD3, which
form a transcriptional complex with SMAD4, and then the
transcriptional complex translocates into the nucleus to con-
trol the expression of downstream target genes (8–10). T�RII is
expressed in the CNCC-derived palatal mesenchyme (11, 12),
and targeted null mutation of Tgfbr2 in CNCC leads to cranio-
facial malformations, including small mandible, dysmorphic
calvaria, and cleft palate (13–18). In humans, mutations in
TGFBR2 cause the multisystemic Loeys-Dietz syndrome
(OMIM number 609192), which includes craniofacial malfor-
mations, such as cleft palate.
Our previous study showed that conditional gene ablation of

Tgfbr2 in CNCC (Tgfbr2fl/fl;Wnt1-Cremice) results in cleft pal-
ate with 100% phenotype penetrance, down-regulated cyclin
D1 expression, and decreasedCNCCproliferation in the palatal
mesenchyme at embryonic day 14.5 (E14.5) (13). TGF� signal-
ing interacts with other growth factors, such as bone morpho-
genetic protein, Wnt, and fibroblast growth factor (FGF) (19).
Although this interplay of pathways appears to be critical for
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developmental molecular pathways that regulate cell prolifera-
tion during palatogenesis. Here we show that TGF� regulates
cell proliferation via the FGF9-PITX2 signaling cascade during
palate formation.

EXPERIMENTAL PROCEDURES

Animals—Mating Tgfbr2fl/�;Wnt1-Cre with Tgfbr2fl/fl mice
generatedTgfbr2fl/fl;Wnt1-Cre conditional null alleles thatwere
genotyped using PCR primers as described previously (13). All
mouse embryos used in this study were maintained in a
C57BL/6J background. Animal usage was approved by the
Institutional Animal Care andUseCommittee at theUniversity
of Southern California.
Immunological Analysis—Immunoblots were performed as

described previously (17). Antibodies used for immunoblotting
were as follows: rabbit polyclonal antibodies against cyclin D1,
cyclin D3, PITX2, and FGF9 (Cell Signaling Technology) and
mouse monoclonal antibody against GAPDH (Chemicon).
Histological Examination—BrdU staining was performed as

described previously (13, 14, 17). Immunohistochemical stain-
ingwas performed as described previously (20, 21). Rabbit poly-
clonal antibodies used for immunohistochemistry were anti-
cyclin D1 and anti-cyclin D3 (Cell Signaling Technology).
RNA Preparation and Quantitative RT-PCR—As described

in a different analysis of these same samples,3 total RNA was
isolated from mouse embryonic palate dissected at the indi-
cated developmental stage or from primary mouse embryonic
palatal mesenchymal (MEPM) cells. First-strand cDNA was
synthesized from2�g of total RNAusing an oligo(dT)20 primer
and SuperScript III reverse transcriptase (Invitrogen). RNAwas
quantified and tested for quality by photometric measurement.
Quantitative PCR was performed in triplicate by SYBR Green
(Bio-Rad) in an iCycler (Bio-Rad) as previously described (17).
A melting curve was obtained for each PCR product after each
run to confirm that the SYBR Green signal corresponded to a
unique and specific amplicon. The relative abundance of each
transcript was calculated based on PCR efficiency and cycle
number at which the fluorescence crosses a threshold for the
GAPDH internal reference, and the gene was tested using
iCycler iQ optical system software (Bio-Rad). PCR primers are
available upon request.
Microarray Analysis—As described for these same samples,3

total RNA samples (1 �g/sample) were converted into biotin-
labeled cRNA using the GeneChip� IVT labeling kit and stan-
dard protocols recommended by Affymetrix (Santa Clara, CA).
Fragmented cDNA was applied to GeneChip� mouse genome
430 2.0 arrays (Affymetrix) that contain probe sets designed to
detect over 39,000 transcripts. Microarrays were hybridized,
processed, and scanned, as described previously using theman-
ufacturer’s recommended conditions (22). WebArray software
was used to generate scaled log2 transformed gene expression
values using the RMA algorithm (23, 24). Probes sets showing
�1.5-fold differential expression with a �5% false discovery
rate (FDR) were identified through LIMMA (linear models for
microarray data)-based linear model statistical analysis, and

FDR calculations were made using the SPLOSH (spacings
LOESS histogram) method. All scaled gene expression scores,
and .cel files are available at the National Center for Biotech-
nology Information GEO (Gene Expression Omnibus) reposi-
tory under series accession number GSE22989.
Comparative Analysis of Transcription Factor Binding Sites—

We used the University of California Santa Cruz genome
browser (available on the University of California Santa Cruz
Web site) to obtain the genomic sequences of the human FGF9
(RefSeq accessionNM_002010.2) andPITX2, transcript variant
1 (RefSeq accession NM_153427.2) genes, including 5 kb
upstream and 5 kb downstream of the respective transcription
start sites, based on human genome Build 19. These sequences
were then mapped to seven additional mammalian genomes
(chimpanzee (Build 2.1.3), orangutan (Build 2.0.2), rhesus
macaque (Build 1.0), mouse (Build 37), rat (Build 3.4), dog
(Build 2), and horse (Build equCab2)) through the Blat tool
(available on the University of Santa Cruz Web site). We
obtained multiple alignments for these sequences using the
ClustalW2 tool (available on the EMBL-EBI Web site) with
default parameters and settings (25). To account for uncer-
tainty in the quality of the horse and dog draft genome
sequences, we performed sequence alignments with and with-
out information from these species.We searched for transcrip-
tion factor binding motifs relevant to SMAD and p38 MAPK
pathway elements within or proximal to these genes (i.e. 5 kb
upstream and 5 kb downstream of the human transcription
start site for each gene) that are conserved across diverse mam-
mals. We focused our analysis of canonical TGF� signaling on
the 5�-GTCT-3�, 5�-AGAC-3�, and 5�-GTCTAGAC-3� SMAD
recognition sites (26, 27). For our analysis of non-canonical
TGF� signaling, we focused on the well defined recognition
sequences of ATF family members (5�-TGACGTCA-3�, as
reported in Ref. 28) as well as that of ATF2 CRE-binding het-
erodimers, which recognize the 8-base sequence 5�-TGACG-
TAG-3� (29) and related sequence variants 5�-TGACG(Y/M/
R)-3� (30, 31).
In SituHybridizations—Fgf9 andPitx2 expression patterns in

the palate were examined by in situ hybridization performed
using methods described previously (14, 17). Pitx2 and Fgf9
probes were gifts from Drs. Liu and Thesleff, respectively (32,
33). Several negative controls (e.g. sense probe and no probe)
were run in parallel with the experimental reaction. Cryosec-
tions were pretreated with proteinase K (Sigma), refixed in
fresh 4% PFA, 0.2% glutaraldehyde in phosphate-buffered
saline (PBS), and then prehybridized for 5 h at 55 °C in a hybrid-
ization buffer including 50% formamide. After hybridization,
tissues were washed in high stringency conditions and pre-
blocked in antibody blocking solution and then incubated with
preabsorbed antibody. Color development was performed in
nitro blue tetrazolium/5-bromo-4-chloro-3�-indolylphosphate
color development solution (Sigma). Following visualization,
the tissues were postfixed and cleared in 50% glycerol before
photography.
Small Interfering RNA (siRNA) Transfection—MEPM cells

(2� 106 cells) were plated in a 6-well cell culture plate until the
cells reached 60–80% confluence. siRNA duplex and reagents
were purchased from Invitrogen and Santa Cruz Biotechnol-

3 J. Iwata, J. G. Hacia, A. Suzuki, P. A. Sanchez-Lara, M. Urata, and Y. Chai,
submitted for publication.
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ogy, Inc. (Santa Cruz, CA), respectively. The siRNAmixture in
transfectionmediumwas incubatedwith cells for 6 h at 37 °C in
a CO2 incubator.
Organ Culture of Palate and FGF9 Bead Implantation—

Timed pregnant mice were sacrificed at E13.5. Genotyping was
carried out as described above. The palatal shelves were micro-
dissected and cultured in serum-free chemically defined
medium as described previously (13). To remove the epithe-
lium, palatal shelves were treated with 0.05% trypsin, EDTA for
10min prior to careful dissection. After 24 h in culturewith p38
mitogen-activated protein kinase (MAPK) inhibitor SB203580
(100 �M), palates were harvested, fixed in 4% paraformalde-
hyde, 0.1 M phosphate buffer (pH 7.4), and processed. Heparin
beads (Sigma) were used for delivery of FGF9 protein. The
beads were washed in PBS and then incubated for 1 h at room
temperature in 100 �g/ml FGF9 (R&D Systems). The FGF9-
containing beads were delivered into palatal explants. Control
beads were incubated with 0.1% bovine serum albumin (BSA).
FGF9- or BSA-containing beads were placed into palatal
explants.
Primary Cultured Cells Derived from Mouse Embryonic Pal-

atal Mesenchyme—Primary MEPM cells were obtained from
13.5-day-old embryos. Palates were dissected at E13.5 and
trypsinized for 30 min at 37 °C in a CO2 incubator. After
pipetting thoroughly, cells were cultured in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum supple-
mented with penicillin, streptomycin, L-glutamate, sodium
pyruvate, and non-essential amino acids. MEPM cells were
treated with or without p38 MAPK inhibitor SB203580 at 10
�M for 24 h.
Statistical Analysis—Two-tailed Student’s t test was applied

for statistical analysis. For all graphs, data are represented as
mean � S.D. A p value of �0.05 was considered statistically
significant.

RESULTS

Selection of TGF� Downstream Signaling Molecules Crucial
for Palatogenesis—To investigate the cause of cleft palate
resulting from TGFBR2 mutations in humans, we examined
mice with CNCC-specific conditional inactivation of Tgfbr2
(Tgfbr2fl/fl;Wnt1-Cre). As will be described in detail,4 we
obtained gene expression profiles of E14.5 palate from
Tgfbr2fl/fl;Wnt1-Cre and Tgfbr2fl/fl control mice using
Affymetrix U430 2.0 GeneChips (during palatal fusion, n � 5
per genotype). We chose this stage because it is the time at
which normal mouse palatal fusion takes place. Overall, we
found that a total of 293 transcripts were differentially
expressed (149 were up-regulated, and 144 were down-regu-
lated; �1.5-fold, �5% FDR) in Tgfbr2fl/fl;Wnt1-Cre mice rela-
tive to the controls (Fig. 1A). Although TGF� signaling inter-
acts with other growth factors, such as bone morphogenetic
protein, Wnt, and FGF family members, Fgf9 was the only
member of these growth factor families that was differentially
expressed in E14.5 Tgfbr2fl/fl;Wnt1-Cre palates relative to con-
trols (1.52-fold down-regulated, FDR � 0.011).

Next, we created a list of various genetically engineered
mousemodels known to exhibit the cleft palate phenotype dur-
ing embryogenesis, as originally compiled by Mouse Genome
Informatics (MGI) and modified by us based on the literature.
Currently, this includes 277 different genetically engineered
mice with cleft palate (Fig. 1A and supplemental Table 1). To
screen for candidate genes related to cleft palate and TGF�
signaling, we compared the list of knownmutantmousemodels
exhibiting cleft palate and the microarray analysis performed
on E14.5 Tgfbr2fl/fl;Wnt1-Cre palates. We identified two over-
lapping genes (Fgf9 and Pitx2) in these lists (Fig. 1A and supple-
mental Table 1), which were both predicted to be less highly
expressed in the palates of Tgfbr2fl/fl;Wnt1-Cremice relative to
those of controls (Fgf9, 1.52-fold reduced, FDR � 0.011; Pitx2,
1.74-fold reduced, FDR � 0.006). Fgf9-null and Pitx2-null mice
have been reported to show cleft palate (34, 35). We confirmed
the reduction of Fgf9 and Pitx2 gene expression in Tgfbr2fl/fl;
Wnt1-Cre mice by quantitative RT-PCR using palates of
Tgfbr2fl/fl;Wnt1-Cre and Tgfbr2fl/fl control mice. Gene expres-
sion of both Fgf9 and Pitx2was significantly down-regulated in
Tgfbr2fl/fl;Wnt1-Cremice relative to control mice (Fig. 1B).

Weperformed in situhybridization to investigate the expres-
sion patterns of Fgf9 and Pitx2 during palate formation. The
expression of Fgf9 was localized in the palatal epithelium in
both Tgfbr2fl/fl;Wnt1-Cre and Tgfbr2fl/fl control mice at E13.5
(Fig. 1C). At E14.5, Fgf9 gene expression was detectable in both
the palatal epithelium and mesenchyme in Tgfbr2fl/fl control
mice; however, Fgf9 gene expression was not detectable in the
palatal mesenchyme of E14.5 Tgfbr2fl/fl;Wnt1-Cre mice,
although it remained detectable in the palatal epithelium (Fig.
1, C and E, and supplemental Fig. 1). Pitx2 gene expression was
detectable in the palatal epitheliumof bothTgfbr2fl/fl;Wnt1-Cre
and Tgfbr2fl/fl control mice at E13.5 and E14.5. In Tgfbr2fl/fl
controlmice, Pitx2 expressionwas also detectable in the palatal
mesenchyme at E14.5 (Fig. 1,D and F, and supplemental Fig. 1).
In E14.5 Tgfbr2fl/fl;Wnt1-Cre mice, Pitx2 expression was not
detectable in the palatal mesenchyme (Fig. 1,D and F, and sup-
plemental Fig. 1). The expression patterns were essentially the
same for both Fgf9 and Pitx2. We also analyzed FGF9 and
PITX2 protein expression in the palates of Tgfbr2fl/fl;Wnt1-Cre
and Tgfbr2fl/fl control mice at E14.5 and found that they were
both reduced in Tgfbr2fl/fl;Wnt1-Cre palates (Fig. 1G and sup-
plemental Fig. 2).
Fgf9 Regulates Pitx2Gene Expression via SMAD-independent

TGF� Signaling during Palate Formation—Here, we investi-
gated the means by which TGF� regulated Fgf9 and Pitx2
expressions. There are at least two possibilities; one is through
the non-canonical TGF� signaling (such as p38 MAPK activa-
tion), and another is through the canonical SMAD-dependent
pathway. Our recent study showed that loss of Tgfbr2 in CNCC
resulted in an activation of an alternative TGF� signaling cas-
cade that involved the activation of p38 MAPK.3 We hypothe-
sized that blocking p38 MAPK activation will restore the gene
expression of Fgf9 and Pitx2 in the palatal mesenchyme of
Tgfbr2fl/fl;Wnt1-Cre mice. To test this, we analyzed Fgf9 and
Pitx2 gene expression after treatmentwith p38MAPK inhibitor
SB203580 using primary MEPM cells derived from the palates
of Tgfbr2fl/fl;Wnt1-Cre and Tgfbr2fl/fl control mice. We found4 J. Iwata, R. Pelikan, Y. Chai, and J. G. Hacia, manuscript in preparation.
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that Fgf9 and Pitx2 expression increased inTgfbr2fl/fl;Wnt1-Cre
MEPM cells treated with p38 MAPK inhibitor to a level com-
parable with that of Tgfbr2fl/fl control MEPM cells, consistent
with Fgf9 and Pitx2 down-regulation by p38 MAPK activation
in the absence of Tgfbr2 (Fig. 2A). Moreover, we added p38
MAPK inhibitor to an ex vivo palate organ culture system and
confirmed that gene expression of Fgf9 and Pitx2 in Tgfbr2fl/fl;
Wnt1-Cre palates increased after treatment (Fig. 2B and sup-
plemental Fig. 3).
Next, to explore the mechanism by which Fgf9 and Pitx2

interact with each other during palate development, we
reduced the gene expression of Fgf9 or Pitx2 in primaryMEPM

cells using a siRNA knockdown approach (Fig. 2, C–F). Gene
expression of Fgf9 and Pitx2was successfully suppressed by the
siRNA treatment by 73 and 54%, respectively (Fig. 2, C and E).
We found that gene expression of Pitx2 was significantly
decreased 3.5-fold after Fgf9 siRNA treatment, but Pitx2 siRNA
treatment had no effect on gene expression of Fgf9 (Fig. 2,D and
F). These data suggest that Fgf9 may regulate the gene expres-
sion of Pitx2 in the palatal mesenchyme during palatogenesis.
TGF� Signaling Regulates Expression of Cyclins D1 and D3

via SMAD-independent Pathway during Palate Formation—
Our previous work demonstrated that cyclin D1 expression is
down-regulated in the palatal mesenchyme in Tgfbr2fl/fl;Wnt1-

FIGURE 1. Fgf9 and Pitx2 are down-regulated in Tgfbr2fl/fl;Wnt1-Cre mice at E14.5. A, diagram depicts the strategy used to identify Fgf9 and Pitx2 genes in
our approach using the combination of E14.5 palate microarray analysis and known mutations in mice that result in cleft palate phenotypes. B, quantitative
RT-PCR analysis of Fgf9 and Pitx2 in Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice compared with Tgfbr2fl/fl control mice (open columns) in the palate at E14.5. *, p �
0.05. C and D, in situ hybridization of Fgf9 (C) and Pitx2 (D) in Tgfbr2fl/fl;Wnt1-Cre and Tgfbr2fl/fl mice at E13.5 and E14.5. The arrows indicate expression of Fgf9 and
Pitx2 in the palatal mesenchyme of Tgfbr2fl/fl control mice. Arrowheads, Fgf9 and Pitx2 expression in the palatal epithelium of Tgfbr2fl/fl control and Tgfbr2fl/fl;
Wnt1-Cre mice. Insets show low magnification of craniofacial regions to indicate global expression pattern of Fgf9 and Pitx2. P, palatal shelf. Bar, 50 �m. E and
F, quantitative RT-PCR analysis of Fgf9 (E) and Pitx2 (F) in the palatal mesenchyme of E13.5 and E14.5 Tgfbr2fl/fl control (open columns) and Tgfbr2fl/fl;Wnt1-Cre
(closed columns) mice. *, p � 0.05. G, immunoblotting analysis of FGF9 and PITX2 in E14.5 Tgfbr2fl/fl control and Tgfbr2fl/fl;Wnt1-Cre palates. The graph shows
quantitative densitometry analysis of the immunoblotting data. Error bars, S.D.
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Cre mice at E14.5 (13). Therefore, we investigated the gene
expression of cyclin D isoforms at E14.5 and found that both
cyclins D1 and D3 were significantly down-regulated in palates
from E14.5 Tgfbr2fl/fl;Wnt1-Cremice (Fig. 3A). Cyclins D1 and
D3 protein levels were also down-regulated in Tgfbr2fl/fl;Wnt1-
Cre palates at E14.5 (Fig. 3B). Furthermore, we detected cyclin
D3 in the palatal mesenchyme of E14.5 Tgfbr2fl/fl control mice,
but we failed to detect them in the palates of Tgfbr2fl/fl;Wnt1-
Cre mice at E14.5 (Fig. 3C). Significantly, decreased gene
expression of Ccnd1 and Ccnd3 in Tgfbr2fl/fl;Wnt1-CreMEPM
cells was restored by treatment with p38 MAPK inhibitor
SB203580, suggesting that the SMAD-independent p38MAPK
pathway regulates gene expression of Ccnd1 and Ccnd3 in
Tgfbr2fl/fl;Wnt1-Cremice (Fig. 4A).
To investigate the role of FGF9 in TGF�-mediated cell pro-

liferation during palate formation, we analyzed the gene
expression of cyclins D1 and D3 after treatment with FGF9
protein using the ex vivo palate organ culture system.
Decreased gene expression of cyclins D1 and D3 in Tgfbr2fl/fl;
Wnt1-Cre palatewas restored to control levels after FGF9 treat-
ment (Fig. 4B). Protein levels of cyclins D1 and D3 were also
restored after FGF9 treatment in Tgfbr2fl/fl;Wnt1-Cre palates
(Fig. 4C).
Next, we investigated the possible requirement forPitx2 dur-

ing FGF9 induction of Ccnd1 and Ccnd3 expression. As

described above, gene expression of Ccnd1 and Ccnd3 was
induced by FGF9 treatment in Tgfbr2fl/fl;Wnt1-Cre MEPM
cells; however,Ccnd1 andCcnd3 expressionwas not induced by
FGF9 treatment following siRNA knockdown of Pitx2 (Fig. 4,D
and E). These data again indicate that Pitx2 is a downstream
target for FGF9 and show that Pitx2 is required for FGF9-me-
diated induction of Ccnd1 and Ccnd3 expression. Taken
together, our results demonstrate that expression of cyclins D1
andD3 is regulated by aTGF�-FGF9-PITX2 signaling pathway.
FGF9Rescues the Cell ProliferationDefect in Tgfbr2fl/fl;Wnt1-

Cre Mice via Pitx2—We investigated whether the cell prolifer-
ation defect in Tgfbr2fl/fl;Wnt1-Cre mice was rescued by the
addition of FGF9. First, we treatedMEPM cells with exogenous
FGF9 and found that gene expression of Pitx2 in Tgfbr2fl/fl;
Wnt1-Cre MEPM cells was increased to that of control
Tgfbr2fl/fl MEPM cells (Fig. 5A). We also implanted FGF9 or
BSA beads in palates from Tgfbr2fl/fl;Wnt1-Cre mice. FGF9-
beads induced gene expression of Pitx2 in Tgfbr2fl/fl;Wnt1-Cre
palates (Fig. 5, B–D). Thus, FGF9 can induce expression of
Pitx2 both in vitro and ex vivo in Tgfbr2fl/fl;Wnt1-Cre mice.
Furthermore, FGF9 treatment resulted in restored cell prolifer-
ation in the palate ofTgfbr2fl/fl;Wnt1-Cremice (Fig. 6,A and B).
These data demonstrate that FGF9 can induce Pitx2 expression
and cell proliferation in the absence of T�RII. Thus, our results
suggest that the FGF9-PITX2 pathway mediates TGF� signal-

FIGURE 2. Fgf9 regulates the gene expression of Pitx2. A, quantitative RT-PCR analysis of Fgf9 and Pitx2 after treatment (�) or no treatment (�) with p38
MAPK inhibitor of primary MEPM cells from Tgfbr2fl/fl control (open columns) and Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice. *, p � 0.05. B, quantitative RT-PCR
analysis of Fgf9 and Pitx2 after treatment (�) or no treatment (�) with p38 MAPK inhibitor in organ culture of E14.5 palatal mesenchyme from Tgfbr2fl/fl control
(open columns) and Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice. *, p � 0.05. C and D, gene expressions of Fgf9 (C) and Pitx2 (D) after siRNA knockdown of Fgf9 in
primary MEPM cells from Tgfbr2fl/fl mice. *, p � 0.05. Antisense siRNA treatment was used as control (Ctrl). *, p � 0.05. E and F, gene expression of Fgf9 (E) and
Pitx2 (F) after siRNA knockdown for Pitx2 in primary MEPM cells from Tgfbr2fl/fl mice. *, p � 0.05. Antisense siRNA treatment was used as control (Ctrl). Error bars,
S.D.
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ing to contribute to mesenchymal cell proliferation during pal-
atal formation (supplemental Fig. 4).
Phylogenetically Conserved SMAD and ATF2 Recognition

Sequences Exist Proximal to or within the Human FGF9 and
PITX2Genes—We analyzed sequences of the human FGF9 and
PITX2 genes (5-kb upstream and 5-kb downstream of their
transcription start sites, respectively) and found that the FGF9
genomic region has 69 potential SMAD recognition sites (15 of
which were conserved in at least six mammals) and one poten-
tial ATF2 recognition site that was conserved in all eight mam-
malian genomes investigated (supplemental Tables 2 and 3).
We focused on the ATF2 transcription factor because it is
known to be regulated by the p38 MAPK pathway (36). The
interrogated human PITX2 genomic region had 65 potential
SMAD recognition sites (seven of which were conserved in at
least six mammals) and no ATF2 recognition sites (supple-
mental Tables 4 and 5). However, we found one ATF2 rec-
ognition site that was 5,032 bp downstream of the human
PITX2 transcription start site that was conserved in all eight
mammalian genomes investigated. Although this focused
analysis does not preclude the existence of other potential
transcription factor binding sites relevant to non-canonical
TGF� signaling, it is conceivable that canonical SMAD-me-
diated TGF� signaling may promote Fgf9 expression,

whereas non-canonical p38 MAPK-mediated signaling
inhibits Fgf9 expression.

DISCUSSION

TGF� Signaling Is Crucial in Regulating Craniofacial
Development—Heterozygous mutations in TGFBR1 or
TGFBR2 are associated with Loeys-Dietz syndrome, which can
manifest with craniofacial malformations, such as cleft palate,
craniosynostosis, and hypertelorism; skeletal defects, such as
scoliosis, arachnodactaly, and joint laxity; and vascular prob-
lems, including arterial tortuosity with the potential for aneu-
rysms anddissections (37–39). In addition, heterozygousmuta-
tions in FBN-1, which encodes an elastic extracellular matrix
protein called fibrillin-1, lead to excessive TGF� signaling and
cause Marfan syndrome, which exhibits clinical phenotypes
similar to Loeys-Dietz syndrome (40–42). Furthermore,
DiGeorge syndrome, which results from a variably sized dele-
tion on chromosome 22 (del22q11), including about 30 genes,
such as the transcription factor Tbx1 and the signal adaptor
protein CrkL, exhibits altered TGF� signaling in 	80% of
patients who have cleft palate and other craniofacial malforma-
tions (43–45). Thus, TGF� signaling is crucial in regulating
palate formation during embryonic development, and altered
TGF� signaling can lead to multiple human syndromes.

FIGURE 3. Expression of cyclins D1 and D3 is decreased in Tgfbr2fl/fl;Wnt1-Cre mice during palatal development. A, quantitative RT-PCR analysis of cyclins
D1 and D3 (Ccnd1 and Ccnd3) in the palate of Tgfbr2fl/fl control (open columns) and Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice. *, p � 0.05. B, Western blot of
cyclins D1 and D3 (Ccnd1 and Ccnd3) in the palate of Tgfbr2fl/fl control and Tgfbr2fl/fl;Wnt1-Cre mice at E14.5. The graph shows quantitative densitometry analysis
of the immunoblotting data. C, immunohistochemical analysis of cyclin D3 in the palate of Tgfbr2fl/fl control and Tgfbr2fl/fl;Wnt1-Cre mice at E13.5 and E14.5. The
arrows indicate expression of cyclin D3 in the palatal mesenchyme of Tgfbr2fl/fl mice at E14.5. Dotted lines, palate. Insets, low magnification of craniofacial
regions to indicate global expression pattern of cyclin D3. Error bars, S.D.
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The utility of animal models with cleft palate is impressive,
because multiple studies have begun to elucidate the cellular
and molecular mechanisms of palate formation. In some cases,
the human gene deficiency was identified first and replicated in
an animal model, but in other cases, animal models provided

leads to understanding the molecular mechanism of clinical
syndromes. Now, over 200 genetically mutated mice exhibit
cleft palate, and 	400 known human syndromes exhibit cleft
palate as one of their clinical symptoms. Human gene linkage
studies have shown that point mutations in TGFBR1 or

FIGURE 4. TGF�-mediated FGF9-PITX2 signaling regulates gene expression of Ccnd1 and Ccnd3 in palatal mesenchymal cells. A, quantitative RT-PCR
analysis of cyclins D1 (Ccnd1) and D3 (Ccnd3) in MEPM cells of Tgfbr2fl/fl control (open columns) and Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice with (�) or without
(�) p38 MAPK inhibitor. *, p � 0.05. B, quantitative RT-PCR analysis of cyclins D1 and D3 in primary MEPM cells of Tgfbr2fl/fl control (open columns) and
Tgfbr2fl/fl;Wnt1-Cre (closed columns) mice after treatment (�) or no treatment (�) with FGF9 protein. *, p � 0.05. C, Western blots of cyclins D1 and D3 after
treatment (�) or no treatment (�) with FGF9 protein. The graphs (below) show quantitative densitometry analysis of the immunoblotting data. *, p � 0.05.
D and E, quantitative RT-PCR analysis of cyclins D1 (D; Ccnd1) and D3 (E; Ccnd3) in MEPM cells of Tgfbr2fl/fl control (open columns) and Tgfbr2fl/fl;Wnt1-Cre (closed
columns) mice after mock treatment (Ctrl), treatment with FGF9 protein (�), or treatment with a combination of FGF9 protein and siRNA for Pitx2 for 24 h. *, p �
0.05. Error bars, S.D.

TGF�-FGF9-PITX2 Signaling Regulates Cell Proliferation

JANUARY 20, 2012 • VOLUME 287 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2359



TGFBR2 cause craniofacial deformities, such as cleft palate
(37–39). Our strategy of identifying TGF� downstream signal-
ing molecules that are also crucial for palatogenesis will
advance our understanding of the signaling network involved in
regulating palate development in mice and humans.

TGF� Signaling Regulates Fgf9 and Pitx2 Gene Expression—
The FGF family includes 18 receptor-binding ligands and four
FGF receptors (46). Among the FGF ligands, FGF9 can induce
osteoblast proliferation and new bone formation (47, 48). Fgf9-
null mice die at birth due to lung hypoplasia, and 	40% of
Fgf9�/� embryos exhibit cleft palate (34). Interestingly, FGF9
can induce Pitx2 expression in the mesenchyme derived from
small intestine and lung (49, 50). The loss of TGF�2 disrupts
the expression of the causative genes for developmental glau-
coma, Foxc1 and Pitx2 (51). Patients with TGFBR2 or TGFBR1
mutations showcraniofacial defects and signs of elevatedTGF�
signaling (38, 52, 53). Similarly, mutations in TGF� receptor
gene family members cause craniofacial deformities in mice
(13, 54). However, it was unknown whether TGF� ligands may
still signal inTgfbr2mutantmice.Our recent study showed that
loss of Tgfbr2 in CNCC results in elevated TGF�2 and T�RIII
expression, activation of a T�RI/T�RIII-mediated, SMAD-in-
dependent signaling pathway, and a cell proliferation defect in
the palatal mesenchyme.3 Strikingly, Tgfb2, Tgfbr1/Alk5, or
Tak1 haploinsufficiency disrupts T�RI/T�RIII-mediated sig-
naling and rescues craniofacial deformities in Tgfbr2 mutant
mice, indicating that the activation of this non-canonical TGF�
signaling pathway is responsible for craniofacial malformations
in Tgfbr2 mutant mice.3 In this study, we treated MEPM cells
and palatal mesenchyme with a p38 MAPK inhibitor, and we
found that gene expression of Fgf9 was restored after the treat-
ment with p38 MAPK inhibitor. These results indicate that
non-canonical TGF�-mediated p38 MAPK signaling regulates
gene expression of Fgf9 during palate formation. Furthermore,
the presence of highly conserved candidate SMAD and ATF2
recognition sites proximal to or within the human FGF9 and
PITX2 genes (supplemental Tables 2–5) provides preliminary
evidence suggesting that a TGF�2-FGF9-PITX2 signaling cas-
cade could be a well conserved mechanism in regulating mam-
malian organogenesis.
Multiple studies have demonstrated that PITX2 has diverse

roles in cell proliferation, differentiation, hematopoiesis, and
organogenesis (32, 55–60).During early embryogenesis, PITX2
is a key regulator in the establishment of embryonic left-right
asymmetry (61). At a later embryonic stage, PITX2 regulates

FIGURE 5. Exogenous FGF9 rescues Pitx2 expression in Tgfbr2fl/fl;Wnt1-
Cre mice during palatal development. A. Quantitative RT-PCR analysis of
Pitx2 in primary MEPM cells of Tgfbr2fl/fl control (open columns) and Tgfbr2fl/fl;
Wnt1-Cre (closed columns) mice after treatment (�) or no treatment (�) with
FGF9 protein. *, p � 0.05. B, whole mount in situ hybridization after implanta-
tion of FGF9 or BSA control beads in the palate of Tgfbr2fl/fl;Wnt1-Cre mice. The
arrows indicate the increased expression of Pitx2 around FGF9 beads. C, sec-
tion in situ hybridization for Pitx2 after implantation of FGF9 or BSA control
beads in the palate of the Tgfbr2fl/fl;Wnt1-Cre mice. The arrows indicate the
increased expression of Pitx2 around FGF9 beads. Dotted lines, perimeter of
the beads. D, quantitative RT-PCR analysis of Pitx2 in the mesenchyme of
Tgfbr2fl/fl;Wnt1-Cre (closed columns) and Tgfbr2fl/fl control (open column) mice
after FGF9 or BSA treatment. *, p � 0.05. Error bars, S.D.

FIGURE 6. Exogenous FGF9 rescues the cell proliferation defect of Tgfbr2fl/fl;Wnt1-Cre mice during palatal development. A, BrdU staining after treatment
with FGF9 or BSA beads in the palate of Tgfbr2fl/fl control and Tgfbr2fl/fl;Wnt1-Cre mice. The arrows indicate BrdU-positive cells. Dotted lines, perimeter of the
beads. B, quantitative analysis of BrdU-positive cells in A. BrdU-positive cells were significantly increased in the palate of Tgfbr2fl/fl;Wnt1-Cre mice after the
treatment with FGF9-containing beads. *, p � 0.05. Error bars, S.D.
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cell type-specific cell proliferation in response to growth factors
during the development of the cardiac outflow tract (58).
PITX2 is required for the differentiation of neural crest cells
(51). Previous studies have also shown that PITX2 cooperates
with �-catenin and LEF/TCF to regulate cell proliferation by
directly activating transcription of cyclinDs and c-Myc (51, 62).
Our data indicate that PITX2 is downstream of TGF� and FGF
signaling and may also regulate cell proliferation by directly
activating cyclin D1 and D3 gene expression. Pitx2-deficient
mice die at an embryonic stage and show severe defects in heart,
eye, pituitary gland, palate, and tooth development (35, 58). In
addition, PITX2 mutations have been identified in several
human disorders, such as Axenfeld-Rieger syndrome, irido-
niodysgenesis syndrome, and sporadic Peter syndrome (63–
65). Some patients with these syndromes exhibit cleft palate
among their defects.
We have previously reported that TGF� signaling regulates

FGF signaling in frontal bone development, and FGF2-contain-
ing beads rescue a defect in cell proliferation in frontal bone
primordium in Tgfbr2fl/fl;Wnt1-Cre mice (14). In the current
study, we rescued a defect in cell proliferation in Tgfbr2fl/fl;
Wnt1-Cre palates by the addition of FGF9 ex vivo during palate
development. Thus, TGF�-mediated FGF signaling may be an
important mechanism to regulate cell proliferation during
embryogenesis.
Mice with neural crest cell-specific deletion of Tgfbr2

(Tgfbr2fl/fl;Wnt1-Cre) are useful for the investigation of cranio-
facial anomalies, such as cleft palate, because Tgfbr2fl/fl;Wnt1-
Cremice exhibit craniofacial deformities, including cleft palate,
at 100% penetrance (13, 17, 18, 66, 67). In addition, the defects
in Tgfbr2fl/fl;Wnt1-Cre embryos mimic defects in patients with
Loeys-Dietz and DiGeorge syndromes (13, 45). Therefore,
identification of downstream targets of TGF� signaling, such as
Fgf9 and Pitx2, may be informative for future prevention, early
diagnosis, and treatment of congenital birth defects.
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