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Cleft lip with or without cleft palate (CLP) usually results from a failure of the medial nasal
prominences to fuse with the lateral and maxillary prominences. This failure inhibits facial
morphogenesis regulated by several major morphogenetic signaling pathways. We
hypothesized that CLP results from the failure of the Wnt signaling pathway. To examine
whether Wnt signaling can influences upper jaw development, we applied beads soaked
with Dickkopf-1 (Dkk-1), Alsterpaullone (AL) or Wnt3a to the right side of the maxillary
prominence of the chick embryo. The embryo showed a defect of the maxilla on the treated
side, and skeletal staining revealed hypoplasia of the premaxilla and palatine bone as a
result of Dkk-1-soaked bead implantation. 5-bromo-2'-deoxyuridine (BrdU)-positive cell
numbers in the treated maxillary prominence were significantly lower at both 24 and 48 hr
after implantation. Down-regulation of the expression of Bmp4, Thx22, Sox9, and Barx1 was
confirmed in the maxillary prominence treated with Dkk-1, which indicated that the deformity
of the maxillary bone was controlled by gene targets of the Wnt signaling pathway.
Expression of N-cadherin was seen immunohistochemically in the maxillary prominences of
embryos at 6 hr and increased at 24 hr after AL treatment. Wnt signaling enhanced by AL or
Wnt3a up-regulated the expression levels of Msx1, Bmp4, Tbx22, Sox9, and Barx1. Our
data suggest that the Wnt signaling pathway regulates maxillary morphogenesis and growth
through Bmp4, Tbx22, Sox9, and Barx1. Wnt signaling might regulate N-cadherin

expression via Msx1, resulting in cell aggregation for osteochondrogenesis.
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I. Introduction

Cleft lip with or without cleft palate (CLP) is one of
the most common birth defects in humans [3, 25]. CLP usu-
ally results from a failure of the medial nasal prominences
to fuse with the lateral and maxillary prominences, which
inhibits growth and development. Facial development is
regulated by several major morphogenetic signaling path-
ways, such as Wnt, FGF, and BMP signaling [11, 28, 34, 38].

The Wnt signaling pathway is one of the prominent
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intercellular signaling pathways and plays fundamental
roles in cellular proliferation, regeneration, and differentia-
tion. In mice, several Wnt ligands, including Wnt3 and
Wnt9b, are expressed in the ectoderm on the early facial
prominences [20]. Variation in Wnt signaling is tightly
associated with non-syndromic CLP [6]. The signaling
activity is initiated by Wnt ligands binding to a dual recep-
tor complex, LRP5/6, resulting in the stabilization and
nuclear translocation of B-catenin, which further binds with
TCF/LEF to regulate the transcription of downstream target
genes. WNT signaling activity is negatively regulated by
secreted proteins such as Dickkopf-1 (Dkk-1). Dkk-1
dampens signaling activity by disengaging LRP from the
receptor complex, thereby blocking the WNT ligand-
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receptor interaction [9]. In the absence of Wnt signaling,
free B-catenin is ubiquitinated and degraded by the protea-
some. Mice deficient for LRP6 receptor exhibited cleft lip
with cleft palate, resembling the common birth defect CLP
in humans [31]. Ablation of Wnt secretion in the ectoderm
leads to a failure of the frontonasal and maxillary promi-
nences to form [38]. The frontonasal and upper jaw promi-
nences do not form when B-catenin is conditionally ablated
in the facial ectoderm [18, 28, 37]. However, the function
of Wnt signaling in craniofacial development is poorly
understood.

Interaction between Wnt signaling and other signaling
pathways may be important for craniofacial development.
Bone morphogenetic protein (BMP) signaling is known to
be important for growth of facial prominences by control-
ling the expression of Sox9 and Runx2 in the maxillofacial
region [5, 23, 36]. While BMP signaling mainly affects
proliferation, fibroblast growth factor (FGF) signaling in
the cranial frontonasal mass is required to maintain cell
proliferation and cell survival [33]. BMP and FGF in the
frontonasal mass regulate 7hx22 expression, which can
contribute to CLP [12]. Wnt9b gene expression positively
regulates FGF gene expression in the ectoderm of the max-
illary prominence, and is required for the proliferation of
mesenchymal cells of the maxillary prominence in mice
[14].

Wnt signaling plays crucial roles in embryonic devel-
opment, but mechanisms of Wnt signaling function in the
facial prominence are not well characterized. It is likely
that decreased signaling function can explain all of the
mechanisms underlying CLP. We hypothesize that CLP
results from a failure in development and growth of the
facial prominence due to reduced Wnt signaling. In this
study, we used chick embryos and examined whether the
Wnt signaling pathway is required for maxillofacial devel-
opment. To test the hypothesis, we used Dkk-1 as an
antagonist and investigated morphological changes and
gene expression in the developing upper jaw and lip.

II. Materials and Methods

Embryos and bead implantation

Fertilized white leghorn eggs were obtained from
Takeuchi Farm (Nara, Japan) and incubated at 38°C until
the embryos reached the appropriate stage [10]. Affi-Gel
Blue beads (Bio-Rad, Hercules, CA, USA) were soaked in
0.1 mg/ml Dkk-1 (Abcam, Cambridge, UK), 0.5 mg/ml
Noggin (R&D Systems, Minneapolis, MN, USA) or 1.0
mg/ml Wnt3a (R&D Systems, Minneapolis, MN, USA)
with 2% bovine serum albumin (BSA). AG1-X2 beads
(Bio-Rad, Hercules, CA, USA) was in 10 mg/ml Alster-
paullone (AL) (Sigma-Aldrich, St Louis, MO, USA) in
DMSO for 1 hr with a drop of 0.01% Fast Green added for
bead visualization. Sham operations were performed using
beads soaked in 2% BSA. In all cases, the beads were
inserted on right side of the maxillary prominence by

making small incisions at stage 22 (before the fusion of
the frontonasal prominence and maxillary prominence)
under a microscope (Leica MZ7.5, Wetzlar, Germany).
After bead implantation, the embryos were reincubated for
additional periods ranging from 6 hr to 12 days (stage 38).
Animal procedures were approved by the Nara Medical
University Animal Care and Use Committee.

Bromodeoxyuridine labeling and immunofluoresence
staining

After incubation for 6, 24, or 48 hr, the bead-
implanted embryos were injected with 10 pl of 5-bromo-2'-
deoxyuridine (BrdU) (Sigma-Aldrich, St Louis, MO, USA)
2 hr before euthanization. They were then fixed in 4% par-
aformaldehyde and processed in paraffin. Paraffin sections
were pretreated with 2N HCI for 5 min after antigen activa-
tion in 0.1 M sodium citrate buffer at 95°C for 10 min. The
slides were incubated with rat anti-BrdU monoclonal anti-
body (1:100).

Another set of embryos were treated with Dkk-1- or
AL-soaked beads at stage 20 and collected 24 or 48 hr after
implantation. Antigen retrieval for anti-N-cadherin anti-
body was performed by incubating the beads in 0.1 M
sodium citrate buffer for 10 min at 95°C. Rabbit polyclonal
antibody to N-cadherin (1:200; Abcam, Cambridge, UK)
was applied overnight at 4°C. For immunohistochemical
staining, biotinylated anti-rat IgG (H+L) (BA-9400, Vector
Laboratories, Burlingame, CA, USA) and were applied for
1 hr at room temperature. Immunofluorescence sections
were incubated with Alexa Flour 488-conjugated goat anti-
rabbit IgG (H+L) (Invitrogen, CA). The sections were
coverslipped in VECTASHIELD Hard Set Mounting
Medium with DAPI (Vector Laboratories, Burlingame, CA,
USA). Images were acquired using a confocal fluorescence
microscope (C2/Ni-E, Nikon, Tokyo, Japan).

Real-time RT-PCR

After incubation for 6 hr, the maxillary prominence of
the bead-treated side was dissected and stored in RNA later
(Ambion, Austin, TX, USA) (N = 6-8 for each experi-
ment). Total RNA was isolated with Sepasol-RNA I Super
G (Nacalai Tesque, Kyoto, Japan) from the dissected
processes. We synthesized cDNA using a QuantiTect
Reverse Transcription Kit (Qiagen, Mainz, Germany), and
chicken cDNA was prepared as previously described [18].
The polymerase chain reaction (PCR) primers used were as
previously described [12, 18, 20, 29, 32, 38]. Semi-
quantitative RT-PCR was performed according to the man-
ufacturer’s protocol. At least six processes were included in
one sample, and three samples were examined in each
quantitative analysis for statistical significance.

Skeletal staining

To study morphological changes of bone and cartilage,
embryos were fixed at stage 38 (after 12 days’ incubation)
and kept in 100% ethanol for 4 days. The embryos were
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then infiltrated with acetone for 4 days, stained with Alcian
blue and Alizarin red for up to 10 days, and cleared with
KOH as previously described [18].

Statistical analysis

The delta-delta CT method and ANOVA using Micro-
soft Excel were carried out for statistical comparisons, and
a value of P < 0.05 was considered significant.

III. Results

External and skeletal effects of Dkk-1-soaked bead
implantation

Dkk-1 is an antagonist of the canonical Wnt signaling
pathway by reducting in B-catenin [7, 18, 22]. To determine
whether direct antagonism of Wnt signaling can affect
upper jaw development, we applied Dkk-1-soaked beads to
the maxillary prominence of stage 22 chick embryos, which
were then incubated until they reached stage 38 (Fig. 1A—
D). The embryo heads showed a defect of the maxilla on
the treated side (Fig. 1B, D). Control embryos treated with
BSA-soaked beads displayed no morphological changes or
effects of surgery on chick development. Skeletal staining
with Alcian blue and Alizarin red showed hypoplasia of the
premaxilla and palatine bone following Dkk-1-soaked bead
implantation (Fig. 1F, H). Control embryos treated dis-
played no hypoplasia of bone (Fig. 1E, G). Thus, these
results suggested that blocking Wnt signaling could inter-
fere with upper jaw development and lead to a failure to
form the premaxilla and palatine bone.

Whnt signaling contributes to maintaining cell proliferation in
the maxillary prominences

In a previous study, we observed cell death at 6 hr
after Dkk-1 treatment, although it decreased at 24 hr and no
apoptotic cells were seen at 48 hr after treatment [18]. We
compared cell proliferation in embryos treated with Dkk-1
and in that treated with BSA (control) at stage 22 (Fig. 2A).
Fewer BrdU-positive cells were seen in the treated embryos
than in the controls and cell proliferation was reduced
around the Dkk-1-treated (Fig. 2B). At 6 hr after Dkk-1
bead implantation the embryos displayed no change in pro-
liferation around the bead compared with BSA-treated
embryos. After 24 and 48 hr, however, fewer BrdU-positive
cells were seen in the treated embryos than in the controls
and the number of BrdU positive cells was significantly
decreased rather than the control (P < 0.05) (Fig. 2C).
These results therefore indicate that inhibition of Wnt sig-
naling activity decreases cell proliferation in the maxillary
mesenchyme, which may lead to a reduction of maxillary
growth.

Dkk-1 inhibits gene expression in the maxillary prominences

We have already found that blocking the Wnt signal-
ing pathway by Dkk-1 down-regulated Msx/, and Msx2
expression [18]. Moreover, as shown in Fig. 3, Bmp4,

Control Stage30

Fig. 1. Skeletal and external changes of chick face after Dkk-1-soaked
bead implantation. Beads were implanted into the right side of the
maxillary prominences at stage 22 and the embryos were fixed at stage
30 or stage 38 (A, B, C, D). Control embryos (A, C) were treated with
2% BSA-soaked beads. Dkk-1-soaked beads caused a defect of the
maxilla at stage 30 (B, white arrow) and stage 38 (D, black arrow).
Lateral (E, F) or axial (G, H) views of heads visualized with the
skeletal stains Alcian blue and Alizarin red are shown at stage 38.
Hypoplasia of the premaxilla and palatine bone occurred (black arrows
in (F) and (H), respectively). Bars =5 mm.

Sox9, Thx22, and Barxl gene expression is significantly
decreased by Dkk-1-soaked bead implantation in the maxil-
lary prominences of the embryo. On the other hand, Wnt3a,
Bmp7, Smadl, Fgf8b, Fgf17, and Thx] mRNA levels were
not significantly different from BSA-treated controls (data
not shown). To identify effects on the facial mesenchyme
of blocking Wnt signals, we treated embryos with AL to
see whether the blocking could be rescued. AL is a potent
inhibitor of the Wnt signaling pathway component glyco-
gen synthase kinase-3-B (GSK3p), which is implicated in
the degradation of B-catenin and it is activated by an
increase in intracellular B-catenin as a Wnt signal effector
[4]. These AL treatment up-regulated the depression of
Bmp4, Sox9, Thx22 and Barxl after Dkk-1 treatment,
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Fig. 2. BrdU labeling and immunohistochemical staining to evaluate cell proliferation. (A) The area in which BrdU-positive cells were counted around
an implanted bead (within a radius of 100 pm) is indicated by a yellow circular line. (B) BrdU-labeled cells (red arrowheads) were more abundant
around BSA-treated beads (n = 5) than around Dkk-1-treated beads (n = 5). Bars = 100 pm. (C) The statistical results of BrdU-positive cells in the
maxillary prominences treated with BSA and Dkk-1 after 6 hr, 24 hr, and 48 hr. Values are the mean + S.D. in separate experiments using 9 embryos.

*: P<0.05.

which did not reached any significant difference levels
from control (Fig. 3). These results confirmed that the Wnt
signal could control the expression of Bmp4, Sox9, Thx22,
and Barx1.

Effect of inhibiting BMP in the maxillary prominences of the
embryo

As blocking of Wnt signaling reduced Bmp4 expres-
sion, we assessed the expression of several genes in the
maxillary mesenchyme where BMP signaling was locally
blocked. Noggin is a potent BMP antagonist, and blocks
the osteo-inductive potential of BMPs by forming com-
plexes that inhibit the ability of BMPs to interact with their
receptors [5, 36]. Noggin-treated embryos had significantly
reduced expression of Sox9. However, Noggin treatment
did not significantly influence Bmp7 and Fgf8b expression.
On the other hand, Bmp4 and Wnt3a mRNA expression

was upregulated by Noggin-soaked bead implantation in
the maxillary prominences of the embryo (Fig. 4).

Enhanced Whnt signaling leads to N-cadherin expression and
up-regulated gene expressions in the maxillary prominence
Our study confirmed that inhibition of Wnt signaling
down-regulated the gene expression of Bmp4, Sox9, Thx22
and BarxI. Next, we examined a gain-of-function of Wnt
signaling by AL in the maxillary prominence. AL applica-
tion increased Msx/ expression after 6 hr, but not Msx2,
Thx22, Sox9 (data not shown). Immunohistochemical
analysis showed N-cadherin was expressed in the extra-
cellular space and aggregated around the implanted beads
in the maxillary prominences. The labeling of N-cadherin
increased at 24 hr after AL treatment (Fig. 5). Combined
the immunochemical results, it was implied that enhanced
Whnt signaling induced N-cadherin expression in the maxil-



Wnt Signaling Pathway in Upper Jaw Development 23

1.80 - n.s. n.s. n.s. n.s.
T 1 r 1 r 1 I 1

1.60 4 * * * *

0O BSA
W Dkk-1
W rescue

1.40 4

1.20 4

1.00 4

0.80

0.60 4

0.40

Relative RNA expression

0.20 4

0.00 4

Bmp4 Sox9 Tbhx22 Barx1

Fig.3. Real-time RT-PCR analysis in chick maxillary mesenchyme
treated with Dkk-1 and rescued with AL. The chart shows real-time RT-
PCR results for different genes from maxillary mesenchyme treated
with Dkk-1 and AL. Each bar shows BSA treated sample on the left,
DKkk-1 treated sample on the middle, and rescue situation on the right.
Bmp4, Sox9, Thx22, and Barx] gene expression significantly decreased
following Dkk-1-soaked bead implantation in the maxillary process.
Bmp4, Sox9, Thx22, and Barx] mRNA levels were rescued by
combined treatment with Dkk-1 and AL and showed no significant
difference from BSA treatment. Values are the mean + S.E. in separate
experiments using 9 embryos. *: P < 0.05, significantly different from
the corresponding value for BSA treated group.
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Fig. 4. Real-time RT-PCR analysis after application of Noggin in chick
maxillary mesenchyme. The chart shows real-time RT-PCR results for
different genes from maxillary mesenchyme treated with BSA and
Noggin. Each bar shows BSA treated sample on the left and
experimental situation on the right. Bmp4 and Wnt3a gene expression
significantly increased after Noggin-soaked bead implantation in the
maxillary prominences, whereas Sox9 gene expression decreased.
Values are the mean + S.E. in separate experiments using 9 embryos.
*: P < 0.05, significantly different from the corresponding value for
BSA treated group.

lary prominence via Msx].

Furthermore, we applied Wnt3a to the maxillary
prominence as the Wnt-protein ligand. We identified that
the expressions of Msxi, Bmp4, Tbx22, Sox9, and Barxl
were up-regulated by at least 3.4-, 4.3-, 5.9-, 3.6-, and 5.4-
fold after Wnt3a application into the maxillary prominence
(P < 0.05). Thus, these gene expression patterns might
correspond to maxillary development (Fig. 6).
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Fig. 5. Expression of N-cadherin in the maxillary prominences of
embryos at 6 hr and 24 hr after treatment. N-cadherin immunolabelings
(green, white arrowhead) were expressed in the extracellular space
around the beads. Nuclei were counterstained with DAPI (blue). The N-
cadherin labeling increased following AL-soaked bead implantation in
the maxillary prominences at 24 hr after treatment (n = 3/3). Bar = 100
pm.
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Fig. 6. Real-time RT-PCR analysis of chick maxillary mesenchyme
treated with Wnt3a-soaked beads. The chart shows real-time RT-PCR
results for different genes from maxillary mesenchyme treated with
BSA and Wnt3a. Each bar shows BSA treated sample on the left and
experimental situation on the right. MsxI, Bmp4, Tbx22, Sox9, and
Barx1 gene expression significantly increased following Wnt3a-soaked
bead implantation in the maxillary prominences. Msx2 mRNA levels
showed no significant difference from BSA treatment. Values are the
mean + S.E. in separate experiments using 9 embryos. *: P < 0.05,
significantly different from the corresponding value for BSA treated
group.

IV. Discussion

Our results provide genetic evidence that Wnt/p-
catenin signaling regulates maxillary development. We
demonstrated that inactivation of the canonical Wnt signal-
ing pathway, via disruption of B-catenin or of co-receptors
of the Wnt signaling pathway, can repress both cell prolif-
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eration at the maxillary prominence and expression of the
Bmp4, Sox9, Tbx22, and Barx1] genes.

The secreted protein Dkk-1 can negatively regulate
Wnt signaling activity [9, 24]. We found that embryos
treated with Dkk-1 showed hypoplasia of the maxilla,
including a defect of the maxillary bone, jugal bone and
palate bone, which indicated that inhibition of Wnt signal-
ing led to maxillary defects. BrdU-positive cells showed a
significant decrease at 24 and 48 hr after treatment, which
demonstrating that Dkk-1 inhibited cell proliferation activ-
ity. Those observations suggest that the hypoplasia of the
maxillary bone results from reduced cell proliferation and
differentiation in the maxillary prominences.

We revealed that Bmp4, Sox9, Thx22, and Barxl were
downstream targets of Wnt signaling. Rescue experiments
with AL confirmed those results. BMP proteins, especially
BMP4, are known to affect facial shape in avian and mam-
malian systems [16]. Bmp4 is first expressed in the epithe-
lium of the maxillary and lateral frontonasal prominences
in early embryos [1]. BMP4 induces chondrogenesis, the
pattern of which is positively regulated by Sox9 expression
[5, 29]. Sox9 belongs to the SOX family of transcription
factors, and is required for the commitment to cartilage for-
mation, and for differentiation of cartilage cells [19]. We
revealed that both Bmp4 and Sox9 expression decreased
significantly by blocking the Wnt signaling, which demon-
strated that Bmp4 and Sox9 are downstream of the epithelial
Wnt signal [5]. As Bmp4 and Sox9 can control osteogenic
and chondrogenic cell development, the maxillary defect in
the embryo may result from a failure of osteochondrogenesis
due to repression of Bmp4 and Sox9. Regarding Thx22,
CLP and ankyloglossia in humans are associated with
TBX22 mutations [17]. Ectopic expression of TBX22 in
the frontonasal mass results in cleft lip in the chick embryo
[12]. TBX proteins function in proliferation, differentiation
and the epithelial-mesenchymal transition (EMT) in maxil-
lofacial development [27, 30]. Thus, the growth defect in
chick embryos treated with Dkk-1 probably resulted from
down-regulation of TBX function. Barx/ is expressed in
the mesenchyme of maxillary and mandibular prominences
and contributes to pharyngeal osteochondrogenic condensa-
tion, which is closely linked to epithelial Bmp4 [2]. In addi-
tion, Barx! influences the distribution of ectomesenchymal
cells [32, 35]. In the maxillary prominences, mesenchymal
expression of Barx] is complementary to that of Msx/, and
Barx1 expression increased significantly when Wnt signal-
ing activity increased in response to Wnt3a. As osteochon-
drogenesis requires the aggregation of progenitor cells in
the mesenchyme, the maxillary hypoplasia in our experi-
ments may have resulted from a failure of osteochondro-
genic cell condensation due to reduced Barx! expression.

Since Wnt signaling blockage by Dkk-1 downregu-
lated Bmp4 expression, we next examined further transin-
duction effects resulting from the decreased level of Bmp.
Noggin, secreted as a homodimeric glycoprotein, is a BMP
antagonist that interferes with the BMPs receptors [5].

When we applied Noggin to the maxillary prominences,
Wnt3a gene expression increased two-fold. This indicated
that Noggin can up-regulate Wnt signaling as a feedback
loop. Bmp signaling reportedly down-regulates canonical
Wnt signaling in osteoblasts [9, 16]. Thus, it is possible that
Wnt signal is negatively controlled by Bmp signals. Indeed,
BMPs can act in concert with Wnt antagonists to promote
the differentiation of cranial mesodermal cells and thereby
promote cranial myogenesis [36]. On the other hand, we
found that Noggin increased Bmp4 expression approxi-
mately six-fold. This increase in Bmp expression may
interact with the decrease in BMP with Noggin application
to establish the feedback.

Alsterpaullone is a potent inhibitor of GSK-33 which
integrates P-catenin and stimulates Wnt signaling. When
we used AL to enhance Wnt signaling activity, its applica-
tion significantly increased Msx/ expression in the maxil-
lary mesenchyme. Msx/ is expressed at high levels in
craniofacial skeletal cells during postnatal development.
MSX1 protein is essential for cell proliferation and differ-
entiation, and acts as a modeling factor for membranous
bone and stimulates trabecular bone metabolism [26]. Our
data showed that activation of Wnt signaling by AL up-
regulated the Msx/ gene in the maxillary prominence, but
not other genes. Msx/ genes play a role in the regulation of
N-cadherin-mediated cell adhesion and cell sorting [21]. A
previous study has shown that conditional ablation of f-
catenin in the forebrain results in head truncation; this was
suggested to be caused by the interaction of B-catenin with
N-cadherin affecting cell adhesion and the maintenance of
epithelial architecture of the neuroepithelium [13, 15]. We
found that the expression of N-cadherin protein markedly
increased at 24 hr after AL application. N-cadherin is
involved in cell agglutination, and chondrogenesis begins
because chondrocytes agglutinate [8]. This suggests that
Wnt signaling activation by AL lead to N-cadherin-
mediated chondrocytic agglutination via the Msx/ gene.

Since AL did not up-regulate any genes related to cra-
niofacial development except Msx/, we treated the embryos
with Wnt3a as the ligand of the Wnt signaling pathway.
Bmp4, Bmp7, Thx22, Sox9, Barxl, as well as MsxI were
significantly up-regulated by Wnt3a application whereas
were down-regulated by Dkk-1 in the maxillary promi-
nence. These genes were related to skeletal development
and craniofacial morphogenesis. Thus, it is likely that Wnt
signaling is able to transcript and activate above gene
expression and probably specifies some patterning in the
maxillary prominences and thereby promotes facial devel-
opment.

In summary, we find that normal maxillary develop-
ment is controlled by Bmp4, Tbx22, Sox9, and Barx! as tar-
get genes of the Wnt signaling pathway. Our results also
indicate that Wnt signaling regulates N-cadherin expression
via MsxlI, resulting in cell aggregation for osteochondro-
genesis.
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