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Gli3-Deficient Mice Exhibit Cleft Palate
Associated With Abnormal Tongue
Development
Xi Huang,1† Steven L. Goudy,2† Tatiana Ketova,1 Ying Litingtung,1 and Chin Chiang1*

Palatogenesis depends on appropriate growth, elevation, and fusion of the palatal shelves and aberration in
these processes can lead to palatal clefting. We observed a high incidence of palate clefting in mice deficient
in Gli3, known for its role as a repressor in the absence of Shh signaling. In contrast with several current
mouse models of cleft palate, Meckel’s cartilage extension, cranial neural crest migration, palatal shelf
proliferation, apoptosis, and key signaling components mediated by Shh, Bmp, Fgf, and Tgf�, appeared
unaffected in Gli3�/� mice. Palatal clefting in Gli3�/� mice was consistently associated with tongue
abnormalities such as failure to flatten and improper positioning, implicating a critical role of Gli3 and
normal tongue morphogenesis for timely palatal shelf elevation and joining. Furthermore, Gli3�/� palatal
shelves grown in roller cultures without tongue can fuse suggesting that the abnormal tongue is likely an
impediment for palatal shelf joining in Gli3�/� mutants. Developmental Dynamics 237:3079–3087, 2008.
© 2008 Wiley-Liss, Inc.
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INTRODUCTION

Cleft palate is a congenital deformity
resulting from the failure of palatal
shelves to completely join. At an inci-
dence of approximately 1 in 1,500 live
births, cleft palate with or without
cleft lip is one of the most common
birth defects in humans (Stanier and
Moore, 2004). Formation of the sec-
ondary palate involves coordinated
outgrowth, elevation and fusion of the
bilateral palatal shelves. In the
mouse, these processes are initiated
at embryonic day (E) 12 through bilat-
eral outgrowths of the maxillary
prominences, the primordial palatal
shelves, along the wall of the anteri-

or–posterior axis of the oropharynx.
The palatal shelves then undergo
transient vertical downward growth
parallel to the lateral surface of the
tongue. At E14, the shelves, facili-
tated by forward extension of the
lower jaw, elevate above the tongue in
a horizontal position where they con-
tact and form the medial epithelial
seam (MES) along the midline. The
disappearance of MES at E15.5 re-
sults in the formation of a continuous
palatal shelf (Stanier and Moore,
2004; Gritli-Linde, 2007).

The molecular mechanisms of palato-
genesis have been studied extensively
and a network of essential secreted sig-

naling molecules and downstream tran-
scription factors have been identified.
For example, Shh is produced in the
palatal epithelium, and members of the
Shh pathway, including membrane re-
ceptors Patched1 (Ptch1), Smoothened
(Smo) and transcription factors Gli1-3
are all expressed in the palatal mesen-
chyme and epithelium (Rice et al.,
2006). Loss or reduced Shh signaling
activity has been linked to the patho-
genesis of cleft palate, as previous stud-
ies have shown that epithelium-derived
Shh is a necessary mitogen for mesen-
chymal tissue proliferation (Mo et al.,
1997; Zhang et al., 2002; Rice et al.,
2004). Cleft palate has also been ob-
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served in human patients harboring
SHH mutations (Nanni et al., 1999).
However, there is emerging evidence
that excessive Shh pathway activity
may also be a cause of palate clefting.
First, our recent study of ShhN/� mu-
tant mice, which exhibited Shh gain-of-
function in many developmental con-
texts such as in the limb bud,
telencephalon, and spinal cord (Li et al.,
2006; Huang et al., 2007; data not
shown), suggested that cleft palate may
arise on ectopic long-range Shh action.
Second, recent investigation of Insig1
and Insig2 mutants also postulated
that excessive Shh may lead to cleft pal-
ate (Engelking et al., 2006). Third, it
has been reported that a human patient
with mutational duplication of distal
chromosome 7q, which contains the
SHH gene locus, displayed cleft palate
(Morava et al., 2003). Last, approxi-
mately 5% of Gorlin syndrome patients
with PTCH1 mutations, in which Shh
pathway activity is elevated, develop
cleft palate (Evans et al., 1993). As Gli3
is cleaved into a potent transcriptional
repressor in the absence of Shh func-
tion, while being an activator in the
presence of Shh signaling (Wang et al.,
2000; Litingtung et al., 2002), it is of
interest to determine what role, if any,
Gli3 plays during palatogenesis. Here,
we found that Gli3 function does not
appear to be essential for autonomous
palatal growth, but is likely critical for
normal development and proper posi-
tioning of the tongue, which is required
for palatal shelf elevation and fusion.

RESULTS AND DISCUSSION

Neonatal Gli3�/� Mice in the
C57/BL6 Genetic Background
Exhibit High Incidence of
Cleft Secondary Palate

We intercrossed Gli3��� mice that
have been maintained in the C57/BL6
genetic background to generate
Gli3�/� pups. Observation of the
progenies after birth revealed that
some Gli3�/� pups suffered from se-
vere abdominal distention due to air
accumulation and absence of milk in
the stomach (data not shown), both
features paralleling complexions of
cleft palate. Indeed, we found high oc-
currence of cleft secondary palate in
neonatal Gli3�/� pups. A ventral
view of the palate region in a wild-

type pup with the mandible removed
revealed a normally fused palate (Fig.
1A) that separates the nasal and oral
cavities. However, a significant frac-
tion of Gli3�/� pups exhibited cleft
palates (Fig. 1A�), allowing direct view
of the nasal septum. Skeletal staining
of Gli3�/� mutants further revealed
the widely-separated palatine shelves
and the presphenoid bone (psp) which
is normally underneath the fused pal-
atine shelves (compare Fig. 1B with
1B�). The maxillary shelves were also
defective and not fully mineralized in
Gli3�/� pups (asterisks). Interest-
ingly, we found that the incidence of
palate clefting in Gli3�/� mutants
was dependent on the genetic back-
ground with strong predominance in
the C57/BL6 background (Fig. 1C).
We did not observe significant cleft
palate phenotype in Gli3�/� mutants
that contained mixed backgrounds of
CD1, C3H and C57BL6 (data not
shown).

To investigate the potential role of
Gli3 during palatogenesis, we first an-
alyzed the expression pattern of Gli3
by radioactive in situ hybridization.
Because previous studies have shown
that there may be intrinsic differences
in the development of anterior and
posterior palatal shelves (Zhang et al.,
2002; Alappat et al., 2005), we ana-
lyzed Gli3 gene expression patterns in
both regions. At E13.5, a stage when
the palatal shelves are vertically
present parallel to the lateral surface
of the tongue, Gli3 expression was
prominent in both mesenchymal and
epithelial tissues of the palatal
shelves (Fig. 1D,D�,E,E�). At E14.0,
Gli3 was expressed in anterior and
posterior palatal epithelial tissues fac-
ing both oral and nasal cavities, as
well as in the mesenchymal tissue
close to the fusing midline region (Fig.
1F,F�,G,G�). Furthermore, Gli3 ex-
pression was also prominent in the
epithelial and mesenchymal compart-
ments of the developing tongue (Fig.
1D–G,D�–G�).

Gli3�/� Mutant Palatal
Shelves Fail to Elevate at
Mid-gestation

To determine the onset of morpholog-
ical palatal defect in Gli3�/� mu-
tants, we compared hematoxylin & eo-
sin-stained coronal sections of wild-

type and Gli3�/� mutant palatal
regions, through both anterior and
posterior, during key stages of palato-
genesis. The palatal shelves first ap-
pear with defined shape at around
E12.5 and rapidly grow in a vertical
plane parallel to the tongue until
E13.5 and we observed comparable
palatal morphology and development
between wild-type and Gli3�/� mu-
tants (Fig. 2A,A�,C,C�, data not
shown). Between E13.5 and E14.0,
while wild-type palatal shelves were
positioned in a horizontal plane above
the flattened tongue (Fig. 2B,B�),
Gli3�/� mutant palatal shelves were
improperly maintained in a vertical
position flanking the protruding, mis-
shapen tongue (arrows in Fig. 2D,D�),
however, the size of Gli3�/� palatal
shelves were comparable to wild-type
(Fig. 2D,D�). At E15.5, the wild-type
palatal shelves showed contact with
significant disappearance of the MES
(Fig. 2E), as indicated by loss of epi-
thelial marker, E-cadherin (Fig. 2F).
In contrast, most of the Gli3�/� mu-
tant palatal shelves had elevated but
remain unfused, leaving a wide gap
between the otherwise separated na-
sal and oral cavities (Fig. 2E�,E�). In
one severe case, the Gli3�/� mutant
palatal shelves failed to elevate even
at E15.5 (Fig. 2E��). In all Gli3�/�

mutants examined, the developmen-
tally defective tongues were consis-
tently tilted, misshapen and more pro-
truding compared with the flattened
tongues of wild-type embryos. E-cad-
herin expression persisted in the un-
fused midline palatal region of
Gli3�/� mutants (Fig. 2F�). These re-
sults demonstrate a severe delay in
palatal shelf elevation in Gli3�/�

mutants accompanied by defective
tongue development. As Gli3�/� mu-
tant palatal shelf size was comparable
with wild-type, we suggest that the
elevation failure is the major cause of
palate clefting.

Gli3�/� Mutant Palatal
Shelves Do Not Show
Alterations in Proliferation
or Apoptosis

It has been shown that cell prolifera-
tion is an intrinsic driving force for
prompt palatal shelf elevation, as loss
of Osr2, which encodes a zinc-finger
transcription factor that is essential
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for promoting medial palatal shelf
proliferation (Lan et al., 2004), led to
retardation in palatal shelf elevation
and cleft secondary palate. Therefore,
we set out to examine whether defec-
tive cell proliferation underlies the
palatal shelf elevation defect in
Gli3�/� mutants. We performed
5-bromodeoxyuridine (BrdU) in vivo
labeling in wild-type and Gli3�/� mu-
tants to determine the proliferative
capacity of palatal regions. From the
initial palatal shelf outgrowth at
E12.5 to the completion of palatal el-

Fig. 1.

Fig. 2.

Fig. 1. A,A�,B,B�,C: Gli3�/� mutant develops
cleft palate in C57/BL6 genetic background.
A,A�: Ventral view of the embryonic day (E) 18.5
wild-type embryo and Gli3�/� mutant palatal
region with mandible removed. Note wide cleft
in Gli3�/� mutant, allowing direct view of the
nasal cavity. B,B�: Skeletal preparation of E18.5
wild-type embryo and Gli3�/� mutant palates.
Unlike normally closed palatine shelves (ps) in
wild-type, palatine shelves are widely-sepa-
rated in Gli3�/� mutants, allowing direct view of
underlying presphenoid bone (psp). Note that
the bony elements of maxillary shelves (m) are
also defective and not fully mineralized in the
mutant (asterisks). C: Cleft palate frequency in
Gli3�/� mutants of different generations back-
crossed to C57/BL background. D,D�,E,E�,F,
F�,G,G�: Gli3 expression pattern during palato-
genesis. D–G: Gli3 is widely expressed in many
places, including forebrain neuropithelium, na-
sal septums, tongue, mandibular mesenchyme,
perichondrium of Meckel’s cartilage and palatal
shelves. D�,E�,F�,G�: High magnification view
showing abundant Gli3 expression in palatal
mesenchyme and epithelium.
Fig. 2. A,A�,C,C�: Morphological defects of
Gli3�/� mutant palate hematoxylin–eosin (H&E)
-stained embryonic day (E) 13.5 wild-type and
Gli3�/� mutant coronal sections through palate
region. Comparable-sized palatal shelves grow
vertically parallel to the tongue. There is no
apparent histological difference. B,B�,D,D�:
H&E-stained E14.0 wild-type and Gli3�/� mu-
tant coronal sections through palate region. At
this stage, wild-type palate elevates in a hori-
zontal position above the flattened tongue,
however, palatal shelves in Gli3�/� mutant re-
main in a vertical position flanking the tongue
similar to E13.5, indicating a delay in elevation.
Note that, despite the elevation defect, palatal
shelves from either genotype are of similar size.
E,E�,E�,E��: Compared with the fused palate in
wild-type (E), Gli3�/� mutant palatal shelves el-
evate at E15.5, but fail to meet in the midline
(E�,E�), in most severe cases, Gli3�/� mutant
palatal shelves still remain flanking the tongue
(E���). F,F�: Accordingly, epithelial marker
E-cadherin disappears in the fused midline pal-
atal tissue (F), while E-cadherin expression per-
sists in the unfused midline palatal tissue in
Gli3�/� mutant (F�). ps, palatal shelves; t,
tongue; asterisks, malformed tongue in Gli3�/�

mutant.



evation at E14.5, we found no signifi-
cant proliferative difference in the ep-
ithelial or mesenchymal compartment
of wild-type and Gli3�/� mutant pal-
atal shelves (Fig. 3A,A�,B,B�,C,C�,
D,D�,I,J). We confirmed this ob-
servation by immunolabeling the
phosphorylated form of histone3, an
indicator of cells in M phase (Fig.
3E,E�,F,F�, data now shown). We also
examined tissue apoptosis in wild-
type and Gli3�/� mutant palatal re-
gions by TUNEL assay. As previously
reported, apparent apoptosis was ob-
served throughout the anterior and
posterior MES of the fusing wild-type
palate at E14.5 (Fig. 3G,H; Cuervo et
al., 2002; Cuervo and Covarrubias,
2004; Murray et al., 2007). We rarely
observed apoptotic activity in the an-
terior palatal shelves of Gli3�/� mu-
tants, indicating that the apoptotic
event is triggered by palatal shelf con-
tact in this segment (Fig. 3G�). In con-
trast, apoptosis occurred in both the
midline epithelial and adjacent mes-
enchymal cells in Gli3�/� mutant
posterior palatal shelves, as in wild-
type (Fig. 3H,H�), an observation con-
sistent with a previous report that
some periderm cells undergo apopto-
sis before palatal shelves contact each
other to facilitate adhesion (Murray et
al., 2007). In all the Gli3�/� mutants
analyzed (n � 3 for each stage, from
E12.5 to E14.5), we did not detect ex-
tensive apoptosis that could poten-
tially account for defective palatal el-
evation. Indeed, there was hardly any
cell death in both wild-type and
Gli3�/� mutants before E14.5 (data
not shown). Our findings indicate that
neither aberrant proliferation nor ap-
optosis is likely the underlying cellu-
lar mechanism of palate clefting in
Gli3�/� mutants.

Major Signaling Pathways
Regulating Palatogenesis Are
Unaffected in Gli3�/�

Mutants

Because abrogating Shh signaling is
associated with cleft palate formation,
and Gli3 protein activities are regu-
lated by Shh pathway activity, we first
asked whether Shh expression or sig-
naling was altered in Gli3�/� mu-
tants. At E13.5, Shh expression was
comparable in Gli3�/� mutant pala-
tal epithelial tissue and wild-type

(Fig. 4A,A�,B,B�). We found that al-
though Gli3 is robustly expressed in
both palatal epithelial and mesenchy-
mal tissue, loss of Gli3 appeared to
have no effect on Shh signaling, as
shown by comparable expression of
Ptch1 (Fig. 4C,C�,D,D�), a readout of
Shh signaling activity. In fact, over-
lapping expression patterns of Ptch1
and Gli3 in the palate suggested that
Gli3 protein might be maintained as
full-length activator in this context
(compare Fig. 1D,E with Fig. 4C,D). It
has been shown that Msx1 function in
the anterior palatal mesenchyme is
required to maintain Bmp4 expres-
sion which in turn maintains Shh ex-
pression in the epithelial tissue. Con-
sistent with normal Shh expression in
Gli3�/� mutants, Bmp4 and Msx1 ex-
pression appeared unaltered (Fig.
4E,E�,F,F�,G,G�,H,H�). A recent study
has shown that Shh expression is also
induced by mesenchymal Fgf10 (Rice
et al., 2004). We found that the ex-
pression patterns of Fgf10, and poten-
tial target gene of the Fgf pathway,
Sprouty2, were also comparable be-
tween wild-type and Gli3�/� mutants
(Fig. 4I,I�,J,J�,K,K�,L,L�). Since dis-
turbances in these signaling path-
ways have been shown to cause defec-
tive palatal tissue proliferation
(Zhang et al., 2002; Rice et al., 2004;
Alappat et al., 2005), the above data
are consistent with our observation
that Gli3�/� mutant palate prolifera-
tion was comparable with wild-type,
thus ruling out a proliferation defect
as an underlying cause of cleft palate
in Gli3�/� mutants. The Tgf� signal-
ing pathway has also been shown to be
pivotal for multiple aspects of palato-
genesis including CNC-derived pala-
tal tissue proliferation, MES apoptosis
and midline epithelial–mesenchymal
transition (EMT; Fitzpatrick et al.,
1990; Kaartinen et al., 1995; Ito et al.,
2003; Nawshad and Hay, 2003). We de-
termined that members of the Tgf� su-
perfamily, Tgf�1 and Tgf�3, were ex-
pressed predominantly in the medial
epithelial stream and were comparable
in wild-type and Gli3�/� mutant
palates (Fig. 4M,M�,N,N�,O,O�,P,P�).
Therefore, our findings indicate that
major signaling pathways that regulate
palatogenesis are strikingly unaffected
in Gli3�/� mutant palates.

Cranial Neural Crest
Migration Into Palatal
Shelves Is Normal in Gli3�/�

Mutants

We further asked whether the migra-
tion of cranial neural crest (CNC), the
multipotent progenitor cells that pop-
ulate palatal tissue, was affected in
the absence of Gli3 function. At E10.5,
the expression pattern of Ap2 alpha, a
CNC migration marker (Mitchell et
al., 1991), was comparable between
wild-type and Gli3�/� mutants (data
not shown). Consistently, the distribu-
tion of CNC derivatives in the palatal
shelf mesenchyme at E10.5 and
E13.5 was also comparable (Fig.
4Q,Q�,R,R�,S,S�), as indicated by the
Wnt1cre;R26R reporter strain. There-
fore, we conclude that CNC migration
into palatal shelves is normal in
Gli3�/� mutant and is not the under-
lying cause of palate clefting.

Gli3�/� Mutant Palatal
Shelves Fuse When Cultured
Without Tongue

We observed consistent correlation be-
tween the cleft palate phenotype and
tongue abnormality in Gli3�/� mu-
tants (Fig. 2). While there was no
distinguishable difference in tongue
growth between wild-type embryos
and Gli3�/� mutants at E13.5,
Gli3�/� tongues were often mis-
shapen, tilted, and failed to descend
after E13.5 (Fig. 2), during which pal-
atal shelf elevation occurs (reviewed
in Stanier and Moore, 2004). We pro-
pose that abnormal tongue morpho-
genesis in Gli3�/� mutant may im-
pede palatal elevation eventually
leading to palate clefting. Because
rapid extension of the mandible has
been suggested as a physical force
driving the forward movement and
subsequent lowering of the tongue
(Diewert, 1981), a protruding tongue
phenotype is generally seen in associ-
ation with retarded mandibular
growth. Thus, we performed cartilage
staining to compare the length of the
Meckel’s cartilage (MC), an embryonic
cartilage structure that supports and
directs mandibular growth, in wild-
type and Gli3�/� mutants. However,
we found no significant difference in
MC lengths (Fig. 5A,A�,B,B�,C,C�,D).
Thus, we propose that the cleft palate
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Fig. 3. Proliferation and apoptosis analyses during palatogenesis in Gli3�/� mutant. A,A�,B,B�,C,C�,D,D�,I,J: 5-bromodeoxyuridine (BrdU) labeling of
embryonic day (E) 13.5 and E14.5 wild-type and Gli3�/� mutant palates, which display similar proliferation index (I,J). Broken black lines indicate the
regions chosen for counting BrdU-positive cells and proliferation index was calculated as percentage of BrdU-positive cells divided by total cell
numbers. E,E�,F,F�: Phosphorylated form of histone3 labeling also shows similar proliferation pattern between wild-type and Gli3�/� mutant palates.
G,G�,H,H�: Terminal deoxynucleotidyl transferase–mediated deoxyuridinetriphosphate nick end-labeling (TUNEL) analysis reveals apparent cell death
in Gli3�/� mutant palate.



Fig. 4. Major signaling pathways regulating palatogen-
esis and cranial neural crest (CNC) migrations appear to
be unaffected in Gli3�/� mutant palate. A,A�,B,B�,C,
C�,D,D�: Shh and Ptch1 expression in embryonic day (E)
13.5 anterior and posterior palate. A,A�,B,B�: Shh ex-
pression is similarly confined to epithelium of wild-type
and Gli3�/� mutant palatal shelves. C,C�,D,D�: Corre-
spondingly, strong Ptch1 expression detected in both
epithelial and mesenchymal palatal tissue. E,E�,F,F�,G,
G�,H,H�: Bmp4 and Msx1 expression in E13.5 anterior
and posterior palate. Bmp4 expression is similarly found
in the palatal shelf epithelium and adjacent mesenchy-
mal tissue (E,E�,F,F�), Msx1 expression patterns are also
comparable between wild-type and Gli3�/� mutant pal-
ates (G,G�,H,H�). I,I�,J,J�,K,K�,L,L�: Palatal mesenchy-
mal expressions of Fgf10, as well as epithelial expres-
sion of Sprouty2 are comparable between wild-type
(I,I�,J,J�) and Gli3�/� mutant (K,K�,L,L�). M,M�,N,
N�,O,O�,P,P�: Tgf�1 and Tgf�3 expression in E14.5
wild-type and Gli3�/� mutant palates are also compa-
rable, with strong expression in the midline epithelial
tissue. Q,Q�,R,R�,S,S�: CNC migrations is unaltered in
Gli3�/� mutant palate, as evidenced by comparable
expression pattern of beta-galactosidase staining of
E10.5 and E13.5 wild-type and Gli3�/� mutant palatal
sections in Wnt1cre;R26R reporter background.
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phenotype in Gli3�/� mutant is not
associated with defective mandibular
growth, but likely due to abnormal
tongue development. In agreement,
E13.5 wild-type and Gli3�/� mutant
palatal shelves, grown in roller cul-
ture with tongue removed and with-
out added serum or growth factors
(Fig. 5E,E�), indicated that mutant
palatal shelves can fuse. After 2 days
of culture, most Gli3�/� mutant pal-
atal shelves were able to join as in
wild-type (data not shown). After 4
days, most Gli3�/� mutant palatal
shelves (12/14, 85%) underwent com-
plete fusion similar to wild-type (17/
21, 81%; Fig. 5F,F�). Hematoxylin–e-
osin stained coronal sections revealed
that there were no residual midline
epithelial cells in both wild-type and
Gli3�/� mutant cultured palates (Fig.
5G,G�,H,H�,I,I�,J,J�), indicating that
there is no intrinsic growth defect in

Gli3�/� mutant palatal shelves. This
finding supports the notion that defec-
tive tongue development may pose an
obstruction for palatal fusion in
Gli3�/� mutants.

In this study, we showed that Gli3-
deficient mice exhibited genetic back-
ground-dependent cleft palate. In
mixed backgrounds of CD1, C3H, and
C57/BL6, we rarely observed the cleft
palate phenotype. In contrast, the
penetrance of palate clefting aug-
mented as we backcrossed Gli3�/�

mutants to C57/BL6. We also showed
that, despite its abundant expression
in both palatal epithelial and mesen-
chymal tissue during palatogenesis,
Gli3 function is not essential for in-
trinsic palatal tissue development, as
CNC cells appeared to migrate nor-
mally into the maxillary prominence
of the first pharyngeal arch, and nor-
mal proliferation and apoptotic events

occurred in Gli3�/� mutant palates.
Also, Shh, Bmp, Fgf, and Tgf� path-
way activities appeared to be compa-
rable in wild-type and Gli3�/�

mutants palates. Because Gli3 ex-
pression largely overlaps with those of
Shh pathway target genes, such as
Ptch1 and Gli1 (compare Fig. 1D�,E�
to Fig. 4C,D, data not shown), it is
likely that the Gli3-expressing do-
main in this context is a region in
which high level of Shh signaling oc-
curs. Thus, Gli3 may mainly function
as an activator in palatal tissue. As
Gli1 and Gli2, mediators of Shh path-
way activity, have been shown to be
expressed in palatal shelves (Rice et
al., 2006), the potential function of
Gli3 in mediating Shh pathway activ-
ity may be dispensable in palatal shelf
morphogenesis.

It has been proposed that alter-
ations in MC correlated with the

Fig. 5. A,A�,B,B�,C,C�: Meckel’s cartilage and mandibular skeletal structures develop normally in Gli3�/� mutant. At embryonic day (E) 14.5 and
E18.5, Gli3�/� mutant displays relatively normal MC (A,A�) and mandibular (B,B� C,C�) skeletal structures. D: Absolute length of MC is not
significantly different from that of wild-type embryos. E,E�–J,J�: Dissected wild-type embryo and Gli3�/� mutant palatal shelves without tongue
and mandible are capable of fusing after 4 days of roller culture. E,E�: Examples of freshly dissected E13.5 wild-type and Gli3�/� palatal shelves.
F,F�: Examples of wild-type and Gli3�/� palatal shelves after 4 days roller culture. G–J,G�–J�: Hematoxylin– eosin (H&E) -stained coronal sections
of cultured palates shown in E and E�. Note that both wild-type and Gli3�/� mutant palatal shelves meet in the midline with complete
disappearance of medial epithelial stream.
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induction of cleft palate. The adminis-
tration of lathyrogen beta-aminopro-
prionitrile (BAPN), a known inhibitor
of crosslinking of newly synthesized
collagen, at a critical time in second-
ary palate formation, could induce
cleft palate in rats (Diewert, 1981). It
has been suggested that inhibition of
collagen crosslinking in MC weakens
the cartilage during a critical period
in facial development when extension
of the tongue and mandible beneath
the palate are required to facilitate
palatal shelf elevation (Diewert,
1981). The requirement for rapid ex-
tension of the mandible as a physical
force driving forward movement and
subsequent lowering of the tongue has
also been highlighted by the protrud-
ing tongue phenotypes seen in several
mouse mutant models with defective
mandibular growth, such as Egfr���

(Miettinen et al., 1999), Hoxa2�/�

(Gendron-Maguire et al., 1993),
branchial-specific dHand�/� (Yanagi-
sawa et al., 2003), and Snail1�� �;
Snail2��� compound mutants (Murray
et al., 2007). However, Gli3�/� mu-
tants did not display significant man-
dibular growth defects, but rather a
consistent defect in tongue develop-
ment. Our finding that the Gli3�/� pal-
atal shelves are capable of fusing in the
absence of tongue indicates that these
mutant shelves do maintain an intrin-
sic ability to fuse and supports the no-
tion that an abnormal tongue can im-
pede palate formation. Gli3 is expressed
broadly in the developing tongue, in-
cluding epithelial, mesenchymal and
skeletal muscle cells (Fig. 1), thus, the
diverse roles that Gli3 might play in the
regulation of tongue development re-
main to be investigated.

EXPERIMENTAL
PROCEDURES

Animals

Generation of Gli3�/� embryos was
carried out by intercrossing Gli3���

mice in the C57/BL6 genetic back-
ground. Wnt1cre transgenic mice
(Jiang et al., 2000) were mated with
R26R-lacZ reporter strain to study
neural crest migration pattern. We
used Gli3�/� embryos obtained from
third generation or higher of C57/BL6
backcrossing for all histological, mo-
lecular and culture studies.

Immunohistochemistry

All immunohistochemistry analyses
were performed on tissue sections
collected from OCT- or paraffin-em-
bedded embryos as previously de-
scribed (Huang et al., 2007). The pri-
mary antibodies were rat anti-E
cadherin(ZYMED, 1:100), rabbit an-
ti-phosphorylated histone3 (Upstate,
1:100), and mouse anti-Ap2 alpha
(DSHB, 1:100).

Analysis of Cell Proliferation
and Apoptosis

The BrdU in vivo labeling and termi-
nal deoxynucleotidyl transferase–me-
diated deoxyuridinetriphosphate nick
end-labeling (TUNEL) analysis were
performed as previously described
(Huang et al., 2007). The percentage
of BrdU-positive cells was determined
by counting these positive cells in pal-
atal shelf segments within the region
designated by broken black lines in
Figure 3, divided by the total number
of cells in the segment. At least five
segments in each region from stain-
ings of three different embryos were
counted to generate a statistical com-
parison. To assess differences among
groups, statistical analyses were per-
formed using a one-way analysis of
variance (ANOVA) with Microsoft Ex-
cel and significance accepted at P �
0.05. Results are presented as mean �
SEM.

X-gal Staining and
Transcript Detection

X-gal staining for �-galactosidase was
performed according to standard pro-
tocol. Section in situ hybridizations
(digoxigenin-labeled or radioactive)
were performed as described (Chiang
et al., 1996; Huang et al., 2007). The
following cDNAs were used as tem-
plates for synthesizing digoxygenin-
labeled riboprobes: Shh, Patched1,
Gli3, Bmp4 (S. Lee, Johns Hopkins
School of Medicine), Msx1 (R. Mason,
University of North Carolina), Fgf10,
Sprouty2 (G. Martin, University of
California at San Francisco), Tgf�1,
Tgf�3 (H. Moses, Vanderbilt Univer-
sity Medical Center).

Cartilage and Skeletal
Preparation

Cartilage and bones were stained with
Alcian blue and Alizarin red as de-
scribed (Huang et al., 2007).

Palatal Shelf Roller Culture

Palatal shelf roller cultures were per-
formed essentially according to pub-
lished methods (Hiranuma et al.,
2000). Briefly, E13.5 mouse embryo
mid-craniofacial regions were dis-
sected in sterile ice-cold PBS and the
brain and lower jaw tissue were care-
fully removed without damaging the
maxillary arch and palatal shelves.
Organ cultures were performed in
BGJb medium (GIBCO) with penicil-
lin–streptomycin, in a roller culture
system infused with 95% oxygen, 5%
CO2 mixture at 37° and at a speed of
25 rpm in a B.T.C. Engineering Preci-
sion incubator. It is our experience
that grouping palatal shelves together
in one 20-ml scintillation glass vial
usually yielded better and more con-
sistent culture results. Culture me-
dium was changed at a 24-hr interval
and progress in growth, orientation,
and fusion of the palatal shelves were
monitored. Explants were harvested
after 4 days of culture and palatal fu-
sion was compared between wild-type
and Gli3�/� mutants.
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