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Background:Multiple Wnts are expressed and play an important role in tooth development.
Results: Inactivation of Gpr177 in dental epithelium leads to inhibition of Wnt signaling activity and arrest of early tooth
development.
Conclusion: Intra-epithelial action of Wnt signaling is essential for early tooth development.
Significance: Dental epithelium is the primary target of epithelial-derived Wnts during tooth development.

Multiple Wnt ligands are expressed in the developing tooth
andplay important and redundant functions during odontogen-
esis. However, the source of Wnt ligands and their targeting
cells and action mechanism in tooth organogenesis remain
largely elusive. Here we show that epithelial inactivation of
Gpr177, the mouseWntless (Wls) whose product regulatesWnt
sorting and secretion, leads to arrest of toothdevelopment at the
early cap stage and abrogates tooth-forming capability of the
dental epithelium. Gpr177 in the epithelium is necessary for the
activation of canonical Wnt signaling in the dental epithelium
and formationof a functional enamel knot. Epithelial deletionof
Gpr177 results in defective gene expression and cellular behav-
ior in the dental epithelium but does not alter odontogenic pro-
gram in the mesenchyme. Furthermore, deletion of Axin2, a
negative intracellular regulator of canonicalWnt signaling, res-
cues the tooth defects in mice carrying Gpr177mutation in the
dental epithelium. Together with the fact that active Wnt
canonical signaling is present predominantly in the dental epi-
thelium during tooth development, our results demonstrate
that Gpr177-mediatedWnt ligands in the dental epithelium act
primarily in an intra-epithelial context to regulate enamel knot
formation and subsequent tooth development.

The epithelial-mesenchymal interaction is essential for
development ofmany organs, including the tooth (1). Inmouse,
tooth development is initiated by localized oral epithelial thick-
ening, forming the dental placode at embryonic day 11.5
(E11.5). At E12.5 and E13.5, the placode invaginates into the
underlying cranial neural crest-derived mesenchyme to form a

tooth bud. Active cell proliferation further drives foldingmove-
ment of the dental epithelium, leading to the formation of cap-
like structure at E14.5. Meanwhile, the primary enamel knot
that acts as a signaling center to regulate tooth morphogenesis
andpatterning forms at the tip of the dental epithelium (2). This
transient structure lacks cell proliferation, disappears through
apoptosis, and is subsequently replaced by the secondary
enamel knots at the bell stagewhen odontogenic differentiation
begins.
It has been well established that the odontogenic processes

are regulated by a number of signaling molecules, including
Shh, FGFs, BMPs,2 and Wnts, which act to mediate epithelial-
mesenchymal interactions (1, 3). The secreted glycoproteins of
Wnt family contain at least 19 members in mammals (4, 5). In
signal-producing cells, synthesized Wnt proteins undergo
posttranslational modification and maturation and intracellu-
lar trafficking and are finally secreted to the extracellular
microenvironment. Through binding to the Fzd and/or Lpr5/6
receptors, Wnt signals elicit diverse intracellular responses in
signal-receiving cells. For the canonical Wnt pathway,
�-catenin is the master signaling transducer. In the absence of
Wnt,�-catenin,maintained at low levels, is targeted for protea-
some degradation through a destruction complex mediated by
Axin1 and Axin2 (6, 7). In the presence of Wnt, the Axin-de-
pendent complex is sequestered, allowing �-catenin to enter
the nucleus and interact with Lef/Tcf transcription factors to
activate downstream target genes (8). One of these targets is
Axin2, which attenuates �-catenin signaling in a negative feed-
back mechanism (9–13).
During toothmorphogenesis, the canonicalWnt ligands and

signaling regulators contribute to the core of the multi-signal-
ing hub to mediate the epithelial-mesenchymal interaction
(14–20). Multiple Wnt ligands, including Wnt-3, -4, -5a, -6,
-7b, -10a, and -10b, are expressed in the developing tooth germ
(21, 22). Disruption of Wnt signaling either by �-catenin dele-
tion (16) or ectopic expression of Dkk-1 in the oral epithelium
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resulted in the arrest of tooth development at the early bud
stage (16, 23). Conversely, constitutive stimulation of�-catenin
signaling in the oral epithelium led to ectopic tooth formation
(15, 16). Wnt/�-catenin signaling was shown to be critical for
morphological transition from the bud to the cap stage through
activation of Fgf4 (14). A recent report further demonstrated a
feedback regulatory circuit of Bmp4 and Wnt that is essential
for signaling cross-talk between the dental epithelium and
underlying mesenchyme (19). Wnt, acting in parallel to and
together with Bmp4, is a master orchestrator for signaling
interplay across the two different tissue layers.Wnt is likely one
of the earliest signaling regulators, acting upstream of other
odontogenic pathways to orchestrate their interactions (16–
18). The expression patterns of Wnt ligands, predominantly in
the epithelial components, also suggest that the epitheliummay
be the source of Wnts during tooth morphogenesis (21, 22).
However, due to overlapped expression of many Wnts in the
developing tooth, specific gene inactivation may not be practi-
cal and likely encounters issues related to functional redun-
dancy. In addition, the tissue component that is responsible for
secretion ofWnts required for activation ofWnt/�-catenin sig-
naling in the dental epithelium remains elusive.
Disruption ofWnt secretion in signal-producing cells prom-

ises new insights into the mechanism underlying tooth devel-
opment. We have recently identified Gpr177 as the mouse
orthologue ofDrosophilaWls/Evi/Srt essential for proper sort-
ing and secretion of Wnt (24–28). In flies, Wls/Evi/Srt regu-
lates the secretion of all Wnts, except WntD, due to its exclu-
sion from lipid modifications (29, 30). In mice, genetic studies
have suggested that the Gpr177-mediated regulation of canon-
ical and noncanonical Wnts is required for different cell types
and tissues (26, 27, 31). Abrogation ofWnt secretion caused by
Gpr177 deficiency may provide an excellent strategy to deter-
mine the source of Wnt and its targeting cells during organo-
genesis. To further decipher Wnt signaling regulation in tooth
development, we created a mouse model with epithelial-spe-
cific disruption of Gpr177 because canonical Wnt ligands are
expressed predominantly in the dental epithelium. We report
here that the epithelial ablation of Gpr177 impairs tooth mor-
phogenesis at the early cap stage due to a lack of intraepithelial
Wnt-mediated �-catenin signaling. The fact that inactivation
of Axin2 alleviates the tooth phenotypes in Gpr177 mutants
further supports a requirement of the canonical Wnt signaling
in the dental epithelium for normal tooth development. This
study reveals a requirement of intraepithelial supply of Wnts
during tooth morphogenesis.

EXPERIMENTAL PROCEDURES

Animals—All animals used by this study were hosted in a
standard specific pathogen-free mouse facility, and use of the
animals was approved by the Committee of Laboratory Ani-
mals, Hangzhou Normal University. Gpr177 conditional mice
were generated by flanking exon 3 of theGpr177 gene with the
LoxP sequences as described before (27). Mouse lines for
TgKRT14-Cre (32), Osr2�/� (33), Axin2LacZ (11), TopGal (34),
and R26R-LacZ (35) used in this study were purchased from
The Jackson Laboratory in Bar Harbor, Maine. Genotyping of
these mouse lines was performed accordingly. All mice were

bred on a mixed 129/C57b6 background. The morning when
the virginal plugwas detectedwas designed as embryonic day 0,
and embryos were harvested from timed pregnant females.
Histology, in Situ Hybridization, Immunohistochemistry, and

X-Gal Staining—Samples were fixed in 4% paraformaldehyde,
PBS at 4 °C overnight, dehydrated through gradient ethanol
series, paraffin-embedded, and sectioned at 10 �m. Sections
were subjected to hematoxylin/eosin staining for histological
analysis or to nonradioactive in situ hybridization as described
previously (36). Standard immunohistochemical staining was
performed using antibody against Gpr177 as described previ-
ously (26) and antibody against active�-catenin (anti-abc, from
Millipore). For X-gal staining, samples were fixed 4% paraform-
aldehyde and cryosectioned at 12 �m. Sections were subjected
to standard X-gal staining and counterstained with 0.1% eosin.
In Vitro Organ Culture, Tissue Recombination, and Kidney

Capsule Culture—Organ culture and tissue recombination
were performed as described previously (36, 37). Briefly, for
tooth tissue recombination, molar tooth germs (or incisor
tooth germ unless specified) were dissected from E13.5 wild
type and mutant embryos and incubated with 0.1% collagenase
for 20 min at 37 °C, and the dental epithelia were separated
from the dental mesenchyme.Wild type dental epithelium was
recombined with the mutant dental mesenchyme and vice
versa. As positive controls, wild type dental epithelium was
recombined with wild type dental mesenchyme. Recombinants
were culture onNucleopore Track-EtchMembrane (0.2�m) in
a Trowell type organ culture dish for 24 h before being grafted
underneath kidney capsule of host mice, as described previ-
ously (36, 38). Samples were retrieved after 3 weeks in kidney
capsule culture and processed for further analysis. For the Top-
Flash-like tissue recombination assay, dental epithelia from
E14.5 wild type molar or Gpr177K1cre molar were isolated and
recombined with oral mesenchyme isolated from the mandib-
ular arch of E13.5 TopGal reporter mice, respectively. Tissue
recombinants were placed in Trowell-type organ culture for
24 h, fixed in 4% paraformaldehyde, cryosectioned, and then
subjected to X-gal staining.
Cell Proliferation andTUNELAssays—Cell proliferation rate

was measured by BrdU labeling, and apoptosis was determined
by TUNEL assay, as described previously (39). Briefly, timed
pregnant mice were injected intraperitoneally with BrdU solu-
tion (3 mg/100 g body weight) from BrdU labeling and detec-
tion kit (RocheApplied Science) 30min before being sacrificed.
Embryonic heads (n � 3 for both wild type and mutant) were
fixed in 4% paraformaldehyde and then processed for paraffin
sections at 7 �m for immunohistochemical staining according
to the manufacturer’s instruction. BrdU-positive cells counted
(�20 consecutive fields at 40� magnification from 3 samples
for bothwild type andmutants) andwere calculated as percent-
age of labeled cells among total nuclear stained cells within a
defined arbitrary area. Statistical significance was calculated
using Student’s t test. Apoptosis was assayed by TUNEL stain-
ing using the In Situ Cell Death Assay kit according to manu-
facturer’s instruction (Roche Applied Science).
Co-Immunoprecipitation andWestern Blotting Assays—Mouse

Gpr177 cDNA was amplified by RT-PCR and subcloned into
pFLAG-CMV-1 (5 terminal FLAG epitope vector, Sigma).
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Mouse Wnt cDNAs cloned by RT-PCR were subcloned into
pCMV-Myc (C-terminal Myc epitope vector, Clontech). The
sequences of all constructs were confirmed by DNA sequenc-
ing. HEK293-T cells were maintained in DMEM containing
10% fetal bovine serum (Invitrogen) and transfected with the
indicated constructs by Escort™ IV Transfection Reagent
(Sigma). Cell pellets were harvested separately at 36–48 h after
transfection. Immunoprecipitation assays were performed as
described previously (40). Briefly, cells were washed with ice-
cold PBS, lysed with cell lysis buffer for Western assay and
immunoprecipitation (Beyotime), and centrifuged to collect
supernatant. About 5% of the supernatant was reserved for ana-
lyzing protein expression, and the remainder was incubated
with Anti-FLAG�M2magnetic beads at 4 °C for 2 h. The beads
were collected using a magnetic Stand (Promega), washed 3
times, and incubated with FLAG peptide (0.4 mg/ml, Sigma) to
release immunoprecipitates. Immunoprecipitates or total pro-
teins isolated from HEK293 cells were resolved by SDS-PAGE
and subjected to immunoblotting analyses with anti-FLAG
(Cell Signaling), Myc (Cell Signaling), Wnt3 (Abcam), Wnt4
(R&D), Wnt6 (R&D), and Wnt10b (Abcam) antibodies fol-
lowed by incubation with each corresponding horseradish per-
oxidase-linked secondary antibody (SantaCruz). For functional
secretion assays of Wnts, HEK 293 cells were co-transfected
withWnt-Myc and either pCMV-FLAGor FLAG-Gpr177 plas-
mid and grown inDMEMsupplementedwith 10% FBS for 24 h.
The culture medium was then replaced with serum-free
DMEM medium for another 24 h before the conditioned
medium was collected and concentrated using an Amicon
Ultra-15 centrifugal filter (Millipore). The Wnt secreted into

medium was detected byWestern blotting with anti-Myc anti-
body (cell signaling) using the NOVEX ECL CHEMI Kit
(Invitrogen).

RESULTS

Dental Epithelial Gpr177 Is Required for Tooth Morphogen-
esis—We first examined the expression pattern of Gpr177 to
determine the cell type potentially responsible for the produc-
tion of Wnt ligands during early tooth development. At E11.5,
Gpr177 transcripts were strongly detected in the dental epithe-
lium but were found at relatively lower levels in the dental mes-
enchyme of both incisor and molar (Fig. 1; data not shown).
ThisGpr177 expression patternwasmaintained similarly at the
bud and cap stages (Fig. 1), suggesting its potential role in the
regulation ofWnt production in both epithelial andmesenchy-
mal components during early tooth development.
Because Wnt ligands are expressed predominantly in the

dental epithelium and Gpr177 is also strongly expressed there,
we examined the requirement of Gpr177 in the dental epithe-
lium for tooth development by generating mice carrying the
K14-Cre transgenic allele and homozygous Gpr177fx allele
(Gpr177K14cre). The K14-Cre line (32) exhibited Cre recombi-
nation activity in the oral ectoderm at E11.5, and the activity
became much stronger at E12.5 (Fig. 1). To ensure a successful
deletion ofGpr177, we examinedGpr177 protein expression in
Gpr177K14cre mutants by immunohistochemical staining. As
shown in Fig. 1, Gpr177 protein was indeed absent in the dental
epithelium at the E12.5 bud stage.We then analyzed tooth phe-
notype in Gpr177K14cre mice from E11.5 to newborn (P0) by
histology, since the mutants died a few hours after birth for

FIGURE 1. Gpr177 is required for mouse tooth morphogenesis. A–D, in situ hybridization shows Gpr177 expression in the molar epithelium and mesenchyme
throughout early tooth development. E and F, X-gal staining shows Cre activity in the dental epithelium of K14Cre;Rosa26R molar germs at the lamina (E) and
early bud stage (F). G and H, immunohistochemical staining using antibodies against Gpr177 shows Gpr177 expression in the wild type molar (G) but absent
Gpr177 staining in the dental and adjacent oral epithelium of Gpr177K14cre molar germ (H) at E12.5. I–P, histological analyses show that Gpr177K14cre molar
developed normally to the late tooth bud stage (J) but was arrested at the early cap stage at E14.5 (L) and E16.5 (N) and became regressed at E18.5 (P; pointed
out by the arrowhead). de, dental epithelium; dm, dental mesenchyme. Scale bars, 50-�m in panels I–L; 100-�m in panels M and N; 200-�m in panels O and P.
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unknown reason. We found that both molar and incisor germs
appeared normal at the initiation stage in Gpr177K14cre
mutants, as assessed by normal tooth bud structure at E13.5
(Fig. 1; data not shown). However, at the E14.5 cap stage, the
mutant tooth germs failed to progress further, being arrested
at the early cap stage, and becoming abortively regressed
subsequently (Fig. 1). These observations indicate a require-
ment for Gpr177 in the dental epithelium for normal tooth
development. Because a similar phenotype was found in the
incisor and molar, we chose molar as the model in our fur-
ther studies.
Epithelial Deletion of Gpr177 Leads to Failed Secretion of

Wnt Ligands and Absent Wnt Canonical Signaling Activity in
the Dental Epithelium—To confirm that the tooth phenotype
observed in Gpr177K14cre mice is indeed attributed to the lack
of Wnt ligand secretion from the dental epithelium, we first
examined canonical Wnt signaling activity in the developing
tooth by compounding the TopGal transgenic allele onto the
Gpr177K14cre background. In wild type mice, TopGal activity is
normally detected only at the tip of the molar epithelial bud
where the enamel knot will form at E13.5 and becomes
restricted to the enamel knot at E14.5 (Fig. 2A; Ref. 16). How-
ever, in themutant, residualTopGal activitywas detected in the

dental epithelium at the E13.5 bud stage and was completely
absent in the dental epithelium at the E14.5 cap stage (Fig. 2A),
indicating that deletion ofGpr177 abolishes the canonicalWnt
signaling in the dental epithelium.
SeveralWnt ligands are expressed in the epithelium of devel-

oping tooth. Although it has been shown that Gpr177-medi-
ated regulation of canonical and noncanonicalWnts is required
in different cell types and tissues (26, 27, 31), we wanted to
ensure that Gpr177 indeed interacts with and regulates all of
the Wnt ligands expressed in the dental epithelium. We con-
ducted co-immunoprecipitation experiments to determine
physical association of Gpr177 with each of the epithelia-ex-
pressed Wnts, including Wnt-3, -4, -6, -7b, -10a, and -10b. As
shown in Fig. 2B, Gpr177 formed complex with each individual
Wnt tested, indicating a physical interaction between Gpr177
and these testedWnt proteins.We then further tested the func-
tion of Gpr177 in the secretion of Wnt proteins. We collected
and concentrated media from cell cultures co-transfected with
taggedWnt construct andGpr177 expression vector or control
vector and performed a Western blotting assay for secreted
Wnt proteins. Our results showed that the overexpression of
Gpr177 significantly enhances the level of Wnts in the media
(Fig. 2C).

FIGURE 2. Gpr177 is required for Wnt secretion and activation of canonical Wnt signaling in the dental epithelium. A, X-gal staining shows abolished
TopGal reporter activity in the developing molars of Gpr177K14cre mice at the bud and cap stages as compared with the wild type counterparts. B, co-
immunoprecipitation (IP) demonstrates physical interaction of Gpr177 with all the Wnt ligands known to be expressed in the dental epithelium of developing
tooth. C, Western blotting shows enhanced secretion of representative Wnt ligands in culture media co-transfected with Gpr177 expression vector. Each
Myc-tagged Wnt expression vector was co-transfected with pFLAG-CMV as controls. D, tissue recombination using dental epithelium from E14.5 wild type or
Gpr177K14cre molars and oral mesenchyme of the E13.5 TopGal embryo shows activation of TopGal activity in the adjacent oral mesenchymal cells by the wild
type dental epithelium but not by the mutant dental epithelium (de).
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To further demonstrate that the absence ofGpr177 abolishes
the secretion of Wnt ligands from the dental epithelium, we
performed a TopFlash-like assay in tissue recombination
experiments. We isolated and recombined the dental epithe-
lium from the first molars of E14.5 Gpr177K14cre embryos with
oral mesenchyme from E13.5 TopGal mice where no reporter
activity is ever detected. E14.5 wild type molar epithelia were
used as control. In this assay systemTopGal activity in themes-
enchyme would be turned on, as assessed by X-gal staining, if
Wnt ligands are secreted from the dental epithelium. Our
results clearly showed that the dental epithelium from wild
type, but not Gpr177K14cre mice, was able to activate TopGal
reporter expression in the mesenchymal cells (Fig. 2D), provid-
ing additional evidence for the lack of Wnt secretion from the
dental epithelium of Gpr177K14cre mice.
Aberrant Expression of Enamel Knot Signaling Molecules in

the Absence of Gpr177—To further elucidate the mechanism
underlying early tooth development mediated by Gpr177, we
examined the expression of several regulatory genes known to
be important for tooth development at E14.5 when the pheno-
type became discernible. We found that the expression of the
enamel knot-specific genes, including Shh, Bmp2, Fgf4, and
Fgf9, was significantly down-regulated or absent in themutants
(Fig. 3). In addition, the enamel knot expression component of
Fgf3, Bmp4, and Lef1 (2, 41, 42) was also dramatically down-
regulated or diminished in the mutants (Fig. 3), indicating a
disruption of the primary enamel knot formation. In contrast,
the expression of the dental mesenchymal markerMsx1 as well
as the mesenchymal expression component of Fgf3, Lef1, and
Bmp4 was retained (Fig. 3), suggesting that the absence of
Gpr177 in the dental epithelium primarily affects the dental
epithelial development. Dysregulation of these signaling mole-
cules in the epithelium leads to the formation of a defective
enamel knot that is insufficient to support further tooth
morphogenesis.

Gpr177 Deficiency Causes Defective Cell Proliferation in the
Dental Epithelium—Toreveal cellular processes underlying the
defective tooth development in Gpr177K14cre mice, we per-
formed BrdU labeling and apoptotic assays. Cell proliferation is
a determining factor to drive dental epithelial folding to
advance tooth morphogenesis from the bud to the cap stage,
and FGFs from the enamel knot are responsible for stimulating
cell proliferation (1, 43). Our results showed that at the E14.5
cap stage, the wild type littermates exhibited an extensive
amount of BrdU-positive cells in the dental epithelium, includ-
ing the cervical loop as well as the surrounding dental mesen-
chyme (Fig. 4). In contrast, the number of BrdU-positive cells
was reduced significantly (p � 0.02) in the dental epithelium
but not in the mesenchyme of Gpr177K14cre mice at the same
stage (Fig. 4). To determine whetherGpr177 plays a role in cell
survival, we examined programmed cell death in the developing
tooth at E14.5 by TUNEL assay. In the wild type controls, apo-
ptotic cells were found restrictedly in the enamel knot (Fig. 4).
However, in E14.5Gpr177K14cre tooth germs, scattered apopto-
tic cells were found primarily in the stellate reticulum, further
indicating a defective enamel knot in themutant (Fig. 4). These
findings are consistent with the gene expression patterns and
further support our notion that the tooth defect observed in

FIGURE 3. Lack of Gpr177 leads to altered gene expression in the enamel
knot. In the absence of Gpr177 in the dental epithelium, the expression levels
of Shh (A, A�), Bmp2 (B, B�) Fgf4 (C, C�), Bmp4 (F, F�), and Lef1 (G, G�) in the
enamel knot are reduced significantly, and the expression of Fgf9 (D, D�) and
Fgf3 (E, E�) is abolished completely. However, the expression of Fgf3 (E, E�),
Bmp4 (F, F�), Lef1 (G, G�), and Msx1 (H, H�) in the dental mesenchyme, although
slightly reduced, is retained.

FIGURE 4. Aberrant apoptosis and cell proliferation in tooth germs lack-
ing epithelial Gpr177. A and B, TUNEL assays show normal cell apoptosis in
the enamel knot of an E14.5 wild type molar (A) but apoptotic cells in the
stellate reticulum of an E14.5 Gpr177K14cre molar (B). C and D, BrdU labeling
shows reduced cell proliferation rate in the dental epithelium of an E14.5
Gpr177K14cre molar (D) as compared with the wild type control (C). E, shown is
a comparison of BrdU-labeled cells in the designated areas of dental epithe-
lium and dental mesenchyme of E14.5 molars in controls and mutants. *, p �
0.02. Scale bars, 50 �m.
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Gpr177K14cre mice is attributed to the malformed primary
enamel knot.
Gpr177 Deficiency in Dental Epithelium Does Not Impair

Odontogenic Capability in the Mesenchyme—Because Wnt
ligands are predominantly expressed in the dental epithelium
and a Wnt-Bmp feedback circuit between dental epithelium
and mesenchyme was thought to control early tooth develop-
ment (19), we wondered if a lack of Wnt secretion from the
dental epithelium and disruption of this circuit would also alter
the odontogenic program in the dental mesenchyme. We per-
formed reciprocal tissue recombination experiments. We iso-
lated E13.5 molar germs from wild type and Gpr177K14cre
embryos. The dental epithelium and mesenchyme were sepa-
rated and recombined reciprocally between the wild type and
mutant. As the control, wild type epithelium was recombined
with wild type mesenchyme. Recombinants were grafted
underneath the kidney capsule of adult mice for 3 weeks after
24 h in the Trowell-type organ culture. The results showed that
the recombinants of the wild type epithelium and the
Gpr177K14cre mesenchyme produced well-differentiated teeth
(Fig. 5) with a success rate (9/11) similar to the controls (8/10).

However, the recombinants of the wild type mesenchyme and
the Gpr177K14cre epithelium failed to give rise to any tooth
structure (0/10), forming keratinized cysts instead (Fig. 5).
These observations indicate that the tooth-forming capability
was lost in the dental epithelium deficient for Gpr177. How-
ever, despite the of lack epithelial Wnt secretion, the dental
mesenchyme of Gpr177K14cre mice retains its odontogenic
program.
Because in Gpr177K14cre mice inactivation of epithelial

Gpr177 occurs at E11.5 when tooth development has begun, we
asked if Gpr177 is required for epithelial response to odonto-
genic induction by the dental mesenchyme. To address this
question, we took advantage of the Osr2 mutants in which an
ectopic tooth lingual to the first molar is induced at E13.5 (36;
Fig. 5D). We compounded the Osr2 null alleles onto
Gpr177K14cre background. Although ectopic tooth buds were
indeed observed in Osr2 and Gpr177 compound mutants
(Gpr177K14cre/Osr2�/�), they were arrested at the lamina/early
bud stage (Fig. 5E). These results indicate that the oral epithelial
lacking Gpr177 can still respond to odontogenic induction but
fail to develop subsequently.
Rescue of Tooth Development in Grp177K14cre Mice by Dele-

tion of the Axin2 Gene—Axin proteins are crucial negativeWnt
signaling regulators that target�-catenin for degradation in the
absence of Wnt ligands. Because Axin2 is expressed in the
developing tooth germ and a lack of Axin2 leads to up-regula-
tion ofWnt canonical signals in a tissue-specific manner (7, 13,
44, 45), we wondered if modulation of Wnt signaling by dele-
tion of Axin2 could alleviate developmental defects of the
Gpr177K14cre teeth. We compounded the Axin2 null allele
(Axin2LacZ; Ref. 11) onto the Gpr177K14cre background. Histo-
logical results showed that in the absence of one Axin2 allele
(Gpr177K14cre/Axin2�/�), the tooth defect was indeed allevi-
ated at E14.5 as evidenced by the extensive epithelial folding
(Fig. 6A), as compared with the tooth germ in Gpr177K14cre
mice at the same stage (Fig. 1N). The formation of a definite
enamel knot in the Gpr177K14cre/Axin2�/� tooth at this stage
was further confirmed by resumed expression of Fgf4 (Fig. 6B).
However, tooth development in Gpr177K14cre/Axin2�/� mice
was halted at the cap stage, as manifested at E18.5 (Fig. 6A),
indicating that Axin2 haploinsufficiency is not sufficient to
compensate for the epithelial deletion of Gpr177 to rescue the
tooth developmental defect. Indeed, removal of both alleles of
Axin2 further alleviates the developmental defects in the
Gpr177 mutant, as demonstrated by comparable morphology
of the bell stage tooth between the Gpr177K14cre/Axin�/�

mutants and wild type at E18.5 (Fig. 6A). The expression pat-
terns of Fgf4 and Shh in the developing tooth germs of
Gpr177K14cre/Axin�/� mice at E16.5, although relatively
weaker as compared with the wild type controls, demonstrated
the formation of the secondary enamel knots (Fig. 6C). Associ-
ated with this rescued tooth development was resumed accu-
mulation of active �-catenin in the dental epithelium, as shown
by immunohistochemical staining using anti-active-�-catenin
antibody (Fig. 6D). These observations indicate that modula-
tion of canonical Wnt signaling by deletion of Axin2 rescue
tooth development by restoring odontogenic program in the
dental epithelium in Gpr177K14cre mice.

FIGURE 5. Epithelial deficiency in Gpr177 does not impair odontogenic
capability of the dental mesenchyme. A, shown is a tooth formed in the
tissue recombinants of E13.5 wild type molar epithelium and mesenchyme. B,
shown is a tooth formed in the tissue recombinants of E13.5 molar epithelium
and mutant molar mesenchyme. C, shown is a tooth that failed to form in the
tissue recombinants of E13.5 wild type molar mesenchyme and mutant molar
epithelium. D, shown is an ectopic tooth (arrowhead) formed at the lingual
side of the first molar (arrow) in an E16.5 Osr2 mutant. E, shown is a residual
ectopic tooth bud (arrowhead) formed at the lingual side of the repressed first
molar (arrow) in an E16.5 Gpr177K14cre;Osr2�/� embryo.
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DISCUSSION

Numerous studies have revealed an important role of Wnt
canonical signaling in tooth development, from the initiation
through the bud, the cap, and differentiation stages (46). The
dental epithelium appears to be the major target of canonical
Wnt signals, as assessed byWnt/�-catenin reporter expression
(Ref. 16; Fig. 2A). Wnt/�-catenin activity was also reported in
dental mesenchymal cells immediately adjacent to the dental
epithelium using an Axin2LacZ knock-in allele (44). However, it
cannot be ruled out that this activation of Wnt canonical sig-
naling in the dental mesenchyme is a consequence of Axin2
haploinsufficiency. Multiple Wnt ligands are expressed in the
developing tooth germ, with most of them in the dental epithe-
lium exceptWnt5a (20–22, 46), suggesting that the dental epi-
thelium is the main source of canonical Wnts. Although the
epithelial Wnts were thought to function in the dental mesen-
chyme to form a Wnt-Bmp feedback circuit to regulate early
tooth development (19), it remained unknown which tissue
compartment is responsible for activation of Wnt/�-catenin
signaling in the dental epithelium. Because of overlapped
expression of a number ofWnt ligands in the developing tooth,
single or double gene inactivation may not reveal real function
of Wnt signaling due to potential functional redundancy.
In this studywe took advantage of the floxed allele ofGpr177,

a recently identified mouse orthologue of DrosophilaWls/Evi/
Srt essential for proper sorting and secretion of Wnts, to dis-
ruptWnt secretion in signal-producing cells in a tissue-specific
manner. We found that Gpr177 is expressed in both epithelial

andmesenchymal compartments of the early developing tooth.
We showed that epithelial inactivation ofGpr177 leads to arrest
of tooth development at the early cap stage accompanied by
cellular defect and altered gene expression in the dental epithe-
lium but not the mesenchyme. However, ablation ofGpr177 in
neural crest-derived tissues including dental mesenchyme does
not affect early tooth development but leads to retarded tooth
growth from E16.5 on and subsequently delayed odontogenic
differentiation, mimicking the tooth defects observed in mice
deficient inWnt5a (47).3 This observation is consistentwith the
fact that Wnt5a is the only Wnt ligand that is known to be
expressed in the dental mesenchyme (22).
The absolute requirement ofWnt/�-catenin signaling in the

epithelium for early tooth development has been demonstrated
by the epithelial inactivation of �-catenin that results in the
arrest of tooth development at the bud stage (16). However, due
to the dual role of�-catenin inWnt signaling and cell adhesion,
it cannot be ruled out that an impaired cell adhesion in the
absence of �-catenin could also contribute to tooth defect. In
our current study, we demonstrate direct physical interaction
ofGpr177with everyWnt ligand that is known to be expressed
in the dental epithelium. Certainly, we recognize that this phys-
ical interaction was evidenced in HEK 293T cells, which might
not hold true in dental epithelial cells. However, the failure of
Gpr177K14cre dental epithelium to activate TopGal reporter

3 X. Zhu, P. Zhao, Y. Liu, X. Zhang, J. Fu, H.-M. Ivy Yu, M. Qiu, Y. Chen, W. Hsu,
and Z. Zhang, unpublished observations.

FIGURE 6. Reduction of Axin2 dosage partially restored tooth development in Gpr177K14cre mice. A, histological analyses show partial rescue of molar
development in Gpr177K14cre mice with a reduced dosage of Axin2. B, shown is resumed Fgf4 expression in the enamel knot of the first molar of an E14.5
Gpr177K14cre embryo with Axin2 haploinsufficiency as compared with the control. Arrowheads point to the enamel knot. C, shown is resumed Fgf4 and Shh
expression in the secondary enamel knots of an E16.5 Gpr177K14cre molar lacking Axin2 as compared with a wild type littermate. Arrowheads point to the
secondary enamel knot. D, accumulation of active �-catenin, shown by immunohistochemical staining, was restored in the dental epithelium of rescued tooth
germ, as compared with wild type control and Gpr177K14cre mutant. Arrowheads point to dental epithelium. Scale bars � 50 �m.
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activity in oral mesenchyme could be attributed to the disrup-
tion of Wnt secretion in the dental epithelium. Inactivation of
Gpr177 also abolished Wnt/�-catenin signaling in the dental
epithelium, indicating an intra-epithelial action of the epithelial
Wnts. Together with the observations of unaltered cellular
process (such as cell proliferation rate) and retained gene
expression patterns in the dental mesenchyme ofGpr177K14cre
mice, it appears that the dental epithelial cells are the primary
targets of the epithelial Wnts during early tooth development.
The restrictedWnt/�-catenin activity in the tip of the dental

epithelium at the bud stage where the enamel knot will form
and in the enamel at the late stage implicates a role of Wnt
canonical signaling in the formation enamel knot. In addition,
Lef, the downstream effector of Wnt canonical signaling, is
expressed in the enamel knot and directly activates the expres-
sion of Fgf4, a molecular marker of the enamel knot (14). In
agreementwith this idea is dysregulation of several criticalmol-
ecules, including Shh, Fgf3, Fgf4, Fgf9, and Bmp4, in the enamel
knot of the Gpr177K14cre tooth germ. The expression of these
FGFs in the enamel knot was thought to function as mitogen to
stimulate cell proliferation in dental epithelium, leading to epi-
thelial folding and formation of cap structure (1, 48, 49). The
reduced cell proliferation rate in the dental epithelium of the
cap stage Gpr177K14cre tooth germ is apparently the conse-
quence of down-regulated Fgf expression in the enamel knot.
Together with aberrant cell apoptosis in the cap stage dental
epithelium, these observations indicate that in the absence of
epithelialGpr177,Wnt/�-catenin signaling fails to be activated,
leading to formation of a deformed enamel knot that fails to
function as a signal center to advance tooth morphogenesis.
This conclusion is further supported by the rescue experiments
in which deletion ofAxin2, which led to resumed accumulation
of active �-catenin in the dental epithelium, restored the for-
mation of the enamel knot and advance toothmorphogenesis in
Gpr177K14cre mutants.
It was proposed that a Wnt-Bmp feedback circuit between

the dental epithelium and mesenchyme regulates early tooth
development (19). Indeed, we showed that disruption of this
circuit by inhibition of Wnt secretion from the dental epithe-
lium halts tooth development. However, disruption of this cir-
cuit seems not to alter the odontogenic program in the dental
mesenchyme, as shown by the retained expression of several
critical odontogenic genes and the ability of Gpr177K14cre den-
tal mesenchyme to form normal tooth structures when recom-
bined with wild type dental epithelium. However, we cannot
rule out the possibility that theK14-Cre allele used in this study
did not function efficiently enough to delete Gpr177 com-
pletely. On the other hand, it is quite possible that mesenchy-
mally expressedWnt5a could substitute for the epithelialWnts
to maintain the circuit, because although classified as a non-
canonicalWnt ligand,Wnt5a is also capable of activatingWnt/
�-catenin signaling depending on receptor context (50). This
could also explain the presence of residual TopGal activity in
the dental epithelium of E13.5 Gpr177K14cre embryo.
Besides those canonical Wnt ligands, several non-canonical

Wnt ligands, such as Wnt-4, -6, and -7b, are also expressed in
the dental epithelium during tooth development. Despite that
extensive studies have revealed an essential role for Wnt/�-

catenin signaling in tooth development, little is known about
the potential function of the non-canonical Wnts in the regu-
lation of odontogenesis. Among those non-canonical Wnt
ligands expressed in the dental epithelium,Wnt4 was shown to
be able to induce Msx1 expression in the dental mesenchyme
(51), suggesting an epithelium-to-mesenchyme signaling
action of the non-canonicalWnts during toothmorphogenesis.
In addition, these Wnts could also elicit non-canonical signal-
ing in an intra-epithelial manner as well. Thus we cannot rule
out the possibility that failed secretion of these non-canonical
Wnts in the dental epitheliummay also contribute to the tooth
phenotype observed in Gpr177K14cre mice. However, the
expression of Wnt5a, a non-canonical Wnt, in the dental mes-
enchyme could compensate for the loss of function of these
non-canonical Wnts in the absence of Gpr177.
Nevertheless, we conclude that the arrest of tooth develop-

ment in the absence of epithelial Gpr177 is the consequence of
disrupted odontogenic program in the dental epithelium. This
point is strengthened by the fact that the wild type dental mes-
enchyme fails to support formation when recombined with the
Gpr177-deficient dental epithelium. Despite loss of odonto-
genic capability of the dental epithelium in the absence of
Gpr177, the oral epithelium lackingGpr177 could still respond
to ectopic odontogenic induction but failed to develop further
in theOsr2mutant background, suggesting that epithelial Wnt
is not required for initiation of tooth development but is essen-
tial for subsequent development.
In summary, in this study we have demonstrated that

Gpr177-mediatedWnt secretion from the dental epithelium is
essential for tooth development. Disruption of epithelial Wnt
secretion results in the absence of Wnt/�-catenin activity and
formation of dysfunctional enamel knot, leading to arrest of
tooth development at the early cap stage. The dental epithelial
cells are thus the primary targets of epithelium-derived Wnts,
indicating the importance of intra-epithelial action of Wnts in
early odontogenesis.
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