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The development of ectodermal organs, such as teeth,
requires epithelial–mesenchymal interactions. Basic helix–
loop– helix (bHLH) transcription factors regulate various
aspects of tissue development, and we have previously identified
a bHLH transcription factor, AmeloD, from a tooth germ cDNA
library. Here, we provide both in vitro and in vivo evidence
that AmeloD is important in tooth development. We created
AmeloD-knockout (KO) mice to identify the in vivo functions of
AmeloD that are critical for tooth morphogenesis. We found
that AmeloD-KO mice developed enamel hypoplasia and small
teeth because of increased expression of E-cadherin in inner
enamel epithelial (IEE) cells, and it may cause inhibition of the
cell migration. We used the CLDE dental epithelial cell line to
conduct further mechanistic analyses to determine whether
AmeloD overexpression in CLDE cells suppresses E-cadherin
expression and promotes cell migration. Knockout of epiprofin
(Epfn), another transcription factor required for tooth morpho-
genesis and development, and analysis of AmeloD expression
and deletion revealed that AmeloD also contributed to multiple
tooth formation in Epfn-KO mice by promoting the invasion of
dental epithelial cells into the mesenchymal region. Thus,
AmeloD appears to play an important role in tooth morpho-
genesis by modulating E-cadherin and dental epithelial–

mesenchymal interactions. These findings provide detailed
insights into the mechanism of ectodermal organ development.

Ectodermal organs, such as teeth, all display a need for
epithelial–mesenchymal interactions for their development.
Tooth development is, in fact, a good model for understanding
the mechanism of ectodermal development because it has well-
defined stages and distinctive differentiated cell types (1). In the
mouse, the morphogenesis of the molars is divided into four
stages: the initiation stage (embryonic day 11.5 (E11.5)),2 bud
stage (E13.5), cap stage (E15.5), and bell stage (E17.5). At the
initiation stage, the dental epithelium starts to thicken and
invades into the mesenchymal region. This invagination pro-
cess forms the tooth bud, and the dental epithelium condenses
at the bud stage. After the cap stage, the dental epithelial stem
cells differentiate into various cell types to form the enamel
organ: the inner enamel epithelium (IEE), outer enamel epithe-
lium, stratum intermedium (SI), and stellate reticulum. The IEE
cells are ameloblast progenitor cells, a unique cell population in
the proliferation stage as they express proliferation markers but
do not express E-cadherin, a negative regulator of cell division
and migration (2, 3). The IEE cells actively proliferate and
migrate to form a correctly sized enamel organ. After prolifer-
ation, the IEE cells differentiate into enamel-secreting amelo-
blasts. Proliferative IEE cells persist near the apical tip of the
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root, and these cells continue to invaginate to form roots. After
postnatal day 7 (P7), these cells form the Hertwig’s epithelial
root sheath with outer enamel epithelium. Adjacent mesenchy-
mal cells then receive signals from the IEE cells and differenti-
ate into odontoblasts (4, 5).

Tooth morphogenesis is regulated by multiple genes; for
example, epiprofin (Epfn/Sp6) has previously been identified as
an essential transcription factor for tooth morphogenesis
(6 –8). During tooth development, Epfn is expressed in the den-
tal epithelium at the initiation stage. Later, its expression is
restricted to the ameloblast lineage (including IEE cells) and
secretory and mature ameloblasts with increasing levels of its
expression. Epfn is also expressed in mature odontoblasts.
Epfn-deficient mice show severe enamel hypoplasia due to inhi-
bition of IEE cell proliferation and ameloblast differentiation,
but they also form supernumerary teeth due to random dental
epithelial cell invagination (9). A more recent study demon-
strated that Epfn regulates the balance between cell prolifera-
tion and cytodifferentiation in dental epithelial and mesenchy-
mal cells during tooth development and morphogenesis (8).
The spatiotemporal regulation of the epithelial–mesenchymal
interaction during the developmental stages results in a proper
tooth shape.

The cell type–specific bHLH transcription factors are key regu-
lators of certain types of organ morphogenesis (10–12), and sev-
eral of these bHLH transcription factors play important roles in
tooth development (13–16). However, few studies have focused on
tooth-specific bHLH transcription factors. Recently, we used a
yeast two-hybrid system to identify a novel bHLH transcription
factor from a tooth germ cDNA library, and we isolated a homo-
logous sequence to Ascl5 (17). Ascl5 was previously predicted
from a database to be a pseudogene, and we modified it as a pro-
tein-coding gene. Therefore, we speculated that Ascl5 was a novel
gene in tooth development, and we named it AmeloD. The
AmeloD sequence has been registered in GenBankTM under
accession number MG575629. AmeloD forms a heterodimer with
the protein E12 and binds to E-box cis-elements on the E-cadherin
promoter to suppress its transcriptional activity (17). AmeloD is
expressed in developing teeth and specifically in the IEE (17); how-
ever, its function in tooth development is unknown.

In the present study, we sought to identify the role of AmeloD
in tooth development by creating AmeloD-KO mice. These KO
mice showed enamel hypoplasia and a reduction in dental epi-
thelial cell invagination, and the resulting molars had smaller
crowns and shorter roots when compared with control wildtype
(WT) molars. We found that AmeloD promotes proper tooth

germ growth by the suppression of E-cadherin. We further ana-
lyzed the relationship between cell migration and tooth morpho-
genesis in AmeloD and Epfn double-knockout (AmeloD; Epfn-KO)
mice. We found that AmeloD contributed to the multiple tooth
formation observed in Epfn-KO mice by promoting the invagina-
tion of dental epithelial cells. Our results revealed that AmeloD
acts as a suppressor of E-cadherin likely to promote dental epithe-
lial cell migration and that it regulates the interactions between
dental epithelial and mesenchymal cells to form proper tooth sizes.

Results

AmeloD-KO mice showed enamel hypoplasia and small teeth

We first analyzed AmeloD expression during tooth develop-
ment. We performed immunostaining of AmeloD in molars at
E12, E14, and E17 and at P10 (Fig. 1). AmeloD was expressed in
the thickening dental epithelium in E12 molars and in the
invaginating epithelium in E14 molars. In P10 molars, AmeloD
was not expressed in the differentiated ameloblasts, but it was
expressed in the IEE cells in the apical root tip. These results
indicate that AmeloD was expressed in the early stage of IEE.
However, although AmeloD was strongly expressed in prolifer-
ating IEE cells, it was no longer expressed once the IEE cells
differentiated into ameloblasts, in agreement with a previous
observation by He et al. (17).

We also sought to identify the in vivo function of AmeloD by
using zinc-finger nuclease technology to create AmeloD-KO
mice (Fig. 2A). We analyzed the genotype of these mice by DNA
sequencing (Fig. 2B) and obtained two mouse lines that had an
identical deletion of 1 bp in the cut site; this deletion caused a
frameshift and induced an early termination codon. In WT
mice, the AmeloD protein consists of 188 amino acids (aa) and
contains a bHLH domain. By contrast, the AmeloD-KO mice
expressed a premature AmeloD protein consisting of only 19 aa
(Fig. 2C). Consequently, Western blotting of protein extracts (Fig.
2D) and immunostaining using the anti-AmeloD antibody (Fig.
2E) did not detect the truncated AmeloD in P1 AmeloD-KO
molars. The two AmeloD-KO mouse lines showed the same phe-
notype. The AmeloD-KO mice were fertile. However, the incisors
of 6-week-old mice were chalky white in color, indicating enamel
hypoplasia (Fig. 2F, a and b). Radiographic analysis of the heads of
the 6-week-old AmeloD-KO mice revealed a length of the incisors
similar to that determined in WT mice (Fig. 2F, c and d). Con-
versely, the roots were shorter in the AmeloD-KO molars than
in the WT molars (Fig. 2F, e and f). We extracted WT and
AmeloD-KO molars from 6-week-old mice; at this age, root for-

Figure 1. AmeloD expression in developing molars. Immunofluorescence of AmeloD in developing molars is shown. Immunofluorescence staining analysis
of AmeloD expression was performed using an anti-AmeloD antibody in E12, E14, E17, and P10 molars. Green, AmeloD; blue, DAPI. de, dental epithelium; dm,
dental mesenchyme; iee, inner enamel epithelium; sr, stellate reticulum; am, ameloblast; dp, dental pulp. The dashed lines indicate the borders between the
dental epithelium and mesenchyme. Scale bars, 50 �m.
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mation was completed (Fig. 2F). Measurements of tooth crown
height and root length revealed that AmeloD-KO teeth had
smaller crowns and roots when compared with WT teeth (Fig.
2G).

We also used micro-computed tomography (micro-CT) to
analyze the phenotypes of the lower molars of 6-week-old WT
and AmeloD-KO mice (Fig. 3A). The WT and AmeloD-KO
teeth differed in size as the AmeloD-KO molars developed
smaller cusps (Fig. 3A). The total enamel volume and dentin
volume were also about 20% smaller in the AmeloD-KO molars
than in the WT molars (Fig. 3B). Six-week-old WT and
AmeloD-KO mice had similar incisor volumes. We examined
the effects of deletion of AmeloD on incisor size by micro-CT
analysis of the P11 mandible; at this age, the incisor had not yet
erupted (Fig. 3C). This micro-CT analysis revealed that the size
of the incisors and molars at the age of P11 and the total and
combined volumes of enamel and dentin in the incisors and
molars were smaller in AmeloD-KO mice than in WT mice (Fig.
3D). We also analyzed the developing molars to determine the
histological details of the tooth abnormalities (Fig. 3E). We
used hematoxylin-eosin (H-E) staining to analyze the histolog-

ical differences between WT and AmeloD-KO molars. The bud
stage (E13) molars showed no obvious histological differences.
After the crown formation (P14), the enamel thickness and
dentin thickness were thinner in AmeloD-KO mice than in WT
mice (Fig. 3F), and this resulted in a smaller crown size in the
AmeloD-KO mice. At this P14 stage, the developing root width
was also smaller in the AmeloD-KO molars. These results indi-
cate that deletion of AmeloD inhibited tooth germ growth.

Deletion of AmeloD did not affect the proliferation of dental
epithelium

The AmeloD-KO mice had small teeth and enamel hypopla-
sia. Tooth size is related to dental epithelial proliferation and
expansion of the tooth germ. We used immunofluorescence
staining of Ki67, a proliferation marker, to determine the effect
of AmeloD on the proliferation of the IEE cells in P1 WT and
AmeloD-KO incisors (Fig. 4A). Ki67 was strongly expressed at
an early stage in IEE cells in WT incisors (Fig. 4A). The Ki67-
positive area was expanded in AmeloD-KO mice, indicating
that deletion of AmeloD may affect the proliferation activity of
the IEE cells or expansion of the area of Ki67-positive cells

Figure 2. Generation of AmeloD-KO mice. A, targeting strategy for AmeloD-KO mice. ZFN binds near the cut site and deletes 1 bp in the cut site. Arrows
indicate primer locations for genotyping. CDS, coding sequence. B, DNA sequences of the ZFN-binding site in the AmeloD locus. The cut site is shown in the
boxed region. In AmeloD�/� (KO) mice, 1 bp was deleted from the cut site. In the AmeloD�/� (heterozygous) mice, both WT and KO alleles were detected. C,
comparison of the AmeloD amino acid sequence of the WT and AmeloD-KO product. In AmeloD-KO mice, the frameshift caused an early termination codon,
resulting in a short protein consisting of 19 aa. D, protein expression of AmeloD in WT and AmeloD-KO P1 molars. The AmeloD protein was stained with the
AmeloD antibody (molecular mass, 25 kDa). �-Tubulin (molecular mass, 52 kDa) and �-actin (molecular mass, 42 kDa) are shown as internal controls. IB,
immunoblotting. E, immunofluorescence staining analysis of AmeloD in WT and AmeloD-KO P1 molars. Green, AmeloD; blue, DAPI for nuclear staining. si,
stratum intermedium; iee, inner enamel epithelium; dp, dental pulp. The dashed lines indicate the borders of IEE cells. Scale bars, 20 �m. F, photographic
analyses (a and b) and radiographic analysis (c–f) of 6-week-old WT and AmeloD-KO heads. Skeletal bone abnormality was not observed between WT and
AmeloD-KO mice. Scale bars, 1000 �m. G, the crown heights and root lengths of extracted first molars from 6-week-old WT and AmeloD-KO mice (n � 16). The
mean is shown as lines. Error bars represent S.D. **, p � 0.01 with a two-tailed t test.
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caused by the inhibition of IEE cell differentiation. We used an
EdU labeling assay and the molar tooth germ to examine
whether the deletion of AmeloD influences the proliferation of
IEE cells (Fig. 4B). We found that the numbers of EdU-positive
cells did not differ between WT and AmeloD-KO mice (Fig.
4C). We also examined the effect of AmeloD on dental epithe-
lial proliferation in vitro. Overexpression of the AmeloD gene in
the cervical loop– derived dental epithelial (CLDE) cell line
resulted in high expression of AmeloD (Fig. 4D) without affect-
ing the proliferation of these cells (Fig. 4E). Similar results were
observed in EdU incorporation assays (Fig. 4F). These results

suggested that IEE cell proliferation may not be affected by
AmeloD expression.

AmeloD inhibits E-cadherin expression and promotes
migration of CLDE cells

Tooth germ growth is regulated by the migration and pro-
liferation of IEE cells, and E-cadherin negatively regulates
cell migration in these cells (3, 18). We used immunofluores-
cence staining for E-cadherin to identify the mechanism of
tooth growth inhibition in P1 WT and AmeloD-KO incisors
(Fig. 5A). The early stage of IEE cells of WT incisors did not

Figure 3. Tooth phenotype analysis of AmeloD-KO mice. A, micro-CT analysis of 6-week-old WT and AmeloD-KO molars. B, the total volume of enamel and
dentin in 6-week-old WT and AmeloD-KO molars (n � 6). The number above the bar graph is the ratio of the volume (KO/WT). The mean is shown as lines. Error
bars represent S.D. **, p � 0.01 with a two-tailed t test. Scale bars, 1000 �m. C, micro-CT analysis of P11 AmeloD-KO and WT incisor enamel and molar enamel.
Enamel is defined by density as more than 1300 mg of hydroxyapatite/cm3. D, left panel, total volume of enamel in P11 WT and AmeloD-KO incisor and molars.
Middle panel, total volume of enamel and dentin in molars. Right panel, total volume of enamel and dentin in incisors. The ratio of the volume (KO/WT) is shown
as the number above the bar graph (n � 6). Red, molar enamel; yellow, incisor enamel. The mean is shown as lines. Error bars represent S.D. *, p � 0.05; **, p �
0.01 with a two-tailed t test. E, H-E staining of developing WT (a– c) and AmeloD-KO (d–f) molars. Arrows indicate the position used for quantification of thickness
in F. de, dental epithelium; dm, dental mesenchyme; sr, stellate reticulum; am, ameloblasts; od, odontoblasts; dp, dental pulp; e, enamel; d, dentin. The dashed
lines indicate the border between the dental epithelium and mesenchyme. Scale bars, 200 �m. F, quantification of enamel, dentin, and predentin thicknesses
from the P14 distal cusps of the lower first molars (arrows in E indicate the region of measurement; n � 6). The mean is shown as lines. Error bars represent S.D.
*, p � 0.05 with a two-tailed t test. n.s., not significant.
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express E-cadherin. However, differentiation of the IEE cells
into ameloblasts resulted in strong expression of E-cadherin
by the ameloblasts to retain their polarity. By contrast, the
IEE cells of the AmeloD-KO incisors expressed E-cadherin
(Fig. 5A). We used fluorescence line intensity scans (30 pix-
els wide) across cell– cell junctions to quantify the expres-
sion levels of E-cadherin in the IEE cells (Fig. 5B). The IEE
cells of the WT incisors showed no E-cadherin expression,
whereas the IEE cells of the AmeloD-KO incisors showed
significant E-cadherin expression. The SI cells of the WT
and AmeloD-KO incisors showed no differences in E-cad-
herin expression levels.

E-cadherin continued to be expressed in the proliferative IEE
cells of the AmeloD-KO mice, suggesting an inhibition of
migration activity of the IEE cells. We found that AmeloD sup-
pressed the transcription of E-cadherin by binding to its pro-
moter region (17), suggesting that AmeloD is required for
E-cadherin modulation in the IEE cells. We used adeno-GFP-
AmeloD–infected CLDE cells in wound healing assays to deter-
mine the activity of AmeloD during dental epithelial cell migra-

tion (Fig. 5C). Cell migration was significantly greater in CLDE
cells overexpressing AmeloD than in control CLDE cells
infected with adeno-GFP. Addition of the anti-E-cadherin anti-
body to CLDE cells without infection promoted cell migration,
suggesting that the suppression of E-cadherin induces cell
migration (Fig. 5D).

We then used a hanging drop culture to compare spheroid
formation by the adeno-GFP-AmeloD–infected CLDE cells
and the control adeno-GFP–infected cells (Fig. 5E). The control
CLDE cells formed spheroids in 6 h, whereas the AmeloD-over-
expressing CLDE cells and CLDE cells treated with anti-E-cad-
herin antibody failed to form spheroids. We quantified single
cell numbers in the drops by counting cell numbers after pas-
sage through a cell strainer (Fig. 5F). We found significantly
higher numbers of single cells in the drops containing AmeloD-
overexpressing CLDE cells or the cells treated with anti-E-
cadherin antibody than in the control infected with adeno-
GFP cells (Fig. 5F). These results indicated that AmeloD
expression inhibited spheroid formation through suppres-
sion of E-cadherin.

Figure 4. AmeloD has no effect on cell proliferation in IEE and in the CLDE dental epithelial cell line. A, immunostaining of Ki67 in P1 WT and
AmeloD-KO incisors. Green, Ki67; blue, DAPI. Arrowheads indicate IEE cells. B, EdU staining of E18 WT and AmeloD-KO molars. C, quantification of
EdU-positive cells. The EdU-positive ratio was calculated by counting the numbers of EdU-positive cells/stained nuclei in the epithelium. No significant
difference was observed between WT and AmeloD-KO molars (n � 4). The mean is shown as lines. Error bars represent S.D. n.s., p � 0.05 with a two-tailed
t test. D, AmeloD mRNA expression levels in AmeloD- and control mock vector–transfected CLDE cells (n � 3). Error bars represent S.D. **, p � 0.01 with
a two-tailed t test. E, proliferation assay of AmeloD- and mock-transfected cells. The proliferation activity was detected as absorbance at 450 nm using
a MMT kit (Dojindo; n � 3). Error bars represent S.D. n.s., p � 0.05 with two-way ANOVA. F, EdU incorporation and staining in AmeloD- and mock-
transfected CLDE cells. Green, EdU; blue, Hoechst (n � 10). The mean is shown as lines. Error bars represent S.D. n.s., p � 0.05 with a two-tailed t test. Bars,
50 �m.
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Deletion of AmeloD inhibits the growth of clipped incisors

The in vitro analysis revealed that AmeloD promoted migra-
tion of dental epithelial cells by inhibition of E-cadherin. Dur-
ing ectodermal organ development, the motility of epithelial
cells affects organ morphogenesis (19). Therefore, we hypoth-
esized that deletion of AmeloD in vivo inhibits tooth growth by
the suppression of IEE cell motility. We examined whether the

deletion of AmeloD affected incisor growth speed by perform-
ing incisor cutting and recovery assays in 6-week-old WT
and AmeloD-KO mice (Fig. 6). At this age, the sizes of the
incisors are similar in WT and AmeloD-KO mice as shown in
Fig. 2F; this is because the continuous growth of the incisors
might overcome the potential growth rate differences in the
AmeloD-KO incisors.

Figure 5. AmeloD inhibits E-cadherin expression in IEE and promotes cell migration in vitro. A, immunostaining of E-cadherin in P1 WT and AmeloD-KO
incisors. White, E-cadherin. Arrowheads indicate IEE cells, and arrows indicate SI cells. cl, cervical loop; iee, inner enamel epithelium; si, stratum intermedium. The
dashed lines indicate the border between the dental epithelium and mesenchyme. Scale bars, 200 �m. B, quantification of E-cadherin staining from 30-pixel-
wide fluorescence line intensity scans across cell– cell junctions. SI cells were measured as an internal control (n � 20). The mean is shown as dots. Error bars
represent S.D. **, p � 0.01 with one-way ANOVA. C, wound healing assays for the adeno-GFP– or the adeno-GFP-AmeloD–infected or anti-E-cadherin
functional antibody–treated CLDE cells. Scale bars, 50 �m. D, cell migration and wound closure areas in the wound healing assay (n � 5). The mean is shown as
dots. Error bars represent S.D. **, p � 0.01 with respect to the adeno-GFP as control by two-way ANOVA. E, hanging drop cultures of the adeno-GFP– or the
adeno-AmeloD–infected or anti-E-cadherin (E-cad) functional antibody–treated CLDE cells. Cell spheroids in cultures 6 h after the cells were dropped. Scale
bars, 1000 �m. F, single-cell ratio after passage through a cell strainer (n � 10). The mean is shown as lines. Error bars represent S.D. ***, p � 0.001 with respect
to the adeno-GFP as a control by one-way ANOVA.
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The lower left incisor was clipped to one-half its length on
day 0, and we observed the rate of incisor growth by measuring
incisor length at day 3 postcutting (Fig. 6A). At day 3, the WT
incisors had recovered to almost the length of the uncut
right lower incisor (Fig. 6A, middle panel). By contrast, the
AmeloD-KO incisors did not recover their length. We quanti-
fied the growth speed of the recovered incisors by measuring
their total length 3 days after cutting (Fig. 6B). The relatively
slow recovery of the AmeloD-KO incisors suggests that a reduc-
tion in IEE cell motility had affected tooth growth speed; i.e. the
deletion of AmeloD inhibits incisor growth, likely due to the
inhibition of IEE cell motility.

AmeloD contributes to abnormal dental epithelium invasions
in Epfn-KO teeth

Our data suggested an important role for AmeloD in IEE cell
migration and invagination; therefore, we hypothesized that
AmeloD could be involved in the random dental epithelium
invasions into the mesenchyme region observed in Epfn-KO
teeth. Epiprofin, an Sp zinc-finger family transcription factor, is
essential for ameloblast development. Epfn is expressed in the
IEE, ameloblasts, and odontoblasts (7, 8). Epfn has multiple
functions in developing ameloblast lineages, including the regula-
tion of IEE cell differentiation into ameloblasts and the promotion
of IEE cell proliferation (6, 20, 21). The IEE cells in Epfn-KO teeth
show drastically reduced proliferation activity (7, 9). In addition,
Epfn-KO teeth lack enamel and develop a defect in dentin struc-
ture (7). The premature IEE cells of Epfn-KO teeth do not polarize,
and they show abnormal invagination into the mesenchymal
region (7, 9, 22). This random invasion of the dental epithelium
results in multiple branching and the formation of supernumerary
teeth in Epfn-KO mice (7, 9).

We characterized the dental epithelial cells in Epfn-KO teeth
by immunofluorescence staining for E-cadherin in E17 molars
(Fig. 7A). The invading epithelia showed a reduction in E-cad-
herin expression in the presumptive IEE region, indicating that

random invasions were caused by an abnormal migration.
Interestingly, the region showed a loss of keratin 5 and started
to express N-cadherin and vimentin, which are markers of mes-
enchymal cells. These changes suggested the involvement of a
partial epithelial–mesenchymal transition (EMT) in the inva-
sions (Fig. 7, A and B).

We also examined AmeloD expression in the developing
incisors and molars of Epfn-KO mice. The E17 WT incisors and
molars showed restriction of AmeloD expression to the IEE
cells (Fig. 7, C and D). In the E17 Epfn-KO incisors and molars,
the dental epithelium started to form multiple branches by ran-
dom invasion into mesenchyme, and the Epfn-KO incisors
developed an ectopic cervical loop–like structure to form mul-
tiple incisors. The AmeloD protein was expressed strongly in
the invading epithelium regions in both Epfn-KO incisors and
molars (Fig. 7, C and D). We further examined the relationship
between multiple tooth formation and the AmeloD expression
by creating AmeloD; Epfn-KO mice. The Epfn-KO mice devel-
oped more than 20 incisors at 3 months of age, whereas the
AmeloD; Epfn-KO mice developed fewer incisors (Fig. 8A, a
and b). The AmeloD; Epfn-KO mice erupted only one to two
incisors at 3 months of age. Similar to the Epfn-KO mice, the
AmeloD; Epfn-KO mice lacked enamel on their teeth. Radio-
graphic analysis also showed a drastic reduction in the number
and size of incisors (Fig. 8A, d and f). We confirmed an incisor
length difference by measuring the length of extracted incisors
(Fig. 8B). The incisors were significantly shorter in AmeloD;
Epfn-KO mice than in Epfn-KO mice. The Epfn-KO molars
failed to develop roots because of defects in the root-forming
dental epithelium. Similarly, AmeloD; Epfn-KO molars lacked
roots, suggesting a disturbance in root formation. We also per-
formed micro-CT analysis of 6-week-old Epfn-KO and AmeloD;
Epfn-KO teeth. The volume of the incisors and the molars was
smaller for AmeloD; Epfn-KO mice than for Epfn-KO mice (Fig.
8C).

Figure 6. Deletion of AmeloD in adult mice inhibits incisor regeneration. A, photographic analysis of 6-week-old WT and AmeloD-KO mice after clipping the
lower left incisor. First column, mice incisors at day 0 after clipping half of the left lower incisor. Second column, mice incisors at day 3 of recovery. Third column,
radiographic analysis of clipped incisors after 3 days of recovery. B, quantified data of the recovered incisor length after cutting (n � 6). The mean is shown as
lines. Error bars represent S.D. **, p � 0.01 with a two-tailed t test.
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We performed a histological analysis of P1 Epfn-KO and
AmeloD; Epfn-KO molars (Fig. 8, D and E). In Epfn-KO molars,
the dental epithelium showed random invasions into the mes-
enchymal regions. In AmeloD; Epfn-KO molars, the dental epi-
thelium also showed random invasions, but the elongation of
these invasions was inhibited (Fig. 8D). We used immunofluo-
rescence staining of E-cadherin in P1 Epfn-KO and AmeloD;
Epfn-KO molars to analyze the mechanism of these differences
in epithelium invasions (Fig. 8E). In Epfn-KO molars, the invad-
ing epithelial cells did not express E-cadherin. However, in the
AmeloD; Epfn-KO molars, these cells strongly expressed E-cad-
herin, suggesting inhibition of the dental epithelium invasions.
These results suggest that AmeloD promotes epithelium inva-
sions by suppressing E-cadherin expression in the invading epi-
thelial cells in Epfn-KO teeth.

Discussion

Tooth development requires the involvement of several
bHLH transcription factors, such as dHand/Hand2, Math1,
Twist1, Snail, and Id1 (13–15). The dHand2 factor shows
restricted expression in lower incisors and functions in mesen-
chymal cell differentiation and apoptosis of the dental cells.
Math1 is later expressed in differentiated ameloblasts and
odontoblasts in P3 molars and is suggested to be involved in the
differentiation of both ameloblasts and odontoblasts; however,
its actual function remains unclear. Twist1 is expressed in the
dental mesenchyme and is important for odontoblast differen-
tiation. The deletion of Twist1 in the dental mesenchyme inhib-

its odontoblast differentiation by suppression of the fibroblast
growth factor signaling pathway (23). Snail is expressed in the
dental mesenchyme and is also regulated by fibroblast growth
factor signaling. Id1 is expressed in both the dental mesen-
chyme and epithelium and is especially restricted to the enamel
knot. We found that AmeloD shows a restricted expression
pattern in proliferative IEE (Fig. 1). This expression pattern is
unique among the reported bHLH factors. Therefore, we pro-
pose that AmeloD has a distinct role in tooth development.

Expression of AmeloD was restricted to IEE cells where it
regulated E-cadherin expression in IEE cells. The AmeloD-de-
ficient teeth of KO mice showed increased expression of E-cad-
herin in the IEE cells (Fig. 5A); consequently, the migration of
those IEE cells might be inhibited. In vitro experiments showed
that overexpression of AmeloD induced cell migration. A sim-
ilar result was observed for the inhibition of E-cadherin using a
blocking antibody. However, we did not confirm these findings
in vivo. Further in vivo experiments are still needed to clarify the
relationship between AmeloD and E-cadherin in the in vivo
migration of IEE cells. The tooth germ size was similar in
AmeloD-KO and WT mice in the bud stage (Fig. 3E). However,
after the bell stage, the tooth germs were significantly smaller in
the AmeloD-KO than in the WT mice. In addition, the IEE
migration required for root formation was likely inhibited in
the AmeloD-KO molars. Thus, AmeloD may regulate the whole
tooth size by suppressing E-cadherin expression in IEE cells.
This modulation of E-cadherin expression by AmeloD is con-

Figure 7. Epfn deficiency induces the partial epithelial-mesenchymal transition in the invading epithelia. A, immunofluorescence of E-cadherin and
N-cadherin in E16 WT and Epfn-KO molars. Green, E-cadherin; red, N-cadherin; blue, DAPI. B, immunofluorescence of keratin 5 and vimentin in E16 WT and
Epfn-KO molars. Green, keratin 5; red, vimentin; blue, DAPI. C, immunofluorescence of AmeloD in E17 WT and Epfn-KO incisors. b and d, enlargements of a
and c. D, immunofluorescence of AmeloD in E17 WT and Epfn-KO molars. b and d, enlargements of a and c. Green, AmeloD; blue, DAPI. de, dental epithelium; dm,
dental mesenchyme; iee, inner enamel epithelium; sr, stellate reticulum. Scale bars, 100 �m.
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sistent with our previous report that AmeloD binds to the
E-box cis-regulatory element in the E-cadherin promoter
region to suppress E-cadherin transcriptional activity in the
dental epithelial CLDE cell line (17).

Modulation of E-cadherin expression is important for epi-
thelial cell dynamics in organogenesis because E-cadherin acts
as a negative regulator of cell division and migration (2). For
example, Btbd7, a member of the BTB domain– containing pro-
tein family, is essential for cleft formation during in vivo
branching morphogenesis, which occurs through down-regu-
lation of E-cadherin (24, 25). A more recent report reveals that
Btdb7 functions as a negative regulator of E-cadherin by pro-
moting E-cadherin ubiquitination and degradation (19). Epi-
thelium-specific conditional Btdb7-KO mice develop smaller
salivary glands, lungs, and kidneys compared with WT mice
due to inhibition of the division and migration of bud epithelial
cells through the up-regulation of E-cadherin expression (19).
Thus, regulation of epithelial cell division and migration
through modulation of E-cadherin expression is critical for
ectodermal organs to achieve an appropriate size. In fact, func-
tional inhibition using a neutralizing antibody for E-cadherin
promoted cell migration of the CLDE dental epithelial cell line
(Fig. 5, C and D). However, inhibition of transcription using
siRNA for E-cadherin did not rescue the AmeloD-deficient
phenotype of CLDE cells (data not shown). Other factors regu-
lated by AmeloD may be involved in this process.

Both cell migration and cell proliferation activities are
important for tooth germ growth; however, AmeloD did not
affect the cell proliferation activity of IEE cells (Fig. 4). IEE cell
proliferation is most likely regulated by Epfn as suggested by
several lines of evidence. For example, Epfn-KO teeth show a
severe inhibition of IEE cell proliferation (7). In addition, a low
level of exogenous Epfn expression promotes the proliferation
of CLDE cells, whereas a high level of Epfn expression promotes
CLDE differentiation into ameloblasts.3 The basal layer of the
epidermis contains stem cells and proliferating transit-ampli-
fying cells, which are equivalent to IEE cells in developing teeth.
The Epfn-KO epidermis shows a severe reduction in transit-
amplifying cell proliferation (26). In keratinocyte cell prolifera-
tion, Epfn functions as a cell cycle regulator by binding to Cdk4
and promoting the phosphorylation of Rb to activate the E2F
transcription factor for cell cycle progression (26). The Epfn
expression in AmeloD-KO teeth was similar to that found in the
WT teeth (data not shown). Therefore, despite the inhibition of
cell migration observed in the absence of AmeloD in the in vitro
experiments, cell proliferation may not be suppressed in vivo in

AmeloD-KO teeth because of the expression of Epfn in the IEE
cells. We need further analysis using in vivo experimental mod-
els to understand the mechanism of cell proliferation and
migration in IEE cells.

The shortened length of the early-stage incisors in P11
AmeloD-KO mice may arise due to the defect in IEE cell migra-
tion (Fig. 3, C and D). However, in 6-week-old AmeloD-KO
mice, the lengths of the incisors were similar to those of the
WT, which could reflect the continuous growth of adult mouse
incisors (Fig. 2F). Indeed, incisor recovery speed was decreased
by the deletion of AmeloD (Fig. 6), suggesting that incisor
growth was inhibited in AmeloD-KO mice during tooth
germ development. By contrast, the AmeloD-KO molars were
smaller than the WT molars because IEE cells disappear after
differentiation into ameloblasts or upon the completion of root
formation. Interestingly, the AmeloD; Epfn-KO mice showed a
reduced tooth size when compared with AmeloD-KO mice (Fig.
8). Previously, we reported that Epfn knockout results in inhi-
bition of cell proliferation in the early stage of dental epithelium
development (7). The reduced tooth size observed in the
AmeloD; Epfn-KO mice may therefore result from the suppres-
sion of cell proliferation by the deletion of Epfn.

The EMT process contributes to organogenesis and cancer
metastasis (27, 28). During the EMT, epithelial cells lose their
polarity and cell– cell adhesion activity, thereby gaining migra-
tion capacity. Suppression of E-cadherin expression is com-
monly observed during the EMT (29), and various transcription
factors that can suppress E-cadherin have been reported to act
as EMT transcription factors (EMT-TFs). We previously sug-
gested that AmeloD is an EMT-TF (17).

Twist1, a bHLH transcription factor, is a known EMT-TF
(30). During tooth development, Twist1 is expressed in the
mesenchyme, and mesenchymal-conditional Twist1-KO mice
show an inhibition of odontoblast differentiation caused by the
inhibition of epithelial–mesenchymal interactions (23). In
Epfn-KO mice, the dental epithelial cells failed to polarize, and
after the bell stage, the immature dental epithelium randomly
invades into the mesenchymal region to form multiple teeth (7,
9, 31). In the present study, we demonstrated that the AmeloD
expression in the invading dental epithelial cells of Epfn-KO
teeth caused abnormal migration of epithelial cells through
partial EMT processes (Fig. 7). These invasive dental epithelial
cells did not express E-cadherin, but they expressed the mesen-
chymal markers N-cadherin and vimentin (Fig. 7). By contrast,
in the AmeloD; Epfn-KO mice, dental epithelial cells expressed
E-cadherin, and epithelial cell invasion was inhibited (Fig. 8),
which, in turn, reduced the number and size of multiple teeth in
the AmeloD; Epfn-KO mice.

3 Y. Chiba, B. He, K. Yoshizaki, C. Rhodes, M. Ishijima, C. K. E. Bleck, E. Stempin-
ski, E. Y. Chu, T. Nakamura, T. Iwamoto, S. de Vega, K. Saito, S. Fukumoto,
and Y. Yamada, unpublished data.

Figure 8. AmeloD deficiency reduces the tooth size and number in Epfn-KO mice via inhibition of random dental epithelial invasions. A, photographic
analyses (a and b) and radiographic analysis (c–f) of 3-month-old Epfn-KO and AmeloD; Epfn-KO heads. The red brackets indicate the length of the incisors. Scale
bars, 1000 �m. B, incisor lengths of 3-month-old Epfn-KO and AmeloD; Epfn-KO mice (n � 5). The mean is shown as lines. Error bars represent S.D. *, p � 0.05 with
a two-tailed t test. C, the total volume of dentin in 6-week-old Epfn-KO and AmeloD; Epfn-KO teeth by micro-CT analysis. Left panel, total volume of incisors.
Middle panel, total volume of molars. Right panel, total volume of molars and total volume of incisor were quantified. The ratio of the volume (AmeloD; Epfn
KO/Epfn KO) is shown as the number above the bar graph (n � 4). The mean is shown as lines. Error bars represent S.D. *, p � 0.05; **, p � 0.01 with a two-tailed
t test. D, H-E staining of P1 Epfn-KO and AmeloD; Epfn-KO molars. The dashed lines indicate the border between the dental epithelium and mesenchyme. Scale
bars, 100 �m. E, immunofluorescence staining analysis of E-cadherin (E-cad) in P1 Epfn-KO and AmeloD; Epfn-KO molars. b and d, enlargements of a and c. Green,
E-cadherin; blue, DAPI. The dashed lines indicate the presumptive inner enamel epithelium. de, dental epithelium; dm, dental mesenchyme. Scale bars, 100 �m.
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These results suggest that AmeloD contributes to multiple
tooth formation; however, some continuous formation of mul-
tiple teeth was still observed in the AmeloD; Epfn mice. We
found that the invasive dental epithelium of Epfn-KO mice
strongly expressed AmeloD as well as Twist1 (data not shown).
The increased expression of Twist1 may contribute to the ran-
dom invasion of dental epithelium observed in the Epfn-KO
mice. Further analysis of the regulatory mechanism of AmeloD
transcription and the relationship between AmeloD and Twist1
is required.

In summary, we identified a novel mechanism for the regu-
lation of E-cadherin by AmeloD during tooth development.
Our in vivo and in vitro results suggest that AmeloD is
expressed in the IEE cells and that it suppresses E-cadherin
expression. As a result, IEE cells might gain the migration
capacity needed to increase tooth size. Taken together, our
findings reveal that AmeloD is a novel factor that regulates
tooth size during development, and this work provides new
insights into the mechanism of ectodermal organ development.

Experimental procedures

Generation of AmeloD-KO mice

CompoZrTM Custom ZFN Service (Sigma) designed the
zinc-finger nuclease (ZFN) construct for the AmeloD gene.
The targeting construct was injected into embryonic stem cells.
TheAmeloDgenehastwoexons:noncodingexon1(1–178)andcod-
ing exon 2 (9599 –11347). The AmeloD coding sequence is 567
bp long and encoded by exon 2 (10091–10658). We designed
the targeting construct as shown in Fig. 2A. The 39-bp ZFN-
binding sequence (10115–10154) is located near the transcrip-
tional start site. Fertilized eggs were microinjected with the
targeting construct and implanted into pseudopregnant mice.
Two AmeloD-KO mouse lines were created. The following
primers were used for genotyping: Forward, 5�-GAAGCCT-
TAGCAACTCGCAG-3�; Reverse, 5�-CCCAGTGTAGGC-
CGTCGTAGT-3�. A frameshift mutation was effected in
both targeted AmeloD loci by deleting an identical single bp
in the coding sequence of exon 2, resulting in a termination
codon soon after the deletion. These two mouse lines
showed a similar tooth phenotype. The AmeloD-KO mouse
line was maintained by cross-mating with FVB/N mice. The
following primers were used for Epfn-KO mouse genotyping:
Epfn-Forward1, 5�-GCTTCCTCGTGCTTTACGGTATC-
3�; Epfn-Forward2, 5�-GCTGGAGGCCGTGAAGGAAAG-
G-3�; Epfn-Reverse, 5�-GGGTTAGGGGTCATAAGGGAT-
AGG-3�. The animal protocols for maintaining mice were
approved by the National Institute of Dental and Craniofa-
cial Research Animal Care and Use Committee. All animals
were housed in an animal facility approved (Animal Protocol
number 16-796) by the American Association for the
Accreditation of Laboratory Animal Care.

Cell culture and transfection

The mouse CLDE cell line was established and maintained as
described previously (32). Briefly, CLDE cells were maintained
in a keratinocyte serum-free medium (K-SFM) supplemented
with epidermal growth factor and bovine pituitary extract
(Invitrogen) at 37 °C in 5% CO2. For the MTT assay and EdU

staining, CLDE cells were transfected with the AmeloD expres-
sion vector (AmeloD-pCA1 vector) using Lipofectamine� LTX
with PlusTM Reagent (Invitrogen). For the hanging drop culture
and wound healing assay, CLDE cells were infected with a 100
multiplicity of infection of the adeno-associated virus expres-
sion vectors, adeno-GFP expression vector or adeno-GFP-
AmeloD expression vector, in DMEM/F-12 without serum.
After infection with the adeno-associated virus vectors, CLDE
cells were maintained in DMEM/F-12 with 10% fetal bovine
serum.

Western blotting

The P1 tooth germ was dissected, and the total protein was
harvested with T-PER� Tissue Protein Extraction Reagent
(Thermo Fisher Scientific). The protein amount was measured
with Micro BCATM Protein Assay Reagent (Thermo Fisher Sci-
entific), and 10 �g of protein was loaded onto a NuPAGE�
Bis-Tris gel. Western blotting was performed as described pre-
viously (33).

Radiographic and micro-CT analysis

X-ray imaging was performed as described previously (34).
For micro-CT analysis, the heads of 6-week-old mice were dis-
sected and fixed with 4% paraformaldehyde in phosphate-buff-
ered saline (PBS). Scanning was performed using a SCANCO
�CT50 device. The micro-CT images were acquired with the
X-ray source at 80 kV peak. The data were collected at a reso-
lution of 2 �m. The 3D reconstruction and enamel and dentin
volume quantification were conducted using AnalyzePro
(AnalyzeDirect).

Histological analysis and immunofluorescence staining
analysis

For histological analysis, several stages of developing mouse
heads were dissected and processed as described previously (7).
For H-E staining, sections were stained with hematoxylin 2 and
eosin Y (Thermo Fisher Scientific). The widths of the enamel,
dentin, and predentin layers were measured using a microscope
(BioZero-8000) as described previously (35). Six mouse heads
from each genotype were used for sectioning, and the thickest
region in the distal cusp of the lower first molars was used for
analysis. For immunostaining, antigen retrieval was performed
with LAB solution (Cosmo Bio) for frozen sections and with
citrate buffer (Sigma) for paraffin sections. After antigen
retrieval, the sections were incubated in a power block reagent
(Genetex) for 20 min prior to incubation with the primary anti-
body. The following primary antibodies were used in our study:
keratin 5 (Covance; 1:400), vimentin (Abcam; 1:100), E-cad-
herin (Cell Signaling Technology; 1:200), and N-cadherin
(Novus Biologicals; 1:200). Rabbit polyclonal antibody or the
AmeloD peptide antibody was raised and purified on a peptide
affinity column (17). Primary antibodies were detected by Alexa
Fluor 488 – conjugated antibody (Invitrogen; 1:400) and Cy-5–
conjugated secondary antibody (Jackson ImmunoResearch
Laboratories; 1:400). Nuclear staining was performed with
DAPI (Sigma). Images were captured using a Nikon A1R con-
focal laser microscope system. Fluorescence line intensity scans
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were analyzed using ImageJ software as described previously
(19).

MTT assay

The CLDE cells were plated on a 96-well plate at 4 � 103

cells/well. At days 0, 1, 2, and 3 after transfection, cell prolifer-
ation activity was measured using a Cell Counting Kit-8�
(Dojindo). Two hours after incubation at 37 °C with reagent in
K-SFM, the absorbance at 450 nm was measured using a
Gen5TM microplate reader and Imager Software (BioTek).

EdU staining

EdU staining was performed using the Click-it� Plus reagent
(Invitrogen) following the manufacturer’s protocol. As in the in
vitro experiment, 48 h prior to the assay, the CLDE cells were
transfected with the AmeloD expression vector. The cells were
incubated with 10 �M EdU containing K-SFM for 4 h. The EdU-
positive ratio was measured using ImageJ. As in the in vivo
experiment, pregnant mice were injected peritoneally with 1.5
�g of EdU in saline. After 4 h, the mice were euthanized in CO2,
and E18 pups were immediately dissected for experiments. The
EdU-positive ratio was calculated using ImageJ software.

Incisor cutting and recovery assay

Six-week-old WT and AmeloD-KO mice were used for this
experiment. On day 0, the left lower incisor was clipped to half
its length, and the length was recorded using a caliper as
described previously (36). On day 3 after incisor clipping, the
animals were sacrificed for analysis. The recovered incisor
length was calculated as the total increase in length after the
injury as follows: Recovered rate � Length difference at day
3/Length difference at day 0.

RT-PCR and real-time PCR

Total RNA was isolated using the RNeasy kit (Qiagen) fol-
lowing the manufacturer’s protocol. The cDNA was synthe-
sized from 500 ng of this total RNA using iScriptTM RT Super-
mix for RT-qPCR (Bio-Rad), and quantitative RT-PCR was
performed using iQTM SYBR� Green Supermix (Bio-Rad) using
a CFX384 Touch Real-Time PCR Detection System. The rela-
tive mRNA expression was determined using GAPDH as an
internal control. The following primers were used; AmeloD-
Forward, 5�-ACTACGACGCCTACACTGGG-3�; AmeloD-
Reverse, 5�-ATGAAGGCAGGCTCGAACGG-3�; Gapdh-For-
ward, 5�-GGTGAAGGTCGGTGTGAACG-3�; Gapdh-Reverse,
5�-CTCGCTCCTGGAAGATGGTG-3�.

Hanging drop method

Forty-eight hours prior to the experiments, CLDE cells were
infected with an adeno-GFP or adeno-GFP-AmeloD expres-
sion vector. Anti-E-cadherin functional antibody–treated
CLDE cells were prepared by incubating the cells with antibody
at 37 °C for an hour. The cells were dissociated from the plate
using 0.25% trypsin, EDTA (Gibco). For the hanging drop cul-
ture, 3 � 106 cells were concentrated in a 20-�l drop. After a 6-h
incubation, cell spheroids were imaged using an Advanced
Microscopy Group (AMG) EVOS microscope. Single-cell

numbers were counted after passage through a 70-�m cell
strainer.

In vitro wound healing assay

CLDE cells were plated into an ibidi� 2-well cell culture
insert at 4 � 104 cells/well. The next day, the cells were infected
with the adeno-GFP or adeno-GFP-AmeloD expression vector.
Anti-E-cadherin functional antibody–treated CLDE cells were
incubated with antibody. After 24 h, the ibidi insert was
removed and washed with PBS. Time-lapse CLDE cell images
were captured by an Axiovert 135XT microscope after 24 h in
DMEM/F-12 plus 1 ng/ml transforming growth factor-�1. The
relative wound area was calculated using ImageJ.

Statistics

A two-tailed Student’s t test was applied for statistical analy-
sis of two independent variables. Fluorescence line intensity
scan data and single-cell ratio in hanging drop culture were
analyzed by one-way analysis of variance (ANOVA). Multiple
analyses of the MTT assay and wound healing assay results
were conducted using two-way ANOVA. A p value �0.05 was
considered statistically significant.
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