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for maintaining the differentiation state of ameloblasts

 

Satoshi Fukumoto,

 

1,2

 

 Takayoshi Kiba,

 

1

 

 Bradford Hall,

 

1

 

 Noriyuki Iehara,

 

1

 

 Takashi Nakamura,

 

1

 

 Glenn Longenecker,

 

1

 

 
Paul H. Krebsbach,

 

3

 

 Antonio Nanci,

 

4

 

 Ashok B. Kulkarni,

 

1

 

 and Yoshihiko Yamada

 

1

 

1

 

Craniofacial Developmental Biology and Regeneration Branch, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, MD 20892

 

2

 

Section of Pediatric Dentistry, Division of Oral Health, Growth and Development, Faculty of Dental Science, Kyushu University, Fukuoka 812-8582, Japan

 

3

 

Department of Oral Medicine, Pathology and Oncology, School of Dentistry, The University of Michigan, Ann Arbor, MI 48109

 

4

 

Department of Stomatology, Faculty of Dentistry, Université de Montréal, Montreal, QC, Canada H3C 3J7

 

ooth morphogenesis results from reciprocal interac-
tions between oral epithelium and ectomesenchyme
culminating in the formation of mineralized tissues,

enamel, and dentin. During this process, epithelial cells
differentiate into enamel-secreting ameloblasts. Amelo-
blastin, an enamel matrix protein, is expressed by differ-
entiating ameloblasts. Here, we report the creation of
ameloblastin-null mice, which developed severe enamel
hypoplasia. In mutant tooth, the dental epithelium differ-
entiated into enamel-secreting ameloblasts, but the cells
were detached from the matrix and subsequently lost cell

T

 

polarity, resumed proliferation, and formed multicell layers.
Expression of Msx2, p27, and p75 were deregulated in
mutant ameloblasts, the phenotypes of which were reversed
to undifferentiated epithelium. We found that recombi-
nant ameloblastin adhered specifically to ameloblasts
and inhibited cell proliferation. The mutant mice devel-
oped an odontogenic tumor of dental epithelium origin.
Thus, ameloblastin is a cell adhesion molecule essential
for amelogenesis, and it plays a role in maintaining the
differentiation state of secretory stage ameloblasts by
binding to ameloblasts and inhibiting proliferation.

 

Introduction

 

Many vertebral organs begin their development by inductive
interactions between epithelium and mesenchyme. Tooth devel-
opment is a classic example of this process and provides a useful
experimental system for understanding the molecular mechanisms
of organogenesis (Thesleff and Sharpe, 1997; Jernvall et al.,
2000). The earliest morphogenetic event of mouse tooth develop-
ment occurs at embryonic day (E) 11.5 when the oral ectoderm
invaginates into the underlying neural crest-derived mesenchyme
(Cohn, 1957). Continuation of this invagination results in the
formation of epithelial tooth buds at E13.5. Mesenchymal cells
surrounding the bud form the dental papilla, which later develop
into dentin-secreting odontoblasts and the tooth pulp. After the
bud stage, the tooth germ progresses to the cap and bell stages and
the epithelium differentiates into enamel-secreting ameloblasts.

Ameloblasts undergo several differentiation processes
(Fincham et al., 1999): the presecretory, secretory, and matura-
tion stages. All these differentiation stages can be seen simulta-
neously in incisors of adult rodents because they continuously
grow and erupt throughout life. In the presecretory stage, the

basement membrane matrix separates the dental epithelium and
mesenchymal preodontoblasts (Thesleff et al., 1981; Adams
and Watt, 1993). However, the basement membrane matrix dis-
appears at the secretory stage, and enamel matrix replaces the
basement membrane to support and regulate the secretory
ameloblast cells (Smith, 1998). The secretory stage ameloblasts
produce and secrete specific proteins in the enamel matrix that
are replaced by calcium and phosphorous during the matura-
tion stage for enamel formation.

The principal components of the enamel matrix synthe-
sized by secretory ameloblasts can be classified into two major
categories: amelogenin, which makes up 

 

�

 

90% of the enamel
matrix, and nonamelogenins including ameloblastin, enamelin,
and tuftelin (Smith, 1998). Amelogenin-null mice (Gibson et
al., 2001) exhibited a phenotype similar to human X-linked
amelogenesis imperfecta in which ameloblast differentiation
was normal but an abnormally thin enamel layer was formed. It
has been suggested that amelogenins are essential for the organi-
zation of the crystal pattern and regulation of enamel thickness,
and that other enamel proteins may play a role in the initial
enamel formation and ameloblast differentiation (Fincham et
al., 1999; Moradian-Oldak, 2001).

Ameloblastin, also known as amelin and sheathlin, is a
tooth-specific glycoprotein, which represents the most abundant
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nonamelogenin enamel matrix protein (Cerny et al., 1996; Fong
et al., 1996; Krebsbach et al., 1996). High levels of ameloblastin
expression occur at the secretory stage and its expression is di-
minished at the maturation stage. Ameloblastin is also tran-
siently expressed in dentin matrix and Hertwig’s root sheath ep-
ithelial cells (Fong et al., 1996; Bosshardt and Nanci, 1998;
Simmons et al., 1998), but its role in dentin and cementum for-
mation has not been established. Unlike amelogenin, ameloblas-
tin localizes near the cell surface and not in the deep enamel ma-
trix layer (Nanci et al., 1998). Recently it was reported that
transgenic mice overexpressing ameloblastin in ameloblasts re-
semble amelogenesis imperfecta, suggesting the importance of
ameloblastin in enamel formation (Paine et al., 2003).

Here, we have generated mice with a null mutation at the
ameloblastin locus to determine the role of ameloblastin in
amelogenesis. The mutant mice showed several specific anom-
alies of tooth development including the lack of enamel forma-
tion. In ameloblastin-null mice, the dental epithelium differen-
tiates into enamel-secreting ameloblasts, but the cells detach
from the matrix surface at the secretory stage and lose cell po-
larity. Mutant ameloblasts resume proliferation and accumulate
to form multiple cell layers, producing abnormal, unstructured,
calcified matrix. Ameloblastin binds specifically to amelo-
blasts and inhibits cell proliferation of mutant ameloblasts. In
mutant teeth, ameloblasts regain some early phenotypes of un-
differentiated dental epithelial cells, and the abnormalities oc-
cur when the cells detach. Our results indicate that ameloblas-
tin is a key adhesion molecule for enamel formation and
suggest that ameloblastin plays an important role by binding
to, and maintaining the differentiated phenotype of secretory
ameloblasts.

 

Results

 

Generation of ameloblastin-null mice

 

To analyze the function of ameloblastin, we performed targeted
disruption of the ameloblastin gene (

 

Ambn

 

) in mouse embry-

onic stem (ES) cells using homologous recombination. We de-
leted the sequence containing exons 5 and 6 of the gene and re-
placed it with the PGK-Neo

 

r

 

 cassette gene (Fig. 1 A). Chimeric
mice were produced from ES cell clones with the modified

 

Ambn

 

 locus as confirmed by genotyping with Southern blotting
(Fig. 1 B). Neither 

 

Ambn

 

 transcript nor protein was detected in
postnatal day (P) 3 maxillary first molar of homozygous
(

 

Ambn

 

�

 

/

 

�

 

) mice (Fig. 1, C and D). Heterozygous mice (

 

Ambn

 

�

 

/

 

�

 

)
showed similar expression levels of ameloblastin as wild-type
mice.

 

Defective enamel formation in 
ameloblastin-null mice

 

The 

 

Ambn

 

-null mice were fertile, and the newborns appeared
normal. However, as early as 3 wk old, incisors from 

 

Ambn

 

�

 

/

 

�

 

mice displayed a chalky white color, indicating hypoplastic or
hypocalcified enamel (Fig. 1 E). Stereomicroscopic analysis of
molars and incisors of 3-wk-old heterozygous mice showed
translucent enamel, whereas 

 

Ambn

 

�

 

/

 

�

 

 molars and incisors
lacked enamel (unpublished data). Microradiographic imaging
showed normal development of the craniofacial bone and the
outward appearance of tooth (Fig. 2 A). It was reported that
ameloblastin is transiently expressed in Hertwig’s root sheath
(Fong et al., 1996; Bosshardt and Nanci, 1998; Simmons et al.,
1998). However, root formation in the mutant mice was not
different from wild-type and 

 

Ambn

 

�

 

/

 

�

 

 mice (unpublished data).
Both maxillary and mandibular incisor tips of 

 

Ambn

 

�

 

/

 

�

 

 mice
were rounded, and the occlusal plane of the molar was flattened
(arrow) because of attrition after tooth eruption (Fig. 2 B). In-
terestingly, the space between tooth and alveolar bone (arrows)
was wider in 

 

Ambn

 

�

 

/

 

�

 

 mice than in 

 

Ambn

 

�

 

/

 

�

 

 mice. In this
space, invasion of calcified tissue was observed (Fig. 2 B).

CT-scans of molars from 6-wk-old 

 

Ambn

 

�

 

/

 

�

 

 mice showed
that radio-opaque enamel formed over dentin, whereas in

 

Ambn

 

�

 

/

 

�

 

 teeth, there was no radio-opaque enamel region and
the occlusal surface was flat (Fig. 2 C). Scanning electron mi-
croscopic (SEM) analysis of 

 

Ambn

 

�

 

/

 

�

 

 incisors revealed a dys-

Figure 1. Generation of ameloblastin-null mice. (A)
Structure of the Ambn gene, targeting vector, and targeted
allele after homologous recombination. The location of
the fragment used as a probe in Southern blotting is
shown, as well as the sizes of the XbaI fragment detected
for wild-type and targeted alleles. Exons are depicted as
closed boxes. The PGK-neo and PGK-TK cassettes are
depicted as open and oblique boxes. (B) Southern blot
analysis of 6-wk-old mouse genomic DNA. Genomic
DNA isolated from tails was digested with XbaI and hy-
bridized with the probe containing exons 8–10. The wild-
type and mutant alleles were detected as 4.5- and 2.3-kb
fragments, respectively. (C) RT-PCR analysis of Ambn
mRNA expression in wild-type, heterozygous, and ho-
mozygous mice. 2 �g of total RNA isolated from P3
mouse molars were reverse transcribed and amplified
with primers for Ambn and GAPDH. (D) Western blot
analysis of ameloblastin in wild-type, heterozygous, and
homozygous mice. Two P3 maxillary first molars were
dissected and lysed with 100 �l of lysis buffer, and 20 �l
were separated by SDS-PAGE and immunoblotted with
polyclonal anti-ameloblastin antibodies. (E) Incisors of
8-wk-old heterozygous and homozygous mice.
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plastic layer with a rough surface over dentin and lack of a
prism pattern, which is the hallmark of organized mineral crys-
tals in normal enamel (Fig. 2 D).

 

Detachment of ameloblasts from the 
matrix and formation of multicell layers

 

In early molar development (E18), there were no differences in
tooth size and shape between normal and 

 

Ambn

 

�

 

/

 

�

 

 mice (Fig. 3
A). In P1 molars, dentin formation had begun and dental epi-
thelium had started to elongate with the apical nuclear localiza-
tion in both control and 

 

Ambn

 

�

 

/

 

�

 

 mice. Thus, cellular organiza-
tion of ameloblasts and odontoblasts was indistinguishable
between normal and 

 

Ambn

 

�

 

/

 

�

 

 mice at the presecretory stage.
However, at P3, ameloblasts of 

 

Ambn

 

�

 

/

 

�

 

 mice started to detach
from the matrix layer and lose cell polarity seen as the central-
ized nuclear localization, whereas normal ameloblasts were po-
larized, elongated, and formed an enamel matrix (Fig. 3 A). At
P7, 

 

Ambn

 

�

 

/

 

�

 

 ameloblasts completely lost their polarity (short
and round shape) and accumulated to form a multilayered
structure, in contrast to the single layer of 

 

Ambn

 

�

 

/

 

�

 

 amelo-
blasts. Similar to molars, cellular organization of presecretory
stage ameloblasts of 

 

Ambn

 

�

 

/

 

�

 

 incisors was normal (Fig. 3 B).
At the early secretory stage, the mutant incisors have a zone
where ameloblasts detach from the matrix and remain as a sin-
gle cell layer. In the advanced stage, these cells lose polarity
and form a multicell layer. In addition, connective tissues were
formed underneath the detached ameloblast layer, which con-
tained irregular calcified structures (Fig. 3 B, arrows). This cal-
cified structure was confirmed by the presence of phosphocal-
cium in the energy dispersive analysis (unpublished data).

To determine the cell type of the multicell layer observed
in 

 

Ambn

 

�

 

/

 

�

 

 tooth, we immunostained tissue sections with anti-
bodies to ameloblast marker proteins, which are expressed in
normal secretory ameloblasts of P7 molars (Fig. 3 C). The mul-
ticell layer in 

 

Ambn

 

�

 

/

 

�

 

 mice showed positive immunostaining
for enamelin and tuftelin, whereas amelogenin was weak, but
was present in the matrix globules (arrows). These results sug-

gest that the multilayered cells are derived from ameloblasts.
Accumulated ameloblasts in 

 

Ambn

 

�

 

/

 

�

 

 mice were PCNA posi-
tive, indicating that they were proliferating (Fig. 3 D). In

 

Ambn

 

�

 

/

 

�

 

, ameloblasts were PCNA negative, indicating that at
this secretory stage, ameloblasts stopped proliferating. These
results indicated that ameloblasts in 

 

Ambn

 

�

 

/

 

�

 

 mice lost cell po-
larity, changed their morphology, and proliferated at the secre-
tory stage.

 

Expression analyses of regulatory 
factors and tooth matrix proteins

 

To better characterize and gain insight into the mechanism of
the abnormalities of ameloblasts in mutant mice, we exam-
ined the expression of regulatory factors and tooth marker
proteins (Figs. 4 and 5). It was shown that the homeobox-con-
taining transcription factor Msx2 was expressed in undiffer-
entiated ameloblasts but was down-regulated in secretory
stage ameloblasts (Maas and Bei, 1997). P3 

 

Ambn

 

�

 

/

 

�

 

 amelo-
blasts expressed the Msx2 protein but its expression was di-
minished in P7 ameloblasts (Fig. 4). In mutant 

 

Amb

 

�

 

/

 

�

 

 mice,
Msx2 was expressed at P3 ameloblasts, similar to P3 

 

Ambn

 

�

 

/

 

�

 

tooth. However, Msx2 was still expressed in a multiple cell
layer of ameloblasts of P7 mutant tooth in contrast to P7 con-
trol tooth. p27, a Cdk inhibitor, was strongly expressed in P7
ameloblasts compared with P3 ameloblasts in 

 

Ambn

 

�

 

/

 

�

 

 tooth
(Bloch-Zupan et al., 1998), whereas its expression remained
weak in P7 ameloblasts of mutant tooth. p75, a member of the
TNF receptor family, was expressed in P3 

 

Ambn

 

�

 

/

 

�

 

 amelo-
blasts, and its expression was diminished at P7 (Mitsiadis et
al., 1993). In contrast, p75 was expressed strongly in amelo-
blasts in P7 mutant tooth. Similar expression patterns of these
proteins were observed in incisors containing all differentia-
tion stages of the dental epithelium (unpublished data). Im-
munostaining of p27 was positive in immediate-early 

 

Ambn

 

�

 

/

 

�

 

ameloblasts, but it was reduced in the multicell layer of
early secretory ameloblasts (unpublished data). This sug-
gested that the proliferation of ameloblasts stopped at the im-

Figure 2. Defects in enamel formation of ameloblastin-
null mice. (A) Faxitron analysis of the craniofacial region
of 8-wk-old heterozygote and homozygote mice. Boxed
areas were enlarged in B, 1–3. (B) High magnification of
incisor tips (1), bottom incisors and alveolar bone space
(2), and bottom molars (3). Round incisor tips, wider inci-
sor-alveolar bone space, and a flat occlusal plane are ob-
served in mutant mice. Arrows indicate incisor tips, incisor-
alveolar bone space, and occlusal planes. inc, incisor;
alv, alveolar bone. (C) CT-scan analysis of top first molar
of heterozygous and homozygous mice. E, enamel; D,
dentin; P, pulp. (D) SEM analysis of incisor. E, enamel; D,
dentin; p, pulp, dE, defective enamel.



 

JCB • VOLUME 167 • NUMBER 5 • 2004976

Figure 3. Histology of molars and incisors and characterization of multilayered cells. (A) Hematoxylin-eosin staining of top first molars of E18, P1, P3,
and P7 heterozygous (top) and homozygous (bottom) mice. Loss of cell polarity and detachment from the matrix were observed in P3. P7 molar ameloblast
cells accumulate and fail to form columnar shaped single cell layers. (B) Incisors in 6-wk-old heterozygous (1) and homozygous (2) mice. High magnifi-
cations of the presecretory and secretory stages (3) and the early maturation stage (4) of mutant incisors. Ambn�/� ameloblasts form multiple layers
containing abnormal calcified structures (arrows). Connective tissue (CT) was migrated into the detached space between ameloblasts and the matrix
surface. Am, ameloblasts; D, dentin: EO, enamel organ; Od, odontoblasts; PS, presecretory stage; PD, predentin; P, pulp; E, enamel layer; arrows,
calcified structures, dE; defective enamel. (C) Immunostaining of P7 normal (top) and mutant molars (bottom) with anti-amelogenin, enamelin, and tuftelin
antibodies and Cy-3-conjugated secondary antibody. DAPI staining was used for nuclear localization. Dashed lines show the border between ameloblasts
and the stratum intermedium interface (top) and margin of multilayered cells (bottom). Arrows indicate abnormal matrix accumulating enamel matrix
proteins. (D) PCNA immunostaining of ameloblasts (right) and nuclear staining with Hoechst dye (left). am, ameloblast; si, stratum intermedium; en,
enamel; sr, stellate reticulum. Bars, 25 �m.

Figure 4. Expression of Msx2, p27, and p75 in molar
and incisor ameloblasts. P3 and P7 molars and 6-wk-old
incisors were fixed and decalcified. Paraffin sections
were stained with DAPI for nuclear localization and im-
munostained with antibodies for Msx2, p27, and p75.
(A) P3 and P7 molars of Ambn��� and (EB) Ambn���

mice. Msx2 was expressed in ameloblasts of both P3 and
P7 Ambn��� tooth, whereas it was expressed in P3 but not
P7 Ambn��� ameloblasts. p27 was expressed in P7
Ambn��� ameloblasts but not P7 Ambn��� ameloblasts,
but p75 was expressed in P7 Ambn��� ameloblasts but
not in P7 Ambn��� ameloblasts. sr, stellate reticulum; si,
stratum intermedium; ab, ameloblast.
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mediate-early secretory stage but resumed from the early
secretory stage. These results suggest that in mutant tooth,

 

Ambn

 

�

 

/

 

�

 

 ameloblasts regain certain early phenotypes of un-
differentiated dental epithelium, when cells detach from the
matrix and form a multicell layer.

RT-PCR analysis showed the absence of ameloblastin
mRNA and significantly reduced amelogenin mRNA expres-
sion in P3 

 

Ambn

 

�

 

/

 

�

 

 molars (Fig. 5 A), but there were no differ-
ences in mRNA levels for enamelin, tuftelin, DSP, and enamel-
ysin between normal and 

 

Ambn

 

�

 

/

 

�

 

 molars. Amelogenin was
immunostained weakly in P3 

 

Ambn

 

�

 

/

 

�

 

 molars compared
with normal molars (Fig. 5 B). Other tooth proteins, including
enamelin, tuftelin, dentin matrix protein DSP, and enamelysin,
were expressed at similar levels to normal mice. We also con-
firmed the reduced expression of amelogenin proteins by SDS-
PAGE and Western blotting (Fig. 5, C and D). These results
suggest that dental epithelial cells of mutant mice differentiate
into enamel matrix-secreting ameloblasts.

 

Change in ECM during ameloblast 
differentiation
The basement membrane provides a scaffolding for epithe-
lium and signaling for cellular differentiation in many tissues
through interactions of specific cellular receptors (Yurchenco
and O’Rear, 1994; Timpl, 1996). Because secretory stage
ameloblasts of Ambn�/� mice showed loss of cell polarity and

abnormal proliferation with detachment from the matrix, we
examined the basement membrane by immunostaining nor-
mal and Ambn�/� incisors (Fig. 6). In normal incisors, local-
ization patterns of the basement membrane (stained for col-
lagen IV and laminin �1/�1 [subunits of laminin 10/11, a
major laminin in early tooth development]) and enamel ma-
trix (stained for ameloblastin) were reciprocal (Fig. 6). The
basement membrane was present at the basal lamina under-
neath presecretory stage ameloblasts (preameloblasts), how-
ever, at the secretory stage they disappeared and the enamel
matrix emerged with some overlapping in the intermediate
stage (enamel layer indicated by dotted lines). Expression
patterns of integrin �6, a receptor of laminin, are similar to
that of the basement membrane: it was localized at the basal
layer of preameloblasts, but disappeared when preameloblasts
differentiated into ameloblasts. In mutant incisors, the expres-
sion patterns of the basement membrane and integrin �6 were
similar to normal incisors. It was reported that laminin 5, epi-
thelial laminin consisting of �3�3�2, was synthesized by
secretory stage ameloblasts (Salmivirta et al., 1997; Ryan et
al., 1999). Weak expression of the laminin �2 chain was ob-
served at the early secretory stage, and its strong expression
started at the late secretory stage and continued through the
maturation stage, indicating that its expression is delayed
compared with ameloblastin (Fig. 6). Significant staining of
the laminin �2 chain was observed in the basal cytoplasm part

Figure 5. Expression of tooth markers in mutant mice. (A) mRNA expression in P3 mandibular first molars by RT-PCR. (B) Immunostaining of tooth marker
proteins, ameloblastin, amelogenin, tuftelin, enamelin, and dentin sialoprotein (DSP) in P3 molars. There is no ameloblastin staining in mutant molars. (C)
Silver staining of total lysates from P3 mandibular molars from two different heterozygous and mutant mice separated by SDS-PAGE. Arrows indicate the
amelogenin protein and their cleaved derivatives. (D) Western blot analysis of amelogenin in P3 mandibular first molars.
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of late secretory ameloblasts. This localization pattern is dif-
ferent from that of laminin �1/�1 immunostaining where
most of the staining was found in the basal lamina. In the mu-
tant, laminin �2 was synthesized and deposited in the matrix
surrounding abnormally accumulated ameloblasts. There is
no difference in basement membrane formation between nor-
mal and mutant teeth at the presecretory stage. However, in a
more advanced secretory stage, where ameloblastin is syn-
thesized, abnormalities are obvious and progressive. Thus,
ameloblastin is a candidate matrix protein for supporting
secretory stage ameloblasts.

Cell type–specific binding of ameloblastin
Because ameloblasts detach from the matrix in the absence of
ameloblastin, we hypothesized that ameloblastin may be in-
volved in cell–matrix interactions.

We examined the binding of ameloblastin to cells. Re-
combinant His-tagged ameloblastin was produced in COS7
cells, purified by affinity chromatography and used for cell ad-
hesion assays (Fig. 7). Dental epithelial cells from P3 molars
adhered dishes coated with ameloblastin in a dose-dependent
manner, whereas a control His-tagged protein showed no cell
adhesion (Fig. 7 A). Cell binding activity of ameloblastin ap-
pears to be specific to dental epithelium because ameloblastin
did not support cell adhesion to other cells including kidney ep-

ithelial cell line MDCK (Fig. 7 B). We next examined sub-
strate-specific adhesion of ameloblasts from wild-type tooth
(Table I). Because primary dental epithelial cells isolated from
P7 molars contain mixed cell populations, we distinguished be-
tween preameloblast and ameloblast cell types that had adhered
to substrates by immunostaining of integrin �6 and ameloge-
nin. We found that ameloblasts (amelogenin positive and inte-
grin �6 negative) adhered to ameloblastin, but not fibronectin

Figure 6. Immunostaining of basement membrane and
integrin in incisors. 6-wk-old mouse maxillas were fixed
and decalcified. Paraffin sections of incisors of heterozy-
gous and mutant mice were immunostained with antibod-
ies to amelogenin, collagen IV, laminin 1, integrin �6,
and laminin �2 and visualized with Cy-3-conjugated sec-
ondary antibody. Polyclonal antibodies to laminin 1 react
with �1, �1, and �1. Laminin �1 is not present and the
tooth basement membrane contains laminin 10 (�5, �1,
and �1). am, ameloblast; si, stratum intermedium; od,
odontoblast; en, enamel; de, dentin.

Table I. Cell type–specific binding to ameloblastin

Immunostaining of bound cells (%)

Int�6(�)
AMEL(�)

Int�6(�)
AMEL(�)

Int�6(�)
AMEL(�)

Substrate Preameloblasts Intermediate Ameloblasts

None N/A N/A N/A
rAMBN 2.4 � 1.1 38.3 � 5.6 52.8 � 6.9
Fibronectin 70.6 � 8.2 12.7 � 3.8 3.1 � 1.2
Laminin 10/11 62.1 � 7.5 21.4 � 5.2 5.8 � 3.7

Dental epithelial cells from P3 normal molars were plated to dishes coated with
ameloblastin (rAMBN), fibronectin, or laminin 10/11 at 10 �g/plate. Bound
cells were double immunostained with antibodies to amelogenin (AMEL) and
integrin �6 (Int�6). Numbers of immunostained cells are shown as percent of
bound cells.
N/A, not applicable.
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and laminin 10/11. In contrast, preameloblasts (integrin �6
positive and amelogenin negative) adhered to fibronectin and
laminin 10/11, but not ameloblastin. Intermediate stage cells
(positive for both amelogenin and integrin �6) adhered to all
three substrates. These results suggest that ameloblasts but not
preameloblasts preferentially adhered to ameloblastin.

Inhibitory activity of ameloblastin for 
proliferation of Ambn�/� ameloblasts
Because Ambn�/� ameloblasts proliferate and accumulate in a
multicell layer at the secretory stage, we hypothesized that pro-
liferation of these cells may be blocked by ameloblastin. We
prepared P7 dental epithelial cells from normal and Ambn�/�

teeth and measured their proliferation in the presence of recom-
binant ameloblastin (Fig. 7 C). In the absence of ameloblastin,
control Ambn�/� cells showed slow proliferation with about a
20% increase in cell number in 5-d cultures, whereas cells from
Ambn�/� tooth proliferated more rapidly, increasing by 75% in
the same time period (Fig. 7 C, left). The majority of proliferat-
ing Ambn�/� cells are amelogenin positive, indicating amelo-
blasts (unpublished data). The ability to proliferate in culture is
consistent with that of accumulated ameloblasts in the Ambn�/�

tooth. However, when Ambn�/� cells were plated in the pres-
ence of ameloblastin, proliferation of these cells was signifi-
cantly inhibited (Fig. 7 C, right). Proliferation of MDCK cells
was not affected by exogenously added ameloblastin (unpub-
lished data). These results indicate that ameloblastin inhibits
the proliferation of ameloblasts and suggest that ameloblastin
is required to maintain differentiated secretory ameloblasts.

Oral tumor formation in mutant mice
We observed that mutant mice developed soft tissue tumors in
the buccal vestibule of the maxilla with age (Fig. 8 A). About
19% of the homozygous mice (6 out of 32 mice) developed le-
sions, with the earliest occurrence at 26 wk old (Fig. 8 B). The
soft tissue tumors consisted of small epithelioid cells express-
ing integrin �6 and enamel matrix proteins, including ameloge-
nin, enamelin, and tuftelin (Fig. 8, C and D). The atypical
epithelium surrounded focal areas of necrotic tissue with con-
densed matrix staining containing calcospherites at the center.
There was no ameloblastin staining in either the cells or the
matrix structure. Less amelogenin staining was observed com-
pared with other matrix proteins consistent with the expression
pattern in mutant teeth. RT-PCR analysis of tumor tissue re-
vealed expression of mRNA for enamel matrix proteins includ-
ing amelogenin, enamelin, and tuftelin (Fig. 8 E). These results
indicate that the tumors are derived from dental epithelium. We
found that only one heterozygous mouse (1 out of 48) devel-
oped a tumor. Immunostaining (unpublished data) and RT-
PCR revealed that the tumor in this heterozygous mouse did
not express ameloblastin but did express other enamel matrix
proteins. These cells had apparently gained the ameloblastin-
null phenotype that resulted in unregulated cell proliferation.

Discussion
ECM plays a critical role in tissue development and homeosta-
sis by mediating cell growth, migration, differentiation, inva-
sion, apoptosis, and gene expression (Damsky and Werb,
1992; Lin and Bissell, 1993). Here, we demonstrate in tooth
development that ameloblastin is required for maintaining the
differentiated state of ameloblasts. In Ambn�/� mice, dental
epithelial cells at early stages (E18-P1) start to elongate simi-
lar to wild-type mice, but at the beginning of the secretory

Figure 7. Ameloblastin binds dental epithelium and inhibits proliferation
of Ambn�/� ameloblasts. (A) Adhesion of dental epithelial cells isolated
from P3 molars to dishes coated with various amounts of recombinant
ameloblastin. pEF6 is a control protein containing only the His-tagged por-
tion purified from mock-transfected cells (pEF6, square). (B) Cell type–spe-
cific adhesion to recombinant ameloblastin. Various types of cells were
plated on dishes coated with ameloblastin (10 �g/plate), and bound cells
were counted. DE, dental epithelial cells. (C) Inhibition of ameloblast pro-
liferation by maeloblastin. Dental epithelial cells from normal and mutant
P7 molars were incubated on plates without (left) or with recombinant
ameloblastin (right; 10 �g/plate). Plating cell numbers at day 0 are set as
100%. Proliferation of cells from P7 mutant mice are significantly inhibited
by ameloblastin. Data are expressed as mean of triplicate results.
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stage (P3 molars), cells detach from the matrix and start to
lose cell polarity. In P7 mutant tooth, ameloblasts become
round and smaller, completely lose polarity, resume prolifera-
tion, and form multicell layers.

In wild-type tooth, Msx2 and p75 are expressed in undif-
ferentiated dental epithelium, but its expression is down-regu-
lated in secretory stage ameloblasts. During mutant tooth de-
velopment, expression of Msx2 and p75 is normal at the early
stage, however, later when cells resume proliferation and form
multicell layers, their expression is deregulated and increased,
which are the cellular properties of undifferentiated dental epi-
thelium. On the other hand, the multilayered cells of mutant
tooth express enamel matrix proteins, amelogenin, tuftelin, and
enamelin. This suggests that mutant dental epithelium can dif-
ferentiate into enamel matrix-secreting ameloblasts. Although
amelogenin is expressed in Ambn�/� ameloblasts, its expres-
sion level is significantly reduced. Msx2 was shown to inhibit
promoter activity of the ameloblastin gene in DNA transfection
analysis (Zhou et al., 2000). The abnormal expression of Msx2

in Ambn�/� ameloblasts is likely responsible for the down-reg-
ulation of amelogenin expression. It was also reported that
Msx1 and Msx2 increase expression of cyclin D1 and inhibit
cell differentiation (Hu et al., 2001). The up-regulation of
Msx2 may explain the abnormal proliferation phenotype of
Ambn�/� ameloblasts. These results suggest that in the absence
of ameloblastin, dental epithelium can differentiate into amelo-
blasts but regain some early phenotypes of the undifferentiated
cells.

We found that recombinant ameloblastin serves as a cell
adhesion molecule. This binding activity of ameloblastin is
specific to dental epithelium and not to other cell types, includ-
ing MDCK epithelial cells. Although the primary culture of
dental epithelium contains mixed cell types, we are able to dis-
tinguish preameloblasts and ameloblasts by immunostaining
marker proteins and correlating their binding activity to amelo-
blastin. Using these assays, we demonstrate that ameloblasts
preferentially bind to ameloblastin, but not to fibronectin and
laminin 10/11. In contrast, preameloblast attachment shows the

Figure 8. Tumor formation in mutant mice. (A) Tumor appearance in 36-wk-old homozygous ameloblastin-null mouse. Tumors were observed only on the
right side of the maxillar of mutant mice. Right panel shows micro X-ray radiographs by Faxitron. Arrow and arrowheads indicate tumor. (B) Frequency of
tumor formation with age. The earliest tumor was observed at 26 wk old. Only one heterozygous mouse developed a tumor. (C) Hematoxylin-eosin staining
of tumor lesion of 36-wk-old mutant moue shown in A. Dotted lines indicate tumor lesions and the boxed area is enlarged at the bottom panel. (D) Immuno-
staining of tumor lesions. Top panel shows immunostaining of focal area and bottom panel shows surrounding cells. The focal area is stained with antibodies
to enamel matrix proteins except ameloblastin, indicating accumulation of enamel matrix proteins. Cells surrounding focal areas are immunopositive for
enamel matrix proteins, suggesting ameloblast origin. AMBN, ameloblastin; AMEL, amelogenin; ENAM, enamelin; int �6, integrin �6. (E) RT-PCR analysis of
RNA from tumor lesions. RNA samples for lanes �/� and �/� were from dental epithelium of P7 molar of homozygous and heterozygous mice, respectively.
RNA of lanes T1 and T2 was from tumor lesions of 39- and 51-wk-old homozygous mice. RNA of lane T3 was from a 51-wk-old heterozygous mouse. Note:
heterozygous mouse did not express ameloblastin mRNA in the tumor but expressed mRNA for other enamel matrix proteins similar to the homozygous mice.



ROLE OF AMELOBLASTIN IN AMELOGENESIS • FUKUMOTO ET AL. 981

opposite substrate specificity, i.e., preferential adhesion to fi-
bronectin and laminin 10/11. We also demonstrate that amelo-
blastin inhibits proliferation of Ambn�/� ameloblasts in culture.
This inhibitory activity is not observed with nonameloblast cell
types, including MDCK epithelial cells, suggesting cell-type
specificity. Thus, the cell binding function of ameloblastin may
explain the abnormal phenotypes of ameloblasts observed in
the mutant mice.

In addition to cell adhesion, ameloblastin may have an-
other activity during enamel formation as suggested in a trans-
genic mouse model (Paine et al., 2003). The abnormal matrix
accumulations and discontinuous calcified tissue in the mu-
tant enamel organ do not contain typical enamel crystal struc-
tures. Ameloblastin may provide a scaffolding to organize ena-
mel matrix protein structures to initiate crystal formation and
growth. Alternatively, enamel crystal formation may require
close contact of the enamel organ with newly forming dentin.
In Ambn�/� mice, a thin smudgy layer coating the dentin sur-
face is observed. This may indicate an attempt at forming
enamel, yet enamel formation does not progress. Therefore, it
is also conceivable that ameloblastin may play a role to sustain
the progression of mineral deposition.

Deficiency of several molecules such as amelogenin,
Msx2, and laminin �3 was reported to cause defects in amelo-
genesis. Amelogenin KO mice develop less severe enamel a
defect compared with ameloblastin-KO mice (Gibson et al.,
2001). In amelogenin-null tooth, ameloblasts differentiate nor-
mally and do not detach from the matrix. Amelogenin is dis-
tributed widely in the enamel matrix and is thought to play role
in enamel crystallization (Fincham et al., 1999; Moradian-
Oldak, 2001). Thus, ameloblastin and amelogenin appear to
have a distinct function in amelogenesis (Bouwman et al.,
2000; Dassule et al., 2000). In normal tooth development Msx2
is expressed in the dental epithelium and mesenchyme. Later,
its expression is diminished in ameloblasts but continues in
other dental epithelium such as stratum intermedium and odon-
toblasts (Maas and Bei, 1997). Msx2 KO tooth germs develop
normally until the cap stage, however, by P1 the stratum inter-
medium is reduced and stratified epithelial cells accumulates in
the intercuspal region and abut the ameloblast layers (Satokata
et al., 2000). It seems that there is no detachment of the amelo-
blast layers in P9 Msx2 KO tooth. In addition, KO mice for
laminin �3, a component of epithelial cell laminin 5, showed
abnormal late differentiation of ameloblasts resulting in enamel
hypoplasia (Ryan et al., 1999). The ameloblasts of the mutant
incisors become shorter than wild-type incisors in the secretory
stage, coinciding with the expression of the laminin �3 chain,
and the disorganization of the reduced enamel epithelium con-
tinues throughout ameloblast differentiation. The abnormal
phenotypes of ameloblastin-null mice are more severe than
laminin �3-null mice.

Significant numbers of mutant mice developed tumors
with age. We observed the earliest tumor formation at 26 wk
old. Cells in the tumor were expressed enamel matrix proteins,
suggesting that these tumors are likely derived from ame-
loblasts defective in ameloblastin. Consistent with this inter-
pretation, these ameloblast-like epithelioid cells surrounded

multiple focal areas consisting of enamel matrix and some cal-
cospherites. The ameloblast-like cells likely escaped the bony
crypt of the tooth before eruption and developed the tumor in
the soft tissues. Human ameloblastoma is the most common
odontogenic tumor (Kramer et al., 1991). It is thought to be of
dental epithelial origin primarily because of histological simi-
larity between the tumor and developing tooth (Snead et al.,
1992; Abiko et al., 2001; Kumamoto et al., 2001; Yagishita et
al., 2001). Toyosawa et al. (2000) reported potential mutations
in the ameloblastin transcript that resulted in substitutions and
a deletion of ameloblastin protein, although these mutations
may not be the primary cause of ameloblastoma. More re-
cently, the association of ameloblastin gene mutations with
epithelial odontogenic tumors was reported (Perdigao et al.,
2004). Although the mechanism of tumor formation in the mu-
tant mice remains unclear, the deregulation of ameloblast dif-
ferentiation due to the lack of ameloblastin is likely the primary
cause of the tumor.

Materials and methods
Generation and genotyping of Ambn mutant mice
Ambn genomic clones were isolated from a mouse 129/SvEv genomic
DNA library. A 10-kb genomic segment from clone 1725 containing ex-
ons 1 and 7 was used for gene targeting. A 2.5-kb XbaI–EcoRI fragment
containing exons 5 and 6 was replaced with the PGK promoter-neor-polyA
cassette from pPNT that disrupted a reading frame and created a transla-
tion termination codon. The PGK promoter-HSVtk-polyA cassette from
pPNT was attached to the 3	 end of the targeting vector. The targeting
vector was linearized by digestion with NotI and transfected into R1 ES
cells by electroporation. ES cells were subjected to positive-negative selec-
tion and screened for homologous recombination events by genomic PCR
and Southern blot analysis of genomic DNA digested with XbaI using an
EcoRI fragment containing exons 7–9 as a 3	 outside probe. The wild-
type and mutant alleles were detected as 4.5- and 2.3-kb fragments.
Mouse chimeras were generated by injection of mutant ES cell clones
into C57BL/6 blastocytes. Mutant mice were initially analyzed in the
C57BL/6 
 129/SvEv mixed genetic background and later in C57BL/6
background obtained after five times backcrossed with C57BL/6. There
were no phenotypic differences in these mutant mice. Animal care was
given in compliance with the National Institutes of Health guidelines on
this use of laboratory and experimental animals.

Radiographic and microtomography (micro-CT) analysis
8-wk-old mouse heads were dissected out and sliced sagittally into two
symmetrical halves. Tooth mineral density was analyzed by a microradio-
graphic technique using X-ray imaging with a standard setting of 90 s 

20 kV (model MX20; Faxitron X-ray Corporation). Hemimandibles from
both heterozygote and homozygote mice, fixed for histological analysis
(see below), were imaged in the wet state with a SkyScan-1072 X-ray mi-
crotomography system (SkyScan) operated at 80 kV.

Light microscopy of plastic-embedded teeth and SEM analyses
Some incisors fixed as below were decalcified in 4.13% EDTA, dehy-
drated in graded ethanol, and processed for embedding in LR white resin
as described previously (Nanci et al., 1998). 1-�m-thick sections were cut
with glass knives, stained with toluidine blue and examined with an Axio-
phot light microscope (Carl Zeiss MicroImaging, Inc.). Other calcified inci-
sors were fractured at several sites along their length, dehydrated in etha-
nol, critical point dried with CO2, and examined in a variable pressure
scanning electron microscope (model JSM 5910 LV; JEOL).

Preparation of tissue sections and immunohistochemistry
E18, P1, P3, P7, and 6-wk-old mouse heads were dissected out and fixed
with 4% PFA in PBS overnight at 4�C. Tissues were decalcified with 250
mM EDTA/PBS for 3 d and embedded into OCT compound (Sakura
Finetechnical Co.) for frozen sectioning. Sections were cut at 8 �m on a
cryostat (2800 FRIGOCUT; Leica). For 6-wk-old mouse head preparation,
mice were anesthetized and fixed by perfusion with 4% PFA/PBS. The
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maxilla were dissected out, fixed after overnight at 4�C in 4% PFA/PBS,
decalcified with 250 mM EDTA/PBS for 1 wk, and dehydrated into xylene
through a graded ethanol series and embedded in Paraplast paraffin (Ox-
ford Laboratories). Sections were cut at 10 �m on a microtome (RM2155;
Leica). For the detailed morphological analysis of molars and incisors, sec-
tions were stained with Harris hematoxylin (Sigma-Aldrich) and Eosine Y
(Sigma-Aldrich). For staining of cultured cells, cells were fixed with 4%
PFA/0.5% Triton X-100/PBS for 5 min and 4% PFA/PBS for 10 min.

Immunohistochemistry was performed on sections, which were incu-
bated in 1% BSA/PBS for 1 h before incubation with primary antibody.
We used antibodies directed against ameloblastin (Krebsbach et al.,
1996), amelogenin (a gift from J. Simmer, University of Michigan, and
M. Zeichner-David, University of Southern California, Los Angeles, CA),
enamelin (a gift from J. Simmer), dentin sialoprotein (a gift from J. Sim-
mer), tuftelin (a gift from M. Zeichner-David), PCNA (MAB424; CHEMI-
CON International, Inc.), collagen IV (AB756; CHEMICON International,
Inc.), laminin (AB2034; CHEMICON, International, Inc.), integrin �6
(GoH3; BD Biosciences), laminin �2 (Sugiyama et al., 1995), Msx2
(sc-15396; Santa Cruz Biotechnology, Inc.), p27 (sc-528; Santa Cruz Bio-
technology), and p75 (PRB-602C; Covance). Primary antibodies were
detected by Cy-3 or FITC-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories). Nuclear staining was performed with Hoechst
dye (Sigma-Aldrich) or DAPI (Vector Laboratories). A fluorescent micro-
scope (Axiovert 200; Carl Zeiss MicroImaging, Inc.) was used for immu-
nofluorescent image analysis. Images were prepared using AxioVision
and Photoshop (Adobe Systems, Inc.).

RNA isolation and RT-PCR
Developing molars were dissected from P3 mice. RNA was isolated using
the TRIzol reagent exactly as described previously (Life Technologies). First
strand cDNA was synthesized at 42�C for 90 min using Oligo(dT)14

primer. PCR amplification was performed using primers listed in Table
S1 available at http://www.jcb.org/cgi/content/full/jcb.200409077/
DC1. PCR was performed with 30 cycles, 90�C for 15 min, 60�C for 30 s,
and 72�C for 1 min.

Silver staining and Western blotting
Developing molars were dissected from P3 mice. The samples were sus-
pended in 50 �l of lysis buffer (1% Triton X-100, 10 mM Tris-HCl, pH
7.4, 150 mM NaCl, 10 mM MgCl2). The protein samples were fraction-
ated by SDS-PAGE and transferred into a nylon membrane. For silver
staining, gel was stained with Silver Quest (Invitrogen). The blots were
incubated with antibodies, and the signals were detected with an ECL kit
(Amersham Biosciences). The anti-amelogenin antibodies were raised
from recombinant ameloblastin (Nanci et al., 1998). Anti-amelogenin
was a gift from J. Simmer.

Expression and purification of recombinant ameloblastin
The expression vector pEF6/V5-His-Topo (Invitrogen) was used to express
His-tagged ameloblastin protein (mRNA residues 1–1266). The expres-
sion plasmid was transfected into COS7 cells using Lipofectamine 2000
reagent (Invitrogen). After 2 d, transfected cells were lysed by lysis buffer
(1% Triton X-100, 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM
MgCl2), and His-tagged recombinant protein was purified by TARON pu-
rification system (CLONTECH Laboratories, Inc.) according to the manu-
facturer’s instructions. Purified recombinant protein was separated by
SDS-PAGE and confirmed by staining with Coomassie blue and immuno-
blotting with anti-ameloblastin antibody.

Cell cultures and cell adhesion assay
For dental epithelial cell cultures, molars from P7 mice were dissected.
Molars were treated with 0.1% collagenase/0.05% trypsin/0.5 mM
EDTA for 10 min, and dental epithelium was separated from dental mes-
enchyme. Separated dental epithelium was treated with 0.1% collage-
nase/0.05% trypsin/0.5 mM EDTA for 15 min and pipetted up and down
well. The dental epithelium was isolated from these molars and cultured in
keratinocyte-SFM medium (GIBCO BRL) supplemented with EGF and bo-
vine pituitary extract for 7 d to remove contaminated mesenchymal cells.
Cells were then detached with 0.05% EDTA, washed with DME contain-
ing 0.1% BSA, and resuspended to a concentration of 1.0 
 105/ml and
used for cell adhesion assays. Rat chondrosarcoma cells were from J.H.
Kimura (Henry Ford Hospital, Detroit, MI). Mouse fibroblasts (NIH3T3),
human cervix adenocarcinoma (HeLa), MDCK cells, and monkey kidney
cells (COS7) were obtained from the American Type Culture Collection.
Human kidney epithelium (293EBNA) was obtained from Invitrogen.
These cells were cultured in DME containing 10% fetal bovine serum.

Cell adhesion assays were performed in 96-well round-bottom mi-
crotiter plates (Immulon-2HB; Dynex Technologies, Inc.). Wells were
coated overnight at 4�C with 10 �g/ml recombinant ameloblastin or hu-
man fibronectin (GIBCO BRL) or human laminin 10/11 (GIBCO BRL) that
were diluted with PBS and blocked with 3% BSA for 1 h at 37�C. Af-
ter wash, 104 cells were added and incubated for 60 min at 37�C. The
plates were washed with PBS three times to remove unattached cells, and
attached cells were treated with 0.05% trypsin/0.5 mM EDTA and
counted under a microscope. To identify the expression of integrin �6
and amelogenin in attached cells, cells were replated on cover strips. At
3 h after plating, cells were fixed with 4% PFA/PBS and followed by
immunohistochemistry.

Cell proliferation assays
Dental epithelial cells were obtained from P3 and P7 molars of both het-
erozygous and mutant mice. 10 �g/ml recombinant ameloblastin proteins
were coated on 12-well culture dishes overnight at 4�C and washed with ke-
ratinocyte-SFM medium three times. 3.0 
 104 dental epithelial cells were
cultured on the dish coated with or without recombinant ameloblastin for 5 d.
At 1, 3, and 5 d after plating, cells were treated with 0.05% trypsin/0.5
mM EDTA, and the cell number was counted under a microscope.

Online supplemental material
Table S1 lists primer sets used for the RT-PCR analysis in Fig. 5. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.200409077/DC1.
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