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Abstract
Before a tooth erupts into the oral cavity, the mineralized enamel and dentin layers begin to
develop. During these early stages of enamel formation, an abundant group of proteins known as
amelogenins are secreted by ameloblast cells within the developing tooth. These proteins are
required for the enamel layer to reach its normal thickness and attain its intricate structure. Human
patients with amelogenin gene mutations have a condition referred to as amelogenesis imperfecta,
and we have analyzed human gene defects so that we can recreate them in mice. We have
generated mice with a null amelogenin mutation where no amelogenin is produced, mice that
over-express normal and mutated amelogenins, and over-expressors have been mated to null mice
for rescue experiments. Because there are at least 15 messages that are alternatively spliced from a
single amelogenin primary RNA transcript, these approaches have begun to reveal the functions of
individual amelogenin proteins during enamel development. Finally, amelogenins are processed
by carefully regulated proteolytic digestion leading to many additional amelogenin peptides and it
is likely that protein function is altered during this developmental process. We have also had some
surprises, as one of our mouse models develops odontogenic tumors, and we know now that some
of the amelogenins are expressed in other regions of the body outside of the oral cavity, and may
have a role in signal transduction.

Keywords
amelogenin; enamel development; amelogenesis imperfecta; transgenic mice

Introduction
During a series of interactions between epithelial and mesenchymal cell layers, teeth begin
to develop within the vertebrate mandible or maxilla1. Some of the ectomesenchymal cells
differentiate into dentin-producing odontoblasts, and adjacent epithelial cells elongate and
differentiate into the ameloblasts that produce dental enamel2. These two mineralized tissues
are found in the crown of the tooth, and are joined by an unusual structure, the enamel-
dentin junction, which firmly binds these two mineralized layers with fundamentally
different characteristics. Dentin is also produced by root odontoblasts, and forms a layer
covered by another mineralized tissue, the cementum, on the surface of the root of the tooth.

This review will describe the secreted proteins that are synthesized by ameloblasts and that
orchestrate development of the intricate rod-like structure found in dental enamel (Fig. 1)3.
This image illustrates the mineralized end-products of individual ameloblast cells, and
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shows enamel rods that are interwoven in order to produce enamel structural integrity.
Enamel composition begins as a secreted organic matrix, into which mineral ions are added
while proteins are degraded by the action of several enamel proteases. By the end of enamel
maturation as the tooth begins to erupt, the composition of the enamel layer is approximately
95% mineral with less than 2% of the organic material remaining4. Enamel cannot be
regenerated following eruption as the ameloblast cell layer is no longer present.

Enamel Development and the Principal Proteins Involved
Amelogenesis can be divided into two stages. The first is the Secretory Stage, during which
ameloblasts differentiate into tall secretory cells and develop a cellular extension known as
Tomes’ process. The role of this structure is to organize the development of the enamel rods.
During the Secretory Stage, most of the enamel proteins are produced and secreted into the
developing enamel matrix, while mineralization and protein processing begin. During the
subsequent Maturation Stage, additional proteases are produced that remove most of the
remaining organic material as mineralization continues.

The proteins secreted by ameloblasts are predominantly amelogenins, but also include lesser
amounts of other structural proteins, such as ameloblastin and enamelin (Table 1). The
MMP-20 (matrix metalloproteinase-20) protease is secreted along with the structural
proteins during the Secretory Stage and this enzyme begins to cleave the enamel proteins
while another protease, kallikrein-4 (KLK4), is produced during the Maturation Stage to
further process the remaining organic matrix13,14. Two recently described enamel proteins
with unknown functions are also listed in Table 1, and references to reviews are provided for
more recent information15,16.

Gene Mutations Lead to Amelogenesis Imperfecta (AI) in Humans
Amelogenesis imperfecta (AI) is the general term used to describe enamel defects that affect
primarily dental enamel, and are not syndromic in nature. It is not surprising that mutations
in the genes listed in Table 1 lead to an enamel defect, but there is heterogeneity in
phenotypic appearance both among members of a kindred and even within a single
dentition17. This is partly because mutations in different genes lead to different clinical
phenotypes, and because mutation in either the N- or the C-terminus of enamel proteins may
lead to differences in severity and appearance of the enamel17. The basic categories of AI
have been divided into hypoplasia (enamel that is too thin because of a defect in secretion),
hypocalcification (a defect in the mineral crystals) or hypomaturation (protein processing
defect with reduced removal of the organic material) with autosomal or X-linked inheritance
patterns18. In addition, there are many subcategories according to phenotypic subtleties and
genetic inheritance patterns.

This review will focus on the effects of human amelogenin gene mutations, and on animal
models generated to reproduce the human AI genotype and phenotype. Similarities between
human and murine amelogenin genes are apparent at the levels of gene structure, DNA
sequence and pattern of expression during development19.

Amelogenin Proteins
In humans, the amelogenin proteins are primarily encoded by the AMELX gene on the X
chromosome. The AMELY gene on the Y chromosome in males is estimated to be only
about 10% as active as AMELX in producing amelogenin proteins20. The AMELX gene is
transcribed to produce a primary transcript, or RNA, which is then spliced to produce a
number of mRNAs which are translated into the amelogenin proteins; these vary according
to the encoding exons present. At least five mRNAs have been reported in humans and all
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have the potential to be translated to produce amelogenin proteins, which are present in
different amounts according to Western blot analysis of extracts taken during early stages of
enamel development. The mechanism responsible for generating the varying levels of
different amelogenin messages is unknown.

AMELX gene deletions and deletions that affect only the N-terminal or C-terminal regions of
the protein lead to AI, but several single amino acid substitutions have also been reported to
cause AI210,15. Kindreds with N-terminal mutations tend toward hypomaturation AI while
C-terminal mutations frequently lead to a hypoplastic phenotype17. In addition, an
individual gene mutation within a spliced region can affect some amelogenin proteins and
not others, leading to complexity in the enamel appearance in families carrying AMELX
gene mutations. Males with an AMELX mutation frequently have a severe phenotype as
insufficient AMELY protein is generated for development of normal enamel structure.

Because of the number of individual amelogenin proteins produced by alternative splicing of
the primary transcript, the function of individual amelogenin proteins has been difficult to
decipher using human samples.

Mouse Models for Amelogenesis Imperfecta
At least 15 amelogenin messages have been reported due to alternative splicing of the
primary RNA transcript of the single murine X-chromosomal amelogenin gene 22, 23. A Y-
chromosomal amelogenin gene has not been identified in mice. Mouse models for AI have
been developed to test the function of the amelogenin protein group, and to begin to define
the roles of the individual amelogenin proteins. Mice have been generated to express an
overabundance of one amelogenin, to express a mutated amelogenin or to express only one
amelogenin, but none of the other amelogenins 24,25,26.

The Amelx null (KO) mutation was engineered by cloning a segment of the mouse Amelx
gene into an expression vector from which a segment that encoded the amelogenin N-
terminus and part of intron 2 was removed, while replacing this gene segment with an
antibiotic resistance gene expressed in the opposite orientation for clone selection. This
vector was transferred into ES cells and selected clones were injected into blastocyststo
produce viable offspring with germ-line transmission. This strategy allowed a shortened
RNA to be expressed by the mice, but none of the amelogenin proteins could be detected27.
The Amelx null mice have an enamel defect with hypoplasia and disorganization of the
normal enamel structure similar to severe AI in humans, leading to the conclusion that
amelogenin proteins are responsible for generating proper enamel thickness and prismatic
structure in the enamel layer. A knock-in mouse has also been generated where a mutated
Amelx gene replaced the endogenous gene, and this approach also altered the enamel
phenotype28.

To begin to answer the question of the function of individual amelogenin proteins, another
approach was used to generate a transgenic mouse that expressed the most abundant
amelogenin protein, which includes 180 amino acids and is referred to as TgM180. This
strategy began with generation of an expression vector with the coding region of M180 plus
regulatory regions found upstream, downstream and within intron 1. After injection, strains
with germ-line transmission were developed and their phenotype was indistinguishable from
wild-type (WT) (Fig. 2A,B,D) as only normal amelogenin proteins were expressed29.

In order to ask whether the TgM180 had an important function by itself, without the
assistance of the other amelogenin proteins, a male TgM180 mouse was mated with a female
Amelx null mouse, and offspring with an Amelx null genetic background but that expressed
only TgM180 were generated. TgM180KO offspring showed improvement in their enamel

Gibson Page 3

J Oral Biosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



defect compared to the null (KO) mice, and were considered to have a partial rescue30 (Fig.
3). The microCT images show a dense white layer on the surface of WT and TgM180
molars and incisors (Fig. 3A, G), which is missing from amelogenin null mice (Fig. 3B), but
is partially restored in the rescued TgM180KO mice (Fig. 3C). The rescued mice had a
thicker molar enamel layer (Fig. 3D,E,F), and greater enamel volume and density compared
to null (KO) mice30. However, the structure was not entirely normal as the hardness and
elastic modulus were not improved and remained similar to that measured for the Amelx null
enamel layer30. It was concluded that other amelogenins in addition to M180 were also
required for normal enamel to form, as originally predicted.

In a second set of experiments, a transgene similar to TgM180 was generated, but with a
single amino acid change, similar to that seen in human AI kindreds 21,29. This vector was
used to generate transgenic mice, with the alteration of a single proline to a threonine at
amino acid position 70, referred to as TgP70T29. TgP70T mice with all of the normal
amelogenin proteins plus this mutated amelogenin had an enamel defect which included
surface roughness and hypoplasia. (Fig. 2C,E,F; Fig. 3H).

We hypothesized that this mutated transgene would not rescue the enamel defect in the way
that TgM180 had been able to when TgM180 males were mated to Amelx null females.
However, we were surprised when the TgP70TKO mice had a very poor enamel appearance
with a severe phenotype, including abnormal cellular proliferations and odontogenic tumors
adjacent to the normal teeth31. The abnormal cells were identified within an unusual
extracellular matrix that was positive for amelogenin protein using an anti-amelogenin
antibody by immunohistochemistry. Some of the regions had similarity to the human
odontogenic tumor, calcifying epithelial odontogenic tumor, or Pindborg’s tumor32. Some of
the mice with tumors also had supernumerary teeth (Fig. 4A,B). Islands of epithelium
containing ghost cells and calcified material are shown (Fig. 4C)31.

Further studies revealed a disregulation of the Notch signaling pathway31, which is involved
in the development of the stratum intermedium and ameloblast cell layers during early tooth
development33. The mechanism for this pathology is unknown but is likely related to
inappropriate proliferation of at least one of these cell layers.

Amelogenin Expression in Other Tissues
Amelogenin message and protein have been detected by various strategies in other tissues,
including dental pulp cells34–37, periodontium, bone, brain and other tissues38,39. The reader
is directed to a recent review for discussion40, but major defects have not yet been reported
outside of the enamel in either murine models or in humans with AI specific gene mutations.

Amelogenin’s Proposed Function as a Signaling Protein
In 2000, Arthur Veis reported that a small amelogenin protein referred to as leucine rich
amelogenin protein, or LRAP, when injected into rat muscle, induced cartilage or bone
specific gene expression41,42, and many investigators have reported similar results with
other systems of cultured cells or animal studies. A product known as Emdogain is used
clinically to assist with periodontal tissue regeneration and this tissue is primarily obtained
from developing porcine teeth that are making enamel proteins, primarily amelogenin43.
Small LRAP amelogenins have been reported to be expressed by stem cells during
osteogenic differentiation, and stem cell treatment with LRAP leads to differentiation of
these cells into the osteoblast lineage44. The varied functions of the amelogenin protein
family is becoming a promising area of endeavor for regenerative medicine.
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Summary and future directions
Since amelogenin proteins were first described in 19804, biochemical and molecular biology
approaches have revealed that there are many amelogenin proteins, due to both alternative
splicing of amelogenin RNA and proteolytic cleavages, which have been proposed to alter
protein function during development. Several other enamel proteins have been proven to be
important in enamel development through analysis of kindreds with gene mutations or
because of relevant animal models. Amelogenin gene mutations and animal models reveal
that this family of proteins is important for developing correct enamel thickness and
organization, but we know little about how the various enamel proteins work together to
generate an enamel layer with its exquisite decussated structure. More recent studies led to
the acceptance that amelogenins are expressed by cells other than ameloblasts, and that
several of the amelogenin proteins can participate in intercellular signaling. The amelogenin
gene is embedded within another much larger ARHGAP6 gene with the opposite
orientation45, and the relationship between these genes is currently unknown. There are
many challenges ahead for understanding the multiple roles of amelogenin proteins,
including their molecular mechanisms for generating a mineralized tissue, and potential
roles in the other tissues where they are expressed, as well as potential use in therapy and
regenerative approaches.
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Fig. 1.
Scanning electron micrograph of murine enamel showing ends of enamel rods
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Fig. 2.
Molar phenotype of wild-type and transgenic molars. A–C, light microscopy of murine
molars; D–F, scanning electron microscopy of fractured surfaces of murine enamel. A, WT;
B, TgM180; C, TgP70T; D, TgM180; E,F, TgP70T.
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Fig. 3.
MicroCT and scanning electron microscopy analysis of enamel layers. A–C,G,H microCT at
the level of the lower 1st molar; D–F,I scanning electron microscopy. Shown are wild-type
(A,D); Amelx null (B,E); TgM180KO (C,F). TgM180 (G); TgP70T (H); (I) scanning
electron microscopy of fractured surface of TgM180KO incisor enamel, which lacks
substantial rescue as the transgene is expressed primarily in molar ameloblasts.
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Fig. 4.
The P70T mutation disrupts normal odontogenetic development. A, supernumerary teeth
(arrows) were observed in the right maxilla of a male TgP70TKO mouse; B, an aberrant
benign epithelial proliferation (*) overlying areas of tooth development in a TgP70T het
female; C, island of epithelium with ghost cells (arrow) and calcified substance from the
mouse shown in B.
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Table 1

Mutations leading to AI in humans

Protein Function Gene Mutations Reported Authors (year)

Amelogenin Structural AMELX 15 Lagerstrom, et al. (1991)5

Enamelin Structural ENAM 10 Rajpar, et al. (2001)6

Ameloblastin Structural AMBN *

Matrix metalloproteinase-20 Protease MMP20 4 Kim, et al. (2005)7

Ozdemir, et al. (2005)8

Kallikrein 4 Protease KLK4 2 Hart, et al. (2004)9

FAM83H Unknown FAM83H 15 Kim, et al. (2008)10

Lee, et al. (2008)11

WDR72 Unknown WDR72 4 El-Sayed, et al. (2009)12

The website http://www.dentistry.unc.edu/research/defects, maintained by J.T. Wright, summarizes current AI information.

*
not yet identified in humans
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