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Abstract. The amelogenins, the major proteins of the de-
veloping tooth enamel matrix, are highly conserved
throughout most species studied. The gene structure is
similar, with a set of seven exons and intervening introns,
and remarkable conservation of particular exon sizes over
divergent species. Studies of exon skipping and conse-
quent alternative gene splicing suggest that, in verte-
brates, exon definition is crucial. In this mechanism,
exon size is important. If too small, an exon can be read-
ily skipped, if too large, internal cryptic splice sites may
be utilized. Other factors, such as intron length and spe-
cific nucleotide sequences at the splice boundaries also
modulate splicing efficiency, but amelogenin gene splic-
ing conforms well to the generalized exon length model.
Exons 1, 2 and 7 are not subject to splicing that affects the
secreted protein product, but exons 3, 4 and 5 are at the
lower boundary of exon size, rendering them, 4 and 5 es-
pecially, subject to skipping. On the other hand, exon 6 is
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very long and has cryptic splicing sites that can be used.
In the mouse, nine distinct splice product proteins have
been detected. The question now is the functions of these
products. The larger forms, those that contain the intact
proline-rich, hydrophobic exon 6 domains, are important
for enamel mineralization. Recent work suggests that the
small proteins resulting from deletion of  a major part of
amelogenin gene exon 6  via utilization of  a cryptic site
may have signal transduction functions during tooth de-
velopment. Furthermore, new work also suggests that
odontoblasts transiently express the small amelogenins
during the period that epithelial-mesenchymal signaling
between preodontoblasts and preameloblasts determines
the course of tooth development. The same peptides have
been demonstrated to act on non-odontogenic cells and
effect their phenotypic expression patterns in vitro, and to
induce bone formation in implants in vivo.

Key words. Alternative mRNA splicing; amelogenesis; tooth development; epithelial-mesenchymal signaling; bone
induction.

Introduction

Proteins are minor constituents of mature vertebrate
tooth enamel, accounting perhaps for about 1% of the
enamel. However, in the early stages of amelogenesis,
enamel consists of 20–30% protein. Amelogenins are
the most abundant protein constituents [1] of the devel-
oping enamel, and during the first phases of mineral de-
position may account for 60–90% of the enamel matrix
[2]. The amelogenin aggregates that form the extracellu-

lar matrix of the ameloblasts have been hypothesized to
create the space and environment conducive to the depo-
sition of the mineral phase. Amelogenin may thus play a
major role in the structural organization of the mineral
within the developing enamel and might also regulate the
nucleation and growth pattern of the enamel hydroxyap-
atite crystals [3]. Amelogenin biochemistry is quite com-
plex because the secreted molecules interact to form a
matrix which is then degraded and removed by a variety
of matrix proteinases during the process of replacement
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by the mineral phase as the enamel matures. At any given
time between the initiation of amelogenin secretion from
the ameloblasts, of epithelial origin, and the final 
death of the ameloblasts [4, 5] and maturation of the
enamel upon tooth eruption, the matrix contains a mix-
ture of amelogenin degradation products, produced by a
range of specific enzymatic cleavages. Thus, protein iso-
lates from the enamel, especially developing enamel, al-
ways contain complex mixtures of amelogenin and amel-
ogenin degradation products as well as other proteins.
The amelogenin and its principal degradation products
are strongly interactive and self-assemble into aggregates
that complicate their isolation and purification for study.
A second complication in studying and understanding
amelogenin function is that amelogenin genes, in some
species, and in bovine and human in particular, are lo-
cated on both X and Y chromosomes. The two genes
have specific sequence differences so that two distinct
isoforms are present in the enamel of males of those
species. A third complication is that the gene structure is
such that during transcription and nuclear processing, a
number of sequences favoring alternative splicing are
recognized. As described below, some of these are clas-
sical exon-intron boundary splice sites, while others are
internal to an exon. These are all very active areas of cur-
rent investigation and there have been several recent ex-
cellent, comprehensive reviews on each of these topics
[3, 6–8].
The major emphasis of the mainstream studies on amelo-
genin has been understanding its function in regulating
mineralization [3, 7]. That inquiry is not the subject of
this review. As indicated above, transcription of the amel-
ogenin gene and processing of the pre-mRNA yield a
number of specific mRNAs that, in turn, produce a vari-
ety of specific protein products. Thus, it is appropriate to
discuss amelogenin at the mRNA and translated protein
levels in the plural. That is, although there may be only a
single gene in a given species, that gene will yield a vari-
ety of specific gene product amelogenins. In the past
decade, new lines of investigation have been developing
that lead to the suggestion that the various amelogenins
might also function differentially as signaling molecules,
with roles in tooth development and cementogenesis.
This work is much less well developed and at this time
there are, relative to the hundreds of papers on the struc-
tural implications of the amelogenins, only a few that
have dealt with the topic. These studies have, essentially,
gone in two directions. Most of the work has been de-
voted to the potential role of amelogenins in the process
of cementum formation and its attachment to the tooth
root surface. The still newer work has begun to explore
the specific roles of the small alternatively spliced amel-
ogenin products as signaling molecules at early stages of
tooth development. This review will attempt to correlate
work on the specific alternatively spliced amelogenin

proteins and their potential function during tooth devel-
opment with the larger body of work on cementogenesis. 

The amelogenin gene and its pre-mRNA processing
to potential alternative splice product mRNAs

The coding region of the amelogenin gene is highly con-
served among very diverse species. The coding regions
for human, bovine, porcine, murine, rat, hamster and
opossum have all been determined. The human and
bovine genes have single copies on both the X and Y
chromosomes, but the porcine, murine and rat genes are
located only on the X chromosome. The chromosomal lo-
cation of the opossum amelogenin gene is not known [9].
Both human X/Y and bovine X/Y transcribed mRNAs are
isoforms with similar but not identical nucleotide se-
quences, and similar intron-exon arrangements.  Partial
nucleotide and corresponding amino acid sequences are
available for a number of other species, but the work on
the function of the amelogenin peptides has been carried
out using the porcine, bovine, rat and murine systems.
Therefore, the following discussion focuses on these and
the human RNA processing.
The genes of these species all have seven exons within the
coding region [10, 11], although early work proposed
only six exons for the bovine X amelogenin [12]. Exon 1
is highly conserved and contains most of the 5¢-non-cod-
ing region. Translation initiation and the signal peptide
sequences are invariably encoded in exon 2. The transla-
tion stop codon is at the beginning of exon 7. Figure 1
shows the construction of the X and Y chromosome
forms of human amelogenin, based on the data of Salido
et al. [13]. In the older literature, AMELX and AMELY
were used to denote the X and Y amelogenin forms, re-

Figure 1. The intron-exon structure of the human amelogenin
genes based on the data of Salido et al. [13]. The numbered boxes
represent the exons, the line, the introns. Translation of the signal
sequence initiates in exon 2 (open triangle) and the signal sequence
cleavage point is indicated by an arrow. The translation stop codon
is at the beginning of exon 7 (closed triangle). Approximate intron
nucleotide sequence lengths are shown above the intron domains.
Note that the diagram is not drawn to scale. The exon lengths, HX
and HY,are in number of nucleotide bases, the intron lengths are in
kilobases. There are a number of nucleotide and consequent amino
acid differences at several points when comparing the X and Y chro-
mosomal gene products (see fig. 2) but the exon sizes are tightly
controlled. 



spectively. Currently they are designated AMGX-Human
and AMGY-Human. Both genes have small exons 1–5,
and larger exons 6 and 7. The translated proteins begin
with the signal peptide, but the tissue forms of the se-
creted protein begin at the signal peptide cleavage point.
Since the initial amino acid sequence of the processed se-
creted amelogenins in many species, MPLPPHPG, is so
highly conserved, numbering the residues customarily
begins by designating the N-terminal methionine as
residue 1. The various splice product proteins are then
identified by the total number of amino acid residues in
the secreted product. Thus the maximum, full-length se-
creted product of AMGX-Human has 189 amino acids
(designated HX189). The largest secreted product of
AMGY-Human is HY190. The intron nucleotide se-
quences are much larger and more disparate, and vary
considerably between species.
Before discussing specific aspects of amelogenin pre-
mRNA alternative splicing, it is worthwhile to consider
the factors that have been developed specifically for the
general problem of converting the transcribed nuclear
pre-mRNA into the functional forms of mRNA.Two sys-
tems have been described whereby exons are cut out and
spliced together: exon definition [14], and intron defini-
tion [15, 16] in which the introns are the target for
spliceosome assembly. As emphasized in a recent review
by Berget [17], the size of the exon or intron is a key fac-
tor in spliceosome formation. In exon definition, adjacent
exons are recognized by nuclear arginine-serine (SR) pro-
teins and U1 and U2 small nuclear ribonucleoproteins
(snRNPs). After the recognition complex has been
formed, additional U2, 4 and 6 snRNPs bind and lead to
the recognition of adjacent complexed exons. The
looped-out intron is then removed and the adjacent exons
are joined. For this complex process to work efficiently,
the exons must be small, while the introns are much
larger. In that way, by this theory, one avoids joining dis-
tant sequences in the intron or an upstream or down-
stream exon that might also bear a ‘recognition’ nu-
cleotide sequence. The initial and terminal exons each
have only a single 5¢ or 3¢ terminal splice recognition se-
quence, respectively. In these cases, the 5¢ guanosine cap
and the 3¢ polyadenylation sequences are also proposed to
interact with the snRNPs just as the internal exons do to
form spliceosome complexes that can be joined to a
neighboring exon at one end only. This model puts two
constraints on the fidelity of the system. There is an opti-
mum exon size. The exons cannot be too large. If they are,
the possibilities of efficient joining to their nearest neigh-
bor exons is reduced. If the exons are too small, spliceo-
some complex formation is less efficient and an entire
exon may be skipped. The second constraint is the spe-
cific sequence at the splice point and the possibility of in-
ternal exon SR binding sequences of different binding
power or strength [18]. If an exon is too long, a cryptic in-

ternal recognition sequence with proper polarity may be
revealed and thus lead to a deletion of part of an exon.
The nucleotide sequence within an intron, particularly in
the intron 3¢ branch point, may also affect the strength of
the exon splicing [19]. In the normal course of exon skip-
ping, all of the coding sequences deleted are at the begin-
ning or end of a codon and do not change the reading
frame of the remaining sequence. Intron definition seems
to be most common in non-vertebrate systems in which
the introns are small while the exons are large. In this
case, the spliceosomes form on the intron. The SR pro-
teins do not seem to be present in the lower eukaryotes.
They utilize a different set of heterogeneous ribonuclear
proteins (hnRNPs) to form the spliceosome on the intron
sequence and establish the differential recognition that
leads to its removal. The exon and intron definition sys-
tems are, in effect, mirror images. The exons are ‘looped
out’ but joined as the introns are excised in the intron de-
finition mechanism. The vertebrates use the exon defini-
tion system.
The size distribution of vertebrate exons has been con-
sidered [17]. Of some 1600 vertebrate exons tabulated,
only 3.5% of the exons were larger than 300 nucleotides,
while less than 1% were longer than 400 nucleotides. On
the other hand, very few exons are in the range below 50
nucleotides, and these are frequently found to be skipped
[20, 21]. The majority of vertebrate exons are in the
100–200-nucleotide range.In light of these very general
considerations, the amelogenin exon-intron pattern in
figure 1 makes perfectly clear that a variety of amelo-
genin splice product mRNAs should be expected.The na-
ture of the resultant protein forms fit nicely with predic-
tions that could be made from the exon sequence sizes.
That is, exons 1, 2 and 7 should be faithfully and fully re-
tained, with no internal cryptic splice sites revealed.
Small exons 3, 4 and 5 could be variously skipped and
deleted, while the very long (>400 nucleotides) exon 6
could contain a variety of cryptic splice sites and yield
additional splice isoforms.
Table 1 lists the splice products determined to be present
for the human AMGX/Y and the nucleotide sequences at
the exon-intron splice junctions. The most prominent hu-
man AMGX mRNA form is comprised from exons 1, 2,
3, 5, 6, 7, deleting exon 4 (80%), leading to protein
HX175. HX159 is next most abundant (16%), with the
deletion of both exons 3 and 4. Full-length HX189 com-
prises only 3.5% of the total amelogenin protein [13].
The splicing pattern in AMGY is different, with no de-
tectable full-length HY190, >95% HY176, with the dele-
tion of exon 4, and <2% HY145, in which exons 3, 4 and
5 are deleted. Exon 4 is almost always deleted from the
enamel amelogenin mRNA in most species, but the dele-
tion of exon 3 is more variable and appears to be devel-
opmental stage dependent in human teeth [10, 22]. Be-
cause obtaining human teeth at defined developmental
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stages is difficult, much more work has been done with
bovine, murine and porcine teeth. The translated amino
acid sequence data for human AMGX/Y are shown in 
figure 2. Figure 3 shows the exon nucleotide sequences
for human, bovine, porcine and murine amelogenin pre-
mRNAs. These data have been compiled in the form de-
veloped by Simmer and Snead [6], brought up to date
with data from ENTREZ, NCBI (accession numbers
provided in the figure legend). The locations of the exon
splice boundaries are denoted by the solid vertical lines.
These are numbered explicitly. As noted earlier, the
>400-nucleotide exon 6 is a good candidate for cryptic
splicing. Three such internal splice sites have been con-
firmed in the mouse and those boundaries are also noted
and labeled. Of interest is that in each species examined,
the putative internal exon 6 cryptic splice site sequences
are highly conserved.
As pointed out by Dominski and Kole [18], the sequence
near the 5¢ end of an exon is important to the strength of
the binding, even at the 3¢ exon boundary. The relevant 5¢
sequence may involve as many as 20 nucleotides. Domin-
ski and Kole [23] have proposed that the purine content of
the 5¢ region of an exon is important to the exon bound-
ary strength and of interest is that the 5¢ region of exon 6A

is richer in purines than comparable cryptic exon 6B, C
and D regions. On the other hand, the 3¢ boundary of exon
6 (6D) is the most highly conserved sequence between
these species and has 25 or 26 purines out of the last 36.
All of the intron sequences at the exon-intron boundaries
are the classical gt-ag type, including the cryptic exon 6
splice site ‘analog intron’ boundaries.
The most prominent differences between the species
whose nucleotide sequences are shown in figure 3 are in
the skipping of exon 4 and the highly repetitive sequences
of exon 6B, but exons 3 and 5 are also subject to skipping.
Figure 4, modified from that of Hu et al. [24], shows the
alternative splicing patterns for mouse amelogenin. Exons
1, 2 and 3, and 6D and 7 are present in all mouse 
mRNAs found thus far, but nine variant isoforms have
been detected, with different combinations of exon 3, 4,
and 5 and internal 6A, 6B, and 6C deletions. Oida et al.
[25] have just completed a comparable very thorough
study of alternative gene expression in the pig. RNA mes-
sages with exon distributions 2-3-5-6ABCD-7 (P173), 2-
5-6ABCD-7 (P157), 2-3-5-6D-7 (P56) and 2-3-6D-7
(P41) were present. The pig amelogenin gene also ex-
presses exon 4, and amelogenins containing that sequence
as translated protein (P190) have also been isolated and

Table 1. Nucleotide sequences at the boundaries of the primary introns of the human amelogenin genes. AMGX and AMGY [from ref. 13].

The coding sequendes of the exons surrounding the introns are shown, written from the 5¢–3¢ direction for the AMGX gene. Where the
AMGY differs in sequence, this is shown with the nucleotide base directly below the nucleotide of AMGX in italics. The nucleotides di-
rectly at the exon-intron boundaries are in bold in larger type.
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characterized [26]. In this case, the only one found thus
far, the expressed exon 4 peptide has 17 rather than 14
amino acid residues and is not homologous with the exon
4 sequences found in the bovine, human, mouse and rat. In
fact, two ‘exon 4-like sequences’ were found in the pig.
The exon termed 4a generates the unique 17-residue se-
quence, KSGRWGARLTAFVSSVQ. The second putative
‘exon 4b’ nucleotide sequence would have generated a
peptide with the sequence DLYLEAIRIDRTAF, but that
peptide, more homologous to the exon 4 peptide se-
quences of the other species (fig. 2), has not been detected
in porcine amelogenins. Exon 4 is usually skipped, but the
corresponding protein sequence has been found in amelo-
genins of the mouse [24] and human [13]. It has not been
reported in bovine amelogenins. Recently Yuan et al. [27]
developed a model system in which a green fluorescent
protein (GFP)-tagged expression vector containing bovine
amelogenin exons 3–5 and their introns 3 and 4 were
transfected into Chinese hamster ovary (CHO) cells.
Other GFP constructs including parts of the bovine amel-
ogenin intron 6 of varying length were prepared to extend
the very small 63-nt intron 4. The skipping of exon 4 was
then determined by PCR analysis. The length of the intron

was indeed important. Increasing the intron size by only 6
nt increased inclusion of exon 4 by 55%, while an inclu-
sion bringing the total intron 4 to 313 nt increased exon 4
inclusion sixfold. Use of this model is an important step
forward in determining how sequence size and composi-
tion in both introns and exons regulate splicing efficiency,
and, possibly, how the control of splicing affects the prop-
erties of the resultant enamel.
With the outstanding exception of the internal exon 6 do-
main denoted as exon 6B, the nucleotide and consequent
translated protein sequences of the amelogenin are highly
conserved. In exon 6B, codons for triads of repeat se-
quences PXQ, where X is L, Q or M, may be inserted dif-
ferentially in different species. The exon-skipping splice
patterns are in accord with general predictions based on
the exon definition model and mechanism for splicing. In
essence, all the expected single and multiple exon dele-
tions have been detected, although there are striking dif-
ferences in retention or excision of exons 3, 4 and 5, and
the internal exon 6 alternative splicing from one species
to the next, indicating that some local factors of the 
splicing mechanism may be variable. Nevertheless,
ameloblast-specific splicing factors are not required for

Figure 2. The aligned amino acid sequences of the full-length human X and Y chromosomal amelogenin gene products [13], starting with
the signal sequence. The first secreted protein Met is denoted as residue 1, above the sequence. The signal sequence cleavage site is marked,
as are the exon boundaries. The points at which individual amino acids differ are highlighted by the light-gray backgrounds. The exon, and
cryptic exon 6 splice boundaries are also shown, below each sequence pair.

Figure 3. The aligned nucleotide sequences of the human (X, Y), bovine (X, Y), mouse and porcine amelogenin cDNAs. These data have
been compiled from latest data entries in the NCBI nucleotide gene bank. They are from the work of Salido et al. [13] (human, accession
Nos. NM001142, NM001143), Gibson et al. [11, 12, 88], (bovine, accession Nos. M63499, M63500) and Hu et al. [24, 26] (mouse,  ac-
cession No. D31768; pig, accession No. AF328419). In all species, the translation start site, signal peptide and signal peptide cleavage
points are in exon 2. The very conserved sizes of exons 2, 3, 4, 5, 6A and 6D are evident. The principal deviations are in exons 6B and 6C.
The numbers of nucleotides at the end of each line indicate the total number of nucleotides in each exon, or cryptic exon. 
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Figure 4. (A) The splicing pattern of the mouse amelogenin gene [adapted with permission from ref. 24]. Each of the nine gene products
has been detected as protein. (B) The pre-mRNA nucleotide splice junctions for each of the peptide products shown in A. All the splice
junctions have gt-ag intron boundaries, including the ‘cryptic’ sites deleting 6A, 6AB and 6ABC.

correct splicing of exons 3–5 in amelogenin pre-mRNA
[11]. As the techniques for detecting low levels of the pu-
tative alternatively spliced mRNAs and the correspond-
ing peptides have increased in sensitivity, more alterna-
tively spliced forms of amelogenin message/protein have
been determined to be present in ameloblasts and se-
creted enamel matrix. Thus, one might expect to en-
counter low levels of any one of the possible splice prod-
ucts in an ameloblast-enamel matrix preparation. Fur-
thermore, the ratios of these products are likely to be
different at different tooth developmental stages, as has

been shown already for the exon 3 translated product 
[11, 22].
The discussion above follows the usual interpretation of
the amelogenin splicing data relevant to the nucleotide
sequences embracing exons 1 through 7 in the amelo-
genin pre-mRNA. Two papers from the DenBesten labo-
ratory [28, 29] indicate that two additional potential ex-
ons exist in the usually untranslated 3¢ end of the amelo-
genin pre-mRNA transcript. In the rat, mouse and human,
a long nucleotide sequence follows exon 7. As depicted
here:
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------ ------ 1.9 kb ------ ------ 2.0 kb ------ ------,

‘intron’ boundaries at -------------- ag gt -------------- ag

exon 9, 110 bpexon 8, 45 bpexon 7, 155 bp

this domain contains additional exons, 8 and 9, that can
be detected as expressed protein. These additional se-
quences, as protein, are only found when exon 7, con-
taining a stop codon, is spliced out. The putative ‘intron’
sequence between exons 7 and 8 does not follow the ‘gt-
ag’ rule, and, in fact, rat amelogenin never splices be-
tween exons 7 and 8. Li [private communication] sug-
gests that exons 8 and 9 should be named exons 7¢ and 8,
as they form two alternatively spliced variants (···6-7·· or
····6-8-9). Thus far, exons 8 and 9 always appear together,
as might be expected since the intron 8–9 has the ‘clas-
sical’ nucleotides at the intron boundaries. In the 6-8-9
variant, the entire sequence, intron 6-exon7-intron 7, is
removed. Both exon 7 and exon 9 have non-coding re-
gions and poly(A) tails. Since the inclusion of exon 7 
is the most common amelogenin isoform and its inclu-
sion terminates translation, the skipping of exon 7 must
be rare. How common the skipping of exon 7 is and the
role it may play are questions under debate and further
study.

Is the expression of the amelogenin gene restricted 
to ameloblasts?

The consensus conclusion from many years of study has
been that the amelogenins are expressed only by
ameloblasts. Immunohistochemical studies [30–34]
demonstrated that amelogenin peptides can be detected in
dentin in a zone near the dentino-enamel junction, in the
clear layer just beneath the preameloblasts and in the
mantle dentin. Low molecular-size amelogenins and
amelogenin degradation peptides were postulated to dif-
fuse through the basement membrane separating
preameloblasts from preodontoblasts and become
trapped in the forming dentin matrix. This position was
supported by many in situ hybridization and PCR studies
that readily detected amelogenin mRNA in ameloblasts,
but failed to detect any amelogenin signals in the adjacent
odontoblasts [34–42].
My laboratory came upon this question accidentally, a
byproduct of a study designed to follow up on the obser-
vations of Urist [43–45] concerning the bone morpho-
genetic protein, BMP. He showed that demineralized
dentin matrix had a stronger and more stable ability than
demineralized bone matrix to induce bone formation at
ectopic sites in in vivo implants. Implants of demineral-
ized dentin matrix into muscle induced cartilage forma-
tion, which, following the endochondral model ultimately
produced a vascularized marrow containing lamellar

bone modeled on the matrix. In attempting to show that
not every mineralized tissue had this property, he also im-
planted HCl-demineralized mature enamel into similar
ectopic sites [45, 46]. Surprisingly, although the activity
was low, when HCl-demineralized enamel matrix was
implanted into muscle, it attracted host mesenchymal
cells that grew on the surfaces of the enamel prism
sheaths and caused them to ‘differentiate into a bizarre
mixture of cellular and acellular hard tissue resembling
the bone of certain fishes’ [45]. The partially calcified
enamel-dentin complex in unerupted teeth at the bell
stage had a higher BMP-like activity than the comparable
dentin-enamel complex from mature erupted teeth, and
both had a higher activity than bone [46]. One focus of
my laboratory has been the study of the non-collagenous
proteins of the dentin matrix, with emphasis on the min-
eralization-related phosphoproteins. It seemed obvious
that high levels of BMP-like factors must be present in
the extracts obtained during dentin demineralization, and
we decided to isolate them. The fact that we were search-
ing for the ‘BMP’ and a bone-inductive material was cru-
cial in the design of the experiments. Thus, the assays
used to follow the fractionation of the dentin extracts
were for chondrogenesis and the appearance of cartilage
phenotypic macromolecules [47–51]. Not until we came
to the very end of the isolation work did we discover that
the bone-inductive factors were related to the amelo-
genins [52]. On SDS gels, the active peptides from bovine
and rat dentins had apparent molecular weights of the or-
der of 6000 to 10,000.
The finding that the ‘active’ peptides were low molecu-
lar-weight amelogenins was startling, although not in-
consistent with the observation [45] that demineralized
enamel matrix had some activity as an implant material.
Furthermore, the fact that they represented a very small
fraction of the total soluble proteins extracted was con-
sistent with being enamel matrix remnants. However, the
exhaustive protocols followed for the preparation of the
bovine dentin matrix [52] prior to final extraction
seemed to preclude that possibility. Sequencing showed
that the bovine peptides contained the amino-terminal
sequence MPLPPHP-(exons 2–3), and an internal se-
quence released by trypsin digestion, WYQSMI-(BX,
exon 5). The intact peptide size, in the 6- to 10-kDa
range, was consistent with the ‘LRAP’ amelogenin iso-
form, the translation of mRNA comprised from exons 2,
3, 5, 6D, 7. Thus, we hypothesized that the peptides
might be the products of translation of specific spliced
mRNAs, and not proteolytic fragments of ameloblast-
produced amelogenins.
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Several studies of supposedly dentin-specific extracellu-
lar matrix proteins, notably dentin matrix protein 1,
DMP1, had shown that alveolar bone and enamel con-
tained both mRNA and translated proteins [53–56]. That
is, the dentin proteins were transiently expressed in the
odontogenic dental epithelium as well as in the alveolar
bone. On this basis, we considered that the amelogenins
with BMP-like activity that we found in the dentin might,
in reciprocal fashion, be transiently expressed in the
odontoblasts during the early stages of tooth morphogen-
esis. A rat incisor odontoblast-pulp cDNA library that had
served as a source for the cloning of the rat dentin matrix
proteins [57] was available, so it was probed for the pres-
ence of the amelogenins [58]. As shown in figure 5A,
PCR products corresponding to the proteins encoded by
exons 2, 3, 4, 5, 6ABCD, 7 (R195), 2, 3, 5, 6ABCD, 7
(R181), 2, 3, 4, 5, 6D, 7 (R73) and 2, 3, 5, 6D, 7 (R59)

were detected. A similar result, confirming our data and
hypothesis, was obtained by Oida et al. [25] for the RT-
PCR of porcine odontoblasts (fig. 5B). Two primer pairs
were used, one set generated a 236-base pair amplifica-
tion product comprised from exons 5 and 6 only, while
the second set spanned the sequences from exon 2 to exon
7 and generated multiple amplification products from al-
ternatively spliced mRNA transcripts.The porcine exons
(2, 3, 5, 6ABCD, 7), (2, 5, 6ABCD, 7), (2, 3, 5, 6D, 7) and
(2, 3, 6D, 7) were all expressed in the odontoblasts. In the
case of the rat incisor RT-PCR, the initial very weak
bands in the initial odontoblast-pulp RT-PCR were iso-
lated and reamplified before they were strongly repre-
sented as in figure 5A [58]. In the porcine study, the ap-
pearance of the odontoblast ‘amelogenins’ was not evi-
dent at 20 cycles of amplification, but did appear after 30
cycles. The concentration of message in the porcine
ameloblasts was estimated as close to 1000 times that of
the expression in the porcine odontoblasts. Similarly, Dey
et al. [59], in a study of the rat incisor odontoblast-spe-
cific cDNA clones, identified the presence of amelogenin
cDNA at low levels in a rat incisor odontoblast cDNA li-
brary. These data are consistent with the attempts at in
situ hybridization. For example, although Wurtz et al.
[39] had observed a very low level of amelogenin probe
staining in the odontoblasts of postnatal day 2 rat molars
(fig. 6B), they attributed that to background staining as
compared to the much more intense labeling in the
ameloblasts. They concluded that there was no amelo-
genin production in the odontoblasts in their study. How-
ever, the localization of the ‘background’ stain along the
distal side of the mandibular molars and mesial side of
the maxillary rat molars was not uniform along all parts
of the odontoblast layer and, in fact, the ‘background

Figure 5. (A) RT-PCR of rat incisor odontoblast-pulp cDNA using
the exon 2 sequence as forward primer and exon 6D,7 as the reverse
primer [with permission, fig. 2B from ref. 58]. Lane 1, exons 2, 3, 5,
6D, 7 [A-4], LRAP]; lane 2, ex. 2, 3, 4, 5, 6, 7; lane 3, ex. 2, 3,4, 5,
6D, 7; lane 4, ex. 2, 3, 5, 6, 7. (B) RT- PCR of porcine odontoblast-
pulp cDNA using exon 2 and 7 primers showing the presence of
amelogenin mRNA in the porcine odontoblasts [with permission,
fig. 4B from ref. 25]. Lane 1, forward primer exon 5, reverse primer
exon 6; lane 2, forward primer exon 2; reverse primer exon 7; lane
3, GAPDH primers. 

Figure 6. (A) In situ hybridization of the amelogenins in the first mandibular molar of a postnatal day 2 mouse, probe specific to exon 5-
6D boundary [A+4/A-4, LRAP]. A, ameloblast layer; O, odontoblast layer. White arrow points to region of maximal odontoblast labeling
[Kulkarni et al., unpublished data]. (B) Labeling of the LRAP component in postnatal day 5 rat molar, with a radiolabeled LRAP oligo.
Broad arrow, inner enamel epithelium cells with little or no amelogenin mRNA; narrow arrow, LRAP mRNA labeling in odontoblast layer.
Note that labeling is least where more dentin is present [with permission from ref. 39, fig. 3].



stain’ location was developmental stage dependent. Pre-
liminary reexamination of this problem [Kulkarni et al.,
unpublished data] using immunofluorescence labeling
and a riboprobe specific for the exon 5-6D boundary nu-
cleotide sequence showed the same kind of location-de-
pendent distribution of amelogenin in the odontoblasts of
1- and 2-day postnatal first mandibular mouse molars
(fig. 6A). One problem with these data still under inves-
tigation is that the cells of the stratum intermedium also
show considerable fluorescence. The control sense-strand
probe showed only a faint background fluorescence in all
cells. Nevertheless, although the early work had estab-
lished the dogma that the amelogenins were expressed as
protein only in the odontogenic epithelium and arrived in
the mantle dentin only by diffusion, one might now safely
conclude that, indeed, both near full-length and exon
6ABC-deleted amelogenin mRNAs are transiently ex-
pressed at a low level in odontoblasts in a developmen-
tally regulated manner.

Potential functions of the amelogenins

Cementogenesis
In addition to the direct role that amelogenins are postu-
lated to have in the organization and mineralization of the
enamel matrix [3], they, or other protein components of
the enamel, have been proposed to have signaling effects,
particularly with regard to development of the acellular
cementum. In the complex process of cementum forma-
tion [60], the proteins were thought to be released from
Hertwig’s epithelial root sheath, the apical extension of
the cervical loop inner enamel epithelium after comple-
tion of the crown [61, 62]. Amelogenins were among them
[63]. Hammarström [64] showed by immunohistochem-
istry that human teeth express amelogenin during root
formation.An acellular cementum-like layer was formed
when the mesenchymal cells of the dental follicle were
exposed to an enamel surface in the presence of enamel
matrix proteins. When the enamel matrix proteins were
placed in experimental cavities in the roots of monkey in-
cisors, the acellular cementum was firmly attached to the
underlying root dentin surface. If the follicular cells were
exposed to the dentin in the absence of the enamel matrix
proteins, then a cellular, poorly attached hard tissue was
formed [65]. Studies such as these led to the development
of a porcine enamel matrix derivative, called EMDO-
GAIN (EMD), that was essentially a mixture of amelo-
genins [64, 66, 67]. Maycock et al. [68] compared EMD
with porcine developing enamel matrix. SDS gel elec-
trophoresis (fig. 7) showed that EMD was very heteroge-
nous, but that the amelogenin components, degradation
products and perhaps specific splice products, were con-
centrated in the EMD. Western blotting with various
enamel protein antibodies showed that essentially all of

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 47

the Coomassie-stained bands in EMD of 40 kDa or less
(fig. 7, lane 1) were amelogenin related, whereas none
were reactive with either anti-enamelin or anti-amelin an-
tibodies. On the other hand, zymography showed the
EMD to have metalloendoprotease and serine protease
activities.
The complexity of both component composition and pro-
teolytic activity of EMD underscores the difficulty of re-
lating the biological activity of EMD to any single com-
ponent. Moreover, in vitro studies of the effects of EMD
on cells and tissues have revealed additional important
points. One of the most important is that EMD has dif-
ferential effects on mesenchymal and epithelial cells.
When EMD was applied to mesenchymal human peri-
odontal ligament cells, cell attachment rate, growth and
metabolism were all significantly increased. Parallel cul-
tures of epithelial cells with EMD showed that cell pro-
liferation and growth were inhibited [69]. EMD treatment
of oral epithelial (SCC25) cells led to inhibition of cell di-
vision, with a concomitant arrest of the cell cycle at the
G1 phase, although the number of apoptotic cells did not
increase. These data suggested that EMD acted as a cyto-
static agent, rather than a cytotoxic agent, on oral epithe-
lial cells [70]. Furthermore, EMD does not act identically
on all mesenchymal cells: its action may depend on the
stage of cell maturation and on cell type [71]. Quite
clearly, studies of the action of EMD and/or unfraction-
ated extracts of enamel matrix are appropriate in assess-
ing the clinical effectiveness of the EMD preparation in
tissue regeneration. However, the potential highly vari-
able activities of the multitude of enamel matrix proteins

Figure 7. A comparison of the SDS gel electrophoretic patterns of
EMDOGAIN (lane 1) and porcine developing enamel matrix (lane
2). Stained with Coomassie blue. Ten micrograms of each prepara-
tion was electrophoresed. The EMD was enriched in the amelo-
genin components [reproduced with permission from ref. 68]. 



suggests that such studies may not be very productive in
leading to mechanisms of action.

Osteogenic activity of EMD
The method of delivery of enamel matrix to target cells
may be as important as cell type and developmental stage.
Wang [72] reported that amelogenin in a plaster of Paris
carrier had the same bone inductive activity as similar
soluble dentin protein implants into a mouse thigh mus-
cle pouch. Boyan et al. [73], on the other hand, found
EMD alone or in an osteoinductive-inactive demineral-
ized freeze-dried bone allograft to be inactive in compa-
rable implants. If the demineralized freeze-dried bone
was osteoinductive, low levels of EMD had no effect on
activity, but at high amounts of EMD per implant (4 mg),
the EMD enhanced net bone induction, new bone area
and cortical bone formation. The conclusion drawn was
that EMD was not osteoinductive, but it was osteopromo-
tive above some threshold concentration as long as os-
teoinductive factors were present. Such factors could
arise from the surrounding substrate cells in vivo or in
culture. As Lyngstadaas et al. [69] have suggested for
PDL cells, EMD interactions with mesenchymal cells
could initiate signaling pathways leading to secretion of
transforming growth factor-b1, interleukin-6 or platelet-
derived growth factor or similar autocrine growth factors
which then permit tissue regeneration, depending on the
particular cells involved. Epithelial cell growth, in the
tooth system, is inhibited by the same factors.

Potential functions of the amelogenin peptides
created by gene splicing

The complications noted above suggest that alternative
methods of studying particular amelogenin effects in
vitro and in vivo must be selected. Studies are in progress
in a number of laboratories making use of amelogenin
knockout mouse models, and these studies support the
position that amelogenins are indeed signaling molecules
important for proper tooth development and periodontal
attachment [74–76]. Amelogenin over-expression is also
being used. For example, the over-expression of bovine
LRAP (exons 2, 3, 5, 6D, 7) in wild-type and amelogenin-
null mice yielded enamel that displayed a cobbled or
globular appearing surface in contrast to the smooth
enamel surface in untreated wild-type mice [76]. These
studies are in their initial stages and will not be discussed
further.
Our laboratory has taken a reductionist approach,
whereby the effects of particular components are as-
sessed individually in different systems, as an appropriate
path for determining the basic interactions of amelogenin
components with cells and in developing teeth. This sec-
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tion focuses on the use of defined peptide fractions or
specific recombinant amelogenins. One problem with
such studies is that the recombinant peptides used have
not been subject to any possible post-translational modi-
fications. Another is that during their production, the pep-
tides are subjected to denaturing solvents at some point
during purification and may therefore be in some non-na-
tive folded or non-native aggregated state. The other side
of the coin is the assay system. What are the appropriate
tests for activity? As mentioned earlier, the discovery of
the mesenchymal cell interaction with the amelogenins
specifically, in contrast to some activity of the intact den-
tal epithelium, arose from studies of the chondrogenic-in-
ducing potential of the peptides on low-passage muscle
fibroblasts (EMFs) grown out from neonatal rat muscle
explants. The basic assays selected were therefore incor-
poration of 35S-sulfate into proteoglycan, the production
of type II collagen and alkaline phosphatase activity.

Chondrogenic and osteogenic activities
Rat incisor amelogenins corresponding to the secreted
form of the product of exons 2, 3, 5, 6D, 7 (LRAP, [A-4]),
and exons 2, 3, 4, 5, 6D, 7 ([A+4]) were prepared as the
glutathione S-transferase (GST) fusion proteins. The
forms tested were either the thrombin-cleaved and re-
verse-phase chromatographically purified amelogenins
or the GST-[A+/-4] constructs. Figure 8 shows the sulfate
incorporation data for the purified peptides [58]. The
peptides had activities comparable to recombinant human
BMP-2, with sulfate incorporation about three times that
of the negative control. [A+4] and [A-4] incorporated sta-
tistically significant different levels of sulfate at compa-
rable weight concentrations at their maximum incorpora-
tion concentrations. There was a definite maximum con-
centration of the peptides above which activity
diminished. In separate experiments, enamel matrix de-
rivative (EMD without the commercial carrier used in
EMDOGAIN) was used. A response was not obtained un-
til concentrations of the order of 500 mg/ml EMD were
applied to the cells. This result made clear that the higher-
weight amelogenins and their major degradation products
did not have the bioactivity of the small alternatively
spliced mRNAtranslated proteins.
Alkaline phosphatase activity was tested in fibroblast-
like C2C12 cells, derived from a fetal mouse myoblast
cell line. In this study (fig. 9), B. Han, M. E. Nimni and
A. Veis [unpublished data] used [A+4] and [A-4] as the
intact GST-fusion proteins; therefore, the weight concen-
trations used were four to five times higher than in the
[A+/-4] sulfate incorporation studies shown in figure 8.
The GST-fusion proteins were active. However, in mea-
surements made 48 h after the fusion proteins had been
added to the cells, the peptides had different levels of ac-
tivity. In both cases, the peptides showed a distinct maxi-
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Figure 8. In vitro incorporation of [35S]SO4 into proteoglycan by confluent embryonic rat muscle fibroblasts upon the addition of recom-
binant amelogenins to the cultures for a 20-h period in 0.5% fetal bovine serum [reproduced with permission from ref. 58]. S-100 is the
first crude active fraction isolated from a total dentin extract upon S-100 gel filtration chromatography. BMP-2 is the standard recombi-
nant human BMP-2 positive control, 1% BSA is the negative control. Note that in this assay, [A+4] and [A-4] have statistically signifi-
cantly different activities on a weight concentration basis. 

Figure 9. The concentration-dependent effects of GST-[A+4] and GST-[A-4] fusion proteins on the induction of alkaline phosphatase ac-
tivity in C2C12 cells after 48 h culture. The concentrations of the GST-[A+/-4] were in weight concentrations so that the molar concentra-
tion of the [A-4] fusion protein is about 5% higher than the [A+4] fusion protein at each point indicated, not sufficient to account for the
difference in activity [Han et al., unpublished data].
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mum in activity, and higher peptide concentrations were
inhibitory, reducing the alkaline phosphatase activity to
below negative-control levels.
In the rat EMF culture system [58], [A+4] and [A-4] also
induced the appearance of type II collagen message. Sev-
eral days in culture were required to obtain concentra-
tions of message sufficiently high to detect by Northern
analysis, or protein by direct Western blotting with anti-
type II collagen antibodies, but PCR analysis provided in-
sight into their mechanisms of action. Figure 10 shows
the time course of Sox9 and Cbfa1 mRNA expression af-
ter administration of 10 ng/ml [A+4] or [A-4] to the con-
ditioned cells in 0.5% fetal bovine serum (FBS). This is
compared to the expression of type II mRNA. The EMFs
in culture showed no evidence of type II collagen expres-
sion in the conditioned medium alone over the 1–48 h pe-
riod. [A+4] induced expression of type II collagen in par-
allel with the expression of Sox9, a transcription factor
required for type II collagen expression and entry into the

chondrogenic pathway [Han et al., unpublished data]. In
contrast, but consistent with all the data indicating differ-
ent behavior for [A-4] and [A+4], the transcription factor
Cbfa1, which appeared to be constituitively expressed at
very low levels in the cells in conditioned medium, was
upregulated in expression within 1 h of addition of [A–4].
Expression persisted, although the level declined over the
48-h period. Type II collagen message intensity peaked at
4 h and then progressively declined over the time period.
Cbfa1 is involved in the transition of chondrogenic cells
to the hypertrophic state at the growth plate, and is a 
transcriptional activator of osteoblastic differentiation
[77–80].
In vivo implants into muscle, using a polylactide-polyg-
lycolide carrier confirmed the cell culture data, in that
[A+4] and [A-4] were active in inducing cellular in-
growth into the implants, followed by extracellular matrix
production, vascularization and mineralization after
about 4 weeks [58]. Again, differences were seen between

Figure 10. Time course of the production oftranscription factors Cbfa1 and Sox9 and type I and II collagen messages after addition of 
10 ng/ml [A+4] and [A-4] to conditioned rat EMF cells. The numbers along the top of each gel lane refer to the time after addition of 
the factors to the conditioned cells, in hours [adapted with permission from ref. 58].
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the activities of [A+4] and [A-4]. [A-4] induced a more
copious and diffuse mineral deposition than [A+4],
which produced more focal and more highly vascularized
mineralized areas. Implants into muscle of GST-[A+4]
and GST-[A-4] in collagen sponge carriers [Han et al.,
unpublished data] similarly showed mineral deposition
within the implants, [A-4] > [A+4] > control, after 3
weeks. In onplants, where the collagen sponges were
placed subcutaneously directly over the parietal bone of
rat calvaria,GST-[A-4] induced new bone formation in
the collagen sponge and adjacent to the existing bone.
GST-[A+4] in the collagen matrix led to the formation of
discrete bone islands, but was accompanied by areas of
resorption of the adjacent calvarial bone. These prelimi-
nary studies need to be extended to longer time periods
and more complete analysis, but show that in the appro-
priate delivery systems, in vivo, the recombinant amelo-
genin peptides do have osteogenic-inductive activity.

Role in tooth development:
epithelial-mesenchymal signaling
From the studies that have shown the presence of amelo-
genins in the clear-cell free zone between developing
ameloblasts and odontoblasts and in the mantle dentin
[30–32] came the proposal that the amelogenins might
have a role in the early signaling leading to the maturation
of the preodontoblasts. In light of the evidence indicating
that the amelogenins might be transiently synthesized
within the odontoblasts, equally possible is that the sig-
naling is a reciprocal event and the amelogenins produced
by the odontoblasts might influence ameloblast develop-

ment as well. The time period in which this influence
might operate is probably quite brief. While sequential
epithelial-mesenchymal interactions take place from the
very first stages of epithelial thickening and continue
throughout tooth development [81], use of the amelo-
genin peptides as signaling molecules must be a late, and
probably quite restricted event. In the developing tooth
germ, the primary events of cell division in both pre-
odontoblasts and preameloblasts take place in the cervi-
cal loop region where the mesenchymal dental papilla
(DP) and the inner enamel epithelium (IEE) cells face
each other across an intact basement membrane (fig. 11).
As the cells in each layer mature, the basement membrane
degrades, and at this point, amelogenin-related pep-
tide signaling between the cell layers is likely to begin.
The odontoblasts mature first and begin to secrete the
predentin matrix and finally the mineralized dentin.
Ameloblast maturation, characterized by the secretion of
the enamel matrix in the region of the Tomes’ processes,
does not begin until mineralized dentin separates the pre-
dentin from the preameloblasts. Thus, the window of time
for amelogenin-related epithelial-mesenchymal commu-
nication between the IEE and DP cells is probably from
the time of initiation of basement membrane breakdown
to the formation of mineralized dentin. After the cell di-
vision process is completed, maturation of the cells is an
inexorable process [82]. On this basis, one might suggest
that the preameloblasts signal the underlying preodonto-
blasts to begin terminal differentiation, while the odonto-
blasts, in turn, secrete a signal to inhibit ameloblast entry
into terminal differentiation until the dentin layer begins
to form, ensuring that the final mineralized enamel will

Figure 11. The patterned distribution of differentiating odontoblasts and ameloblasts after completion of their mitotic cycles [modified,
with permission from ref. 82, fig. 5]. The putative zone of possible amelogenin-related epithelial-mesenchymal signaling and other direct
communication is between the last preodontoblast mitotic cycle and that in the pre-ameloblasts. Other epithelial-mesenchymal signaling
events take place beginning from the very first thickening of the dental epithelium at the site of tooth bud formation. The amelogenin pep-
tide signaling and proposed regulation of ameloblast maturation is a late event. This interaction becomes physically blocked when the se-
creted predentin begins to mineralize and become dentin. A, ameloblasts; BL, basal lamina; E, enamel; D, dentin; PD, predentin; O, odon-
toblasts. 



sit upon a mineralized dentin matrix. That signal could be
the secretion of either [A+4] or [A-4] from the preodon-
toblasts.
To test that hypothesis, the effects of exogenous [A+4] or
[A-4] on lower first molars of CD-1 mice at various em-
bryonic stages or post-natal stages were examined in a
culture system consisting of a semisolid, serum-free
medium supplemented with retinoic acid, ascorbic acid
and transferrin [83, 84]. The enamel organ does not syn-
thesize proteins as efficiently as the dental papilla tissue
in a serum-free medium [85]. Thus, the effects of the
added peptides were essentially restricted to the mes-
enchyme. Under those circumstances, [A+4] led to the in-
duction of early expression of DMP2, a dentin matrix
protein. [A-4], on the other hand, stimulated the expres-
sion of cementum attachment protein, in the dental
papilla cells and the dental follicle cells surrounding day
1 post-natal tooth germs. Under culture conditions with
2% FBS, enamel organ development proceeded normally
in the absence or presence of [A+4], but exogenous [A-4]
added to the 2% FBS medium appeared to inhibit pre-
ameloblast maturation [86]. These data suggest that, in
agreement with the proposals that EMD may have a func-
tion in regenerating cementum and periodontal attach-
ment to exposed tooth root surfaces while inhibiting ep-
ithelial cell attachment, the more abundantly synthesized
[A-4], transiently produced in the maturing odontoblasts,
may be inhibitory to maturation of the adjacent
ameloblasts. Thus, [A-4] may have opposite effects on
epithelial and mesenchymal cells.
In a related study, Six et al. [87] soaked agarose beads
with [A+4] or [A-4] and implanted them in cavities
drilled through to the surface of the pulp in rat molars.
The cavities were placed at the cervical third of the tooth.
Cells migrated from the apical region of the pulp to the
central part of the root canal. With [A+4], mineralization
occurred in the crown part of the pulp and a dentinal
bridge closed the cavity within 15 days. Coronal repara-
tive dentin was seen in [A-4] implants, but the major ef-
fect was that the mesial root canal became totally filled
with reparative dentin by day 30.

Summary

Although the data are still fragmentary, a strong case can
be made that the amelogenins have a variety of functions.
The primary role may be the provision of the milieu nec-
essary for the development of the mineralized enamel,
and that depends on the expression of the full-length
amelogenin molecules. The seven-exon amelogenin gene,
however, has several short exons with lengths that make
them susceptible to exon skipping, while the long exon 6
has several sequences that provide cryptic splice possibil-
ities. In the mouse, all possible splice forms of the mRNA

have been found, and most forms also exist in every other
species studied. The smaller proteins produced by the mi-
nor spliced forms may have specific functions. These
functions may relate to the epithelial-mesenchymal sig-
naling that is a prominent part of tooth morphogenesis. In
particular, we postulate that the major role may be in a
transient preodontoblast signal that inhibits ameloblast
maturation and secretion of the amelogenin matrix for
mineralization until after a layer of mineralized dentin is
formed. That signal may be provided by [A-4], the LRAP
peptide form. The expression of [A+4] may promote
odontoblast development, as seen in its enhancement of
the dentin-specific matrix protein DMP2. Both [A+4]
and [A-4] are active, in cultures, at ng/ml levels, appro-
priate for signaling molecules. Higher concentrations in-
hibit the signaling. Not clear at this time is if particular
amelogenin gene-encoded splice products are involved in
the demonstrated positive effect of amelogenin on acellu-
lar cementum formation and the periodontal attachment
process.
The preliminary studies on the use of [A+4] and [A-4] on
tooth repair via dentin bridge formation or pulp capping,
and the now well-known differentiation effects on em-
bryonic fibroblasts, and presumably on stem cells, lead-
ing to the milieu-dependent pathway leading to cartilage
or bone induction, present a possibility for tissue-engi-
neered tooth, cartilage and bone tissue regeneration, or
repair based on initiating factors other than the BMPs.
The opportunities for use of specific amelogenins in 
tissue regeneration and repair seem quite open and are
worthy of additional study, but this must be done in a
framework of further basic investigations of how the
amelogenins interact with cells and transduce their sig-
nals into different directions.
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