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Abstract

Amelogenins are proteins formed by alternative splicing of the amelogenin gene, and are essential for tooth enamel formation. However,
the unique functions of various alternatively spliced amelogenins in enamel formation are not well understood. In this study, we
determined the spatiotemporal location of amelogenins derived from transcripts containing exon4 (AMG+4) in the enamel matrix, and
the relative binding of recombinant AMG+4 to hydroxyapatite (HAP). Immunohistochemistry and mass spectrometry analyses showed
that AMG+4 proteins were secreted into the enamel matrix at the early maturation stage. A stage-specific increase in the synthesis of
AMG+4 was further supported by our observation that in mice overexpressing leucine-rich amelogenin peptide (TgLRAP), in which
ameloblasts differentiate earlier, AMG+4 transcripts were also upregulated earlier. In vitro binding studies, supported by in silico
modeling of protein binding to calcium and phosphate, showed that more recombinant AMG+4 bound to hydroxyapatite (HAP) as
compared with recombinant AMG-4. The temporal and spatial localization of amelogenins containing exon4 peptide, and their functional
differences in HAP binding, suggests that the unique properties of amelogenins containing exon4 cause a specific enhancement of
biomineralization related to stabilization of early-formed HAP at the maturation stage.
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Introduction

Amelogenins constitute the major protein component of the
secretory dental enamel matrix, and many studies have been
undertaken in an effort to understand their biochemical func-
tion during enamel formation and mineralization (Termine
et al. 1980). Amelogenins are alternatively spliced (Gibson
et al. 1992; Fincham et al. 1994; Lyngstadaas et al. 1995),
though there is little information as to the function of the alter-
natively spliced amelogenins.

Fully translated human amelogenin is a protein that is the
product of 7 exons, with exonl being non-coding. Rodents can
have 2 additional exons, 8 and 9, forming an alternate ¢ termi-
nus when exon7 is skipped (Li et al. 1998). Two primary ame-
logenin isoforms have been identified in the secretory-stage
enamel matrix. One of these is the hydrophobic amelogenin
(Eastoe 1964), encoded by exons2, 3, 5, 6, and 7, and known as
M180 in mice and H175 in humans. The other is leucine-rich
amelogenin peptide (LRAP) (Fincham et al. 1981), translated
from exons2, 3, 5, 6D, and 7 (Gibson et al. 1991), and known
as M59 in mice and H58 in humans. M180 is known to direct
HAP formation, whereas LRAP has been shown to enhance
proliferation and differentiation of mesenchymal cells (Boabaid
et al. 2004; Ye et al. 2006; Warotayanont et al. 2009) and to
direct ameloblast differentiation (Le et al. 2007; Stahl et al.
2013). Phosphorylated LRAP stabilizes mineral formation (Le
Norcy et al. 2011), but overexpression of LRAP in an amelo-
genin knockout mouse model fails to rescue the enamel miner-
alization defect (Chen et al. 2003).

Amelogenin exon4 is present in the amelogenin gene of
many species (Sire et al. 2012), and amelogenin proteins that
contain exon4-encoded proteins have been reported in mouse
(Simmer 1994) and porcine (Yamakoshi 2011) enamel matrix.
Messenger RNAs (mRNAs) containing exon4 have been
amplified from human (Salido et al. 1992), mouse (Hu et al.
1997), and rat (Li et al. 1995) enamel organs. The full-length
human amelogenin mRNA (hX189) was reported to constitute
3.5% of the total tooth organ mRNAs (Salido et al. 1992).

The function of AMG+4 in amelogenesis is not clear. lacob
and Veis (2006) found that odontoblasts in PO mouse molars
(overlaid by predominantly presecretory-stage ameloblasts)
express both m59 (LRAP) and m73 (LRAP plus exon4),
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whereas ameloblasts primarily express m180 (no exon4), while
the stratum intermedium expresses the full-length isoform con-
taining exon4, m194. Mice that overexpress m194 (Cho et al.
2014) form disorganized and hypoplastic enamel, not seen in
the m180-overexpressing mice (Gibson et al. 2011), suggest-
ing a specific role for AMG+4 in enamel biomineralization.

In this study, we examined the spatiotemporal synthesis and
secretion of AMG+4 into the enamel matrix. To investigate the
possible function of amelogenins containing exon4, we tested
the relative binding of AMG+4 to hydroxyapatite, and found
increased binding of recombinant RH189 as compared
with recombinant amelogenin lacking exon4 (RH175). Our
previous work (Stahl et al. 2013) showed that ameloblasts dif-
ferentiate earlier in mice overexpressing LRAP, and we further
used this model to investigate the relationship between the tim-
ing of AMG+4 expression and the progression of matrix
mineralization.

Materials and Methods

All animal procedures were carried out with approval by the
University of California San Francisco and University of
Pennsylvania Institutional Animal Care and Use Committees.
The experiments reported herein were conducted in compliance
with the Animal Welfare Act and in accordance with the prin-
ciples set forth in the “Guide for the Care and Use of Laboratory
Animals” (Institute of Laboratory Animal Resources, National
Resource Council, National Academy Press, 1996).

Mass Spectrometry (MS) Analysis of Amelogenins
in the Developing Rat Enamel Matrix

Nine-week-old female Wistar rats were sacrificed by CO, inhala-
tion followed by cervical dislocation. Mandibular incisors were
removed from the alveolar bone, and enamel matrix was dis-
sected from the underlying dentin surface at 2 locations. Zone 1,
which is primarily secretory-stage enamel, included enamel
beginning at the apical end of the incisor, to enamel underlying
the distal surface of the root of the first molar. Zone 2, which is
primarily early-maturation-stage enamel, included enamel matrix
from the distal root of the first molar continuing through early
maturation until the enamel was too hard to dissect (Den Besten
1986; Smith and Nanci 1989) (Fig. 1A).

The enamel matrix collected from zones 1 and 2 of each
incisor was homogenized in 200 pL of 0.5 M acetic acid with
protease inhibitor cocktail (Roche, Indianapolis, IN, USA), to
solubilize amelogenins and other matrix proteins. The extract
was then centrifuged at 10,000 g for 10 min to remove the
undissolved particles. For each zone, 3 enamel extracts from 3
different incisors were diluted to 0.2 mg/mL and combined at
equal volume before mass spectrometry (MS) analysis. Each
group was desalted on a C18 ZipTip (Millipore, Billerica,
MA, USA), and mixed at a 1:1 vol ratio with matrix-assisted
laser desorption ionization (MALDI). Matrix o-Cyano-4-
hydroxycinnamic acid in 50% acetonitrile/0.1% trifluoroacetic
acid (40 fmol/uL of [Glul]-fibrinopeptide B [m/z 1570.677
Da]) was spiked into the MALDI matrix for internal mass

calibration. Mass spectrometry analyses were carried out on a
4800 MALDI TOF/TOF (Applied Biosystems [AB] SCIEX,
Foster City, CA, USA). MS and tandem MS (MS/MS) data
were acquired with 4000 Series Explorer software (AB
SCIEX). The sequences of amelogenin fragments were deter-
mined by manual interpretation of the MS/MS data.

Mouse Models

The mice overexpressing LRAP (TgLRAP) were provided by
Dr. Carolyn Gibson, University of Pennsylvania. TgLRAP
mice were generated by the incorporation of a plasmid contain-
ing the amelogenin promoter with cDNA encoding for LRAP
(Chen et al. 2003). Wild-type (WT) mice were generated as
littermates of TgLRAP mice and sacrificed at the same time-
point as controls.

Immunohistochemistry

Maxillae and mandibles were dissected from P21 postnatal
mice sacrificed by Co, inhalation followed by decapitation,
and immersed in 4% paraformaldehyde (PFA) for 1 day at 4°C.
Following decalcification in 8% ethylene diamine tetraacetic
acid (EDTA) (pH 7.3) at 4°C for 10 days, the samples were
dehydrated through a graded series of ethanol followed by rou-
tine paraffin embedding and sectioning. After deparaffiniza-
tion, sections were immunostained as previously described
(Stahl et al. 2013) with a rabbit anti-exon4 antibody. The rabbit
anti-exon4 polyclonal antibody (IgG) was raised against a syn-
thesized murine amelogenin exon4 peptide with the amino acid
sequence KSHSQAINTDRTAL (Genscript Inc., Piscataway,
NJ, USA) and purified by Protein A affinity chromatography.
Pre-immune IgG purified in the same manner was used as a
negative control. To verify the specificity of the antibody, we
performed a Western blot analysis of recombinant human ame-
logenin proteins with or without the exon4 region, using an
Odyssey Western blotting kit and imaging system (LI-COR
Biosciences, Lincoln, NE, USA) (Fig. 1D).

Von Kossa Stain and Gomotri’s Trichrome Stain

Maxillae from PS5 (secretory stage) WT and TgLRAP mice
were fixed as described above, and undecalcified sections were
obtained as previously described (Nakano et al. 2004).
Mineralization of the tissue was visualized by 2.5% silver
nitrate staining (Von Kossa stain) (Bleicher et al. 1999).
Maturation of enamel matrix mineralization was assessed by
Gomori’s Trichrome stain (Gomori 1950; Duailibi et al. 2004).

Polymerase Chain-reaction Amplification of
Amelogenin mRNA with or without Exon4

Maxillary first molars were dissected from postnatal day 0 (PO)
and day 5 (P5) WT and TgLRAP mice. Total RNA was isolated by
means of an RNeasy Mini kit (Qiagen, Germantown, MD,
USA). An aliquot containing 1 pg of total RNA was
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Figure |. ldentification of amelogenin fragments containing exon4 in enamel matrix. (A) Diagram of
a 9-week-old rat incisor showing the location of zone |, which is primarily a secretory-stage enamel
incisor, and zone 2, which is primarily early-maturation-stage enamel. (B) The protein sequence

for the full-length amelogenin isoform containing 194 amino acids, with the sequence derived from
exon4 shown in red. (C) Protein fragments detected by MS show that exon4 peptide (red font) is
only found in the early maturation enamel matrix. (D) Purified RH189 (AMG+4) and RHI75 (AMG-4)
were separated by SDS PAGE, and then analyzed by Western blot to confirm that the anti-exon4
antibody detected only amelogenin containing exon4 (RH189). (E) Immunodetection of exon4 in
incisor ameloblasts showed (a) secretory ameloblasts with positive staining at the apical border,

but no obvious staining of the enamel matrix. Beginning in transition and early-maturation-stage
ameloblasts (b, c), intense exon4 peptide immunoreaction was seen in the Golgi region (arrows) and
in the enamel matrix, consistent with the MS analysis. Pre-immune staining of the incisor shows no
nonspecific staining of matrix cells (f). Am, ameloblasts; E, enamel. Bars: 50 pm.

Binding of Recombinant
Amelogenins to Apatite

Hydroxyapatite was synthesized as
previously described and character-
ized by x-ray diffraction (Tanimoto
et al. 2008). Apatite powders were
sequentially passed through 30- and
60-um meshes, and only particles with
sizes between 30 and 60 um were col-
lected for the binding experiment.
Recombinant human amelogenin
proteins with or without exon4
(RH189 and RH175) were expressed
and purified as previously described
(Liu et al. 2001). After the proteins
were dissolved in H O, the pH of the
solution was titrated to pH 7.0 by the
addition of 50 mM Tris-HCI, pH 9.0.
The 2 proteins at a concentration of
400 ng/uL were incubated individu-
ally with 10 pg of HAP in a total vol-
ume of 250 pL, with constant shaking
at 10-minute intervals, up to 60 min.
After incubation, the mixtures were
centrifuged at 5,000 rpm for 5 min.
The unbound proteins remaining in
the supernatant were measured by
the Bradford assay (Bio-Rad,
Hercules, CA, USA) and sodium
dodecylsulfide polyacrylamide gel
electrophoresis (SDS-PAGE). The
amount of protein adsorbed (PA) on
1 mg of HAP crystals was calculated
by the equation PA=(C, - C) x V +
0.1 mg, where V is the volume of the
solution, C, is the initial protein con-
centration, C is the final protein con-
centration, and 0.1 mg is HAP used
for binding. Statistical analysis was
performed by Student’s ¢ test.

Results

AMG+4 Protein Fragments
Were Identified Only in Zone

reverse-transcribed to cDNA with SuperScript® III Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA). Primer
sequences for exon4 were: forward, 5’AAGTCACATT
CTCAGGCTATCAATACT3'’; and reverse, 5-ACTTCT
TCCCGCTTGGTCTTGTCT-3'. Polymerase chain-reaction
(PCR) amplification for reverse transcriptase (RT)-PCR was
performed with the Hot Start Taq kit (Qiagen) by initial incu-
bation of the reaction mixture at 95°C for 5 min, followed by
94°C, 57°C, and 72°C for 1 min each for 30 cycles and then
72°C for 10 min. The products were visualized on a 2% aga-
rose gel with ethidium bromide staining.

2 (Early-maturation Stage) Rat Enamel Matrix

Mass spectrometry analysis of enamel matrix proteins isolated
from rat zone 1 (primarily secretory) and zone 2 (primarily
early maturation) (Fig. 1A) showed that the exon4 peptide
sequence (Fig. 1B) was found only in the fragments isolated
from early-maturation enamel (Fig. 1C).

Immunostaining of sagittal sections of mouse incisors
showed exon4 peptide as present in secretory-stage ameloblasts
(Fig. 1E-a), with the immunoreaction increasing in the region of
the Golgi apparatus in the transition- to early-maturation-stage



Exon4 Amelogenin Transcripts in Enamel Biomineralization

839

ameloblasts (Fig. 1E-b and c¢). Immunostaining in the Golgi
apparatus indicated active synthesis of AMG+4 at this stage.
Similar to the mass spectrometry results, exon4 immunostain-
ing was positive in the early-maturation enamel matrix, but was
not obvious in the enamel matrix at earlier stages of enamel
formation (Fig. 1E).

AMG+4 mRNA Was Detected Earlier in TgLRAP
Mouse Molars as Compared with WT Molars

We used the TgLRAP mouse model, which we previously
showed to have earlier ameloblast differentiation as compared
with that in wild-type mice (Stahl et al. 2013), to determine
whether the timing of ameloblast differentiation is linked to the
expression of AMG+4. To compare the timing of expression of
AMG+4 in TgLRAP and WT mice, we amplified AMG+4
mRNAs from total extracts from PO and P5 molars. RT-PCR
analysis showed that relatively more m194 was amplified in PO
TgLRAP mouse molars as compared with WT molars.
Transcripts for m73 were found in PO TgLRAP, but not in PO
WT molars. Bothm194 and m73 were amplified in P5 TgLRAP
and WT mice (Fig. 2).

Overexpression of LRAP and Earlier Synthesis
of AMG+4 Corresponded to Earlier Matrix
Maturation

To determine if earlier differentiation of ameloblasts and ear-
lier AMG+4 production were associated with changes in min-
eralization of enamel matrix, we stained undecalcified molar
sections with Von Kossa to detect mineral (phosphate) deposi-
tion, and with Trichrome stain to assess maturation of the
enamel matrix (Duailibi et al. 2004). Both TgLRAP and WT
enamel matrix showed initial Von Kossa-positive stain at simi-
lar locations, though, as previously observed, the TgLRAP
mouse enamel matrix was thinner than WT enamel (Fig. 3A,
B) (Stahl et al. 2013). Trichrome staining showed evidence of
earlier enamel maturation (bluish grey) in P5 TgLRAP mice as
compared with WT mouse molars (red). The early-secretory-
stage enamel matrix was stained red in both WT (Fig. 3C, E)
and TgLRAP molars (Fig. 3D, F). In contrast, though enamel
matrix at the late secretory stage of WT mice (Fig. 3QG)
remained red, the TgLRAP enamel matrix stained bluish grey,
typical of early-maturation-stage enamel matrix (Fig. 3H).

More Recombinant AMG+4 (RH189) Bound to
HAP as Compared with AMG-4 (RH175)

The amount of recombinant amelogenin containing exon4
transcript (RH189) that bound to HAP was significantly
increased as compared with recombinant amelogenin without
exon 4 (RH175). The increased binding of RH189 was signifi-
cant at every time interval, up to 60 min, when the binding was
fully saturated (Fig. 4) (P < 0.001). SDS-PAGE results
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Figure 2. A diagram of mouse amelogenin alternatively spliced
products shows the alternatively spliced isoform LRAP (m59), LRAP+
exon4 (m73), and m194 as the full-length isoform containing exon4.
The locations of PCR primer sets at the beginning of exon4 and ending
at exon 6d (see lines) were designed to detect amelogenin variants
containing exon4. At PO, both m194 and m73 were amplified from
TgLRAP mouse molars, whereas only a relatively reduced amount of
m194 was amplified from PO WT mouse molars. At P5, both m194 and
m73 were amplified from TgLRAP and WT P5 molars.

confirmed that more of the RH189 was bound to the apatite
after 60 min (data not shown).

A bioinformatics approach developed from known crystal-
lized protein structures that bound either calcium or phosphate
was used for further exploration of mineral binding by amelo-
genins containing the exon4-encoded peptide. This analysis
predicted that amelogenins with exon4-encoded peptide had
enhanced binding to both calcium and phosphate ions (see
Appendix).

Discussion

Alternative splicing is a key event in eukaryotes that increases
the coding capacity of the human genome, allowing for one gene
to produce multiple proteins with potentially different functions.
Previous studies identified AMG+4 mRNAs including exon4 (m73
and m194) transcripts in presecretory/secretory ameloblasts (PO-
P1) in the mouse tooth organ (Iacob and Veis 2006). Hu and co-
workers (Hu et al. 1997) amplified m194, m73, and m170
transcripts from combined extracts of P7 (maturation-stage) rat
and mouse molar enamel organ and incisors (containing both
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identified  fragments  containing
exon4-encoded peptide only in the
early-maturation enamel matrix. This
finding was supported by immuno-
histochemistry showing increased
immunostaining in the Golgi appa-
ratus of early-transition-stage ame-
loblasts, and immunostaining for
exon4 peptide in the early-matura-
tion-stage enamel matrix.

We found that, in TgLRAP mice,
which have earlier ameloblast differ-
entiation, AMG+4 transcripts were
also expressed earlier than in WT
mice. The earlier synthesis of ame-
logenin mRNAS containing exon4 in
TgLRAP mice was consistent with
earlier transition from red to bluish
grey Trichrome staining of the min-
eralized enamel matrix. In the
TgLRAP mice, the red color, result-
ing from the less porous secretory
enamel matrix (Duailibi et al. 2004),
was lost earlier as compared with
that in WT mouse enamel. These
findings support the possibility that
maturation of the enamel matrix
results in part from increased expres-
sion and synthesis of AMG+4.

To investigate further the possi-
ble role of AMG+4 in enamel
biomineralization, we used recombi-
nant amelogenins to compare
AMG+4 and AMG-4 binding to
HAP. We found increased binding of
RH189 as compared with RH175 to
HAP in vitro. Our bioinformatics
analyses of M194 as compared with
M180 also predicted that exond-

Figure 3. Von Kossa staining showed that WT mice had a thicker mineralized matrix at P5 (A) as
compared with TgLRAP mice (B), with mineralization initiating at similar locations (arrows). The
enamel matrix at the cervical loop region of WT (C, E) and TgLRAP (D, F) P5 molars stained red after
Trichrome staining. In the most differentiated enamel matrix (along the distal of the mesial cusp) under
the late-secretory ameloblasts, the enamel matrix of WT stained red (C, G), whereas the TgLRAP
enamel matrix was stained bluish gray (D, H), indicating a maturation matrix phenotype underlying the

disrupted ameloblast layer. Scale bars: 100 pm for A-D; 50 uym for E-G.

secretory and maturation-stage), and identified amelogenins con-
taining exon4 in enamel matrix extracts by Western blot. Our
study is the first to show a stage-specific regulation of AMG+4
expression and secretion, and increased binding of AMG+4 to
HAP.

The early maturation stage of amelogenesis is characterized by
a marked decrease in organic matrix proteins and an increase in
mineral content; however, ameloblasts continue to synthesize and
secrete enamel matrix proteins during the early stages of matura-
tion (Nanci et al. 1987). Our mass spectrometry analyses

encoded peptide had increased cal-
cium and phosphate binding (see
Appendix), and similar results were
found with the human sequences
(data not shown). Taken together,
these findings suggest that AMG+4
has functional differences related to
enamel biomineralization, possibly
to stabilize early-formed HAP or its calcium and phosphate
precursors. The functional significance of HAP stabilization at
the transition and early maturation stages could be to limit min-
eral growth just prior to maturation, allowing for the rapid
removal of matrix proteins that occurs at this stage.

In conclusion, these studies show that AMG+4 are temporally
and spatially synthesized and secreted at the early maturation
stage of enamel matrix formation. In vitro and in silico analyses
suggest that AMG+4 modulates mineralization through its
increased mineral-binding capacity. Future studies will further
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Figure 4. Binding of RH189 (AMG+exon4) to HAP was greater than
that of RH175 (AMG). Proteins were incubated with HAP for up to
60 min, and the amount of protein absorbed onto the HAP was
determined at |0-minute intervals. At all time-points, the binding of
RH189 to HAP was calculated to be significantly greater (*P < 0.001).

elucidate the role of AMG+4 in enamel matrix formation, and the
possibility that this peptide can be used to stabilize early HAP
formation to modulate enamel biomineralization.
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