
Abstract. Proteins of the developing enamel matrix in-
clude amelogenin, ameloblastin and enamelin. Of these 
three proteins amelogenin predominates. Protein-protein 
interactions are likely to occur at the ameloblast Tomes’ 
processes between membrane-bound proteins and se-
creted enamel matrix proteins. Such protein-protein in-
teractions could be associated with cell signaling or en-
docytosis. CD63 and Lamp1 are ubiquitously expressed, 
are lysosomal integral membrane proteins, and localize 
to the plasma membrane. CD63 and Lamp1 interact with 
amelogenin in vitro. In this study our objective was to 

study the molecular events of intercellular trafficking 
of an exogenous source of amelogenin, and related this 
movement to the spatiotemporal expression of CD63 and 
Lamp1 using various cell lineages. Exogenously added 
amelogenin moves rapidly into the cell into established 
Lamp1-positive vesicles that subsequently localize to the 
perinuclear region. These data indicate a possible mecha-
nism by which amelogenin, or degraded amelogenin pep-
tides, are removed from the extracellular matrix during 
enamel formation and maturation.

Keywords. Amelogenin, CD63, Emdogain®, enamel, endocytosis, Lamp1, late endosome, protein-protein interac-
tions.

Introduction

The structural proteins relatively unique to the enamel 
matrix are amelogenin, ameloblastin and enamelin [1–7]. 
Structural proteins of the enamel matrix manifest specific 
protein-protein interactions required to produce a matrix 
capable of directing the highly ordered structure of the 
enamel crystallites [3, 6, 7]. Protein-protein interactions 
also occur between the secreted enamel proteins and 

proteins of the plasma membrane of the enamel produc-
ing cells (ameloblasts) [5, 8–10]. Implied protein-mem-
brane interactions between ameloblasts and the enamel 
organic matrix have been discussed for ameloblastin [5], 
and also for amelotin [10]. Such protein-membrane in-
teractions may be required to establish short-term order 
of the forming matrix, to mediate feedback signals to 
the transcriptional machinery of these cells, and to re-
move matrix protein debris during amelogenesis [5, 6, 
9, 11]. Plasma membrane-bound proteins identified in 
ameloblasts, shown to directly interact with the struc-
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tural enamel proteins, include CD63 (cluster of differ-
entiation 63 antigen; also known as lysosome-associated 
membrane glycoprotein 3 and melanoma 1 antigen) and 
Lamp1 (lysosomal-associated membrane glycoprotein 1) 
[9, 12–14]. CD63 and Lamp1 are also integral to the late 
endosome/lysosomal membrane [13]. Clathrin adaptor 
protein (AP) complexes are protein heterotetramers that 
cycle between the cytosol and membranes, and mediate 
the sorting of membrane-bound proteins in the secretory 
and endocytic pathways. Four distinct AP complexes have 
been identified (AP-1, AP-2, AP-3 and AP-4) and at least 
three of these AP complexes have isoforms that show tis-
sue-specific expression [15, 16]. AP-3 has been directly 
associated with the intracellular trafficking of plasma 
membrane-bound CD63 and Lamp1 [13].
CD63 is a member of the transmembrane-4 glycoprotein 
superfamily, which is also known as the tetraspanin fam-
ily [17, 18]. Family members are cell-surface proteins that 
are characterized by the presence of four transmembrane 
domains [17, 18]. Tetraspanins mediate signal transduc-
tion events that play a role in the regulation of cell de-
velopment, activation, growth and motility [18, 19]. In 
particular, as a cell surface glycoprotein, CD63 and other 
tetraspanins are known to complex with integrins [18, 
20]. Recent studies relating the tetraspanin-integrin pro-
tein interactions suggest that as a class of proteins, the tet-
raspanins act as organizers of membrane microdomains 
and signaling complexes [18]. CD63 resides not only in 
the plasma membrane of most cell types, but it also resides 
in late endosomes, lysosomes and secretory vesicles, and 
CD63 traffics among these different compartments [13]. 
This has led to the suggestion that CD63 may play a role 
in the recycling of membrane components, and the uptake 
of degraded proteins from the extracellular matrix [13].
At steady state, Lamp1 is a transmembrane protein highly 
expressed in late endosomes and lysosomes and is often 
used as a marker for these two organelles [21]. Lamp1 
is involved in endocytosis, pinocytosis, or phagocytosis 
[21]. The movement of Lamp1 from the rough endoplas-
mic reticulum and Golgi to the lysosome membrane has 
been documented, and this pathway can be independent 
of movement through the plasma membrane [21]. How-
ever, Lamp1 immunoreactivity is also observed at the 
plasma membrane of most cell types [22–24], and it can 
also be observed in early endocytic compartments [22]. 
The presence of Lamp1 on the plasma membrane sug-
gests that Lamp1 can act as a cell surface intermediary, 
and can traffic directly to the late endosome/lysosome 
during endocytotic events [13].
In eukaryotic cells, receptor-mediated endocytosis fre-
quently occurs with the involvement of clathrin-coated 
pits and vesicles, and is distinguished from other types 
of endocytosis or pinocytosis that are independent of 
clathrin [25–27]. Over the past decade, the molecu-
lar mechanisms of non-clathrin associated endocytotic 

pathways have been investigated [15, 26–30]. The intra-
cellular trafficking of plasma membrane-bound CD63 
and Lamp1 involves the recruitment of the AP-3 com-
plex [15, 27, 31], and the data suggest that AP-3-related 
intracellular trafficking may proceed independently of 
any association with clathrin. Although in mammals a 
clathrin consensus-binding motif is part of the AP-3 β3 
subunit, there is little or no physiological evidence to 
support the association of clathrin and AP-3 in vivo [15, 
27–29, 32, 33]. For example, while significant amounts 
of AP-1 and AP-2 are a feature of biochemically purified 
clathrin-coated vesicles, only trace amounts of AP-3 can 
be characterized in these same vesicles [15, 27, 28]. This 
lack of association between AP-3 and clathrin-coated 
vesicles is also supported by the fact that in yeast the 
AP-3 β3 subunit has no clathrin consensus-binding mo-
tif, and AP-3-related trafficking is totally independent of 
clathrin [15].
The data outlined above have directed the experimen-
tal strategy described in this current investigation. Am-
elogenin is the most abundant protein in the developing 
mammalian enamel extracellular matrix, accounting 
for greater than 90% of the total matrix protein con-
tent [7, 34–36]. Mature enamel is almost entirely inor-
ganic, thus the process of amelogenesis must include 
an efficient mechanism for the removal of the organic 
matrix component and related organic debris. With the 
identification of two secreted, enamel-specific protein-
ases (matrix metalloproteinase-20 and kallikrein-4) [6, 
37–39], it is conceivable that the enamel organic matrix 
is completely degraded extracellularly and then removed 
from this environment by macropinocytosis (fluid-phase 
endocytosis) [40]. However, if a mechanism for enamel 
matrix protein removal involves a significant uptake of 
partially degraded proteins (i.e. where the epitopes are 
recognizable), and their subsequent trafficking to late en-
dosomes and lysosomes, then the presumption must be 
that ameloblasts absorb secreted proteins (and the debris 
of these secreted proteins) during amelogenesis [41–44]. 
This type of resorption would then be described more as 
a receptor-mediated endocytosis.
Polarized ameloblasts form a continuous monolayer over 
the forming enamel, with only their Tomes’ processes (se-
cretory surface) in direct contact with the extracellular 
matrix. If endocytosis or macropinocytosis is a functional 
and significant characteristic of secretory ameloblasts, 
then uptake is likely to occur at, or proximal to, the am-
eloblast apical membrane [42]. One of the challenges in 
studying the removal of the enamel matrix in vivo is to be 
able to distinguish between macropinocytosis and endo-
cytosis and the relative contributions of each pathway to 
amelogenesis. Because of previously identified protein-
interactions between Lamp1 and amelogenin [12], and 
CD63 and amelogenin [14], we sought to identify a pos-
sible pathway for the endocytosis of amelogenin in cell 
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lines of varying phenotypes, and relate our observations 
to the events of amelogenesis.

Materials and methods

Cell lines and culture conditions
The following cell lines have been used in this study: 
canine kidney MDCK cells (ATCC catalogue no. CCL-
34); human osteoblast hFOB_1.19 (ATCC catalogue no. 
CRL-11372); mouse pre-osteoblast MC3T3-E1 (ATCC 
catalogue no. CRL-2595); and mouse ameloblast-like 
LS8 cells [45, 46]. Multiple cell lines have been included 
in this study to demonstrate that the cellular absorption of 
amelogenin epitopes is not limited to ameloblasts or am-
eloblast-like cells, but that this activity is a more general 
phenomenon seen in many cell types. In addition, it was 
necessary to exclude crinophagy [40, 47] as an explana-
tion for the observations of amelogenin in the lysosomes. 
Crinophagy is the digestion of the contents of secretory 
granules following their fusion with lysosomes.
LS8 cells were originally derived from the first molar 
enamel organ epithelium cells of newborn mice [48] and 
have previously been used to study amelogenin [46, 49–
51] and ameloblastin [45, 52] gene expression in vitro.
Canine kidney MDCK and mouse ameloblast-like LS8 
cells were maintained in Dulbecco’s modification of 
Eagles medium (DMEM) with high glucose (4.5 g/L) 
supplemented with 10% fetal calf serum (FCS). Human 
osteoblast hFOB_1.19 cells were maintained in a 1 : 1 
mixture of Ham’s F12 medium and DMEM with 2.5 mM 
L-glutamine, 0.3 mg/ml G418, and supplemented with 
10% FCS. Mouse pre-osteoblast MC3T3-E1 were main-
tained in Alpha minimum essential medium with ribo-
nucleosides and deoxyribonucleosides, 2 mM L-gluta-
mine, 1 mM sodium pyruvate, and supplemented with 
10% FCS.

Plasmid constructs
pAmel-DsRed. Mouse amelogenin M180 cDNA [53, 54] 
(NCBI reference sequence NM_009666), including the 
signal peptide region, was PCR amplified from a plas-
mid template using the following primers: forward 5′-
GAATTCAAGAAATGGGGACCTGGATT, and reverse 
5′-GGATCCACTTCTTCCCGCTTGGT. The forward 
primer included an EcoRI restriction site sequence (un-
derlined), and the reverse primer a BamHI restriction site 
(underlined) to allow for efficient, in-frame subclonings 
in subsequent steps. This PCR product was subsequently 
sub-cloned into a TA cloning vector (pCR®2.1; Invitrogen 
Corporation), released with restriction enzymes EcoRI 
and BamHI, and subsequently subcloned into the vector 
pDsRed1-N1 (Clontech, Palo Alto, CA) at the EcoRI/
BamHI multicloning site. A two-step cloning strategy 

was used for this plasmid construct to ensure efficient 
subcloning of the PCR product, prior to its sequencing 
and movement into the red fluorescent vector that is not 
a TA cloning vector.

pLAMP1-GFP. Human LAMP1 cDNA (NCBI refer-
ence sequence NM_005561) was purchased from Ori-
gene (Rockville, MD), and amplified by standard PCR 
techniques using the following primers: forward 5′-
GATATCCTCGGCATGGCGCCCCGC, and reverse 5′-
GATAGTCTGGTAGCCTGCGTGACTCC. PCR ampli-
fied LAMP1 cDNA was subcloned into vector pcDNA3.1/
CT-GFP-TOPO (Invitrogen Corporation, Carlsbad, CA).
For both plasmid constructs, the fluorescent tag follows 
the entire coding regions for amelogenin and LAMP1. 
In both cases the entire coding regions were sequenced 
to identify correct orientation, to ensure that the correct 
open-reading frame was established, and that no PCR or 
cloning errors had occurred during their synthesis.

Porcine enamel matrix proteins
Emdogain® (previously owned by Biora AB, Malmö, 
Sweden but now distributed by Straumann, Basel, Swit-
zerland; www.straumann.com) is a porcine-derived en-
amel matrix product and the principle component is the 
enamel matrix protein amelogenin [55]. Lyophilized por-
cine enamel protein (Emdogain®) was diluted to a final 
concentration of 50 μg/ml in sterile culture medium, and 
added freshly to cells.

Antibodies
LAMP1. A rat monoclonal antibody to mouse Lamp1 
(Developmental Studies Hybridoma Bank or DSHB, Uni-
versity of Iowa; catalogue no. 1D4B) was used in this 
study.

CD63. A rabbit anti-peptide polyclonal mouse CD63 
antibody was generated against a unique CD63 pep-
tide region (amino acids 177–190; N-terminal CGND-
FKESTIHTQG) by Zymed Laboratories Inc. (South San 
Francisco, CA, USA).

Mouse amelogenin. Chicken egg-derived polyclonal an-
tibody prepared against recombinant mouse amelogenin 
rp(H)M180 [56] described previously [9, 46] was used 
in this study.

Stable transfection of pAmel-DsRed into MDCK 
cells and crude fluorescent-protein extracts
Plasmid pAmel-DsRed was successfully integrated into 
the genome of canine kidney MDCK cells using Lipo-
fectamine2000 (Invitrogen) and standard laboratory meth-
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odologies [57]. Cells were passaged multiple times and 
continued to express significant quantities of the red-fluo-
rescent amelogenin protein as observed with fluorescence 
microscopy (Fig. 1a).
Red fluorescent MDCK cells were grown to confluence 
in a 60-mm cell culture dish (Corning Incorporated, 
Corning, New York), harvested, pelleted, resuspended in 
a minimal volume of fresh culture medium and then was 
subjected to repeated freeze-thawing cycles in 0.25 M 
Tris-HCl pH 7.8. The complete lysate was then filtered 
through a 0.45-µm membrane (Corning Inc.) to prepare 
a crude protein extract that included the red-fluorescent 
amelogenin. Crude protein extract, plus Emdogain® to 
bring the total concentration of exogenously added pro-
tein to 50 μg/ml, was then added to subconfluent human 
osteoblast hFOB_1.19 cells also in a 60-mm cell culture 
dish, and left for 3 h. Cells were subsequently washed 

three times in phosphate-buffered saline (PBS) at room 
temperature prior to their visualization using a fluores-
cence microscope (Fig. 1b).

Immunohistochemistry
Antibodies against Lamp1 and CD63 were used to exam-
ine the spatiotemporal expression of these two proteins 
in mandibular incisor teeth in 3- and 4-day-old mice. 
Tissues were prepared as described previously [58–61]. 
Slides were counterstained with hematoxylin prior to 
making a digital photographic recording.

Immunofluorescence
For CD63 and amelogenin colocalization experiments 
mouse MC3T3-E1 cells were grown on glass coverslips 
to approximately 70% confluence. Emdogain® was 
added to the media to a final concentration of 50 μg/ml 
and incubated for 3 h. Cells were then washed with PBS, 
fixed with 2% paraformaldehyde/0.2% Triton X-100 
for 10 min at room temperature, washed with PBS, and 
blocked 30 min with goat serum (Zymed Laboratories, 
San Francisco, CA). Cells were incubated overnight at 
4 °C with chicken anti-mouse amelogenin antibody and 
rabbit anti-mouse CD63 (at dilutions of 1 : 2500 and 
1 : 200 respectively). After PBS washes, goat anti-chicken 
Alexa Fluor 594 and goat anti-rabbit Alexa Fluor 488 (In-
vitrogen Corporation; both at dilutions of 1 : 250) were 
used for fluorescence detection of amelogenin and CD63, 
respectively. Cells were left to incubate for 1 h at 37 °C. 
Finally, cells were washed with PBS for three times and 
then mounted with Pro-Long anti-fade reagent (Molec-
ular Probes). Cells were visualized under confocal mi-
croscopy at 60× magnification using a Nikon PCM2000 
confocal system.
For Lamp1 and amelogenin colocalization studies two 
experimental approaches were used; either unlabeled 
Emdogain® was added to cultured MC3T3-E1 cells, or 
Emdogain® that had been conjugated to Alexa Fluor 
594 (Invitrogen Corporation, catalogue no. A30008) was 
added to cultured LS8 cells, and studied in an identical 
manner to that described immediately above. Visualiza-
tion of Lamp1 was by the monoclonal anti-rat Lamp1 pri-
mary antibody and goat anti-rat Alexa Fluor 488 used at 
dilutions of 1 : 100 and 1 : 250, respectively. Visualization 
of intracellular Emdogain® in MC3T3-E1 cells followed 
primary and secondary antibody labeling. Visualization 
of Alexa Fluor 594-conjugated Emdogain® in LS8 cells 
required no additional antibodies.

Transient transfection and microscopy
For transient transfection assays, MC3T3-E1 or LS8 
cells were grown on either glass cover slips in 3.5-cm 

Figure 1. (a) MDCK cells stably transfected with amelogenin-red 
fluorescent protein construct as seen with fluorescent microscopy. 
Inset: schematic of hybrid fluorescent protein (pAmel-DsRed) in-
volving the amelogenin signal peptide (s.p.), mouse amelogenin 
(mAmel) and red fluorescent protein (DsRed1). (b) Endocytosis of 
the amelogenin-red fluorescent protein in human osteoblast cells. 
Human osteoblast cells (hFOB_1.19) were exposed to a crude 
preparation of protein isolated from the MDCK cells expressing 
pAmel-DsRed as seen in (a). Emdogain® was also included in this 
crude protein extract so that the total concentration of added amelo-
genin protein was 50 μg/ml. The amelogenin red-fluorescent hybrid 
protein localized to the cell cytoplasm (arrows), and was excluded 
from the nucleus. Scale bars are included in the figures.
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cell culture dishes or on 2-well Lab-Tek™chamber slides 
(Nalge Nunc International, Rochester, NY). Cells were 
transfected with pLAMP1-GFP using Lipofectamine 
Plus (Invitrogen Corporation) according to the manufac-
turer’s instructions. The day after transfection, 50 μg/ml 
Emdogain® conjugated to Alexa Fluor 594 was freshly 
added to the culture medium for 3 h. Cells were then 
washed with PBS, fixed with 4% paraformaldehyde, 
washed again with PBS and mounted with Pro-Long 
anti-fade reagent (Molecular Probes). Images were taken 
from a 63x Carl Zeiss Plan Apo objective of an Olympus 
IMT-2 microscope and/or 60× lens of a Nikon PCM2000 
confocal system, respectively.

Time-lapse confocal microscopy
MC3T3-E1 cells transfected with pLAMP1-GFP were 
grown to 70% confluency on 35-mm glass bottom cul-
ture dishes MatTek Corporation (Ashland, MA., cata-
logue no. P35G014C), and transfected with pLAMP1-
GFP using Lipofectamine Plus (Invitrogen Corporation) 
according to the manufacture’s instructions. After 24 h, 

Emdogain® conjugated to Alexa Fluor 594 (according 
to manufacturer’s instructions; Invitrogen Corporation) 
was freshly added to the culture medium to reach a final 
concentration of 50 μg/ml. Images were taken from a 
100× lens of a Nikon PCM2000 confocal system at 7-s 
intervals.

RT-PCR
Messenger RNA (mRNA) was isolated from LS8 cells, 
and used as template RNA for an RT-PCR using the Ti-
taniumTM One-step RT-PCR kit (Clontech Laboratories 
Inc, Mountain View, CA) and murine-specific CD63 
(exon 3 forward 5′-CATTGGTGTAGCGGTTCAGGTTG 
and, exon 6 reverse 5′-CATTCCCACAGCCCACAGT-
TATG) and Lamp1 (exon 4 forward 5′-GTGACCGTT-
GTGCTCCGGGATGCC and, exon 8 reverse 5′-CCCT-
GCCAGGGCACCGCCCAC) primers. A primer set 
for murine β-actin (exon 3 forward 5′-CTGGCACCA-
CACCTTCTACAATG and, exon 4 reverse 5′-GATGT-
CACGCACGATTTCCCTC) was also included as a con-
trol for RT-PCR. A DNA ladder (Promega, Madison, WI: 

Figure 2. Immunolocalization of CD63 to ameloblast cells in a 3-day-old mouse mandibular incisor. (a) No primary antibody control sec-
tion. No staining is seen in the control section. (b–f  ). Antibody to CD63 was used at a dilution of 1 : 30. (c–f  ) Magnification of regions 
approximating those boxed regions identified in a (from left to right). The dominant location of immuno-staining (brown chromophore) 
within ameloblasts is cytoplasmic, with immunostaining also apparent at Tomes’ processes (arrows) and at their basal poles (asterisk; c). 
Pre-secretory ameloblasts ( f  ) are located at the incisor’s apical end, and the secretory ameloblasts (e, d) are prior to the transition zone. 
Post-secretory ameloblasts (c) are located at the incisal end of the tooth. All sections counterstained with hematoxylin prior to photograph. 
Ameloblasts (Am); odontoblasts (Od); stratum intermedium (Si); incisal end of incisor (inc); transition zone ameloblasts (tz); apical end 
of incisor (ap); and dental pulp (p). Scale bars are included in b (for a and b) and f (for c–f  ).
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catalogue no. G210A) was used to confirm the amplified 
DNA size in base pairs (bp). Subsequently the entire PCR-
generated products for CD63 and Lamp1 were sequenced 
to confirm their exact identities.

Results

Internalized red-fluorescent amelogenin localizes to 
the perinuclear region of osteoblasts
Exogenously added red-fluorescent amelogenin, pro-
duced in vivo from MDCK cells that had been stably 
transfected with pAmel-DsRed (Fig. 1a), was effec-
tively endocytosed by the human osteoblast hFOB1_19 
cells. This uptake was fairly rapid and could be visual-
ized in hFOB1_19 cells after 3-h exposure to amelo-
genin. A 3-h time course for this, and the subsequent 
experiments, was chosen based on a similarly designed 
and previously published study [62]. The majority of 
the fluorescent-tagged amelogenin protein detected in 
the hFOB1_19 cells was localized to the perinuclear 
region, a region consistent with the passage of amelo-
genin from the  culture medium to the late endosomes 
and lysosomes.

CD63 is expressed by ameloblasts at all stages of 
amelogenesis, but is more highly expressed in late-
secretory and post-secretory ameloblasts
Immunohistochemistry was used to examine the distri-
bution of CD63 in developing mouse mandibular incisor 
teeth. Spatial expression of CD63 to Tomes’ processes of 
ameloblast cells has been previously demonstrated [9], 
and again demonstrated here (Fig. 2 and 3b). CD63 was 
unevenly distributed throughout the cytoplasm of amelo-
blast cells and all surrounding tissues (Fig. 2). Higher 
levels of CD63 expression were seen in late-stage amelo-
genesis (ameloblasts associated with maturing enamel) 
when compared to secretory or pre-secretory amelo-
blasts. This spatiotemporal expression pattern of CD63 
in ameloblasts is suggestive of a functional role for CD63 
in enamel formation.

CD63 and amelogenin colocalization
This experiment was performed to determine the intracel-
lular spatial relationship of endogenous CD63 to exog-
enously added amelogenins that had been phagocytosed 
and/or endocytosed by MC3T3-E1 cells. Emdogain® 
was added to the culture medium of mouse MC3T3-E1 
cells to a final concentration of 50 μg/ml, and left for 
3-h prior to microscopic observation using antibodies 
specific to mouse CD63 and mouse amelogenin. Immu-
noreactive amelogenin epitopes could be recognized in 
the perinuclear region of MC3T3-E1 cell (Fig. 4). These 

data demonstrate that recognizable amelogenin epitopes 
survive the trafficking process from the culture medium 
to the cell perinucleus.

Lamp1 is expressed by ameloblasts at all stages of 
amelogenesis, but is more highly expressed in the 
early secretory stage
Immunohistochemistry was used to examine the dis-
tribution for Lamp1 in developing mouse mandibular 
incisor teeth. The data show that Lamp1 is immuno-lo-
calized to the apical region of pre-secretory ameloblast 
cells, and Lamp1 is evenly distributed throughout the 
cytoplasm of ameloblast cells and surrounding tissues 
(Fig. 5). Higher levels of Lamp1 expression were seen 
in the early stages of amelogenesis (non-polarized and 
pre-secretory ameloblasts) when compared to secre-
tory or post-secretory ameloblasts from the more ma-
ture areas. The spatial expression of Lamp1 to Tomes’ 
processes of secretory ameloblast cells is also evident 
(Fig. 3c and 5). The presence of Lamp1 in ameloblasts 
is suggestive of a functional role for Lamp1 in enamel 
formation, but this statement is made with the proviso 
that Lamp1 normally has a ubiquitous tissue expression 
profile [63–65] and that the presence of Lamp1 in am-
eloblasts was anticipated.

Figure 3. Immunolocalization of CD63 and Lamp1 to Tomes’ pro-
cesses of secretory ameloblasts. Arrows point to Tomes’ processes 
of incisor secretory ameloblast cells. Immunostaining is apparent 
for CD63 (b) and Lamp1 (c). Control section (a) is prepared with 
secondary antibody only. Sections counterstained with hematoxy-
lin. Scale bar is shown in a for all panels.



250       J. L. Shapiro et al. Cellular uptake of amelogenin

Lamp1 and amelogenin colocalization
This experiment allowed us to determine the intracellular 
spatial relationship of endogenous Lamp1 to exogenously 
added amelogenins that had been phagocytosed and/or 
endocytosed by MC3T3-E1 (Fig. 6a–c) and LS8 (Fig. 6d) 
cells. Unlabeled Emdogain® was added to the culture me-
dium of mouse MC3T3-E1 cells to a final concentration 
of 50 μg/ml, and left for 3 h. The cells were then immedi-
ately processed for immunofluorescence microscopy us-
ing antibodies to Lamp1 and amelogenin (Fig. 6a–c). Em-
dogain® conjugated to Alexa Fluor 594 was added to LS8 
cells previously transfected with pLAMP1-GFP. Data from 
MC3T3-E1 and LS8 cells were similar and demonstrated 
that Lamp1 expression was limited to the cell cytoplasm, 
and more specifically to the perinuclear regions (Fig. 6). 
This localization was the case for both endogenous Lamp1 
(Fig. 6a–c) or transfected human LAMP1 (Fig. 6d). At 
higher magnification the bulk internalized amelogenin 
was seen completely contained within the vacuole space 
of Lamp1-positive vesicles (see inserts contained within 
Fig. 6b–d shown at higher magnification). These data 
demonstrate that exogenously derived amelogenin traffics 
to the cell perinucleus, and more specifically is localized 
to late endosomes and lysosomes.

Figure 4. Confocal immunofluorescent images of CD63 and exog-
enously added porcine amelogenin colocalized in the perinuclear re-
gion of the mouse pre-osteoblast cell line MC3T3-E1. Endogenous 
CD63 (green) is distributed throughout the cytoplasm, but more 
highly concentrated in the perinuclear region. Amelogenin (red) is 
localized only to the perinuclear region. Colocalization of CD63 
and amelogenin is seen as yellow (arrows). White, interrupted line 
defines the nuclear membrane of a single cell. A double arrow-head 
indicates expression of CD63 at the plasma membrane and exten-
sions of the plasma membrane. Scale bar is shown in figure.

Figure 5. Immunolocalization of Lamp1 to ameloblast-like LS8 cells in a 4-day-old mouse mandibular incisor. (a) No primary antibody con-
trol section. No staining is seen in the control section. (b–f  ) Antibody to rat Lamp1 used at a dilution of 1 : 50. (c–f  ) Magnification of regions 
approximating those boxed regions identified in a (from left to right). Pre-secretory ameloblasts ( f  ) are located at the incisor’s apical end, 
and the secretory ameloblasts (e, d) are prior to the transition zone. Post-secretory ameloblasts (c) are located at the incisal end of the tooth. 
Lamp1 is clearly and evenly expressed in the cytoplasm of ameloblasts at all stages of amelogenesis (brown chromophore), and most highly 
expressed in the secretory ameloblasts within the transition zone of enamel formation (e). Immunostaining is apparent at Tomes’ processes 
(arrows). High expression of Lamp1 is also noted at the basal poles of secretory ameloblasts (asterisk; e). Ameloblasts (Am); odontoblasts 
(Od); stratum intermedium (Si); incisal end of incisor (inc); transition zone ameloblasts (tz); apical end of incisor (ap); and dental pulp (p). 
All sections are counterstained with hematoxylin prior to photographing. Scale bars are included in b (a and b) and f (for c–f  ).
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Transfer of extracellular amelogenin into the cell 
cytoplasm involves the direct passage of amelogenin 
into Lamp1-positive vesicles
Fluorescently labeled enamel matrix proteins (Emdo-
gain® conjugated to Alexa Fluor 594) could be seen 

entering directly into Lamp1-positive vesicles that were 
located immediately subjacent to the plasma membrane. 
A significant aspect of this internalization process occurs 
in seconds as seen by rapid movement of the enamel ma-
trix proteins into Lamp1-positive vesicles. For example, 

Figure 6. Colocalization of LAMP1 and exogenously added porcine enamel matrix proteins in the perinuclear region of mouse pre-os-
teoblasts MC3T3-E1 and ameloblast-like LS8 cells. (a) Combined differential interference contrast light microscopic and immunofluo-
rescent image of MC3T3-E1 cells showing both the Lamp1 (green) and amelogenin (red) localization is exclusively to the perinuclear 
region. (b and c) Immunofluorescent confocal images of endogenous Lamp1 (green) and exogenously derived amelogenin (red) localized 
in MC3T3-E1 cells. Arrows point to amelogenin-containing Lamp1-coated vesicles. (d) Confocal images of a LS8 cells transfected with 
pLAMP1-GFP, and with the addition of Alexa Fluor 594-labeled Emdogain® (b–d) The arrows point to amelogenin-containing (b, c) and 
porcine Emdogain®-containing Lamp1-coated vesicles identified as late endosome/lysosome compartments. Colocalization of LAMP1 
and amelogenin is seen as yellow. The white line is used to define the plasma membrane and the white interrupted line is used to define 
the nuclear membrane. Scale bar is included in d (for all panels). Inset images are enlarged 2.5×.

Figure 7. The movement of Alexa fluor 594-labeled Emdogain® into mouse pre-osteoblasts MC3T3-E1 involves the direct passage into 
pre-established LAMP1-coated vesicles. Time-lapse confocal microscopy was used to study the movement of exogenously added enamel 
matrix proteins into MC3T3-E1 cells expressing pLAMP1-GFP. Approximately 90 min after the addition of the Alexa Fluor 594-conju-
gated enamel matrix proteins into the culture medium, a single cell was observed at 7-s intervals for a total of 588 s (a–h, where the numbers 
seen in the top right indicate the frame number). In (a), the cell nucleus is highlighted with an interrupted white line, and a single boxed 
region containing a Lamp1-coated vesicle (also arrowed; b and c) subjacent to the plasma membrane is identified. This boxed region is en-
larged 10× in (i–l), and shows the same vesicle (three parallel arrows; i) taken from frames 13, 24, 26 and 84, respectively. The two parallel 
arrows in (i) identify the plasma membrane positive for Lamp1. No red fluorescence is noted in the Lamp1-coated vesicle in frame 24, but 
is present in frame 26 which is taken 14 s after frame 24. An evenly timed, and significant shrinkage of this red-fluorescent Lamp1-coated 
vesicle occurred in an approximate 7-min interval (from frame 26 to 84). Scale bars are included in h (for a–h) and l (for i–l).
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Figure 7 shows a Lamp1-positive vesicle approximately 
90 min after the addition of Emdogain® (Fig. 7b and j, 
frame 24). Emdogain® is seen entering this Lamp1-posi-
tive vesicle during a 14-second time-lapse (Fig. 7c and 
k, frame 26). By observing this same vesicle for an addi-
tional 406 s (approximately 7 min), this vesicle contracted 
to 40% of its original diameter (Fig. 7h and l, frame 84).
We can conclude from this data that the shrinking of the 
Emdogain®-containing Lamp1 vesicles (immediately 
following Emdogain® uptake) is likely to relate directly 
to the rate at which the enamel matrix proteins are de-
graded.

Ameloblast-like LS8 cells express CD63 and Lamp1 
as determined by RT-PCR
RT-PCR was used to validate the use of LS8 cells to study 
amelogenin trafficking from the extracellular space to in-
tracellular domains, and then relate this activity to the 
spatiotemporal profiles of CD63 and Lamp1 in vitro. 
CD63 and Lamp1 gene transcripts were identified in LS8 
cells initially by gel electrophoresis (Fig. 8), and their 
identity confirmed by the sequencing of these PCR-gen-
erated products (data not shown).

Discussion

Amelogenin is the most abundant protein in the develop-
ing mammalian enamel extracellular matrix, accounting 
for greater than 90% of the total matrix protein content 
[7, 34–36]. Mature enamel is almost entirely inorganic, 
thus the process of amelogenesis must include an efficient 
mechanism for the removal of the organic matrix compo-
nent and related organic debris. One potential pathway 
for their removal is through endocytosis and post-endocy-

totic degradation. In this study, evidence from tissue and 
cultured cells was presented that support a role for Lamp1 
and CD63, membrane markers for late endosomes and 
lysosomes, in the endocytosis and post-endocytotic pro-
cessing of amelogenin. Based upon immunohistochemi-
cal staining, Lamp1 and CD63 appear to be expressed at 
significant levels in ameloblasts in vivo. Moreover, both 
proteins localize to Tomes’ processes of ameloblasts, 
placing these proteins in proximity with extracellular am-
elogenin, the putative cargo for endocytosis. In cultured 
ameloblast-like LS8 cells, PCR analysis confirmed the 
expression of Lamp1 and CD63. Based upon the results 
of the endocytosis studies performed here on these LS8 
and MC3T3-E1 cells, they may represent a good model 
system to characterize the endocytosis and processing of 
amelogenin in a Lamp1-dependent and CD63-dependent 
manner. We have shown here that endocytosed amelo-
genin can be detected and appears to be concentrated in 
a subset of endogenous Lamp1-positive and CD63-posi-
tive membranes, as well as in Lamp1-positive and CD63-
positive membranes in cells transfected with either of 
these proteins. In addition, the intracellular distribution 
of endocytosed amelogenin in select vesicles is consis-
tent with specific uptake and post-endocytotic processing 
of amelogenin, rather than endocytosis by a fluid-phase 
mechanism, since uptake of fluid-phase markers typically 
results in a more uniform labeling of endosomal and lyso-
somal membranes after extended periods of endocytosis 
performed here.
A previous study has presented evidence supporting a re-
ceptor-like function of Lamp1 for amelogenin, by demon-
strating binding of amelogenin to Lamp1 in biochemical 
assays and in cell surface binding assays [12]. The data 
here confirm and extend those findings by showing that 
endocytosed amelogenin accumulates in Lamp1-positive 
organelles, sometimes within a very rapid time frame. 
Taken together, these two studies suggest that Lamp1 
may serve as a cell surface receptor for amelogenin, and 
Lamp1 may be involved with the trafficking of amelo-
genin to late endosomes or lysosomes. To our knowledge, 
these data are the first evidence that Lamp1 may function 
as a specific, endocytosing ligand-binding receptor at the 
cell surface.
We have shown previously by yeast two-hybrid analysis 
that CD63 interacts with amelogenin [14]. Here, we have 
shown that endocytosed amelogenin also accumulates in 
CD63-positive organelles. Together, these data suggest 
that CD63 may serve a role similar to that of Lamp 1 
in the endocytosis or post-endocytotic processing of am-
elogenin. CD63 may function either cooperatively with 
Lamp1, for example, as essential proteins in the biogen-
esis of endocytotic organelles responsible for amelogenin 
uptake and processing. Alternatively, CD63 may function 
independently of Lamp1 in this process. Either scenario 
could account for the overlapping, yet slightly distinct dis-

Figure 8. RT-PCR of CD63 and Lamp1 gene transcripts in am-
eloblast-like LS8 cells. Murine-specific CD63, Lamp1 and β-ac-
tin primers were used to amplify cDNA prepared from LS8 cells. 
Lane 4 is CD63 amplified cDNA at 449 bp. Lane 5 is Lamp1 
amplified cDNA at 672 bp. Lane 6 is β-actin amplified cDNA at 
382 bp. Lanes 2 and 3 are control lanes using CD63 and Lamp1 
primer sets, respectively, with no added DNA template for the PCR. 
Lanes 1 and 7 show a 100-bp DNA ladder.
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tributions of Lamp1 and CD63 in ameloblasts observed 
by immunohistochemistry of tissue sections.
CD63 has been implicated in the regulation of traffick-
ing of other transmembrane proteins [13, 66], although 
Lamp1 is not one of them, as mutations in CD63 that 
affect its localization do not appear to affect Lamp1 lo-
calization [31]. However, to our knowledge, the data pre-
sented here would be the first to suggest that CD63 itself 
may be a cell surface ligand-binding receptor, but further 
functional characterization of the endocytosis of am-
elogenin in a CD63-dependent fashion will be required 
before CD63 can actually be defined as a cell surface 
receptor for amelogenin.
Lamp1 and CD63 typically recycle between the Golgi 
and late endosomes/lysosomes [67]. However, a fraction 
of both of these proteins have been also shown to be pres-
ent at the cell surface. It has been proposed that these 
two proteins may traffic through the plasma membrane 
as part of their normal itinerary, on their way to their ul-
timate steady-state distribution to late endosomes and ly-
sosomes, although no function has been ascribed to their 
presence at the plasma membrane. It would be interesting 
to define whether Lamp1 and CD63 in Tomes’ processes 
in ameloblasts are actually at the plasma membrane, per-
haps by immunolocalization at the ultrastructural level. 
Some of the subcellular machinery involved in the traf-
ficking of Lamp1 and CD63 has also been characterized, 
particularly with respect to trafficking dependent upon 
clathrin and associated proteins [67, 68]. Both appear 
to interact with AP-2 clathrin adaptors at the plasma 
membrane to regulate their endocytosis and with AP-3 
adaptors at endosomes to regulate their trafficking to 
late endosomes/lysosomes [64, 67]. Thus, if Lamp1 and 
CD63 indeed serve a receptor-like function, the putative 
machinery for their endocytotic trafficking should also 
be present at significant levels in ameloblasts and LS8 
cells. A corollary to this line of investigation is that there 
are mice strains deficient in AP-3, such as mocha [69] 
and pearl [70], and humans who lack AP-3 resulting in 
Hermansky-Pudlak syndrome [29, 71]; it would be in-
teresting to determine whether amelogenesis is defective 
in these mice and humans. A more direct test of whether 
Lamp1 and CD63 are involved in amelogenesis would be 
to genetically eliminate either one or both of these pro-
teins. Lamp1 has been deleted in mice [63], but there ap-
pears to be some functional redundancy between Lamp1 
and the related protein Lamp2 [63, 72]. Lamp2-deficient 
mice show a more marked phenotype, and the double-
knockout of Lamp1 and Lamp2 is embryonic lethal [67]. 
It is not known whether Lamp2 can bind to amelogenin or 
to compensate in vivo for Lamp1 in amelogenesis. There 
are no reports of organisms with CD63 deletions, but this 
knockout may also prove lethal.
There are other possibilities with respect to the role of 
Lamp1 and CD63 in amelogenesis. With the identifica-

tion of two secreted, enamel-specific proteinases (matrix 
metalloproteinase-20 and kallikrein-4) [6, 39, 73, 74], it 
is conceivable that fragments of partially degraded am-
elogenin are endocytosed by Lamp1 and/or CD63; how-
ever, these endocytosed fragments would be restricted to 
those containing the binding site for Lamp1 or CD63. 
Another possibility is that the enamel organic matrix is 
completely degraded extracellularly and then removed 
from this environment by macropinocytosis or fluid-
phase endocytosis [75, 76]. However, currently there is 
no evidence that CD63 or Lamp1 are involved in regu-
lating macropinocytosis or fluid-phase uptake, and our 
data suggest that the uptake into cultured ameloblasts is 
not uniformly distributed among the various endocytotic 
organelles, as would be expected for fluid-phase uptake. 
Macropinocytosis is potentially a mechanism by which 
the internalization of amelogenin may occur directly into 
relatively large Lamp1-positive and CD63-positive ves-
icles. A precedent for this type of internalization is pro-
vided by the macropinocytosis of the epidermal growth 
factor receptor and the platelet-derived growth factor 
receptor [77–80].
If Lamp1 and CD63 are endocytotic receptors for amelo-
genin, they could also be operating in a novel fashion to 
initiate a signal transduction cascade downstream of am-
elogenin binding, ultimately to regulate gene expression. 
While the endocytosis of amelogenin has been shown to 
regulate amelogenin gene expression in ameloblasts [11, 
81], there are no reports of Lamp1 or CD63 regulating 
signal transduction pathways. This system could provide 
an ideal opportunity to test this hypothesis. In summary, 
we have provided evidence for a novel association of 
Lamp1 and CD63 in the endocytosis and post-endocy-
totic processing of amelogenin. These proteins may be 
critical to the early formation of enamel by regulating the 
endocytosis of enamel matrix proteins.
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