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Abstract
Objectives—Lysosome-associated membrane protein-1 (LAMP-1) has been suggested to be a cell
surface receptor for a specific amelogenin isoform, leucine-rich amelogenin peptide or LRAP.
However, it is unclear if LAMP-1 is an amelogenin receptor for dental mesenchymal cells. The goal
of this study was to determine if LAMP-1 serves as a cell surface binding site for full length
amelogenin on tooth root/periodontium associated mesenchymal cells.

Design—Murine dental follicle cells and cementoblasts (OCCM-30) were cultured for 2 days
followed by addition of full length recombinant mouse amelogenin, rp(H)M180. Dose-response (0
to 100 μg/ml) and time course (0 to 120 minutes) assays were performed to determine the optimal
conditions for live cell surface binding using immuno-fluorescent microscopy. A competitive binding
assay was performed to determine binding specificity by adding Emdogain (1 mg/ml) to the media.
An antibody against LAMP-1 was used to detect the location of LAMP-1 on the cell surface and the
pattern was compared to cell surface bound amelogenin. Both amelogenin and cell surface LAMP-1
were immuno-co-localized to compare the amount and distribution pattern.

Results—Maximum surface binding was achieved with 50 μg/ml of rp(H)M180 for 120 minutes.
This binding was specific as demonstrated by competitive inhibition (79% lower) with the addition
of Emdogain. The binding pattern for rp(H)M180 was similar to the distribution of surface LAMP-1
on dental follicle cells and cementoblasts. The high co-localization coefficient (0.92) for rp(H)M180
and LAMP-1 supports rp(H)M180 binding to cell surface LAMP-1.

Conclusions—The data from this study suggest that LAMP-1 can serve as a cell surface binding
site for amelogenin on dental follicle cells and cementoblasts.
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Introduction
Periodontal disease is marked by destruction of periodontal tissues, which can lead to tooth
loss if left untreated. Recognition that periodontal regeneration can be achieved, i.e., formation
of new bone, new cementum and supportive periodontal ligament (PDL), has resulted in
increased attempts to understand the cellular and molecular mechanisms and factors that
regulate formation of these tissues. It is well established that epithelial-mesenchymal (E-M)
interactions are required for formation of the tooth crown (enamel and dentin).1-3 Recent data
suggest tooth root development begins with Sonic Hedgehog signaling emanating from
Hertwig's epithelial root sheath (HERS) cells (stimulated by a currently unknown source)
inducing abutting dental papilla cells to express the transcription factor nuclear factor 1C
(NF1C). Without NF1C expression, root odontoblast driven root development does not occur.
4, 5 This confirms that E-M signaling initiates root dentin formation, a requirement for full root
development including cementum formation and a functional periodontium.

Amelogenin expression has been detected by some investigators in HERS cells and root tissue
during this developmental time point.6-9 Given the developmental history of these tissues, the
use of an epithelial signaling protein to regenerate periodontal tissues is conceptually appealing
and thus research directed at understanding the role of epithelium derived molecules in
promoting tooth root formation should assist efforts to improve upon existing regenerative
therapies. In fact, Emdogain® (EMD, Straumann, Switzerland) a predominately amelogenin
containing medicament (derived from porcine enamel matrix) has been marketed for use in
regenerating periodontal tissues based on the concept that E-M interactions are required for
root formation.8, 10 While not completely predictable, meaningful regenerative results have
been reported when EMD was used to treat bone and periodontal defects in both animal models
and human patients.11-18 An early event in periodontium formation/regeneration is the
development of acellular cementum and EMD is reported to alter the activity of dental follicle
cells 19 and cementoblasts 20 in vitro. The mechanism of these effects remains to be defined,
although amelogenin has been considered as the major factor responsible for these activities.
21 However, as discussed below, additional factors may also be playing a role.

Amelogenins are the most abundant proteins of the enamel matrix and belong to a family of
proteins formed as a result of alternative splicing of a single primary transcript.22, 23 One of
these alternatively spliced products is known as LRAP, or M59/[A-4] to emphasize the absence
of the polar hydrophilic amino acid sequence translated from amelogenin exon 4.24-26 In
addition to their structural role in enamel formation, amelogenins have been shown to be
involved in a range of activities, including mineral nodule formation and intercellular signaling.
25, 27, 28 Amelogenin and associated peptides are secreted primarily by dental epithelial cells
known as ameloblasts.29 Although there are conflicting reports,30 amelogenins were found to
have low level expression in other cells, including odontoblasts31 and HERS cells that line the
root during early phases of cementogenesis.32, 33 HERS cells are thought to either undergo
apoptosis and/or transform into cementoblast-like cells, as well as remain as remnant epithelial
rest cells within the mature PDL.34-36

Mice null for the amelogenin gene exhibited a defect in crown enamel formation37 and also
expressed low levels of transcripts and proteins for bone sialoprotein (BSP) and osteocalcin
(OCN),28 two markers of the mature cementoblast and osteoblast phenotype. A root phenotype
(cementum defects) was also reported in these amelogenin null mice, although this defect seems

Zhang et al. Page 2

Arch Oral Biol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to relate to changes in osteoclast behavior after the root is fully formed so it is not developmental
in nature, per se.10 These data suggest that epithelial cells or products are required for proper
development of periodontal tissues, including cementum and a functional PDL.36 A large body
of work suggests a signaling function for amelogenins. Viswanathan and colleagues
demonstrated that expression of both Ocn and Bsp were decreased when immortalized
cementoblasts were treated with high dose of amelogenin.28 Interestingly, when the same cell
type was treated with LRAP or TRAP (tyrosine rich amelogeninpeptide, a degradation product
of full length amelogenin), similar effects were observed: Ocn was down-regulated while
osteopontin (Opn) was up-regulated in a dose-response fashion.27, 38 These effects were seen
as early as 6 hours post-treatment for Opn. Amelogenin spliced product LRAP/M59/[A-4] has
been shown to enhance the expression of runt-related transcription factor 2 (Runx2), a master
switch for defining the osteoblastic phenotype.25 LRAP treatment of either wild-type or
amelogenin-null mouse embryonic stem cells induced a significant increase in mineral matrix
formation, and significant increases in Bsp and osterix gene expression.39, 40 These in vitro
data complement in vivo data in support of a role for amelogenins in modulating the expression
of mesenchymal mineralized tissue-associated genes.

Dental follicle cells constitute the dental follicle region (a loose connective tissue) surrounding
the developing tooth. Dental follicle cells play a critical role in the process of root development
and tooth eruption.41 In addition, substantial evidence indicates that dental follicle cells are
progenitors of periodontal mesenchymal cells including cementoblasts, PDL fibroblasts, and
alveolar osteoblasts.36, 42, 43 Dental follicle cells and/or cementoblasts are the proposed target
cells for amelogenin signaling in the periodontal region. Addition of EMD to immortalized
murine dental follicle cells resulted in increased Opn mRNA level and decreased Ocn mRNA
expression. EMD also blocked the induced mineralization by dental follicle cells in vitro.19

However, whether this was caused by amelogenin or other factors in EMD is not clear.21

Nevertheless, how amelogenins and other factors regulate tooth root/periodontium
development needs to be further elucidated.

Tompkins et al. demonstrated that LRAP/M59/[A-4] regulates mesenchymal cells (mouse
myoblast cell line C2C12) at least partly through a 95 kDa cell surface receptor (LAMP-1).
44 They also showed another possible receptor appearing as a 75 kDa band in electrophoresis.
In a simultaneous study, Wang et al. reported that enamel matrix proteins interacted with a
number of secreted membrane proteins and integral proteins, including human CD63 antigen
(LAMP-3),45 using the yeast two-hybrid assay. However, in a more recent study using a dental
epithelial cell line (HAT-7), Xu et al. demonstrated that LAMP-1 is not a receptor for full
length amelogenin (M180) on HAT-7 cells, while LAMP-3 is involved in amelogenin mRNA
degradation.46 The reason for these discrepancies is unclear. Therefore, the critical first step
to prove that amelogenins directly regulate the behavior of tooth root/periodontium formation
associated mesenchymal cells is to identify a definitive receptor on tooth root/periodontium
associated cells.

Materials and Methods
Recombinant protein

One hundred eighty amino acid recombinant mouse amelogenin, rp(H)M180, with a poly-
Histidine (6-His) tag that can be used for immunofluorescent labeling, was provided by Dr.
Malcolm Snead (University of Southern California). Previous studies have shown that the 6-
His tag did not affect the biological effects of amelogenin on dental mesenchymal cells.28 A
recombinant protein (Positope™, Invitrogen, Carlsbad, CA) containing 6-His tag was used as
a control for the surface binding assay to exclude the possibility of non-specific binding caused
by the 6-His tag.
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Cell cultures
Murine dental follicle cells were obtained by removing the tissues surrounding the developing
first molar of CD-1 mice, 22-24 days after the appearance of the vaginal plug.19 These primary
cells were passaged once every 7 days, and dental follicle cells in passage two and three were
used in these experiments. Immortalized murine cementoblast (OCCM-30) cells were isolated
as previously described.47. Both cell types were cultured in Dulbecco's Modified Eagle's
Medium (DMEM, Invitrogen) with 10% fetal bovine serum (FBS) containing 100 u/ml of
penicillin, 100 μg/ml of streptomycin, and L-glutamine in a humidified atmosphere of 5%
CO2 at 37°C. Each experimental group consisted of 6 culture dishes (n = 6).

rp(H)M180 binding assay
OCCM-30 cells were plated on glass cover slips at 104/cm2 and cultured as described above
for 2 days. Before treating with rp(H)M180, cover slips were pre-cooled at 4°C for 10 minutes.
Media were replaced by DMEM with 5% FBS and specific concentrations of rp(H)M180 (with
6-His tags) (0, 12.5, 25, 50, and 100 μg/ml) or control 6-His tagged protein (Positope™,
Invitrogen, 50 μg/ml) for 2 hours at 4°C. After washing with phosphate buffered saline (PBS),
3 times, the cells were fixed with 8% paraformadehyde for 30 minutes at room temperature,
and treated with 3% H2O2 for 30 minutes at room temperature to block endogenous peroxidase.
After washing with PBS, cells were blocked with 10% normal goat serum (NGS) for 1 hour
followed by blocking buffer (Blotto, Pierce, Rockford, IL) with 1% NGS for an additional 30
minutes. Primary antibody (mouse anti-6-His, 5 μg/ml in Blotto/1%NGS, Qiagen Inc.,
Valencia, CA) was applied to the cells for 2.5 hours at room temperature. After washing with
PBS, the secondary antibody (HRP conjugated donkey anti-mouse, 2 μg/ml in Blotto/1% NGS,
Jackson ImmunoResearch Laboratories Inc., West Grove, PA) was applied for 1.5 hours at
room temperature followed by washing and the tyramide signal amplification (TSA) assay
(Invitrogen). Briefly, labeling of HRP conjugated secondary antibody was amplified by Alexa
Fluor 488 labeled tyramide. Cell nuclei were counter-stained with TO-PRO iodide (0.01 mM,
Invitrogen) for one hour at room temperature. Cell surface bound rp(H)M180 was detected by
immunofluorescent confocal microscopy (Carl Zeiss Laser Scanning Microscope, Carl Zeiss
MicroImaging, Inc., Thornwood, NY). The maximum cell binding concentration was
determined and used in the assays described below.

Time course of rp(H)M180 binding assay
OCCM-30 cells were cultured and treated in the same manner as in the binding assay. The
optimal concentration of rp(H)M180 based on maximal surface staining was applied in the
media for designated lengths of time (0, 15, 30, 60, 120 minutes) at 4°C. Immunofluorescent
microscopy was performed as described above. The time point with the maximum labeling and
least background was used in the following assays.

Homologous competitive binding assay
OCCM-30 cells and dental follicle cells were plated and treated in the same fashion as described
above. Cells were pretreated with 20-fold excess of EMD for 1 hour followed by rp(H)M180
(50 μg/ml) or no ligand control for additional 2 hours at 4°C. The reduction of the cell surface
fluorescence labeling was evaluated by the TSA assay and immunofluorescent microscopy as
described above. LSM5 PASCAL (Carl Zeiss) software was used to compare the fluorescent
pixels per μm2 of membrane surface distribution of bound rp(H)M180 on the cell surfaces of
dental follicle cells and OCCM-30 cells with and without pre-treatment of EMD. EMD was
used rather than recombinant amelogenin due to EMD availability and the knowledge that
EMD is primarily composed of amelogenin.

Zhang et al. Page 4

Arch Oral Biol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immuno-co-localization of surface bound rp(H)M180 and LAMP-1 on cell surfaces
OCCM-30 cells were cultured as described above. The optimal concentration of rp(H)M180
(50 μg/ml) and the antibody against LAMP-1 (rat anti-LAMP-1, 10μg/ml, Abcam, Cambridge,
MA) were added to media (with 5% FBS) simultaneously in order to detect rp(H)M180 binding
sites on cell surface and localization of cell surface LAMP-1. Cells were incubated at 4°C for
2 hours (as determined above) followed by the TSA assay and immunofluorescent microscopy.
The images were evaluated as described above (with LSM5 software) to compare the
distribution of bound rp(H)M180 and LAMP-1 on the cell surfaces of dental follicle cells and
OCCM-30 cells. The co-localization coefficient was calculated based on the relative number
of co-localizing pixels for rp(H)M180 as compared to the number of pixels above a threshold
that was set by the software.

Statistical Analysis
All experiments were repeated at least three times with consistent results. Data from
homologous competitive binding assay were analyzed by Student's t-test to determine the
difference between the two groups. P < 0.05 was used to indicate significance. Sigmastat 3.1
(Systat Software, Inc., Point Richmond, CA) was used for statistical analysis.

Results
Cell Surface Binding Saturation Assay

We first strove to determine the concentration of rp(H)M180 which would result in maximum
cell surface binding (receptor saturation) using immunofluorescence microscopy.
Cementoblasts (OCCM-30) were brought to 4°C and incubated with concentrations of rp(H)
M180-6His of 0, 12.5, 25, 50, and 100 μg/ml. After a 2 hour incubation, the cells were washed,
fixed, and cell bound rp(H)M180 was detected with an anti-6His antibody. In the absence of
rp(H)M180, OCCM-30 cells showed low levels of background staining (Fig. 1A). OCCM-30
cells treated with either 12.5 or 25 μg/ml rp(H)M180 showed a dose-dependent increase in the
amount of cell surface bound protein (Fig. 1B, C). Cells treated with 50 μg/ml of rp(H)M180
exhibited greater cell binding of protein compared to the lower concentrations. Cell surface
bound rp(H)M180 was readily detected as large “patch” domains which were abundant at the
cell margins (Fig. 1D). A further increase in rp(H)M180 concentration to 100 μg/ml failed to
show an increase in cell binding, indicating that the rp(H)M180 receptors on OCCM-30 were
saturated at 50 μg/ml of rp(H)M180 (Fig. 1E).

To exclude the possibility that the 6-His tag on the recombinant protein was responsible for
cell binding, a control peptide containing a 6-His tag (Positope) was used in the cell surface
binding assays in lieu of rp(H)M180. OCCM-30 cells treated with Positope (50 μg/ml)
exhibited a level of fluorescence equal to the untreated control (compare Fig 1A to 1F).

As saturated cell surface binding was achieved at 50 μg/ml rp(H)M180, this concentration of
rp(H)M180 protein was used in the time course binding assays, including time points of 0, 15,
30, 60, 120, and 240 min. Maximal cell surface binding for rp(H)M180 was achieved after 120
min of incubation (data not shown). Therefore, 120 min was chosen as the standard incubation
time for all the experiments in this study.

rp(H)M180 Binding Specificity Binding Assay
Next, the specificity of cell surface binding for rp(H)M180 protein was determined using EMD
as a competitive binding antagonist. OCCM-30 cells were pretreated with either media or a 20
fold excess EMD prior to incubation with 50 μg/ml rp(H)M180. OCCM-30 cells treated with
rp(H)M180 alone showed clear cell surface binding with focal areas of enhanced rp(H)M180
binding (Fig. 2B) as compared to the untreated control (Fig. 2A). Cells pretreated with EMD
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showed a significant decrease in rp(H)M180 detection (Fig. 2C). To quantitate the inhibition
of rp(H)M180 binding by EMD the number of anti-6His fluorescent pixels per μm2 of
membrane surface area was determined using the confocal LSM software. In the absence of
the EMD inhibitor (Fig. 2B), OCCM-30 cells had approximately 2.26 fluorescent pixels per
μm2 of membrane surface. When the cells were treated with EMD prior to rp(H)M180, the
fluorescent pixels dropped to 0.48 pixels per μm2 of membrane surface (Fig. 2D). Therefore
there was a 79% inhibition of rp(H)M180 binding by EMD, suggesting that they utilize a
common cell surface receptor.

rp(H)M180 and LAMP-1 Cell Surface Binding Pattern Comparison
After demonstrating the specificity of rp(H)M180 binding, we determined whether rp(H)M180
and LAMP-1 had similar cell surface binding patterns using both OCCM-30 and dental follicle
cells. Similar to above, OCCM-30 cells treated with 50 μg/ml rp(H)M180 for 2 hours had
punctate areas of rp(H)M180 binding, which were mostly located at the periphery of the cell
(Fig. 3A). Dental follicle cells treated under the same conditions exhibited some differences
in rp(H)M180 cell surface binding patterns. The extent of cell surface protein binding was
greater, with punctate areas seen more widely distributed across the cell surface (Fig. 3B). We
then examined the distribution of LAMP-1 protein on the cell surface of OCCM-30 and dental
follicle cells. Confocal microscopic examination of individual OCCM-30 and dental follicle
cells demonstrated similar LAMP-1 antibody binding patterns to that observed for rp(H)M180.
LAMP-1 binding was observed on the surface of OCCM-30 cells in focal areas located
primarily along the cell periphery (Fig. 3C) and appears similar to the binding pattern of rp(H)
M180 (Fig. 3A). Like rp(H)M180 (Fig. 3B), LAMP-1 on dental follicle cells was more widely
distributed (Fig. 3D) than on cementoblasts (Fig. 3C). Thus, we observed that rp(H)M180 and
LAMP-1 bound the cell surface of OCCM cells and dental follicle cells in a similar pattern,
but this pattern was unique to the cell type.

rp(H)M180 and LAMP-1 Immuno-co-localization Assay
The above assay demonstrated similarities in cell surface binding patterns shared by rp(H)
M180 and LAMP-1. In additional investigations, we determined whether these two proteins
co-localized on the cell surface. Since both cell types exhibited a similar pattern of binding,
only OCCM-30 cells were used for these studies. OCCM-30 cells were incubated
simultaneously with both 50 μg/ml rp(H)M180 and LAMP-1 antibody for 2 hours and observed
by confocal microscopy. The binding patterns for rp(H)M180, stained in green (Fig. 4A, green)
and LAMP-1, seen in red (Fig. 4B, red) were noted as previously, i.e. rp(H)M180 exhibited
punctuate areas while LAMP-1 stain exhibited areas of more focal staining. By superimposing
the rp(H)M180 and LAMP-1 images, the areas that were labeled both were identified by the
software and given a different color (yellow, Fig. 4C), indicating co-localization of rp(H)M180
and LAMP-1 protein on the OCCM cell surface (Fig. 4C). A scattergram showing the
distribution of rp(H)180 only (region 1) and LAMP-1 only (region 2) compared to co-localized
pixels, i.e. pixels that are both red and green (region 3), illustrates the high degree of co-
localization of LAMP-1 and rp(H)M180. Furthermore, a co-localization coefficient for rp(H)
M180 and LAMP-1 was calculated using the Zeiss LSM software. The co-localization
coefficient is the relative number of co-localizing pixels for rp(H)M180 as compared to the
number of pixels above the threshold which was set at 37. A value of 0 is indicative of no co-
localization while a value of 1 means all pixels co-localize. In our study, the co-localization
coefficient for rp(H)M180 with LAMP-1 was 0.92, showing that cell bound rp(H)M180 is
found at sites that contain LAMP-1. Therefore, dental mesenchyme cells used in this study,
like myoblasts used previously,44 may use LAMP-1 for amelogenin binding.
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Discussion
Our strategy was to determine if a previously identified receptor for amelogenins on mouse
myoblasts and ameloblast-like cells,44, 48 LAMP-1, was associated with tooth root/
periodontium associated cells (cementoblasts and dental follicle cells). We found that rp(H)
M180 bound to both OCCM-30 and dental follicle cells in a saturable manner, and that this
binding was specific as the rp(H)M180 binding could be competitively antagonized by EMD
at 20-fold excess concentration. We also determined that the cell surface localization patterns
of rp(H)M180 and LAMP-1 protein were similar in OCCM and dental follicle cells, and that
these proteins were co-localized in the OCCM double labeling experiments. These results shed
insights into a possible pathways by which amelogenins may mediate biological responses
during development and regeneration of periodontal tissues.33 In in vitro experiments using
murine ameloblast-like LS8 cells LRAP was able to regulate the activity of inducible and
endothelial nitric oxide synthase, thus engaging the nitric oxide signaling pathway.49 Full
length recombinant amelogenin has been demonstrated to stimulate the WNT signaling
pathway in murine osteoblasts and human PDL cells, while LRAP is reported to induce
canonical WNT signaling, with subsequent expression of WNT antagonists and inhibitors in
mouse embryonic stem cells.40, 50 The connection linking amelogenin binding with LAMP1
membrane protein to these observed signaling pathways is an avenue for future research.

In previous studies, we showed that treatment of OCCM-30 cells with rp(H)M180 resulted in
a decrease in Bsp transcripts, an increase in Opn transcripts and an inhibition of mineralized
nodule formation.28 Amelogenin null mice were analyzed for Bsp expression at both the mRNA
and protein levels with reductions in cementoblasts and surrounding osteoblasts noted in both
cases.28 OCCM-30 cells cultured with LRAP in vitro had a decrease in Ocn mRNA levels,
with increases in both Opn and osteoprotegerin (Opg) gene mRNA expression.38 These
changes in gene expression appeared to be modulated via the MAPK signaling pathway.38

LRAP/M59/[A-4] was used in experiments with mouse C2C12 myoblasts to identify LAMP-1
as an amelogenin cell surface receptor.44 This finding was supported by evidence from
experiments utilizing an ameloblast yeast 2 hybrid system indicating that amelogenin bound
to LAMP-1 as well as LAMP-3 (CD63).51 The specific binding of rp(H)M180 to both
OCCM-30 and dental follicle cells and co-localization with LAMP-1 at the cell surface
presented here, indicate that rp(H)M180 could exert its signaling effect, at least in part, through
the cell surface receptor LAMP-1. LAMP-1 was initially identified as a transmembrane protein
playing a structural role in endosomal and lysosomal membranes.52 LAMP-1 has also been
detected on the plasma membrane.53 Interactions between amelogenins and LAMP-1 were
demonstrated in separate reports using confocal microscopy in which amelogenin isoforms rp
(H)M180 or M59 were colocalized with LAMP-1 at the cell surface of LS8 ameloblast-like
cells.48, 49 Our results confirm this interaction more precisely as shown in Fig. 4E and extend
our understanding to include mesenchymal cells involved in tooth root and cementum
formation.

To understand the nature of the interaction of amelogenin and LAMP-1, the structure of
amelogenin needs to be considered. Efforts to determine the exact structure of the amelogenin
protein via crystallographic methods have been unsuccessful.54 However, investigation into
the native structure of amelogenin has shown that the high content of the amino acid proline
contributes to its previously observed unstructured character, and has led to the suggestion that
amelogenin belongs to a class of proteins known as intrinsically disordered proteins (IDPs),
55-57 which do not have a folded structure under physiological conditions, and are enriched in
prolines.58, 59 Another feature of IDPs is they can have multiple binding partners or functions
and can be involved in signaling pathways.60 While highly speculative, it is intriguing to
propose that the lack of innate global secondary structure of amelogenin may account for its
observed roles in both enamel biomineralization and cell signaling. Interestingly, several of
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the SIBLING proteins involved in biomineralization of dentin and bone, bone sialoprotein,
osteopontin and dentin matrix protein-1 fall into the flexible IDP class.59, 61, 62 It is known
that IDPs often fold upon binding to their targets and that this binding can develop in a stepwise
fashion referred to as fly-casting based on their flexible nature.60, 63, 64 Therefore, it is possible
that LAMP-1 functions by binding and maintaining amelogenin in a more structured form in
which amelogenin could then bind correctly to a receptor, yet to be identified, which initiates
an intracellular signaling cascade.

The amelogenin primary transcript is alternatively spliced, with both full length and M59
amelogenin isoforms sharing exon 6D.26 Using the yeast 2-hyrbid system, Zou et al have
identified the exon 6D amino acid region as that which binds to LAMP-1.65 This common cell
binding epitope may explain why rp(H)M180 and M59 had similar biological effects on OCCM
and dental follicle cells in culture, including an increase in Opn gene expression, and a decrease
in Ocn gene expression.28, 38

Here we report that 180 amino acid recombinant mouse amelogenin was able to bind OCCM-30
cells and dental follicle cells in a saturable manner, and that this binding was specific. We also
demonstrated that the cell surface localization pattern of rp(H)M180 was similar to that of the
reported amelogenin receptor LAMP-1, and that these two proteins co-localize. This extends
the understanding of how amelogenin proteins bind to target cells to include two mesenchymal
cell types directly involved in tooth root and cementum formation, and further provides avenues
for future studies into the mechanism whereby EMD is able to stimulate periodontal
regeneration in the clinical setting.
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Abbreviations

rp(H)M180 180 amino acid recombinant mouse amelogenin

LAMP-1 lysosome-associated membrane protein-1

LRAP leucine-rich amelogenin peptide

TRAP tyrosine-rich amelogenin peptide

PDL periodontal ligament

E-M epithelial-mesenchymal

HERS Hertwig's epithelial root sheath

NF1C Nuclear Factor 1C

BSP(Bsp) bone sialoprotein

OCN(Ocn) osteocalcin

OPG(Opg) osteoprotegerin

Runx2 runt-related transcription factor 2

Zhang et al. Page 11

Arch Oral Biol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



OPN(Opn) osteopontin

NGS normal goat serum

FBS fetal bovine serum

HRP horseradish peroxidase

TSA tyramide signal amplification

OCCM-30 murine immortalized cementoblasts

DMEM Dulbecco's Modified Eagle's Medium

PBS phosphate buffered saline

IDP intrinsically disordered proteins
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Figure 1.
Dose response: rp(H)M180 binding to cementoblast cell surfaces. OCCM-30 cells were
incubated with rp(H)M180 (0-100 μg/ml) or control peptide (Positope, 50 μg/ml) for 2 hours
at 4°C before anti-6 His antibody was applied, followed by immunofluorescent (confocal)
microscopy using a TSA assay and TO-PRO staining (for nuclei).
Panels A-E: rp(H)M180 doses at: 0, 12.5, 25, 50, and 100 μg/ml, respectively.
Panel F: Positope (50 μg/ml).
Blue -- nuclei. Green -- locations of cell surface bound rp(H)M180. Scale bar = 50 μm.
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Figure 2.
Binding specificity: EMD blocked rp(H)M180 binding on cementoblasts. OCCM-30 cells were
pretreated with 20 fold of EMD (C) for 1 hour followed by rp(H)M180 (B, C) or no ligand
control (A) for additional 2 hours at 4°C. The anti-6-His antibody was applied and
immunofluorescent (confocal) microscopy was performed as described in Fig. 1. The
fluorescent pixels per μm2 of membrane surface decreased significantly (79% lower, P < 0.05)
with the cells pre-treated with 20 fold of EMD (D). Representative fields are shown. Blue –
nuclei. Green -- locations of surface bound amelogenins. Scale bar = 20 μm. Bars on the bar
graph are standard deviations (SD).
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Figure 3.
Immunofluorescent localization of amelogenin binding sites and LAMP-1 on the surface of
OCCM-30 and dental follicle cells.
Panels A and B: Cells were incubated with rp(H)M180 (50 μg/ml) at 4°C for 2 hours followed
by immunofluorescent (anti-6-His) microscopy with the TSA assay and TO-PRO staining.
Panels C and D: Cells were incubated with anti-LAMP-1 at 4°C for 2 hours followed by
immunofluorescent microscopy with the TSA assay and TO-PRO staining.
Blue -- nuclei. Green -- locations of rp(H)M180 (A, B) or LAMP-1 (C, D). Arrow heads -- cell
surface patch domains. Scale bar = 8 μm.
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Figure 4.
Immuno-co-localization of surface bound amelogenin and LAMP-1 on the cell surface
(OCCM-30). rp(H)M180 (50 μg/ml) and anti-LAMP-1 were incubated with OCCM-30 cells
for 2 hours at 4°C. Anti-6-His was applied followed by fluorescent microscopy with the TSA
assay and TO-PRO staining. All panels are showing the same field. Scale bar = 40 μm.
A: locations of surface bound rp(H)M180 (green).
B: locations of cell surface LAMP-1 (red).
C: Co-localization of both surface bound rp(H)M180 and LAMP-1 (yellow).
D: Co-localization scattergram demonstrating overlapping of the labeling. Area 1: labeling of
rp(H)M180 alone. Area 2: labeling of LAMP-1 alone. Area 3: co-localization of both rp(H)
M180 and LAMP-1.
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