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Leucine-Rich Amelogenin Peptide:
A Candidate Signaling Molecule
During Cementogenesis
Fernanda Boabaid,*†‡ Carolyn W. Gibson,§ Melissa A. Kuehl,§ Janice E. Berry,† Malcolm L. Snead,�

Francisco H. Nociti Jr.,*¶ Eduardo Katchburian,‡ and Martha J. Somerman*

Background: Cementum is a critical mineralized tissue; how-
ever, control of its formation remains undefined. One hypothesis
is that enamel matrix proteins/peptides secreted by ameloblasts
and/or epithelial rest cells contribute to the control of cementum
formation via epithelial-mesenchymal interactions. Here, we focused
on determining whether or not leucine-rich amelogenin peptide
(LRAP), translated from an alternatively spliced amelogenin RNA,
altered cementoblast behavior.

Methods: Immortalized murine cementoblasts (OCCM-30) were
exposed to LRAP and evaluated for: 1) proliferative activity; 2)
gene expression using Northern blot for Cbfa1 (core binding fac-
tor alpha-1); OCN (osteocalcin), OPN (osteopontin), and real-time
reverse transcription-polymerase chain reaction (RT-PCR) for
OPG (osteoprotegerin); and RANKL (receptor activator of NF-
κB ligand); 3) signaling pathway using inhibitors of PKA (THFA),
PKC (GF109203X), and MAPK (UO126); and 4) mineralization
evaluated by von Kossa and Alizarin-red.

Results: LRAP had no effect on cell proliferation up to 6 days,
with a decrease in cell growth observed at the highest dose by
9 days versus untreated cells. LRAP down regulated OCN and
up regulated OPN in a dose- and time-response fashion, and
inhibited the capacity of mineral nodule formation. Transcripts
for OPG were increased in LRAP-treated cells compared to con-
trol, but RANKL mRNA levels were not affected. Core binding fac-
tor alpha (Cbfa) mRNA, expressed constitutively, was not affected
by LRAP. Signaling pathway assays suggested involvement of the
MAPK pathway, since the addition of the MAPK inhibitor sup-
pressed OPN expression in LRAP-treated cells.

Conclusion: Leucine-rich amelogenin peptide appears to have
a direct effect on cementoblast activity that may prove significant
during development as well as in regeneration of periodontal tis-
sues. J Periodontol 2004;75:1126-1136.
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C
ementum is a unique mineralized
tissue covering tooth root surfaces
which, in conjunction with the peri-

odontal ligament and alveolar bone,
forms the periodontal attachment appa-
ratus, responsible for the maintenance of
the tooth within the dental alveolus. Dis-
arrangement in any one of the periodon-
tal components results in instability and
loss of a functional dentition. Several
studies have focused on the origin of and
factors related to cementum formation,
both during development and regenera-
tion,1-4 yet the cells and factors control-
ling cementum formation are still elusive.

Epithelial-mesenchymal interactions
are required for formation of enamel
(ameloblasts) and dentin (odontoblasts)
origins,5 however, it is less clear whether
epithelial-mesenchymal signaling mol-
ecules mediate later stages of tooth
development, including tooth root and
periodontal ligament formation. Several
research groups have provided some evi-
dence that enamel matrix proteins may
be involved in root formation.6-10 In this
regard, we reported that amelogenin null
mice exhibited reduced expression of
bone sialoprotein (BSP) along the tooth
root surface (cementoblasts).11,12 This
reduction of a molecule, considered crit-
ical for regulating mineralization,13,14

suggests that amelogenin may have a
role in regulating genes associated with
root formation. In addition, Hatakeyama
et al.10 found an increased number of
osteoclasts and root resorption in devel-
oped roots from amelogenin-null mice,
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and they suggested that amelogenins may protect
against osteoclastic activity.

Studies to date have identified amelogenin and
amelogenin-like molecules secreted by epithelial cells
as candidates for interacting with mesenchymal cells
within the local area to promote cementum forma-
tion.8,9 In fact, the major product commercially available
for this purpose, a porcine enamel matrix derivative#

(EMD), is considered to be a compound of amelogenins
(90%).15 Results from several studies provide evidence
that EMD promotes proliferation, migration, adhesion,
mineralization, and differentiation of cells associated
with periodontal tissues in vitro16-20 and periodontal
regeneration when applied to denuded root surfaces in
dehiscence models in vivo.21 More recently, using a full-
length amelogenin [rp(H)M180], Viswanathan et al.12

confirmed that amelogenin does alter genes associated
with cementoblasts but, unlike EMD, did not alter cell
proliferation.

At the molecular level, amelogenins are the expression
product of X and Y chromosomal genes that give rise to
multiple alternatively spliced variants with suggested
involvement in a range of activities, including mineral
nodule formation and intercellular signaling.22 One of
these alternative spliced products is a leucine-rich amelo-
genin peptide LRAP, which is translated from a shorter
mRNA that has the coding regions from exons 4, 5, and
part of 6 deleted during splicing. This peptide has also
been designated as [A-4] to emphasize the absence of
the amino acid sequence translated from amelogenin
exon 4.23,24 LRAP molecules have been demonstrated to
increase the expression of certain bone-specific markers,
with a suggestion that LRAPs act as signaling mole-
cules for promoting epithelial (ameloblast)-mesenchymal
(odontoblast) interactions.24,25

Based on the existing research data suggesting that
LRAPs may serve as an epithelial-mesenchymal sig-
naling molecule, we focused on determining whether
LRAP influenced cementoblast activity, including expres-
sion of genes associated with cell differentiation, mat-
uration, mineralization, and osteoclast activation. As
described below, our results demonstrated that cemen-
toblasts exposed to LRAP in vitro exhibit increased
expression of osteopontin (OPN) and osteoprotegerin
(OPG), decreased expression of osteocalcin (OCN), and
decreased mineral formation without altering cell pro-
liferation when compared to untreated cells.

MATERIALS AND METHODS

Cell Culture

Murine cementoblasts were used in this study. Briefly, as
described by D’Errico et al.,26 immortalized cemento-
blasts were obtained from the root surface of first mandi-
bular molars of OC-T-Ag transgenic mice27 obtained
from Dr. Jolene Windle (Virginia Commonwealth Uni-
versity, Richmond, Virginia). These mice contain the SV40

large T-antigen (T-Ag) under control of the osteocalcin
(OCN) promoter. Only cells that express OCN also
express T-Ag and are immortalized in vitro. OCN is
expressed by cementoblasts during root development,
but not by cells within the PDL (periodontal ligament
cells). Consequently, when cell populations are isolated
from developing molars using collagenase/trypsin diges-
tion, only cementoblasts, not PDL cells, are immortalized
and thus survive in culture. This immortalized cell line has
been well characterized, and results from existing stud-
ies indicate that these cells maintain an “osteoblast/
cementoblast” phenotype in vitro and behave in a sim-
ilar fashion to primary cementoblast cultures.26,28 Nev-
ertheless, caution must be used with interpretation of
data when using cell lines and, in particular, immortal-
ized cell lines since certain cell behaviors will be modi-
fied as a result of the immortalization procedure.

Cementoblasts, designated OCCM-30, were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)**
plus 10% fetal bovine serum (FBS)** containing 100 U/ml
of penicillin** and 100 µg/ml of streptomycin** in a humid-
ified atmosphere of 5% CO2 at 37°C.

The LRAP used in these experiments was provided
by Dr. Carolyn Gibson (University of Pennsylvania,
Philadelphia, Pennsylvania). Porcine LRAP cDNA (a gift
from J. Simmer, University of Michigan, Ann Arbor,
Michigan) was amplified by polymerase chain reaction
(PCR) from a cloning vector, using oligomers that added
restriction sites for ligation to pGEX-6P-3 in the proper
reading frame. DNA sequence was verified. Protein
expression was induced in E. coli using IPTG, and fusion
protein was purified using glutathione sepharose 4B.††

LRAP is prepared in a buffer solution (75 mM HEPES,
150 mM NaCl, 10 mM reduced glutathione, 5 mM DTT,
2% N-octyl glucoside), which was used as the vehicle
control for all experiments. In initial studies we deter-
mined that LRAP buffer had no effect on cell behavior,
i.e., proliferation, mineralization, or gene expression,
beyond that observed with control media (media plus
serum, antibiotics, and ascorbic acid). Enamel matrix
derivative, a mixture of derivative proteins extracted
from tooth germs of pigs, was used as a comparison
control for LRAP. EMD is composed mainly of amelo-
genins, constituting about 90% of the matrix,15 while
the other 10% of the non-amelogenin group includes
tuft proteins29 and tuftelin.30 Effects of EMD on cemen-
toblast behavior have been published.18

Proliferation Assay

Cells were seeded in 24-well plates‡‡ in triplicate at a
density of 2,000 cells/well in DMEM containing 5%
FBS. After allowing cells to attach overnight, considered
day 0, media were changed to 2% serum, ascorbic acid

# Emdogain, Biora AB, Malmo, Sweden.
** Invitrogen, Gaithersburg, MD.
†† Amersham Biosciences, Arlington Heights, IL.
‡‡ Falcon, Becton Dickinson, Franklin Lakes, NJ.
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(50 µg/ml), with the addition of vehicle (control), LRAP
(0.02, 0.2, and 2.0 µg/ml) or EMD (100 µg/ml). Media
were changed on days 2, 5, and 8. Cells were harvested
with trypsin/EDTA and counted§§ on days 3, 6, and 9.
Results were expressed as number of cells/well. Experi-
ments were performed two times with comparable results.

Northern Blot Analysis
Total RNA was isolated using RNA extraction reagent**
and quantified by spectrophotometer. Six micrograms of
total RNA was electrophoresed on 1.2% agarose-
formaldehyde gels, transferred to nylon membranes� �

and cross-linked. The membranes were hybridized with a
labeled cDNA probe. The probes were labeled with α-
32P-dCTP.†† After hybridization and washing, blots were
exposed to film.¶¶ Blots were subsequently stripped and
reprobed with 18S rRNA cDNA probe to standardize
RNA loading and hybridization efficiency. Blots were
quantitatively scanned using an imaging system,## and
the signals were normalized by calculating the ratio of
signal intensities of the assayed markers versus the inter-
nal control 18S rRNA. Probes used for Northern blots
were OCN, 400 bp of mouse OCN cDNA in pSP6531

(obtained from Dr. J. Wozney, Genetic Institute, Cam-
bridge, Massachusetts); osteopontin (OPN), MOP-3 con-
sisting of 1kB of mouse OPN cDNA in PCR II32 (gifts
from Dr. M. Young and Dr. L. Fisher, National Institute
of Dental and Craniofacial Research, National Institutes
of Health, Bethesda, Maryland); and core binding fac-
tor α1/osteoblast-specific factor 2 (Cbfa1/OSF2), mouse
Cbfa1 cDNA33 (from Dr. G. Karsenty, Baylor College of
Medicine, Houston, Texas).

Real-Time PCR
The effect of LRAP on osteoprotegerin (OPG) (a secreted
glycoprotein which acts as a decoy receptor and binds
to RANKL) and RANKL (a membrane-associated cyto-
kine and a soluble factor which binds to its receptor
activator of NF-Kb [RANK])34,35 expression was quan-
titatively analyzed by real-time PCR. Cells were exposed
to media as described above or plus LRAP (2.0 µg/ml)
or EMD (100 µg/ml) for 72 hours followed by RNA
extraction.

Reverse transcription. Total RNA was DNase
treated*** and 1 µg was used for cDNA synthesis. The
reaction was carried out using the first-strand of cDNA.†††

Primer design. Primers for OPG, RANKL, and amelo-
genin were designed using the probe design software.‡‡‡

Experiments were run two times with comparable results.
Amplification profile was 95/0; 55/7; 72/20 (tempera-
ture [°C]/time [s]) and 35 cycles. Primer sequences were
as follows: RANKL (CATGACGTTAAGCAACGG/AGG
GAAGGGTTGGACA); OPG (TGAATGCCGAGAGTGTAG/
CTGCTCGCTCGATTTG); Amelogenin (TCACTGAG
CATACACTCAAAG/GGGTTCGTAACCATAGG).

Optimization of PCR conditions. Reaction efficiency
was optimized, and a final concentration of 3 mM MgCl2
and 0.5 µM primer was chosen.

RT-PCR reactions. RT-PCR was carried out in the
light cycler system‡‡‡ using the appropriate kit.††† For
each run, water was used as a negative control. Reac-
tion product was quantified using a software program.§§§

GAPDH was used as the reference (housekeeping)
gene.

Dose-Response Experiment

Cells were seeded in 60 mm cell culture dishes at a den-
sity of 20,000 cells/cm2 in DMEM containing 10% FBS.
At confluence, designated day 0, cells were changed to
DMEM containing 5% FBS and ascorbic acid (50 µg/ml),
with vehicle (control), LRAP (0.02, 0.2, and 2.0 µg/ml),
or EMD (100 µg/ml). Media were changed at day 2 and
total RNA was harvested at 72 hours for OCN and OPN
gene expression. Data were standardized relative to 18s
rRNA, and expressed graphically as percent of control.
Experiments were carried out three times with compa-
rable results.

Mineralization Assay

Cells were seeded in triplicate in 24-well plates at a
density of 30,000 cells/well in DMEM containing 10%
FBS. At confluence, designated day 0, cells were cul-
tured in mineralizing media (DMEM containing 5% FBS,
50 µg/ml ascorbic acid, and 10 mM β-glycerophos-
phate) including vehicle (control), LRAP (0.02, 0.2, and
2.0 µg/ml), or EMD (100 µg/ml). Media were changed
every other day and mineral nodule formation deter-
mined on day 9 by von Kossa stain for phosphate.
Alizarin-red staining and elution was used to quantify
Ca++ levels expressed as µMol Ca++/well. Data were
evaluated as percent of control and statistical analysis
was performed. Results were performed two times with
comparable results.

Time Course Experiment

To determine the temporal effect of LRAP on gene
expression, cells were seeded in 60-mm cell culture
dishes at a density of 20,000 cells/cm2 in DMEM con-
taining 10% FBS. According to the previous findings
from our dose-response experiments, LRAP at a dose
of 2.0 µg/ml was selected for the time course experi-
ments. At confluence, cells were cultured in DMEM con-
taining 5% FBS, ascorbic acid (50 µg/ml), with vehicle
(control), LRAP (2.0 µg/ml), or EMD (100 µg/ml). Total
RNA was extracted at 1, 6, 12, 24, and 48 hours after
treatment. Northern blot analysis was used to deter-
mine changes in transcripts for Cbfa1, OPN, and OCN.

§§ Coulter Counter, Beckman-Coulter, Fullerton, CA.
� � Strategene, Inc., La Jolla, CA.
¶¶ Eastman Kodak Co., Rochester, NY.
## Packard 2024 Instantimager, Perkin Elmer, Boston, MA.
*** DNA-free, Ambion Inc., Austin, TX.
††† cDNA synthesis kit, Roche Diagnostic Co., Indianapolis, IN.
‡‡‡ LightCycler, Roche Diagnostics GmbH, Mannheim, Germany.
§§§ LightCycler Relative Quantification Software, Roche Diagnostics GmbH.
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Data were standardized relative to 18s, and expressed
graphically as percent of control. Experiments were per-
formed two times with comparable results.

Signal Transduction Pathway

To identify the signal transduction pathways involved
in the regulation of gene expression by LRAP, inhibitors
of cAMP-dependent protein kinase A (PKA), protein
kinase C (PKC), and MAPK pathways were used.
Inhibitors used were as follows: a cell-permeable ade-
nylyl cyclase inhibitor 9-(2-tetrahydrofuryl) adenine
THFA� � � (100 µM) for PKA pathway; GF109203X¶¶¶

(3 µM) for PKC activity and UO126¶¶¶ (20 µM) for
MAPK/MEK-1/2 activity. Vehicle (DMSO) and UO124
(a negative control of UO126) were used as controls.
Cells were seeded in 60-mm cell culture dishes at a den-
sity of 20,000 cells/cm2 in DMEM containing 10% FBS.
At confluence, designated day 0, cells were cultured in
DMEM containing 5% FBS, ascorbic acid (50 µg/ml),
and vehicle (control) or 2.0 µg/ml LRAP, for 3 days
with medium change on day 2. Inhibitors dissolved in
DMSO (used as control) were added on day 2 and RNA
extracted on day 3. Northern blot analysis was per-
formed to determine changes in OCN and OPN gene
expression. In previous experiments we showed that
DMSO alone did not alter the expression of the genes
analyzed. Experiments were performed two times with
comparable results.

Statistical Analysis

Data from proliferation, mineralization, and Northern blot
assays were analyzed by multiple variance (ANOVA)
followed by Student t test.### Data obtained by real-time
PCR were analyzed by one way ANOVA at a level of 5%
of significance. If a statistical difference was detected, the
Bonferroni t test was used to identify groups that dif-
fered from control.

RESULTS

Effect of LRAP on Cell Proliferation (Fig. 1)

To determine if LRAP had any toxic effect on cells,
and also to determine whether LRAP promoted cell
proliferation in a comparable manner reported for EMD,
cells were exposed to LRAP or EMD and cell number
counted over a 9-day period. Selected doses of LRAP
were used to evaluate if effects were dose dependent.

As seen in Figure 1, until day 3 no dramatic changes
were observed in cell proliferation regardless of treat-
ment. By day 6, a significant increase in cell prolifer-
ation (2-fold) was seen in EMD treated cells versus
control, as expected based on previous studies.18

On day 6, cells treated with LRAP and vehicle (con-
trol) had comparable growth patterns. On day 9 the
two higher doses of LRAP (0.2 and 2.0 µg/ml) inhib-
ited cell growth, 1.3-fold and 1.5-fold, respectively,
when compared with vehicle control. Morphological

changes from control were not observed with any of
the treatments.

These results suggest that LRAP, in contrast to EMD,
over time and in a dose-dependent fashion, decreases
cell proliferation when compared to untreated cells.

Effect of LRAP on Gene Expression: Dose-Response

Northern Blots (Fig. 2)

Next, the ability of LRAP to alter gene expression was
determined. After exposure for 72 hours to LRAP, EMD,
or vehicle, changes in OCN and OPN gene expression
were evaluated by Northern blot. Results demonstrated
that cementoblasts responded to LRAP in a dose-depen-
dent fashion and with distinct differences noted between
genes analyzed. Evaluation of OCN transcripts revealed
decreasing steady-state levels of OCN with increasing
concentrations of LRAP. This finding is similar to that
reported previously for EMD18 and reproduced here
(Figs. 2A and 2B).

LRAP at the highest dose, 2.0 µg/ml, had dramatic
effects on both OCN and OPN gene expression and
for this reason this concentration of LRAP (2.0 µg/ml)
was used for the subsequent experiments on gene
expression.

� � � Sigma Corporation, St. Louis, MO.
¶¶¶ Calbiochem, San Diego, CA.
### Instat 2.0, GraphPad Software, San Diego, CA.

Figure 1.
Proliferation assay. Cementoblasts (OCCM cells), cultured in media with
5% serum and ascorbic acid (50 µg/ml), were treated with vehicle
control, LRAP (0.02, 0.2, and 2.0 µg/ml), or EMD (100 µg/ml). Media
were replenished on days 2, 5, and 8. Cell counts were measured
on days 3, 6, and 9. LRAP at the higher doses (0.2 and 2.0 µg/ml)
significantly inhibited proliferation of cementoblasts compared
to vehicle or EMD at day 9. Results were reproduced in two separate
experiments. *P <0.05; †P <0.001 versus vehicle control.
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Effect of LRAP on OPG/RANKL Gene Expression

by Real-Time PCR (Fig. 3)

To determine whether LRAP affected genes known to
regulate osteoclast behavior, cells were exposed to vehi-
cle (control), LRAP (2.0 µg/ml), or EMD (100 µg/ml) for
72 hours, RNA was extracted and OPG (osteoprotegerin)
and RANKL gene expression quantitatively evaluated by
real-time PCR.

In agreement with a recent study, comparing tissues
from amelogenin-null mice versus control mice, sug-
gesting a role for amelogenin in regulating the expres-
sion of OPG and RANKL,10 our findings demonstrate
that both LRAP and EMD significantly increase tran-
scripts for OPG (2-fold and 1.5-fold, respectively) com-
pared with vehicle (control) (Fig. 3A). In contrast, RANKL

Figure 2.
Dose-dependent effect of LRAP on gene expression by cementoblasts.
OCCM cells, cultured in media containing 5% serum with ascorbic acid
(50 µg/ml), were allowed to adhere for 24 hours and then cultured in the
same media with vehicle control, LRAP (0.02, 0.2, and 2.0 µg/ml), or
EMD (100 µg/ml). Media were replenished at 48 hours and total RNA
extracted at 72 hours. Gene expression for OCN and OPN was analyzed
by Northern blot (A). Results were normalized for 18s rRNA and
expressed graphically as a percentage of the control (B). *P <0.001
versus vehicle control. Results demonstrated that cementoblasts respond
to LRAP in a dose-dependent manner.The highest dose of LRAP (2.0
µg/ml) promoted significant downregulation of OCN mRNA and
upregulation of OPN mRNA. Results were reproduced in three separate
experiments.

Figure 3.
Real-time PCR for OPG and RANKL . Cementoblasts, cultured in media
containing 5% serum with ascorbic acid (50 µg/ml), were allowed
to adhere for 24 hours and then cultured in media containing vehicle
control, LRAP (2.0 µg/ml), or EMD (100 µg/ml). Media were
replenished at 48 hours and total RNA extracted at 72 hours. OPG
(A) and RANKL (B) expression was quantified by real-time PCR.
Results were normalized for GAPDH. *P <0.05 versus vehicle control.
Both LRAP (2.0 µg/ml) and EMD promoted an increase in transcripts
for OPG but did not affect RANKL gene expression by cementoblasts.
Results were reproduced in two separate experiments.
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mRNA levels were not affected by either LRAP or EMD
(Fig. 3B).

Effect of LRAP on Mineralization In Vitro (Fig. 4)

In agreement with previous results and demonstrated
here, cells exposed to EMD18 exhibited a decrease in

mineral nodule formation, and LRAP had similar effects
(Fig. 4). Cementoblasts incubated with increasing doses
of LRAP (0.02, 0.2, and 2.0 µg/ml) exhibited a decrease
in ability to promote mineralization in vitro. Analysis of
mineral nodule formation was performed by von Kossa
staining (Fig. 4A), and by quantification for Ca++ con-
centration by Alizarin-red staining and elution (Fig. 4B).
Based on the von Kossa assay which stains for phos-
phate, it appears that LRAP inhibited mineral formation
in a dose-response fashion, with the effect noted at all
doses. However, when using Alizarin-red for quantifi-
cation only the highest dose of LRAP (2.0 µg/ml) sig-
nificantly reduced (1.5-fold) cementoblast-mediated
mineralization versus vehicle control, although there
did appear to be a dose-response effect.

Effect of LRAP on Gene Expression: Time Course

(Fig. 5)

After demonstrating that LRAP (2.0 µg/ml) had a
dramatic effect on OCN and OPN gene expression at
72 hours, the time required for LRAP to alter expression
of these genes was evaluated. In time-course experi-
ments, cementoblasts were treated with vehicle (con-
trol), LRAP (2.0 µg/ml), or EMD (100 µg/ml) and RNA
was extracted at 1, 6, 12, 24, and 48 hours. Changes
in transcripts for Cbfa1, a master switch for cemento-
blast/osteoblast differentiation,33,36 OPN, and OCN
were determined by Northern blot analysis (Fig. 5A).

Results of these studies revealed an increase in
Cbfa1 mRNA levels in a time-dependent fashion, with
no differences in this pattern noted with any treat-
ments, suggesting that neither LRAP nor EMD affect
Cbfa1 gene expression (Fig. 5B). For OCN, control
cells demonstrated an increase in OCN expression
throughout the 24-hour period. Exposure to LRAP
resulted in a significant decrease in OCN RNA levels
noted by 12 hours. Similarly, EMD also decreased OCN
expression by 12 hours (Fig. 5B).

OPN transcripts were upregulated by both LRAP and
EMD. LRAP-mediated OPN gene expression was
markedly upregulated at 6 hours (4-fold compared to
vehicle and 3-fold compared to EMD). This effect was
significant and maintained at all time points examined.
In parallel, EMD also showed an enhancement in OPN
gene expression in comparison to vehicle at 24 hours
and 48 hours (Fig. 5A). Although the effect was not dra-
matic for EMD, it was statistically significant (Fig. 5B)
and reproduced in two separate experiments.

Effect of LRAP on Gene Expression: Signal

Transduction Pathway (Fig. 6)

To begin to define the signal transduction pathways
involved in LRAP-mediated effects on cementoblasts,
specific inhibitors of PKA, PKC, and MAPK were used.
The addition of the PKA inhibitor (THFA) did not
change OCN or OPN gene expression in vehicle treated

Figure 4.
Mineral nodule formation. Cementoblasts were cultured in
mineralization media: media containing 5% serum, ascorbic acid
(50 µg/ml), and β-glycerophosphate (10 mM) with vehicle control,
LRAP (0.02, 0.2, 2.0 µg/ml), or EMD (100 µg/ml). Media were
changed every other day (day 0 to 8). A) von Kossa staining was
performed on day 9 to visualize mineral nodule formation (stain
for phosphate). B) Alizarin-red staining and elution were performed
for quantification of Ca++ levels. Results are expressed as a
percentage of the control; *P <0.05. A visible decline in mineral
formation was noted at all doses of LRAP based on von Kossa stain,
but quantification of mineral formation (as measured by Ca++)
indicated a significant decline at the highest dose only versus vehicle
control. Results were reproduced in two separate experiments.
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way resulting in further downregu-
lation of OCN (Fig. 6A). In a reverse
fashion, it appears that OPN mRNA
levels are activated through the
MAPK pathway (MEK-1/2) since the
MEK-1/2 inhibitor blocked LRAP-
mediated increased expression of
OPN (Fig. 6B).

DISCUSSION

It is well established that epithelial-
mesenchymal interactions are
required for tooth organogenesis
(formation of enamel and dentin);5

however, the mechanisms and cells
regulating cementum-periodontal
formation remain undefined. Amel-
ogenin isoforms translated from
alternatively spliced RNA transcripts
have been identified as candidates,
potentially serving as signaling
molecules during development of
the tooth-root and the periodon-
tium.8,22,25 In the present study, we
focused on determining whether
LRAP, a splice variant of the amel-
ogenin RNA transcript, has the
ability to alter the behavior of
cementoblasts in vitro. The results
presented here indicate that cemen-
toblasts in vitro are responsive to
LRAP. Analysis of cementoblast
gene expression showed that LRAP
decreased OCN transcripts and
increased OPN mRNA, gene mark-
ers associated with the mature
osteoblast/cementoblast pheno-
type38,39 and also considered to be
regulators of crystal growth.13,39,40

Further, our results suggest that
LRAP acts as a signaling molecule
and may mediate its effects in part

through the MAPK pathway.
Results from previous studies suggest that products

secreted by tooth-associated epithelial cells; i.e., amelo-
blasts and HERS cells, promote proliferation of mes-
enchymal cells, thus providing a critical mass of cells
required for promoting formation of mineralized tissues
such as tooth root cementum and alveolar bone during
both development and regeneration.18,19,41,42 In addi-
tion, such products may also regulate the extent of
mineral formation and allow for development of a peri-
odontal ligament. Tokyiasu et al.18 and Hakki et al.19

demonstrated that enamel matrix derivative proteins
increased cell proliferation but decreased cell-mediated
mineral nodule formation in both cementoblasts and

cells, however exposure of control cells to either PKC
(GF109203X) or MAPK (UO126) inhibitors decreased
OCN mRNA levels (Fig. 6A). The negative control for
UO126, UO124 had no effect on OCN or OPN tran-
scripts observed for control samples.

Analysis of the effect of inhibitors on LRAP activity
indicated that the PKA pathway was not involved. As dis-
cussed above, both PKC and MAPK pathway inhibitors
decreased expression of OCN and thus it is clear that
both pathways, known to cross-talk,37 are involved in
regulating expression of OCN (Fig. 6A). Expression of
OCN mRNA was abolished in cells exposed to the MAPK
inhibitors plus LRAP, suggesting that LRAP may work
through the same pathways and/or unidentified path-

Figure 5.
Time course: Effect of LRAP on gene expression by cementoblasts. OCCM cells cultured in media with
5% serum, ascorbic acid (50 µg/ml) were treated with vehicle, LRAP (2.0 µg/ml), or EMD (100 µg/ml).
Total RNA for Northern blot analysis was extracted at 1, 6, 12, 24, and 48 hours to probe for Cbfa1
and OPN mRNA and at 1, 6, 12, and 24 hours for OCN mRNA (A). Results were normalized for 18s
and expressed as percent of control (B). *P <0.05, †P <0.001. Cbfa1 transcripts were constitutively
expressed by cementoblasts and increased with time but were not affected by either treatment. OCN
gene expression increased with time but this increase was inhibited by both LRAP and EMD, with
significant effects noted by 12 hours. Results with EMD are similar to those reported previously.18

In contrast to LRAP treatment, OPN gene expression increased up to 12 hours, with a decline noted by
24 hours.While an increase of OPN was also seen with EMD treatment, the increase with LRAP was
more dramatic, with significant effects noted by 6 hours with LRAP and 12 hours with EMD treatment.
Results were reproduced in two separate experiments.
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follicle cells in vitro. On the other hand, the full-length
amelogenin [rp(H)M180] did not affect cementoblast
proliferation at doses from 1 µg/ml up to 10 µg/ml, but

did inhibit mineral formation versus untreated cells.12

Here, we demonstrate that, unlike EMD which increased
cell proliferation and amelogenin which had no effect on
proliferation, LRAP, at both 0.2 µg/ml and 2.0 µg/ml,
decreased cell number at day 9 versus vehicle control.
The reason for this effect has yet to be addressed, but
most likely is related to changes in genes and asso-
ciated proteins secreted by cementoblasts exposed to
LRAP. Further, our data suggest that the ability of EMD
to enhance cell proliferation is not due to amelogenin,
but rather to other yet to be identified factor(s) within
EMD, that either directly or indirectly act as growth fac-
tors. For example, existing evidence suggests that cells
exposed to EMD secrete transforming growth factor
(TGF-β)43 and that EMD may contain TGF-β, a mole-
cule capable of stimulating proliferation of gingival
fibroblasts.20

It is interesting to note that EMD,18 full-length
amelogenin [rp(H)M180],12 and LRAP (Fig. 4) all
inhibit cementoblast-mediated mineral nodule forma-
tion in vitro, suggesting that amelogenin-like molecules
have a role in controlling crystal growth. The ability of
amelogenins to regulate crystal growth is well docu-
mented and supported by analysis of the structure of
enamel in amelogenin null mice.40,44,45 Nevertheless,
caution must be used in interpreting these results since
true “mineralization” was not confirmed by analyzing
crystal structure or collagen association in vitro or by
any in vivo studies.

In parallel with determining the effects of LRAP on
mineral nodule formation, the influence of LRAP on
gene expression by cementoblasts was assessed. Stud-
ies have demonstrated that leucine-rich amelogenin
peptides affect protein expression in the mesenchymal
cells,25 and specifically influence the expression of BSP.
The data presented here showed that LRAP had marked
effects on transcripts for OCN, OPN, and OPG. Within
the limits of this study, we were not able to demon-
strate any changes in BSP mRNA levels (data not
shown).

The striking downregulation of OCN gene expression
seen with LRAP treatment was also observed in cemen-
toblasts treated with EMD (Fig. 2A) and by Tokiyasu
et al.18 and with full-length amelogenin protein [rp
(H)M180] (10.0 µg/ml).12 Mineral-related proteins like
osteocalcin and osteopontin are expressed by cemen-
toblasts during root development.26,38,46,47 OCN is
specific to mineralized tissues and is an early marker
for cells undergoing mineralization. In addition, there
is accumulating evidence that OCN controls crystal
growth.48 Similarly, EMD,18 full-length amelogenin,12

and LRAP (Fig. 2B) all promote OPN gene expression
by cementoblasts. OPN is found in high concentra-
tions in mineralized tissues and is designated a mem-
ber of the sibling family, containing RGD cell adhesion
domains.49,50 With regard to mineralized tissues, sev-

Figure 6.
Signal transduction pathways involved in LRAP-mediated effects on
OCN and OPN transcription. Cementoblasts cultured in media
containing 5% serum with ascorbic acid (50 µg/ml) were treated with
LRAP (2.0 µg/ml) or vehicle for 72 hours. Media were changed at
48 hours and inhibitors added for 24 hours. Inhibitors used:THFA
(100 µM, cAMP/PKA pathway), GF109203X (3 µM, PKC pathway),
and UO126 (20 µM, MAPK pathway).Vehicle (DMSO) and UO124
(a negative control of UO126) were used as controls. RNA was
extracted at 72 hours and expression for OCN (A) and OPN (B)
analyzed by Northern blot. 18s (C) is shown for sample loading
comparison. Note that both the PKC and MAPK pathway inhibitors
decreased expression of OCN in the vehicle control, suggesting
regulation of OCN expression by these pathways.As expected, LRAP
decreased OCN expression, with a further decrease noted with both
the PKC and MAPK inhibitors. LRAP-mediated enhancement in
expression of OPN was prevented in the presence of the MAPK
inhibitor.These results suggest that the effect of LRAP on OPN and
OCN transcripts is mediated at least in part through the MAPK
pathway. Results were reproduced in two separate experiments.
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eral roles have been suggested for OPN, including reg-
ulation of crystal growth and migration and attach-
ment of cells to a local site. In examining these results,
it is difficult to explain the inhibitory effect on mineral
formation as being solely related to these changes;
however, the marked increase in OPN expression may
counter the abolishment of OCN transcripts and thus
results in decreased crystal growth. Alternatively, it is
possible that, like amelogenin, LRAP is capable of act-
ing as a nanostructure support or carrier material for
other factors (yet to be defined) secreted by cells which
are then released by the carrier (LRAP) to regulate
cementoblast behavior. Future studies measuring lev-
els of matrix associated proteins in the media will assist
in defining the mechanisms by which LRAP controls
mineral nodule formation.

Results from studies by Veis et al.23,24 have shown
that LRAPs upregulate Cbfa1 mRNA levels in embry-
onic rat muscle fibroblasts. Cbfa1 is considered a mas-
ter switch for differentiation of bone cells.33,35 In contrast,
results from our study demonstrated that exposure of
cementoblasts to LRAP or EMD did not result in changes
in Cbfa1 mRNA levels. This disparity in results com-
pared to those of Veis et al.23 are most likely related to
differences in cell types used. Cementoblasts are mature
cells and thus it is not surprising that expression of
Cbfa1, a gene required for cell differentiation rather than
maturation, is not altered by LRAP. This finding is sup-
ported by results of Lian et al.,50 in which it was reported
that a downregulation or no change in Cbfa1 gene expres-
sion was observed after exposure of mature osteoblasts
to specific signaling factors.

In addition to examining changes in genes asso-
ciated with extracellular matrix formation and crystal
growth in cells exposed to LRAP, we also determined
whether LRAP alters genes associated with controlling
osteoclast activation, OPG and RANKL. The TNF
receptor-ligand family members, osteoprotegerin and
receptor activator of NF-kB ligand, are produced by
osteoblast/stromal cells. RANKL is both a membrane-
associated cytokine and a bone microenvironment-
associated soluble factor, and binds to its receptor
activator of NF-Kb (RANK) on osteoclast precursor cells
to promote osteoclastogenesis. OPG, a secreted glyco-
protein, acts as a decoy receptor and binds to RANKL
inhibiting osteoclastogenesis.35 In the tooth microenvi-
ronment, OPG is expressed by follicle cells,51 OPG/
RANKL mRNA transcripts are present in human peri-
odontal ligament cells (PDL) in culture52 and have been
localized in situ by immunohistochemistry in amelo-
blasts, odontoblasts and dental pulp cells.53 As shown
in Figure 3A, LRAP and EMD both increased OPG
mRNA levels, while having no effect on RANKL expres-
sion (Fig. 3B).

Since these experiments only examined mRNA at
72 hours, it is not known if this is a direct effect of

LRAP or related to LRAP’s ability to promote other
genes/proteins that subsequently alter OPG/RANKL.
Such questions will be addressed in the future. Nev-
ertheless, this result is very exciting and suggests that
LRAP-cementoblast interactions may act to protect the
root surface from osteoclast-mediated root resorption.
In support of this, Hatakeyama et al.10 reported that
amelogenin-null mice exhibited an increase in osteo-
clasts along the root surface, increased root resorption
and increased expression of RANKL in surrounding
tissues when compared with appropriate controls.

As shown in Figure 6, results from initial studies
targeted at defining the signal pathway(s) controlling
LRAP activity implicate involvement of both the PKC
and MAPK pathways. While more details are required
to confirm these findings, our results parallel those of
Kawase et al.,20 who reported that EMD-induced ERK
phosphorylation and p38 MAPK pathways in gingival
fibroblastic cells. In those studies, however, Kawase’s
group concluded that the effect was indirect and related
to the presence of TGF-β. While the results here clearly
demonstrate that LRAP affects cementoblast activity
in vitro, the relevance of this finding to cementum for-
mation, both during development and regeneration,
requires further investigation.

Several groups have provided evidence for the pres-
ence of and the ability of enamel proteins, mainly amel-
ogenin and its alternative spliced products, but also
laminin,54 amelin (ameloblastin, sheathlin),7,55,56 and
other enamel and enamel-like products6,57,58 to influ-
ence root formation and periodontal development. How-
ever, contradictory results have been reported, and to
date no group has provided definitive proof that epithe-
lial-derived molecules are involved in tooth root/peri-
odontal tissue development. For example, Hasegawa
et al.42 showed that enamel proteins, including amelo-
blastin, are detected in HERS during initial phases of
root formation in rats, while Fukae et al.9 demonstrated
the presence of amelogenin and enamelin on formed
root surfaces of porcine permanent incisors. Data from
other groups demonstrated that such proteins as
ameloblastin are restricted to the crown enamel and
absent from surrounding tissues.59 In other investiga-
tions by Bosshardt and Nanci46 and separately by Diek-
wisch,60 it was reported that protein extracts from
cementum or cells which secrete the first matrix layer
deposited against root surface do not cross-react with
amelogenin antibodies in rats and humans, respec-
tively. Similar to these findings, using real-time RT-PCR
we were not able to detect the presence of amelogenin
mRNA in murine cementoblasts, nor were we able to
detect amelogenin in the tooth root/periodontium of
developing murine molars by in situ hybridization (data
not shown). These contradictory findings may be due
to differences in species and/or probes used, as well
as the reported significance of low level expression in



1135

J Periodontol • August 2004 Boabaid, Gibson, Kuehl, et al.

certain tissues versus non-specific results. Additional
studies to examine whether differences in effects of
LRAP on cells are noted with pulsatile versus contin-
uous delivery should prove valuable. This is an inter-
esting question since it is now recognized that many
factors have both anabolic and catabolic activities that
are dependent on continuous versus intermittent deliv-
ery of the agent.61,62

Potential uses of LRAP include as a protector against
local root resorption (e.g., idiopathic root resorption)
and as a regulator of cell function during periodontal
regeneration. Further studies defining the mechanisms
of action and activity in vivo should help to clarify the
significance and value of using such molecules in
attempts to regenerate oral structures.
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