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T
ooth development is a complex
process, regulated by a series of
interactions between epithelial and

mesenchymal cells. These interactions
are mediated by families of molecules
such as bone morphogenetic protein
(BMP), Hedgehog (Hh), Wnt, and fibro-
blast growth factor (FGF).1-4 For example,
many of the critical factors secreted by
epithelial cells in the developing tooth
germ are directed towards target cells of
ectomesenchymal origin. The resultant
signaling cascade initiates key events in
the process of tooth development,3,5 such
as the formation of dentin and enamel.
This progression involves complex inter-
actions between inner enamel epithelial
cells (that differentiate into ameloblasts)
and dental papilla cells (that differentiate
into odontoblasts). However, it is unclear
whether similar epithelial-mesenchymal
interactions mediate later stages in tooth
development, including root and peri-
odontal ligament formation. Several lab-
oratories have suggested that enamel
matrix proteins may have a potential role
in modulating root formation,6-10 and this
hypothesis resulted in the development
of enamel-derived products for use in
therapy targeted at regenerating peri-
odontal tissues. Subsequently, studies
from our laboratory and others have
shown that periodontal cells are respon-
sive to porcine enamel matrix derivatives,
both in vitro and in vivo.11-16 An enamel
matrix derivative is predominantly com-
prised of amelogenin and processed amel-
ogenins, along with small amounts of
other enamel proteins, suggesting a role
for amelogenins as regulatory molecules

Background: Studies suggest that enamel matrix proteins
induce differentiation and mineralization of a variety of mes-
enchymal cells, including odontoblasts, osteoblasts, and cemen-
toblasts. It has been postulated that this activity could be due to
amelogenin-like proteins, known to be present in some mixtures
of enamel matrix derivatives. Amelogenins have been reported
to induce expression of a mineralized tissue-specific marker,
bone sialoprotein (BSP), indicating that epithelial products can
regulate the activity of mesenchyme-derived cells.

Methods: To explore the molecular mechanisms involved in
BSP regulation, a clonal population of immortalized murine cemen-
toblasts (OCCM-30) was exposed to full-length murine amelo-
genin protein (rp(H)M180), 0.1 µg/ml to 10.0 µg/ml, for 8 days
in vitro. To further investigate the potential epithelial-mesenchy-
mal interaction, an amelogenin knockout mouse model was used
to examine expression of BSP and other markers, including Type
I collagen, in tissue samples.

Results: The lowest dose of amelogenin slightly enhanced BSP
expression, whereas at the highest dose, a dramatic decrease
(three-fold) in BSP expression was observed. Parallel experiments
showed a corresponding decrease in mineral nodule formation in
vitro for cells treated with the higher dose of rp(H)M180. In situ
hybridization and immunohistochemical analysis of sections from
amelogenin null mice revealed a dramatic reduction in expres-
sion of BSP mRNA and protein in cementoblasts and surround-
ing osteoblasts in comparison to age-matched controls. In contrast,
the expression of Type I collagen was not significantly different from
controls.

Conclusion: These data suggest that amelogenin may be a
critical signaling molecule required for appropriate development
of the periodontium. J Periodontol 2003;74:1423-1431.
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that can target periodontal cells, namely cementoblasts,
periodontal ligament (PDL) cells, and dental follicle cells.

Amelogenin, the major protein component of ena-
mel, belongs to a family of proteins formed as a result
of alternative splicing of a single primary transcript.17

The human amelogenin gene is found on both X and
Y chromosomes, but mice only have a single gene.18

The most abundant amelogenin expressed by mouse
ameloblasts consists of 180 amino acids and possesses
the ability to undergo self-assembly, which contributes
to biomineralization of enamel.19,20 Recent data sug-
gest a role for amelogenin beyond regulation of crys-
tal growth. For example, Nebgen et al.21 reported that
amelogenin-polypeptides in dentin matrix induced
chondrogenic activity and, using an in vivo model,22

Veis and colleagues demonstrated that smaller splice
variants of amelogenin (known as leucine-rich amel-
ogenin peptides or LRAPs) increased the expression of
certain bone-specific markers. These amelogenin gene
splice products were termed r[A + 4] and r[A − 4] and
represent peptides obtained from amelogenin cDNA
with or without exon 4, respectively. Both r[A + 4] and
r[A − 4] induced expression of BAG-75 (bone acidic
glycoprotein-75) and BSP. BSP is a non-collagenous
protein component of mineralized tissues believed to
be a critical molecule for promoting biomineraliza-
tion.23 Importantly, with regard to root development,
the temporal and spatial expression of BSP, both
mRNA and protein, parallels the deposition of cemen-
tum along the root surface.24 This information, cou-
pled with preliminary findings that amelogenin null
mice also exhibit cementum defects,25,26 suggests that
amelogenin may have a role in the regulation of genes
associated with root formation.

The primary purpose of this study was to identify the
cementum-associated genes regulated by amelogenin
and to begin to define the molecular mechanisms under-
lying these responses. Results from the studies reported
here indicated that cementoblasts exposed to full-length
murine amelogenin in vitro exhibited a slightly enhanced
BSP expression at low doses (0.1 µg/ml), but a dra-
matic decrease in BSP expression at high doses, with
a corresponding decrease in mineral nodule formation.
Interestingly, BSP transcripts and proteins were barely
detectable in both cementum and bone tissue recov-
ered from the amelogenin knockout mice. Thus, BSP
regulation/expression appears to be sensitive to full-
length amelogenin; however, the specific mechanism
involved needs further investigation. Whether enamel
matrix derivative regulates BSP by a similar mecha-
nism remains to be defined.

MATERIALS AND METHODS

Cell Culture

Clonal populations of immortalized cementoblasts
(OCCM-30) were isolated using a method described

previously.27 Briefly, OC-TAg transgenic mice were
obtained from Dr. Jolene Windel (Virginia Common-
wealth University, Richmond, Virginia). These mice
were developed using a construct that employed the
SV-40 T antigen under the direction of the osteocal-
cin (OCN) promoter.27 In this situation, when cells are
isolated from the tooth root surface of OC-TAg mice,
only those cells that express osteocalcin (i.e., cemen-
toblasts) are capable of surviving serial passage in
vitro. The immortalized cementoblasts obtained in this
manner were subcloned and the clone used in this
study was designated as OCCM-30. These cells were
shown to exhibit the same properties as comparable
cells found in vivo, i.e., they expressed high levels of
cementum-associated markers, such as BSP and OCN,
and promoted biomineralization in vitro and in vivo.28

For the purpose of this study, the cells were main-
tained in Dulbecco’s Modified Eagle medium (DMEM),#

supplemented with 10% fetal bovine serum (FBS),#

and 1% antibiotics (100 U/ml penicillin and 100 µg/ml
streptomycin),# Full-length murine amelogenin (rM180)
was expressed in E. coli using a polyhistidine amino-
terminal tag and the pQE30 expression vector** to
produce recombinant, histidine-tagged protein. The
expressed amelogenin was isolated and characterized
as previously described29 and designated rp(H)M180.

In situ hybridization and immunostaining analysis.
Murine teeth obtained from both wild-type and amelo-
genin knockout mice were analyzed by in situ hybridiza-
tion. Briefly, amelogenin null mice were produced by
disrupting the locus of the amelogenin gene.26 These
mice had abnormal and discolored teeth, indicative
of disorganized and hypoplastic enamel. Molars from
33-day-old mice (where day 0 is vaginal plug date) were
used for in situ hybridization analysis. Standard proce-
dures were used, with slight modifications.28 Animal care
guidelines for the University of Pennsylvania were fol-
lowed. Decalcified and paraffin-embedded tissue sec-
tions were mounted on silane-treated slides and prepared
by rehydration, acetylation, and dehydration. These slides
were then overlaid with a standard hybridization solution
and hybridization was performed overnight at 50°C in a
humid chamber, using both antisense and sense (con-
trol) RNA probes for BSP and Type I collagen30 (a gift
from Dr. Marion Young, NIH/NIDCR). These probes were
transcribed from cDNA plasmids, incorporating 35S-
UTP†† (in vitro transcription kit).‡‡ After post-hybridiza-
tion washes of increasing stringency, the slides were
dehydrated and exposed to x-ray film to determine effi-
ciency of hybridization. Following coating with NTB-2
emulsion§§ and dark storage at 4°C for an appropriate

# Invitrogen Corporation, Carlsbad, CA.
** Qiagen Inc., Valencia, CA.
†† Amersham Pharmacia Biotech, Arlington Heights, IL.
‡‡ Ambion Corporation, Austin, TX.
§§ Kodak Imaging Systems, Rochester, NY.



1425

J Periodontol • October 2003 Viswanathan, Berry, Foster, et al.

time, slides were developed using developer§§ and rapid
fixer,§§ and were counter-stained with hematoxylin/eosin.
Hybridization signal was visualized using a light micro-
scope with a dark field condenser. For immunohisto-
logical analysis, sections from wild type and amelogenin
knockout mice were deparaffinized in xylene and rehy-
drated to phosphate buffered saline (PBS) using serial
dilutions of ethanol. Sections were pretreated as previ-
ously described.28 Experimental sections were incubated
with a primary antibody (rabbit antiserum raised against
mouse recombinant BSP fused to GST, a gift from Dr.
Renny Franceschi, University of Michigan, Ann Arbor,
Michigan) diluted 1:150 in DMEM with 5% FBS added
for 60 minutes at room temperature. Control sections not
treated with primary antibody were treated simultane-
ously. Following incubation, a commercial histostain kit� �

was used to treat sections with the secondary antibody
according to manufacturer’s instructions. The presence
of the enzyme was revealed by the addition of a substrate
chromogen containing levamisole, an inhibitor of
endogenous alkaline phosphatase.

Cell Proliferation

For proliferation studies, cells were seeded in 24-well
plates, in triplicate, at a density of 10,000 cells/cm2.
Cells were allowed to adhere overnight and then treated
with DMEM containing 2% FBS, with 0.1, 1.0, or 10.0 µg/
ml of rp(H)M180, or with 100 µg/ml enamel matrix deriv-
ative (EMD)¶¶ as a control. Medium was changed on
days 2, 4, and 6, along with addition of appropriate con-
centrations of rp(H)M180 or EMD. Cells were trypsinized
on days 3, 5, and 7 and quantitated using a Coulter
counter.## Experiments were repeated on three sepa-
rate occasions.

Adenylyl Cyclase Stimulation Assay

Adenylyl cyclase stimulation assays were performed
as described previously.31 Briefly, the OCCM-30 cells
were plated in DMEM media in 24-well tissue culture
plates, in triplicate, at 35,000 cells/cm2. After 48 hours,
the cells were confluent and were stimulated with vehi-
cle, 10−7 M PTHrP*** (positive control) or 0.1, 1.0, or
10.0 µg/ml of rp(H)M180 for 15 minutes at 37°C in
Ca2+-Mg2+-free HBSS# containing 0.1% BSA and 1 mM
IBMX (3-isobutyl-1-methyl xanthine),††† a phospho-
diesterase inhibitor. Intracellular cAMP was extracted
and measured, using a cAMP binding protein assay.31

The cAMP levels were calculated by a log-logit
method,‡‡‡ normalized to cell number, and expressed
as pmol/ml.

Northern Blot Analysis

Dose-dependent effects of amelogenin. Cells were
seeded at an initial density of 35,000 cells/cm2 and
maintained in DMEM containing 10% FBS. Upon con-
fluence, cells were treated with 0.1, 1.0, or 10.0 µg/ml

of rp(H)M180, along with 50 µg/ml of ascorbic acid
in DMEM with 5% FBS. On day 8, total RNA was har-
vested using a reagent,# fractionated on a 6% formalde-
hyde and 1.2% agarose gel, and then transferred to
a nylon membrane for analysis by Northern blotting.32

Blots were hybridized with random-primer labeled 32P
probes for BSP (a gift from Dr. Marion Young,
NIH/NIDCR, Bethesda, Maryland) and OCN (a gift from
Dr. John Wozney, Wyeth Research, Cambridge, Mass-
achusetts), and exposed to autoradiography film at
−70°C for up to 24 hours. Blots were normalized
against ethidium bromide staining for 18S rRNA.
Experiments were performed on two occasions. To
control for non-specific effects due to protein concen-
tration, experiments were performed using two addi-
tional proteins with molecular weights similar to
rp(H)M180 amelogenin. Chymotrypsinogen††† (25.6
kDa) and ovalbumin††† (44.3 kDa) were added at
doses of 10 µg/ml under the same conditions as amel-
ogenin Northern blot experiments.

Time-course experiment. To determine the time
required for amelogenin to alter the expression of BSP
and OCN, cells were seeded as described above and
treated with 10.0 µg/ml of rp(H)M180 at confluence
(0 hours). Total RNA was isolated at 0, 0.5, 3, 6, 12,
24, and 48 hours and analyzed for BSP and OCN
expression by Northern blotting.

Pathway inhibitor studies. To identify the signaling
pathway(s) involved in amelogenin regulation of BSP
and OCN, cells were seeded and maintained as described
earlier, until confluence was reached. The cells were pre-
treated with pathway inhibitors for 1 hour, followed by
the addition of 10.0 µg/ml of rp(H)M180. Total RNA was
isolated after an additional 24 hours. The cell-permeable
adenylyl cyclase inhibitor, 9-(2-tetrahydrofuryl) adenine,
THFA§§§ (100 µM), was used to inhibit the PKA pathway,
while GF109203X§§§ (3 µM), was used to block the PKC
pathway.

In Vitro Mineralization Assay

Cementoblasts were seeded at 35,000 cells/cm2 in
24-well plates and maintained in 10% FBS until conflu-
ent. Cells were then incubated with DMEM containing
5% FBS and rp(H)M180 (0.l, 1.0, or 10.0 µg/ml) and
supplemented with 50 µg/ml ascorbic acid and 3.0 mM
β-glycerophosphate. On day 8, cells were stained using
the von Kossa protocol to detect formation of mineral
nodules.34 Cells were also treated with Alizarin Red-S
(AR-S) to quantify the extent of mineralization.35 Fixed
cells were stained with AR-S dye, which specifically stains
calcified nodules. The AR-S was then eluted from the

� � Zymed, San Francisco, CA.
¶¶ Emdogain, Biora AB, Malmö, Sweden.
## Beckman-Coulter, Fullerton, CA.
*** Bachem California, Inc., San Francisco, CA.
††† Sigma Corporation, St. Louis, MO.
‡‡‡ GraphPad Software Inc., San Diego, CA.
§§§ Biomol Reseach Laboratories, Plymouth, PA.
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mineral and measured spectropho-
tometrically. Using a standard
absorption curve, the concentration
of the eluted dye for each experi-
mental group was determined.
Eluted dye concentration could be
related directly to the concentration
of Ca2+ for each sample, providing
a quantitative indication of the
extent of mineral formation.

Statistical Analysis

All experiments were performed a
minimum of two times with compa-
rable findings obtained. For cAMP
stimulation assays, a Student’s t
test was conducted to analyze the
results. For mRNA measurements
and proliferation studies, the data
were analyzed by either ANOVA fol-
lowed by a Tukey-Kramer multiple
comparison test or a Student’s t test
as needed. For Northern blot analy-
ses, representative autoradiographs
are shown with a graphical analy-
sis demonstrating statistical evalu-
ation of multiple assays.

RESULTS

In situ Hybridization and

Immunostaining Analysis

In situ hybridization analysis of
tissue obtained from age-matched
wild-type controls and amelogenin
knockout mice is shown in Figure
1A. BSP is strongly expressed by
cells along the tooth root surface
(cementoblasts) and in alveolar
bone (osteoblasts) in the wild-
type sample, whereas hybridization
signals are markedly reduced in the
amelogenin null mouse. However,
Type I collagen mRNA levels
appeared to be similar in both wild-
type and null mouse. This was fur-
ther indicated by immunostaining
results (Fig. 1B) showing reduced expression of BSP
protein along the root surface and alveolar bone in sec-
tions from the null mouse in comparison to wild-type.
These combined results suggest that amelogenin may
be a key regulator of BSP, a protein considered to be
required for development of cementum.

Cell Proliferation Assays

Enamel matrix derivative, which is stated to be a mix-
ture of mostly amelogenin proteins, is known to enhance

the proliferation of cementoblasts and other cells types
in vitro.11 To determine if recombinant full-length amel-
ogenin protein has an effect similar to enamel matrix
derivative, cells were treated with different concentra-
tions of pure, recombinant rp(H)M180 and quantitated
using a Coulter counter, with EMD-treated cells as a
control. As shown in Figure 2, rp(H)M180 did not have
a statistically significant effect on cell proliferation (P
>0.05), in marked contrast to EMD, which stimulated
proliferation, when compared to 2% FBS control.

Figure 1.
BSP expression in tissues. A) In situ hybridization for BSP and Type 1 collagen in mouse molars/incisors
at initiation of root formation. BSP mRNA is expressed in cells along the root surface and alveolar bone
in wild type (WT) tissues, whereas BSP signals are absent in knockout (K/O) tissues. Collagen mRNA
expression, observed in all mesenchymal cells, is unchanged in K/O mice as compared to WT controls.
Results are representative of three experiments with similar results. Although teeth probed for BSP and
Type 1 collagen could not be matched, sections were taken from the same animals. B) Immunostaining
for BSP in 33-day-old murine molars, following initiation of root formation. Low magnification photo-
micrographs (original magnification ×40) show BSP localization along root surface and bone. High
magnification photomicrographs (original magnification ×400) shown in insets were taken from similar
regions of the tooth root surface. Note reduction in BSP protein levels in null mice (K/O), when compared
to matched wild type (WT) tissues. Results are representative of two experiments with similar results.
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Dose-Dependent Effect of Amelogenin on

Expression of BSP and OCN

Northern blot analysis indicated that exogenous amel-
ogenin exerted a regulatory effect on BSP and OCN
expression. A slight increase in BSP and OCN levels
was seen at 0.1 µg/ml, whereas a marked inhibition of
OCN and BSP was observed at a higher concentra-
tion, 10.0 µg/ml (Fig. 3A). Quantitation against ethid-
ium bromide staining for 18S rRNA showed that the
reduced expression at this dose was statistically sig-
nificant (P <0.01) (Fig. 3B). The increase in BSP
expression observed using 0.1 µg/ml rp(H)M180 was
not statistically significant, although this trend was
observed on multiple occasions. EMD, used as a pos-
itive control, downregulated OCN, as reported previ-
ously.11 The EMD-mediated change in OCN appears
to be the same as that observed for amelogenin. In
contrast, two proteins of similar molecular weight to
amelogenin, chymotrypsinogen and ovalbumin, had
no effect on BSP and OCN mRNA levels (data not
shown). The effect of amelogenin on mineral nodule
formation in vitro was also analyzed using the von
Kossa method (Fig. 3C). A statistically significant
reduction in mineral nodule formation (P <0.001) was
observed with a 10.0 µg/ml dose of amelogenin (Fig.
3D). This reduction in mineral formation is consistent
with the dose-dependent expression profile for BSP
and OCN and is similar to results reported previously
for EMD.11

Time-Dependent Effect of Amelogenin on

Expression of BSP and OCN

Figure 4 shows the temporal expression profile for BSP
and OCN, following treatment with 10.0 µg/ml of
rp(H)M180. OCCM-30 cells were exposed to 10.0 µg/ml
of rp(H)M180 for selected lengths of time from 30 min-
utes up to 48 hours, and BSP and OCN transcript lev-
els were examined by Northern blot analysis. Significant
down-regulation of BSP transcripts was seen at 24 hours.
Downregulation of OCN was seen earlier, at 12 hours,
with dramatic suppression at 24 hours. In contrast, BSP
and OCN transcripts recovered by 48 hours. This does
not appear to be due to a toxic effect of high-dose amel-
ogenin on cell behavior because cell proliferation was
comparable in amelogenin treated versus untreated cells.

Effect of Pathway Inhibitors on BSP and OCN

Gene Expression

In initial studies focused on defining the signal trans-
duction pathway(s) involved in the amelogenin-mediated
changes in expression of BSP and OCN, the PKA and
PKC pathways were examined. As seen in Figure 5A,
rp(H)M180 did not elevate endogenous cAMP syn-
thesis when compared to positive control PTHrP(1-34),
suggesting that the cAMP/PKA pathway is not evoked
in these cells when exposed to rp(H)M180. Further, pre-
treatment for 12 hours with THFA, a cell-permeable
adenylyl cyclase inhibitor, was unable to reverse the
inhibitory effect of rp(H)M180 on the expression of
BSP and OCN (Fig. 5B), although THFA alone did
produce a modest increase in the expression of both
genes as reported earlier.36 Similarly, the PKC inhibitor,
GF109203X, failed to prevent the downregulation of BSP
and OCN when exposed to rp(H)M180 (Fig. 5B). This
indicates that neither the cAMP/PKA nor the PKC path-
way is responsible for the inhibitory effect on BSP and
OCN expression when OCCM-30 cells are exposed to
rp(H)M180.

DISCUSSION

These studies focused on defining the response of
cementoblasts to a full-length recombinant murine
amelogenin (rp(H)M180) in vitro. Specifically, changes
in proliferative ability, gene expression, and the for-
mation of mineral nodules were examined. Results
here indicate that rp(H)M180 alters the expression
profile for both BSP and OCN in a time- and dose-
dependent manner, with an increase in gene tran-
scripts at low dose and, in a response similar to that
reported for EMD,11 a downregulation at higher doses.
A parallel effect was observed when mineral nodule
formation was examined, in which mineralization was
dramatically reduced at the highest dose of rp(H)M180
used in this study (10.0 µg/ml). However, cemento-
blasts exposed to rp(H)M180 did not show increased
proliferation in contrast to the enhanced proliferation

Figure 2.
Effect of amelogenin on proliferation of OCCM-30 cells. Cells were
cultured in media with 2% FBS alone, EMD, or full-length recombinant
amelogenin (rp(H)M180), and cell number was determined on days 3,
5, and 7 by Coulter counter. EMD increased cell proliferation, but
treatment with rp(H)M180 showed no difference from untreated
controls. Experiments were repeated three times with similar results.
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seen with EMD, which is understood to consist of a
mixture of enamel structural proteins.11 These results
suggest that proliferative activity observed in cells
exposed to EMD is not due to amelogenin, but to
other yet to be identified factor(s) within EMD, such
as proteolytically processed amelogenin peptides or
other enamel proteins.

In situ hybridization analysis indicated that BSP
expression along the tooth root surface and also within
surrounding bone was dramatically reduced in the amel-
ogenin knockout mouse. Reduced transcript expression

was consistent with the immuno-
histochemical results that showed
a reduction in BSP protein levels
along the root surface when com-
pared to an age-matched wild-type
mouse. BSP is believed to play a
significant role in the initiation of
mineral formation because of its
ability to nucleate hydroxyapatite
and promote crystal deposition in
vitro.37 With respect to root devel-
opment, BSP is expressed by cells
lining the tooth root surface
(cementoblasts) and not in the peri-
odontal ligament (PDL/fibroblasts),
suggesting a key role in the initia-
tion of cementogenesis. Recent his-
tological analyses of tissues
obtained from the amelogenin null
mouse showed significant resorp-
tion of the root, accompanied by
intrusion of the fibers of the peri-
odontal ligament into the root
cementum.25 While one cannot rule
out that the alterations in the root
are related to weakened enamel
and increased stress on the tooth
roots, the data presented here pro-
vide strong support for a role for
amelogenins in modulating the
development of periodontal tissues.
These findings support the concept
that epithelial-mesenchymal inter-
actions are responsible for the
development of periodontal tissues;
however, until specific signaling
pathways are identified, no conclu-
sions can be drawn. The decreased
expression of BSP in surrounding
bone was not expected, and thus
tissues were probed for BSP expres-
sion on four different occasions with
similar findings. Interestingly, exist-
ing data available from studies with
BSP knockout mice report a mini-

mal phenotype;38 however, previous studies have pro-
vided evidence that some individuals with amelogenesis
imperfecta (AI) also have other skeletal disturbances.39

AI can result from defects at the genetic level that result
in the expression of insufficient or defective amelogenin
needed to organize the enamel organic matrix. This
genetic defect in humans suggests that if amelogenin
plays a signaling role during other developmental events,
the lack of amelogenin may result in downstream
defects, as in the developmental cascade required for for-
mation of the skeleton.

Figure 3.
Dose-dependent effect of amelogenin on OCCM-30 cells. A) Northern blot autoradiograph showing
BSP and OCN mRNA levels at 8 days following treatment with 100 µg/ml EMD (positive control)
or rp(H)M180 at concentrations of 0.1, 1.0, and 10.0 µg/ml. At the lowest dose, rp(H)M180 slightly,
but not significantly, increased transcripts for both BSP and OCN in comparison to control, whereas
at the highest dose, a significant down-regulation of transcripts for both genes was observed.
B) Image analysis of BSP and OCN mRNA was normalized to 18S rRNA and shows that BSP and
OCN were regulated by amelogenin in a dose-dependent fashion. C) Dose-dependent effect of
amelogenin on mineralization in vitro. Cells were cultured for 7 days in the presence of 50 µg/ml
ascorbic acid (AA) and 3.0 mM β-glycerophosphate, along with 0.1, 1.0, or 10.0 µg/ml of
rp(H)M180. Mineral nodule formation was significantly reduced at the two higher doses of
rp(H)M180, (P <0.001) as compared to the control (*†), and these treatments were significantly
different from each other (P <0.001), as indicated in D. Results are representative of four separate
experiments with similar results.
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In vitro exposure of cementoblasts to rp(H)M180 elic-
its a dramatic response, with a significant reduction in
OCN expression observed as early as 12 hours post-
treatment. Evidence indicates that OCN, which is
expressed almost exclusively in mineralized tissues, e.g.,
bone and cementum, is a regulator of crystal growth.40,41

Our in vitro results suggest that full-length recombinant
amelogenin (rp(H)M180) can regulate gene expres-
sion in a time- and dose-dependent manner. The in
vivo data also support a role for amelogenin in the
regulation of genes associated with mineralized tis-
sues, with a dramatic decrease in BSP expression in
the amelogenin knockout mouse model. This is in
direct contrast to the decreased expression of BSP in
cells exposed to high doses of amelogenin in vitro.
Although it is not surprising to observe conflicting
results when comparing effects of a factor on cells/tis-
sue in vitro versus in vivo, it is nevertheless confus-
ing. While highly speculative, one explanation for these
contrasting results may be that, at early stages of root
development, amelogenin or amelogenin peptides may
help promote mineralization and formation of cemen-
tum by inducing BSP expression along the root surface.
Once cementum has been deposited, the local effect
of amelogenin or amelogenin peptides may be to inhibit
the expression of both BSP and OCN and thereby pre-
vent the fusion of the tooth root with surrounding bone,
i.e, ankylosis. By regulating both BSP and OCN, full-
length amelogenin may have a critical function as a
regulator of crystal growth and mineralization.

Recent studies42 suggest that the amino- and
carboxy-terminal regions of amelogenin can interact,
enabling self-assembly. Eventually, this leads to the
formation of nanosphere structures that are composed
of several hundred amelogenin molecules.30,43 This

three-dimensional protein complex is then competent
to guide hydroxyapatite growth. It is possible that some
of the amelogenin-mediated responses seen in our
cementoblast culture system may be a function of self-
assembly and the resulting formation of nanosphere
structures, which then act as carriers for other factors
secreted by cells in the local environment, such as
transforming growth factor-β (TGF-β), insulin-like

Figure 4.
Time-dependent effect of amelogenin on OCCM-30 cells. Confluent
cells were treated with 10.0 µg/ml of rp(H)M180 and total RNA
was isolated at specific time points (0.5, 3, 6, 12, 24, and 48 hours).
Northern blot analysis shows that BSP and OCN transcript levels
were down-regulated, from 6 hours up to 24 hours, with recovery
by 48 hours. Similar results were seen in three separate experiments.

Figure 5.
Dissection of signaling pathway. A) Dose-dependent cAMP response.
Cementoblasts were exposed to vehicle alone or different doses of
rp(H)M180 (0.1, 1.0, and 10.0 µg/ml) for 15 minutes using 10−7 M
PTHrP (1-34) as a positive control. cAMP stimulation was assayed
and expressed as pmol cAMP/ml.While PTHrP significantly enhanced
cAMP levels, no such effect was observed with any dose of rp(H)M180.
The experiment was performed twice, with similar results observed.
B) Analysis of pathway-inhibitors on expression of BSP and OCN.
Cementoblasts were pretreated with either THFA (9-(2-tetrahydrofuryl)
adenine) or GF109203X for 12 hours before being exposed to
10.0 µg/ml rp(H)M180 for an additional 12-hour time period.
Northern blot analysis indicates that neither THFA nor GF109203X
were able to reverse the down-regulation of BSP and OCN caused
by rp(H)M180, suggesting that the PKA and PKC pathways are not
involved in the observed repression of BSP and OCN mRNA expression.
Results were reproduced on three separate occasions.
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growth factors (IGFs), and BMPs. The controlled
release of such factors, secreted by cells populating the
local site and then incorporated into EMD or
rp(H)M180, may account for the change in gene
expression observed here.

The suggested effect of one particular form of amel-
ogenin (rp(H)M180) on cementoblasts and root for-
mation could be viewed in two alternative ways:

1. Amelogenin, a signaling molecule, is capable of
modulating expression of cementoblast-associated
genes such as BSP and OCN. This suggests that peri-
odontal development is a result of complex epithelial-
mesenchymal interactions. Unfortunately, the results to
date suggest that the more traditional signaling pathways
are not involved. Or, alternatively,

2. Amelogenin, a structural protein, is capable of act-
ing as a nanostructured support or carrier material for
other unknown factors secreted by cells and then incor-
porated into the assembled amelogenin complex. Sub-
sequently, such matricrine factors released by the carrier
(amelogenin) promote periodontal development.

It is clear that a better understanding of these pro-
cesses is necessary. In the future, we plan to establish
the mechanism(s) by which full-length amelogenin
alters cementoblast behavior and to define the role
of amelogenin proteolytic products and leucine rich
amelogenin peptides (LRAPs) in the regulation of
cementoblast function. LRAPs are splice variants of
amelogenin that lack the hydrophobic part of the full-
length protein. Consequently, they have significantly
different biochemical properties that may contribute
to some of the variation in signaling effects of amelo-
genin reported previously.22 Furthermore, data sug-
gest that the amino terminal end of the full-length
amelogenin protein may be responsible for the peptide
interactions that lead to the formation of the self-
assembled nanospheres, while the C-terminal portion
provides stability and homogeneity.29 The interac-
tion between the N-terminal and C-terminal peptides
is believed to be critical for biomineralization.29 To
address these issues, we have initiated studies using
engineered rp(H)M180 protein isoforms, where selected
domains of full-length amelogenin have been deleted.
Information from these studies, along with experiments
designed to define amelogenin-specific receptors, will
help to clarify the mechanism by which amelogenin
regulates key markers associated with mineralization.
Defining the role for the various amelogenins in con-
trolling the activity of mesenchymal cells in vitro will
provide essential information required to design regen-
erative therapies targeted at enhancing formation of
mineralized tissues, e.g., root cementum and bone,
while maintaining a functional PDL region.
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