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Abstract
The matrix adhesion protein ameloblastin (AMBN) is one of the unique components of the
mineralizing matrix of bones and teeth. Here we have focused on two cell types with AMBN
expression to decipher AMBN function in developing dental, periodontal and bone tissues: mouse
dental follicle cells (mDF) and periodontal ligament cells (mPDL). To test AMBN function, cell
culture dishes for mDF and mPDL culture were exposed either to full length or C-terminal (AA
137–407) recombinant protein. Alternatively, cells were subjected to transient transfection using
an AMBN-shRNA vector. Our cell culture studies documented that full-length AMBN-coated
dishes promoted the attachment of mPDL and mDF cells as early as 1 hour post seeding. In order
to identify potential intermediaries that might aid the effect of AMBN on adhesion, RhoA
expression levels in AMBN coated and uncoated control dishes were assessed. These studies
indicated that AMBN induced RhoA expression 4 hours post seeding, especially in mPDL cells.
After four hours culture, the cell cycle inhibitor p27 was upregulated as well. In addition,
exogenous AMBN and its C-terminal fragment reduced the proliferation of mDF and mPDL.
Finally, transient transfection of mDF and mPDL cells with AMBN-shRNA vector resulted in a
down-regulation of p27 in mPDL cells. Together, these data indicate that AMBN affects cell
adhesion via RhoA and cell cycle progression through p27.
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Adhesion of cells to extracellular matrices is of fundamental importance for cellular
functions, including cell differentiation, proliferation, and survival. Loss of adhesion to
extracellular matrix, usually results in cell death (1,2), while exposure to extracellular
matrices immediately places cells into a highly specific context of spatial and signaling
instructions within an adhesion-dependent signaling scaffold (3,4). Many interactions
between cells and their extracellular matrices are regulated by integrin cell surface receptors,
which in turn affect intracellular signaling mediators, such as focal adhesion kinase,
mitogen-activates protein kinases, and Rho-family GTPases (3,5). Through these signaling
intermediaries, extracellular matrix signaling affects cell proliferation, cell death, cell shape,
and gene expression (5). Control of cell cycle progression is one of the primary effects of
extracellular matrix signaling, and this process is controlled by Cip/Kip family kinase
inhibitors such as p27 (6). Both p27 and Rho-family GTPases are also involved in the
regulation of actin dynamics and cell shape (7,8), and cytoplasmic p27 modulates actin
dynamics by direct regulation of the RhoA pathway (9,10), suggesting that p27 interferes
with RhoA activation and inhibits cell cycle progression.
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One the extracellular matrix proteins that affects cells proliferation and adhesion is the
AMBN matrix protein (11). AMBN inhibits ameloblast proliferation and is necessary for
ameloblast adhesion (12). The AMBN protein sequence features a fibronectin interaction
site (13) and heparin binding domains (14). In addition, there is a potential α2β1 integrin
binding domain and a thrombospondin cell adhesion motif located in rodent ameloblastin
proteins (12). Recent studies have indicated that AMBN regulates osteogenic differentiation
through Src Kinase by affecting the interaction between CD63 and integrin β1 (15).
Mutation of AMBN results in detachment of ameloblasts from the developing enamel matrix
and a loss of cell polarity in AMBN null mice (16). Originally, AMBN was defined as an
enamel specific protein (11). However, recent studies have demonstrated a broader
expression pattern of AMBN in tissues including pulp (17), bone (18), Hertwig’s Epithelial
Root Sheath (HERS) (19) and periodontal ligament (20).

The present study was prompted by the intriguing expression pattern of AMBN in HERS
and periodontal ligament. In light of the high cell turnover in the periodontium and because
of the importance of cell adhesion for periodontal ligament attachment to teeth and bones we
asked the question how the extracellular matrix protein AMBN might affect cell
proliferation and attachment in developing and mature cells of the periodontium, dental
follicle and periodontal ligament. Studies were focused on Rho A and p27 as known
regulators of attachment and proliferation (10). The present study provides mechanistic
insights into the regulation of periodontal ligament proliferation and adhesion by the
extracellular matrix protein AMBN.

Material and Methods
Cell culture

PDL and DF cells were isolated from mouse molars (Luan et al, 2002) and maintained in α-
minimum essential medium (α-MEM, Gibco BRL, Gaithersburg, MD) supplemented with
10% fetal bovine serum (FBS, Atlanta Biological. Atlanta, GA), 100 U/ml penicillin, 100
µg/ml streptomycin and 25 ng/ml Amphotericin B (Gibco BRL) in a 5% CO2 atmosphere at
37 °C. The medium was changed twice a week.

AMBN protein expression and purification
The mouse AMBN coding region was amplified by PCR with a 5’ Nde1 site and a 3’
BamH1 site. The PCR products were inserted in the pET-28 expression vector (Novagen,
Madison, WI) and subcloned into BE21 cells. The protein expression was induced with
IPTG at a concentration of 1mg/ml at 32° C for 4 hours. Protein purification was performed
used Ni-NTA agarose (Qiagen, Valencia, CA). PAGE electrophoresis and Western Blot are
described elsewhere in this volume (21).

AMBN administration and manipulation
For AMBN administration, 35 mm untreated culture dishes (Corning, BD Scientific,
Franklin Lakes, NJ) were coated with recombinant mouse AMBN (rmAMBN) at a
concentration of 10 µg/ml at 4°C overnight, and blocked with 2% denatured BSA at room
temperature for 1 hour. Alternatively, AMBN protein (1 µg/ml) was added into culture
medium. For AMBN gene manipulation, AMBN shRNA and control shRNA plasmids
(Santa Cruz Biotechnology, Santa Cruz, CA) were transfected into PDL cells according to
manufacturer’s instructions. For blocking AMBN signaling pathways, neutralizing β1
integrin and CD63 (Santa Cruz) antibodies were applied to cell culture at a concentration of
10 mg/ml. The ERK inhibiter O126 (SIGMA, St Luis, MO) was used at 10 µM. The block
was maintained throughout the entire experiment by keeping the inhibitor in the culture
solution.
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Cell attachment
Adhesion assays were performed using AMBN coated 35 mm culture dishes. After washing,
106 of PDL or DF cells were seeded into each dish and incubated at 37°C for 1 or 4 hours.
Nonadherent cells were removed by washing with PBS and the remaining cells counted
under a microscope.

Cell proliferation and MTT
Cells were cultured in rmAMBN-coated plates, or in the presence of AMBN protein in
culture medium for 24 or 48 hours and thereafter trypsinized and counted. A second group
of cells was incubated in MTT solution (2mg/ml of MTT in DMEM with 2% FBS) for 4
hours after initial culture. To quantify proliferative activity, the MTT stained cells were
lysed in HCL/Isopropanol and the absorbance was detected at 570nm with background
subtraction at 630nm (22).

Protein extraction and Western blot analysis
Cultured cells were collected and lysed using a lysis buffer containing 100mM Tris HCl pH
9.0, 200 mM KCl, 25 mM EGTA, 36 mM MgCl2, 2% deoxycholic acid and 10% DTT( v/v).
Equal amounts of protein were subjected to SDS–polyacrylamide gel electrophoresis, and
the separated proteins were transferred to a PVDF membrane (Immobilon P®, Millipore,
Billerica, MA). The membrane was incubated with anti-RhoA or p27 primary antibodies at
1:1,000 dilution and kept at 4° C overnight (Abcam, Cambridge, MA). Immune complexes
were detected with peroxidase-conjugated secondary antibody (Molecular Probes®,
Carlsbad, CA) after 1 hour incubation at room temperature and enhanced by
chemiluminescence reagents (Pierce Biotechnology, Rockford, IL). The amount of the
protein expression was compared after normalization with β-actin as an internal calibrator in
each lane.

Statistical analysis
Quantitative data were presented as means ± SD from three independent experiments and
compared with one way ANOVA statistical analysis tests. The difference between groups
was considered statistically significant at P<0.05.

Results
Effect of AMBN on cell adhesion

The AMBN protein is a secreted, extracellular matrix molecule and as such might either
function as part of a protein matrix or as a soluble factor (11). To test the effect of AMBN
on PDL and DF cells, AMBN protein was applied by coating untreated dishes or by adding
AMBN directly into the culture medium. AMBN treatment significantly enhanced adhesion
and spreading of both PDL and DF cells (Fig. 1). The PDL cells on the surface of AMBN-
coated dishes were flat and formed cell processes while PDL cells on BSA-coated dishes
were round and aggregated after 1 hour of culture (Fig. 1A). The number of attached PDL
cells was five times higher and the number of attached DF cells was three times higher in the
AMBN-treated group than that in BSA-treated group (Fig. 1B).

Previous studies have demonstrated that cell adhesion/spreading and RhoA formed a
regulatory loop (23). To assess whether AMBN-mediated adhesion of PDL and DF cells
stimulated RhoA activity, RhoA expression levels in response to AMBN treatment were
examined using Western blot analysis. After four hours of cell seeding, there was a 1.6- fold
increase in RhoA expression in AMBN-treated PDL cells and a 1.3 fold increase in DF cells
compared to BSA-treated cells (Figs. 2A–C). To determine the time course of AMBN effect
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on RhoA expression during cell adhesion and spreading process, RhoA expression was
analyzed using Western blotting after 1, 4 and 24 hours of cell seeding. There was no
difference of RhoA expression between BSA- and AMBN-treated cells after 1 hour. The
effect of AMBN was significantly increased after 4 hours, and maintained until 24 hours
after treatment (Figs. 2D–G).

Effect of AMBN on cell proliferation
Cell adhesion involves changes not only in the cellular skeleton but also in cell function
(24). AMBN treatment reduced both PDL and DF cell proliferation. The cell density in the
presence of AMBN was lower than that in the presence of BSA (not shown). When
compared to BSA control after 24 and 48 hours’ culture, full-length AMBN significantly
decreased the number of PDL cells (25% and 24.7% respectively, Fig. 3A) and DF cells
(36.4% and 18.9% respectively, Fig. 3B). The C-terminal fragment of AMBN showed
similar effects (Figs. 3A and B). When added to PDL cell culture medium, mouse
recombinant AMBN upregulated p27 expression by 1.5-fold after 24 hours culture (Figs. 4A
and B). In contrast, knocking down endogenous AMBN by siAMBN significantly
downregulated p27 expression (56.3%, Fig. 4C).

AMBN affects protein expression and cellular function through CD63, β1 integrin and ERK
pathways

Rodent AMBN contains a DGEA cell adhesion domain, which interacts with α2β1 integrin
(12). The interaction between integrin β1 and CD63 has been demonstrated to play a role in
the AMBN signal pathway (15). We therefore hypothesized that AMBN may affects cell
adhesion through integrin cell surface receptors. To determine whether β1 integrin and its
interaction partner CD63 participates in AMBN-modulated cell adhesion and gene
expression, we used an anti-β1 integrin or CD63 antibody (10µg/ml) to neutralize these
receptors. In addition, we used the ERK1/2 inhibitor U0126 to inhibit the MER/ERK
pathway. Our results indicated that all three inhibitors reduced the effect of AMBN 4 hours
after cell seeding on RhoA expression (Figs 5A and B), cell adhesion (Fig. 5C) and cell
proliferation (Fig. D).

Discussion
Extracellular matrix proteins of the periodontium provide structural support and anchorage
for cells and regulate intercellular communication (25). The present study focused on one
the matrix molecules of the developing and mature periodontium, the extracellular matrix
protein AMBN. In this study, the effect of AMBN on cell proliferation and attachment of
dental follicle and periodontal ligament cells was determined and potential mechanisms by
which AMBN regulates proliferation and attachment were explored. In order to mimic the
extracellular matrix surface to which periodontal cells were exposed, culture dishes were
coated with recombinant ameloblastin. Coating of culture dishes to test the effect of matrix
molecules on cells is a common and well-established procedure to mimic extracellular
matrix environments (26,27). Studies performed here demonstrated that AMBN affects cell
adhesion via RhoA and cell cycle progression through p27.

In the present study, both soluble and immobilized AMBN enhanced PDL and DF cell
adhesion. This effect may be in addition to endogenous levels of AMBN. Adhesion of cells
to the ECM is crucial for craniofacial development (28). For example, loss of AMBN
function resulted in the detachment of ameloblasts from dentin surface and caused enamel
defects (13). The effect of AMBN on cell adhesion is not only found in ameloblasts (12) but
also in mesenchymal PDL and DF cells, as demonstrated in the present study. One of the
classic intracellular mediators of extracellular matrix induced cell adhesion is the small
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GTPase RhoA and RhoA levels gradually increase upon cell contact with surfaces, resulting
in the formation of stress fibers and the maturation of focal adhesion (29). The present study
indicated that AMBN significantly increased RhoA expression as cell attachment occurred
during cell culture, suggesting that AMBN as an extracellular matrix molecule enhances
periodontal cell attachment via RhoA.

Here it was demonstrated that recombinant mouse AMBN inhibited PDL and DF cell
proliferation through modulating p27 expression. These studies are supported by earlier
studies related to ameloblast proliferation indicating that recombinant AMBN inhibits
proliferation and is required for maintaining the differentiation state of ameloblasts (16).
However, recent studies demonstrated that AMBN shows growth-factor like activity (30)
and promotes bone growth by enhancing proliferation of progenitor cells (31). Moreover,
synthetic ameloblastin peptides did not enhance proliferation but stimulated differentiation
of human periodontal ligament cells (32). AMBN protein structure and function studies from
our group (see the related publication by Zhang et al. in this volume) and from other groups
(15,33,34) provide an explanation for the difference in AMBN function related to adhesion
and/or proliferation in various cell types. These studies indicated that the AMBN protein
contains several cell adhesion domains and directly or indirectly interacts with integrins,
CD63 and fibronectin, and activates the ERK pathway. Different fragments of AMBN
protein may differentially interact with ECM proteins as well as cell surface receptors in
different cell types, explaining the multitude of AMBN tissue-specific functions on a general
level.

In summary, this study introduces AMBN as a typical extracellular matrix protein that is
involved both in the regulation of proliferation and adhesion of periodontal cells. Here we
show that AMBN greatly enhances the attachment of periodontal cells through the small
GTPase RhoA, while AMBN reduces periodontal cell proliferation through the kinase
inhibitor p27. These findings suggest that the extracellular matrix molecule AMBN is
important for the attachment of developing and mature periodontal ligament cells and also
reduces cell proliferation, which may be related to the control and maintenance of
periodontal ligament cell differentiation.
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Figure 1. AMBN enhanced cell adhesion
Mouse PDL and DF cells were cultured in a BSA- or AMBN-coated culture dished for 1 and
4 hours. (A) Phase contrast images of cell attachment and spreading. Note adherent and
spreaded mPDL cells on the surface of AMBN-coated dishes compared to round and
aggregated cells on BSA-coated dishes. (B) Relative number of attached PDL and DF cells.
The number of adherent PDL cells in the BSA treatment group after 1 hour’s culture were
set as one unit. Data are presented as mean ± SD of three different cultures. The effect of
AMBN on cell adhesion was highly significant (p<0.001, ***)
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Figure 2. AMBN upregulated RhoA expression in mouse PDL and DF cells
RhoA expression in PDL and DF cells cultured at different time points was analyzed by
Western blotting. Western blot analysis compares BSA and AMBN on RhoA expression in
PDL (A) and DF (B) cells 4 hour after cell seeding, illustrated by densitometry (C). The
effect of AMBN in PDL cells was evaluated after 1 (D), 4 (E) and 24 (F) hour’s culture.
Data are presented as mean ± SD of three different cultures. The star * represents p<0.05.
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Figure 3. AMBN inhibited cell proliferation
PDL and DF cells were cultured after adding BSA (1 µg/ml), the C-terminal AMBN
fragment (C-AMBN, 1µg/ml) or AMBN (1µg/ml) for 24 and 48 hours and the number of
cells was counted. The relative number of PDL (A) and DF (B) cells is presented using the
original cell number (0 hour) as one unit.
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Figure 4. AMBN modulated p27 expression
AMBN function was manipulated by addition of exogenous AMBN protein (A) or knocking
down the endogenous AMBN gene using AMBN siRNA (B). A scrambled siRNA (con
siRNA) was used as a control (B). The effect of AMBN on p27 expression was analyzed
using Western blot (A and B) and illustrated by densitometry (C).
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Figure 5. Inhibition of AMBN function in protein expression, cell adhesion and proliferation by
blocking CD63, integrin β1 and ERK pathways
AMBN was compared to BSA, and AMBN function was selectively inhibited with CD63,
β1 integrin antibodies (ITGβ1), or ERK inhibitor. (A) Western blot analysis of RhoA
expression. (B) Densitometric evaluation of RhoA expression level 4 hours post seeding. (C)
Relative number of adherent PDL cells following seeding for 4 hours. (D) MTT analysis of
cell proliferation after 24 and 48 hour’s culture of mouse PDL cells. Cell proliferative
activity is presented as OD value.
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