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Abstract In tooth development matrix metalloproteinases
(MMPs) are under the control of several regulatory mecha-
nisms including the upregulation of expression by inducers
and downregulation by inhibitors. The aim of the present
study was to monitor the occurrence and distribution pat-
tern of the extracellular matrix metalloproteinase inducer
(EMMPRIN), the metalloproteinases MMP-2 and MT1-
MMP and caveolin-1 during the cap and bell stage of rat
molar tooth germs by means of immunocytochemistry.
Strong EMMPRIN immunoreactivity was detected on the
cell membranes of ameloblasts and cells of the stratum
intermedium in the bell stage of the enamel organ.
DiVerentiating odontoblasts exhibited intense EMMPRIN

immunoreactivity, especially at their distal ends. Caveolin-
1 immunoreactivity was evident in cells of the internal
enamel epithelium and in ameloblasts. Double immunoXu-
orescence studies revealed a focal co-localization between
caveolin-1 and EMMPRIN in ameloblastic cells. Finally,
western blotting experiments demonstrated the expression
of EMMPRIN and caveolin-1 in dental epithelial cells
(HAT-7 cells). A substantial part of EMMPRIN was
detected in the detergent-insoluble caveolin-1-containing
low-density raft membrane fraction of HAT-7 cells sug-
gesting a partial localization within lipid rafts. The diVeren-
tiation-dependent co-expression of MMPs with EMMPRIN
in the enamel organ and in odontoblasts indicates that
EMMPRIN takes part in the induction of proteolytic
enzymes in the rat tooth germ. The localization of EMM-
PRIN in membrane rafts provides a basis for further inves-
tigations on the role of caveolin-1 in EMMPRIN-mediated
signal transduction cascades in ameloblasts.
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Introduction

Teeth are formed by the ectoderm-derived oral epithelium
and neural crest-derived ectomesenchymal cells. First sign
in the tooth development is a thickening of the oral epithe-
lium, which invaginates in the underlying mesenchyme and
forms the bud, cap and bell of the tooth germ. At the bell
stage, the enamel organ components include preameloblasts
and their progenitors, the internal enamel epithelium, the
stratum intermedium, and the stellate reticulum epithelial
cells of the outer enamel epithelium. In the late bell stage,
ectomesenchymal cells of the dental papilla diVerentiate
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into polarized odontoblasts and secrete the dentin matrix,
whereas ameloblasts derived from the internal enamel epi-
thelium synthesize the enamel matrix (for review see Thes-
leV and Aberg 1999).

Throughout odontogenesis, an intense remodeling of the
extracellular matrix facilitates the migration of cells and the
mesenchymal condensation (Chin and Werb 1997). Fur-
thermore, the speciWc cleavage of tooth-speciWc matrix pro-
teins in the predentin and in the enamel matrix is involved
in the regulation of the mineralization process of dental
hard tissues (Simmer and Hu 2002; Fanchon et al. 2004). It
is therefore evident that matrix metalloproteinases (MMPs)
take part in the remodeling of the ECM concomitant with
the tooth development.

MMPs can be subdivided into two groups, soluble and
membrane-type MMPs (MT-MMPs). The soluble MMPs
are expressed as inactive pro-enzymes that become acti-
vated in the extracellular environment. MT-MMPs are
intracellularly activated and anchored in the plasma mem-
brane. MT-MMPs were identiWed as activators of soluble
MMPs and were also shown to be able to degrade extra-
cellular matrix proteins (Hamacher et al. 2004).

In addition to the proteolytic activation of pro-MMPs
or to the inhibitory eVects by endogenous inhibitors,
MMPs are regulated transcriptionally by cytokines or
growth factors (Tsuruda et al. 2004). Several studies for
MMP inducing factors in tumor cells lead to the identiW-
cation of EMMPRIN/CD147/basigin, a highly glycosy-
lated transmembrane protein (Ellis et al. 1989; Kataoka
et al. 1993). The term EMMPRIN reXects its Extracellular
Matrix Metalloproteinase Inducer activity. Depending on
the cell system, EMMPRIN can stimulate the production
of MMP-1, MMP-2, MMP-3 and MT1-MMP (MMP-14)
(Gabison et al. 2005). Furthermore, the EMMPRIN stimu-
lation of MMP synthesis is dependent on N-glycosylation
of its extracellular domain. Recent data have shown that
the less glycosylated (LG) EMMPRIN is associated with
caveolin-1 on the surface of multiple cell types resulting
in reduced EMMPRIN clustering on the cell surface and
therefore, diminished MMP expression (Tang and Hemler
2004).

The presence of EMMPRIN in non-tumoral tissues sug-
gests a role in physiological processes, which may be asso-
ciated with increased production of MMPs (Toole 2003).
Findings on the occurrence of EMMPRIN in dental devel-
opment are rare (Kumamoto and Ooya 2006).

The aims of the present immunocytochemical and bio-
chemical study were as follows: (1) to examine the distribu-
tion pattern of EMMPRIN in the developing tooth germ,
especially in cells responsible for odontogenesis (odonto-
blasts) and amelogenesis (ameloblasts), (2) to investigate
the co-expression of EMMPRIN with MMPs and (3) to
study, whether EMMPRIN colocalizes with caveolin in the

tooth germ as well as in cultured cells of the ameloblastic
lineage.

Material and methods

Antibodies for the detection of EMMPRIN, caveolin, 
MMP-2, MT1-MMP and cytokeratin 14 in immunocyto-
chemical staining and western blotting experiments

Monoclonal mouse caveolin-1 antibody and polyclonal rab-
bit anti-caveolin-(1–3) antiserum were obtained from
Transduction Laboratories (distributed by BD Biosciences,
Heidelberg, Germany). The antiserum against CD147/
EMMPRIN was purchased from Santa Cruz (Santa Cruz,
Biotechnology, Inc., Santa Cruz, CA). The antibodies
against MMP-2 and MT1-MMP were obtained from Chem-
icon (Chemicon Europe, Hampshire, UK). The polyclonal
rabbit anti-cytokeratin(CK) 14 antiserum was a gift by
Dr. B. Lane (Dundee, UK).

Immunocytochemistry of tissue samples

Total heads of fetal (E18; n = 2) and newborn male and
female Wistar rats (n = 6) were Wxed in 4% buVered forma-
lin for 5 h at room temperature (RT), washed, dehydrated,
and embedded in paraYn. Sections of 5 �m were cut and
mounted on silane-coated glas slides. The sections were
dewaxed, and irradiated with microwaves in 0.01 M
sodium citrate buVer (pH 6.0), 2 £ 5 min at 850 W. After
washing in phosphate-buVered saline (PBS; pH 7.4), the
sections were treated with 0.3% hydrogen peroxide for
30 min, and then incubated for 1 h at 37°C with the primary
antibodies: polyclonal goat anti-CD147 (EMMPRIN)
(Santa Cruz 1:2,000); monoclonal mouse anti-MT1-MMP
(Chemicon 1:1,200); monoclonal mouse anti-MMP-2
(Chemicon 1:200); monoclonal mouse anti-caveolin-1 (BD
1:400); polyclonal rabbit anti-caveolin (BD 1:800); poly-
clonal rabbit anti-CK14 antiserum (Dr. B. Lane, 1:1,600).
The antibodies were detected with biotinylated secondary
antibodies, followed by the incubation with streptavidin/
biotin–peroxidase complex (Vectastain Elite, Vector; Bur-
lingame, CA). The peroxidase activity was visualized with
3-3�-diaminobenzidine/H2O2.

For double-immunoXuorescence experiments, sections
were incubated with the polyclonal goat anti-CD147
(1:200) overnight at 4°C, washed with PBS and incubated
with Alexa Fluor® 555 donkey anti-goat IgG (1:200)
(Molecular Probes; Eugene, OR, USA) for 0.5 h at 37°C,
and washed again in PBS. Then, the sections were incu-
bated with the polyclonal rabbit anti-caveolin-1 antiserum
(1:40) overnight at 4°C. Finally, the sections were incu-
bated with Alexa Fluor® 488 donkey anti-rabbit IgG
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(1:200) (Molecular Probes) for 1 h at 37°C and washed in
PBS.

In another double-label experiment, sections were incu-
bated with the polyclonal goat anti-CD147 (1:200) over-
night at 4°C, washed with PBS and incubated with Alexa
Fluor® 555 donkey anti-goat IgG (1:200). Then, sections
were incubated with the monoclonal mouse anti-MMP-2
(1:50) (Chemicon) overnight at 4°C. After further washings,
sections were incubated with Alexa Fluor® 488 donkey anti-
mouse IgG (1:200) (Molecular Probes) for 1 h at 37°C.

Finally, sections were mounted in PBS-glycerol (1:9)
containing 2.5% 1,4-diazabicyclo (2.2.2) octane (DABCO;
Sigma, Germany) to prevent fading.

For controls, the primary antibodies were replaced with
either non-speciWc goat or rabbit immunoglobulins or irrel-
evant hybridoma supernatant.

Immunocytochemistry of HAT-7 cells

For the immunocytochemical detection of CK14, cells were
embedded in Wbrin and Wxed with 4% buVered formaline
(for detailed description see Koslowski et al. 2004). BrieXy,
the culture medium was removed and cells were washed
with PBS, scraped oV and collected by centrifugation. Cells
were carefully mixed with Wbrin glue (Tissuecoll Duo S;
Immuno, Heidelberg, Germany) and Wbrin was coagulated
with thrombin solution (Immuno). After Wxation with neu-
tral-buVered formaline (1 h, 4°C) and washing with PBS
for 30 min, cells were embedded in paraYn. Sections of
5 �m were mounted on silane-coated slides. After washing
in phosphate-buVered saline (PBS pH 7.4), the sections
were treated with 0.3% hydrogen peroxide for 30 min,
incubated with respective normal serum and then incubated
for 1 h at 37°C with the polyclonal rabbit anti-CK14 antise-
rum (1:3,200; Dr. B. Lane, Dundee, UK). The antiserum
was detected with biotinylated secondary antibody, fol-
lowed by incubation with streptavidin/biotin-peroxidase
complex (Vectastain Elite, Vector; Burlingame, CA). The
peroxidase activity was visualized with 3-3�-diaminobenzi-
dine/H2O2.

Double-immunoXuorescence of caveolin-1 and EMM-
PRIN was carried out in the same way as described above.

Preparations were examined and photographed in a
Nikon microscope (Optiphot-2; Nikon Corporation, Japan).
Fluorescence microscopic studies were performed using an
Olympus BX60 microscope (Olympus, Hamburg, Ger-
many) or in a Leica confocal laser scanning microscope
(TCS 4D; Leica, Bensheim, Germany).

Cell culture of HAT-7 cells

HAT-7 cells originate from a dental epithelial cell line
originating from the apical bud of a rat incisor (A detailed

description of the preparation procedure and of cell charac-
teristics is given by Kawano et al. 2004).

Cells were cultured in Dulbecco’s ModiWed Eagle’s
medium (DMEM)/Ham’s F12 supplemented with 10%
fetal bovine serum, penicillin (100 Units/ml) and strepto-
mycin (100 Units/ml). All cultures were maintained in
humidiWed atmosphere of 5% CO2 at 37°C.

Triton X-100 solubility

ConXuent cells of a T75 Xask were washed twice with ice-
cold PBS, pH 7.2, 500 �l MBS (25 mM Mes, pH 6.5,
150 mM NaCl) containing 1% Triton X-100 plus protease
inhibitors. After 30 min incubation on ice, the soluble frac-
tion was collected. The remaining Triton X-100 insoluble
fraction was dissolved by adding 500 �l of 1% SDS to the
T75 Xask and passed through a 26-gauge needle 10 times in
order to lower its viscosity. Equal volumes of the Triton
X-100 soluble and insoluble fractions were separated by
SDS-PAGE and subjected to Western blot analysis as
described above.

SDS-PAGE and western blot analysis

Samples were loaded onto 12% SDS polyacrylamide gels
and separated according to Laemmli (Laemmli 1970). The
separated proteins were transferred to a PVDF-membrane.
After blocking in PBS-T (137 mM NaCl, 2.7 mM KCl,
6.7 mM Na2HPO4·2H2O, 1.5 mM KH2PO4, 0.1%
Tween20; pH 7.2–7.5) containing 5% nonfat dry milk for
1 h at RT or overnight at 4°C the membrane was incubated
with monoclonal mouse anti-caveolin-1 (clone 2297; BD
Biosciences, Pharmingen, USA; 1:1,000), polyclonal goat
anti-CD147 (G-19; Santa Cruz Biotechnology Heidelberg,
Germany; 1:500), monoclonal mouse anti-T1� (1:2,000, a
gift by Dr. Mary Williams, Boston, MA, USA), monoclo-
nal mouse anti-human transferrin receptor (TfR) (Clone
H68.4, Zymed Laboratories INC., South San Franscisco,
US; 1:500), polyclonal rabbit anti-protein disulWde isomer-
ase (PDI) (StressGen Biotechnologies Corp., Victoria, Can-
ada; 1:750) and polyclonal rabbit anti-�-coatomer protein
(�-Cop) (Ongogene Research Products, Boston, US; 1:750)
for 2 h at RT or overnight at 4°C. Next, the membrane was
washed three times for 10 min and reacted with secondary
HRP conjugated antibodies (ECL anti-mouse IgG, Amer-
sham Biosciences, Buckinghamshire, UK, 1:4,000; goat
anti-rabbit IgG, Bio-Rad Laboratories, Hercules, CA;
1:2,000, or rabbit anti-Syrian-hamster IgG, Jackson Immu-
noResearch Lab., distributed by Dianova, Hamburg, Ger-
many, 1:10,000) for 1 h at RT. The chemiluminescent
signal was generated by using ECL™ western blot analysis
detection reagents (Amersham Biosciences, Uppsala, Swe-
den) and detected by Image Reader LAS-3000 (FujiWlm).
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Preparation of detergent-insoluble membrane fractions

Preparation of detergent-insoluble membrane fractions was
carried out as described previously (Iwabuchi et al. 1998)
with minor modiWcations. ConXuent HAT-7 cells of six
T75 Xask were washed twice with ice-cold PBS, pH 7.2 and
then scraped in 1 ml of ice-cold MBS (25 mM Mes, pH 6.5,
150 mM NaCl) containing 1% Triton X-100 plus protease
inhibitors. After 30 min the lysate was centrifuged at
2,000£g for 10 min. The supernatant was removed from
the pellet and stored on ice. The pellet was resuspended in
ice-cold MBS (25 mM Mes, pH 6.5, 150 mM NaCl) con-
taining protease inhibitors. The cells were passed through a
tight Wtting dounce homogeniser 10 times and mixed with
an equal volume of 80% sucrose (prepared in MBS lacking
Triton X-100) and transferred to an ultracentrifuge tube.
1.4 ml 35% sucrose and 0.8 ml 5% sucrose in MBS
(25 mM Mes, pH 6.5, 150 mM NaCl) containing protease
inhibitors were bedded on the top of the lysate. The gradi-
ent was centifuged at 200,000£g for 20 h in a MLS 50
rotor (Beckman Coulter, Palo Alto, CA). Fourteen 300 �l
fractions were collected, beginning from the top of the tube.
Aliquots (20 �l) of each fraction were subjected to SDS-
PAGE and western blot analysis. Experiments were per-
formed at 4°C.

Results

In the cap stage, the enamel organ is concave on the surface
in relation to the dental papilla. The bell stage of the molar
tooth germ represents sequences of early dentinogenesis
and early amelogenesis in the same specimen. The four lay-
ers of the enamel organ (i.e., the internal enamel epithe-
lium, the stratum intermedium, the stellate reticulum, and
the external enamel epithelium) enclose the undiVerentiated
and condensed mesenchymal cells of the dental papilla. In

the area of the future tooth cusp, cells of the adjacent sur-
face of the dental papilla begin to diVerentiate to form the
odontoblast layer. In the bell stage of the enamel organ,
cells of the internal epithelium diVerentiate into the highly
spezialized ameloblasts. Stratum intermedium cells were
located at the proximal end of the ameloblasts and formed
two or three cell layers. Table 1 summarises the distribution
pattern of EMMPRIN, MMPs and caveolin-1 in diVerent
cell types in tooth germs of newborn rats (bell stage of the
enamel organ).

Developmental distribution of EMMPRIN, MMP-2, 
MT1-MMP and caveolin-1 in the tooth 
germ-immunocytochemical detection

EMMPRIN 

Occurrence of cells that were positive after immunoreaction
(IR) with EMMPRIN antiserum varies during ameloblast
development (Fig. 1a, b). In the cup stage of the enamel
organ, cells of the internal enamel epithelium expressed
moderate immunoreactivity for EMMPRIN (Fig. 1a). In the
bell stage of the enamel organ (Fig. 1b), the column-shaped
preameloblasts and ameloblasts expressed a strong granular
reaction pattern. IR was localized in the basolateral mem-
branes and in the apical region of ameloblasts, the Tomes’
process. In addition, we found EMMPRIN in the contact
region between ameloblasts and stratum intermedium cells
and in the stratum intermedium proper.

In contrast, the stellate reticulum and cells of the exter-
nal enamel epithelium expressed only weak immunoreac-
tivity for EMMPRIN.

In the dental papilla, there was only weak EMMPRIN
immunoreactivity in some mesenchymal cells. In contrast,
the odontoblastic cell layer exhibited a strong membranous
EMMPRIN-IR, particularly at the basolateral cell mem-
branes and in the odontoblastic processes (Tomes Wbres).

Table 1 Distribution of EMMPRIN, MT1-MMP, MMP-2 and caveolin-1 in the tooth germs of newborn rats (bell stage of the enamel organ)

¡ Not detectable, (+) weak immunoreactivity on isolated cells, + weak immunoreactivity in the majority of cells, ++ strong reaction in the majority
of cells, +++ all cells with strong immunoactivity 
a Blood vessels

EMMPRIN MT1-MMP MMP-2 Caveolin-1

Enamel organ

Outer enamel epithelium (+) (+) (+) +

Stellate reticulum (+) (+) (+) +

Stratum intermedium + (+) ++ +

Internal enamel epithelium ++ ++ +++ ++

Ameloblasts +++ +++ +++ +++

Dental papilla (+) (+) + ++a

Odontoblasts +++ ++ ++ (+)
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MT1-MMP, MMP-2

The IR pattern of MT1-MMP and MMP-2 in the enamel
organ correlated with the distribution of EMMPRIN
(Fig. 1c–e). Immunoreactivities for MT1-MMP (Fig. 1c)
and MMP-2 (Fig. 1d, e) were observed in cells of the inter-
nal enamel epithelium in the cap stage (not shown) and bell
stage of the enamel organ and ameloblasts, notably in the
apical region of cells. Double-label experiments showed
only negligible co-localization between EMMPRIN and

MMP-2 (Fig. 1d). In the dental papilla, the immunohisto-
chemical staining for both metalloproteinases was more
evident in odontoblasts than in undiVerentiated cells.

Caveolin-1

Expression of caveolin-1 occurred predominantly in epithe-
lial cells of the internal enamel epithelium and in ameloblasts
(Fig.1f, g). In addition, IR for caveolin-1 was found in endo-
thelial cells of surrounding blood vessels. Mesenchymal cells

Fig. 1 Photomicrographs demonstrate immunoreactivity (IR) for
EMMPRIN, MT1 MMP, MMP-2 and caveolin-1 in paraYn sections of
rat tooth germ tissue. a Cells of the inner enamel epithelium (cap stage
of the enamel organ) show intense EMMPRIN IR (Alexa-coupled).
b Ameloblasts as well as odontoblasts (bell stage of the enamel organ)
exhibite strong EMMPRIN IR. Note the IR in the borderline between
ameloblasts and the stratum intermedium. Mesenchymal cells of the
dental papilla are only weakly immunoreactive. c MT1-MMP IR is
present in the apical region of cells of the inner enamel epithelium (bell
stage). d MMP-2 IR is present in the cell membrane of cells in the inner
enamel epithelium (bell stage). Double-label experiments demonstrate
only weak co-localization (yellow-colored areas) between MMP-2
(FITC-coupled) and EMMPRIN (Alexa-coupled). e Intense MMP-2

IR is seen in the apical and basal region of ameloblasts and in the apical
region of odontoblasts. Note the positive IR pattern of ameloblasts and
odontoblasts correspondent to the EMMPRIN expression in b. f, g
Caveolin-1 IR is detected in cells of the enamel organ (bell stage).
Cells of the inner enamel epithelium (f) and ameloblasts (g) show in-
tense IR in their lateral cell membrane (asterisks blood vessel). Dou-
ble-label experiments of caveolin-1 (FITC coupled) and EMMPRIN
(Alexa-coupled) reveal colocalization of both antigens in the yellow-
colored areas of the cell membrane (g). Scale bar: a 100 �m, b–f
50 �m, g 25 �m. Abbreviations: Am ameloblast; DL dental lamina;
EEE external enamel epithelium; IEE internal enamel epithelium; EO
enamel organ; Od odontoblast; SI stratum intermedium; SR stellate
reticulum
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of the dental papilla and odontoblasts were mostly immuno-
negative for caveolin-1 (Fig. 1f). Both the IR with the mono-
clonal caveolin-1 antiserum and the anti-caveolin-(1–3)
antiserum exhibited the same distribution pattern of caveolin
(data not shown).

Confocal microscopic images from double-label experi-
ments appeared to show some co-localization between
caveolin-1 and EMMPRIN in the cell membranes of amelo-
blasts as well as in the cell membranes of the internal
enamel epithelium (Fig. 1g).

Detection of EMMPRIN and caveolin-1 in HAT-7 cells

Characterization of HAT-7 cells by the immunocytochemi-
cal detection of CK14 and double-lable immunoXuores-
cence of EMMPRIN and caveolin-1

To characterize HAT-7 cells we used CK14 as a marker of
ameloblast-lineage cells (Tabata et al. 1996). The intense
IR of HAT-7 cells coincides with the expression pattern of
CK14 in cells of the enamel organ (e.g. in cells of the inter-
nal and external enamel epithelium and in the stratum inter-
medium) (Fig. 2a, b). In contrast, mesenchymal cells of the
dental papilla were immunonegative for CK14.

To examine the possible co-localization of EMMPRIN
with caveolin-1 in HAT-7 cells, we analyzed the immuno-
cytochemical co-localization of both antigens in paraYn-
embedded cells by double labeling technique. Merged
immunoXuorescence pictures indicate a partial co-localiza-
tion of EMMPRIN and caveolin-1 at cell membranes
(Fig. 2c).

Isolation of lipid rafts and localization of EMMPRIN 
and caveolin-1

Insolubility in the detergent Triton X-100 is a well-recog-
nized biochemical characteristic of proteins localized in
lipid rafts (Fig. 3). We therefore, analyzed the Triton X-100
solubility of EMMPRIN protein prepared from HAT-7 cell
membrane fractions, along with the raft marker caveolin-1
and the non-raft marker T1� (an integral membrane protein
expressed strongly in the plasma membrane of both type I
alveolar epithelial cells and lymphatic endothelial cells in
the lung (Rishi et al. 1995; Williams et al. 1996) (Fig. 3a).
As expected, caveolin-1 was predominantly found in the
detergent-insoluble raft fraction, and T1� was present only
within the non-raft fraction of the membrane. Interestingly,
although the majority of EMMPRIN protein was Triton
X-100-soluble, a signiWcant proportion was found within
the Triton X-100 insoluble fraction, suggesting a partial
localization in lipid rafts.

Another main characteristic of lipid rafts is low buoyant
density in sucrose gradient centrifugation. We isolated raft-
like membranes using Triton X-100 treatment at 4°C
(Fig. 3b). When rafts were prepared using Triton X-100
treatment followed by sucrose density gradient centrifuga-
tion, signiWcant amounts of EMMPRIN were detected in
the caveolin-1-containing low-density raft fractions
(Fig. 3b, lanes 4, 5). EMMPRIN was also detected in the
high-density fractions along with markers of the Golgi
apparatus and endoplasmic reticulum (�-COP and PDI). In
addition, isolated lipid rafts were devoid of intracellular
membrane markers for the Golgi apparatus and the

Fig. 2 a, b Photomicrographs demonstrate immunoreactivity (IR) for
CK14 in paraYn sections of rat tooth germ tissue. Cells of the enamel
organ (a) as well as HAT-7 cells (b) show intense IR. c Double-label
experiments of caveolin-1 (FITC-coupled) and EMMPRIN (Alexa-
coupled) in paraYn-embedded HAT-7 cells reveal co-localization of

both antigens in yellow-colored areas of the cell membrane. Scale bar:
a, b 50 �m; c 20 �m. Abbreviations: Am ameloblast; EEE external
enamel epithelium; IEE internal enamel epithelium; Od odontoblast;
SR stellate reticulum.
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endoplasmic reticulum. Transferrin receptor (TfR), a
marker of the non-raft fraction of the plasma membrane
(Macdonald and Pike 2005), was mainly found in high-den-
sity fractions, although very small amounts (compared to
caveolin-1 and EMMPRIN) were also present in the low-
density fractions.

Discussion

In this study, we demonstrate the expression of EMMPRIN
not only in cells of the inner enamel epithelium and stratum
intermedium cells of the enamel organ as previously
described by Kumamoto and Ooya (2006), but also in
ameloblasts and in cells of the odontoblastic layer in the
dental papilla. In addition, we tested the dental epithelial
cell line HAT-7 for the expression and subcellular localiza-
tion of EMMPRIN. The cell lysates revealed two major
forms of EMMPRIN (55 and 57 kDa) by western blot
assay, indicating that the EMMPRIN proteins in HAT-7
cells are modiWed by diVerent modes of glycosylation.

Furthermore, the expression pattern of EMMPRIN coin-
cides with the occurrence of MMPs in the enamel organ
and in odontoblasts. This is, to our knowledge, the Wrst
description of EMMPRIN in normal amelo- and odonto-
blasts.

EMMPRIN expression has been detected in some ame-
loblastomas indicating that EMMPRIN might participate in
the progression of some odontogenic tumors by inducing
MMPs in stromal cells (Kumamoto and Ooya 2006). In

contrast, our study points out the involvement of EMM-
PRIN in the induction of MMPs in normal dental develop-
ment.

The precise molecular function of EMMPRIN is largely
unclear. Beside heterophilic interactions between EMM-
PRIN and a putative EMMPRIN receptor on opposing
cells, the MMP-inducing function of EMMPRIN involves
the molecule acting as counter-receptor for itself, by homo-
philic interactions in cis or trans (for review see Toole
2003). An important point concernes the EMMPRIN
immunoreactivity detected at contact sites between the
ameloblastic cell layer and the stratum intermedium cells.
The evidence that preameloblasts cannot diVerentiate into
secretory ameloblasts without stratum intermedium cells
suggests that cell–cell-interactions play an essential role in
the diVerentiation process of ameloblasts (Sakakura et al.
1989). Several transmembrane proteins such as the gap
junction protein connexin 43 and the cell adhesion receptor
CD44 take part in the cross-talk between stratum interme-
dium cells and ameloblasts (Nakamura and Ozawa 1997;
Joao and Arana-Chavez 2003). Therefore, we suggest that
heterotypic interactions between cells of the stratum inter-
medium and those of the ameloblastic layer take part in
EMMPRIN-induced expression of MMPs in ameloblasts.

The signal transduction pathways downstream of EMM-
PRIN interactions that result in MMP production are not
yet established. In Wbroblasts, the induction of MMPs by
EMMPRIN occurs at the transcription level and is mediated
by a mitogen activated protein kinase(MAPK) p38 pathway
(Lim et al. 1998). In another study, 5-lipoxygenase and

Fig. 3 a Solubility of caveolin-1, EMMPRIN and T1� in Triton X-
100. HAT-7 cells were lysed in a buVer containing 1% Triton X-100 to
obtain soluble and insoluble fractions. Equal volumes of each fraction
(100 �l) were analyzed by western blot analysis using caveolin-1,
EMMPRIN or T1� speciWc antibodies. Caveolin-1 was used as marker
of the lipid rafts, and T1� as a marker of the non-raft fraction. b Char-
acterization of membrane fractions prepared by Triton X-100 from
HAT-7 cells. HAT-7 cells were homogenized in a buVer containing 1%

Triton X-100 and subjected to sucrose density gradient centrifugation
as described under “Materials and Methods”. Thirteen fractions were
collected (fraction 1, top of the gradient; fraction 13, bottom of the gra-
dient) and aliquots of each fraction were subjected to western blot anal-
ysis with antibodies against caveolin-1, EMMPRIN, TfR, �-Cop and
PDI. Caveolin-1 was enriched in fractions 4–6, representing the caveo-
lae-enriched membrane fractions
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phospholipase A2 have been implicated in MMP-2 produc-
tion (Yan et al. 2005). It remains unclear, which signalling
pathway is utilized by EMMPRIN in ameloblasts or odon-
toblasts.

In this study, we demonstrated the co-expression of
EMMPRIN and MMPs in cells of the enamel organ and in
diVerentiating odontoblasts. However, it is diYcult to
address the expression of MMPs to the action of EMM-
PRIN. We assume that EMMPRIN alone does not appear to
regulate the production of MMP in ameloblasts or odonto-
blasts. In human odontoblasts and pulp tissue, MT1-MMP
is constitutively expressed and downregulated by TGF�
and BMP-2 (Palosaari et al. 2002). The stronger EMM-
PRIN expression in the odontoblastic layer compared to
that in undiVerentiated cells of the dental papilla is proba-
bly related to the cellular diVerentiation programme in the
developing tooth germ.

In the current study, immunoXuorescence double label-
ing experiments indicate a focal co-localization between
caveolin-1 and EMMPRIN immunoreactivities in cell
membranes of ameloblasts and in inner enamel epithelial
cells. Furthermore, we tested the dental epithelial cell line
HAT-7 for the expression of EMMPRIN and caveolin-1.
EMMPRIN was detectable in the Triton-soluble as well as
in the Triton-insoluble fraction of HAT-7 cells. Further-
more, experimental datas from sucrose density gradient
centrifugation of Triton X-100-insoluble membranes pro-
vide evidence that support the possibility of an association
of a discrete portion of EMMPRIN with lipid rafts.

Caveolin-1 constitutes not only the structural protein of
caveolar raft membranes, but also concentrates many signal-
ling molecules in caveolae and regulates their activity
(Krajewska and Maslowska 2004). Therefore, we assume a
regulatory role of caveolin-1 in the EMMPRIN-induced
expression of MMPs. Further in vitro studies are necessary
concerning the role of caveolin-1 in cells of the enamel organ.

The detection of MT1-MMP and MMP-2 in the enamel
organ and in odontoblasts is in line with a growing body of
Wndings that highlight the critical role of MMPs on the for-
mation and mineralization of dentin and enamel matrices
(Caron et al. 1998; Satoyoshi et al. 2001; Yoshiba et al.
2003; Bourd-Boittin et al. 2005). MT1-MMP is a cellular
receptor for and activator of pro-MMP-2, which forms a tri-
molecular complex on the cell surface with TIMP-2 (for
review see (Seiki 1999). In odontoblasts, MT1-MMP acti-
vates not only pro-MMP-2, but also MMP-20 (Enamelysin)
(Palosaari et al. 2002). Besides its gelatinolytic activity,
MMP-2 cleaves speciWc matrix proteins, such as amelo-
genin and dentin sialoprotein (Bourd-Boittin et al. 2005). In
our study, the co-expression of MT1-MMP and MMP-2 at
the distal pole of ameloblasts and odontoblasts indicates
that both cell types take part in the pericellular remodelling
of the organic matrix.

Taken together, the immunodetection of EMMPRIN in
the tooth germ and the co-expression of MT1-MMP and
MMP-2 provide evidence for an involvement in signaling
cascades regulating the expression of MMPs in diVerentiat-
ing odontoblasts and ameloblasts.
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