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Abstract Our previous research has shown that the
extracellular matrix metalloproteinase inducer (EMM-
PRIN) is expressed during and may function in the early
development of tooth germs. In the present study, we
observed the specific expression of EMMPRIN in amelo-
blasts and odontoblasts during the middle and late stages of
tooth germ development using immunohistochemistry.
Furthermore, to extend our understanding of the function of
EMMPRIN in odontogenesis, we used an anti-EMMPRIN
function-blocking antibody to remove EMMPRIN activity
in tooth germ culture in vitro. Both the formation and
mineralisation of dental hard tissues were suppressed in the
tooth germ culture after the abrogation of EMMPRIN.
Meanwhile, significant reductions in VEGF, MMP-9,
ALPL, ameloblastin, amelogenin and enamelin expression
were observed in antibody-treated tooth germ explants
compared to control and normal serum-treated explants.
The current results illustrate that EMMPRIN may play a
critical role in the processing and maturation of the dental
matrix.
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Introduction

Extracellular matrix metalloproteinase inducer (EMM-
PRIN) is a highly glycosylated transmembrane molecule
belonging to the immunoglobulin superfamily; EMMPRIN
is also known as CD147 or basigin (Berditchevski et al.
1997) and was originally identified as a tumour surface
protein that is capable of inducing matrix metalloproteinase
(MMP) expression in fibroblasts (Biswas and Nugent 1987;
Ellis et al. 1989). Further studies revealed that EMMPRIN
could play a crucial role in the progression of malignancies
by regulating the expression of MMPs in stromal cells
(Tang et al. 2004). Purified EMMPRIN from tumour cells
and recombinant EMMPRIN have been shown to induce
the expression of interstitial collagenase (MMP-1), gela-
tinase A (MMP-2), stromelysin 1 (MMP-3), gelatinase
(MMP-9), and membrane type 1- and type 2-MMPs (MT1-
and MT2-MMP) by fibroblasts (Sameshima et al. 2000; Li
et al. 2001; Sun and Hemler 2001; Nabeshima et al. 2004;
Cao et al. 2009). Although numerous studies have shown
that EMMPRIN is able to activate MMP gene expression
and mediate the secretion or activation of pre-existing
MMP proteins, the precise mechanism by which EMM-
PRIN induces MMP gene expression remains unclear.
However, it has been reported that activation of both the
p38 and ERK1/2 pathways is necessary for EMMPRIN
expression to regulate the production of MMPs in phorbol
myristate acetate (PMA)-induced THP-1 cells (Huang et al.
2008). EMMPRIN is mainly found embedded in the cell
membrane, but a small proportion of EMMPRIN expressed
in breast cancer cells is secreted into the cell culture
medium (Taylor et al. 2002). This soluble EMMPRIN is
also detected in non-cancerous tissues, for example, in
gingival crevicular fluid (Emingil et al. 2006) and ocular
fluid (Maattd et al. 2006). EMMPRIN is known to be
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expressed at varying levels in many cell types, including
haematopoietic, epithelial and endothelial cells. EMM-
PRIN is particularly critical for mammalian reproduction,
angiogenesis, neuronal and lymphatic development and
maintenance as well as for tissue repair and remodelling
(Igakura et al. 1998; Agrawal and Yong 2011; Kanyenda
et al. 2011; Mishra et al. 2012).

Odontogenesis originates from adjacent layers of epi-
thelial (ectodermal) and mesenchymal (mesodermal or
neural-crest-derived) tissues. As in many organs, the
cytodifferentiation and morphogenesis of teeth are gov-
erned by sequential and reciprocal epithelial-mesenchymal
interactions and are mediated by a variety of pathways
(Line 2003; Mitsiadis and Smith 2006; Wang et al. 2014).
Many factors govern the proliferation and differentiation of
tooth germ cells in the different stages of tooth develop-
ment (Pispa and Thesleff 2003; Tang et al. 2013; Lei et al.
2014). Our previous results showed that the genetic abla-
tion of EMMPRIN activity form the tooth germ leads to
alterations in growth and morphogenesis and results in
abnormalities of enamel organ development (Xie et al.
2010). The differentiation-dependent co-expression of
MMPs with EMMPRIN was also observed in the enamel
organ and in odontoblasts, which indicated that EMMPRIN
takes part in the induction of proteolytic enzymes in the rat
tooth germ (Schwab et al. 2007). Furthermore, a number of
recent reports have pointed to a link between EMMPRIN
and the remodelling of periodontal tissue under patholog-
ical and physiological conditions (Liu et al. 2010). Thus, it
seems that EMMPRIN plays an important role in several
different stages of tooth development; however, it remains
unclear how EMMPRIN, as a multifunctional molecule,
exerts a specific role in the formation and mineralisation of
the dental extracellular matrix in the secretory stage of
mouse lower first molars (from the newborn state
onwards).

The present study used an organotypic culture of
embryonic mouse tooth germs to investigate the implica-
tions of EMMPRIN expression in the cell differentiation
and morphogenesis of late-stage tooth germ development.
This model allows the visualisation of the onset of matrix
apposition and early mineralisation. Our results provide
evidence for previously unknown functions of EMMPRIN
in odontogenesis. In particular, using an anti-EMMPRIN
function-blocking antibody, we found that loss of EMM-
PRIN affects enamel and dentin matrix formation and
inhibits enamel mineralisation, and these changes were
associated with the inhibition of both VEGF and enamel
matrix proteins. These findings suggest that EMMPRIN
may be involved in the terminal morphogenesis of murine
molars.
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Materials and methods
Animals

BALB/c mice at embryonic days 15.0 (E15.0) and 18.0
(E18.0) after gestation and postnatal days 1 (PN1) and 3
(PN3) were used in this study. Adult BALB/c mice were
obtained from the Shanghai Laboratory Animal Center,
Chinese Academy of Sciences (Shanghai, China). All mice
were maintained on a 12-h light/12-h dark cycle with food
and water provided ad libitum. Female BALB/c mice
(10-30 weeks) were caged together with male mice. After
3 h, successful insemination was determined based on the
presence of a post-copulatory plug in the vagina, and
embryonic day was defined as EO after such a plug was
observed. The embryos were removed from pregnant mice
under ether anaesthesia. The lower first molar tooth germs
at E15.0 and E18.0 were dissected form the embryos under
a stereomicroscope in cold Hank’s buffer and then ex-
planted into culture.

Immunohistochemistry

The removed heads of newborn mice (PN1, n = 5; PN3,
n = 5) were fixed in 4 % paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4) for 12 hat4 °C and embedded
in Tissue-Tek OCT (Sakura Finetek, USA). Serial cryostat
sections were cut at a thickness of 6 um and were mounted
on silane-coated glass slides. At least four specimens of each
developmental stage were used for immunohistochemistry.
After the cryostat sections were dried at room temperature
for 1 h, the sections were rinsed with PBS containing 0.1 %
Triton X-100 for 10 min. To block non-specific immunore-
activity, the sections were incubated with 5 % donkey serum
(GTX27475; GeneTex, San Antonio, TX, USA) in PBS for
30 min. The sections were then incubated with a primary
antibody against EMMPRIN (goat polyclonal G-19, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:200 in
PBS. The sections were washed four times with PBS for
10 min each and incubated with Alexa 568-labelled donkey
anti-goat IgG (Invitrogen, Carlsbad, CA, USA) diluted
1:2,000 in PBS for 2 h at room temperature. The sections
were rinsed five times with PBS and then incubated with 4,
6-diamino-2-phenylindole (DAPI, 0.5 pg/ml; Wako, Osaka,
Japan) for 10 min at room temperature. As a specificity
control, the primary antibody was omitted from the staining
procedure for some samples. These sections were examined
under an OlympusIX71 fluorescence microscope (OLYM-
PUS, Tokyo, Japan), and immunofluorescent images were
acquired using an Olympus DP-71 camera (OLYMPUS).
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Organ culture

Tooth germs were removed micro-surgically and cultured
for periods of up to 8 days. Untreated explants and explants
treated with normal goat serum (GS) were used as controls.
Preliminary experiments of organ culture for tooth germs
showed mineralisation by the 8th day of culture. However,
no further development of the tooth germ was observed
after the 8th day. At least 90 tooth germs each were dis-
sected from E15.0 and E18.0 embryos and cultured for a
period of 8 days using a modification of Trowell’s system.
These explants were supported by a filter (0.8 um pore
size, Millipore, MA, USA) mounted on metal mesh and
incubated in Fitton-Jackson’s modified BGJb medium
(Invitrogen) supplemented with 5 % foetal bovine serum
(Filtron, Brooklyn, Australia), 100 pg/ml ascorbic acid
(Invitrogen) and 100 U/ml penicillin—streptomycin (Invit-
rogen) under 100 % humidity in an atmosphere containing
5 % CO, and 95 % air at 37 °C. For the antibody inhibition
experiments, the concentration of neutralising antibody
(NA) was estimated as described by Mitsiadis et al. (1995).
Where indicated, the culture medium was supplemented
with a NA against the EMMPRIN protein (40 pg/ml). The
EMMPRIN antibody (G-19, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) is an affinity-purified goat poly-
clonal antibody raised against a peptide mapping to the
C-terminus of mouse EMMPRIN. Sodium azide was
removed from the antibody by dialysis prior to use. In the
positive control cultures, normal goat serum (GeneTex)
was added to the medium in an amount identical to the
anti-EMMPRIN antibody. The culture media were changed
every 24 h. For time course experiments, cultures were
stopped at 4, 6 and 8 days. All experiments were per-
formed at least 3 times with approximately 10 tooth germs
for each treatment.

Primary cell culture of tooth germs

Tooth germs were isolated from E18.0 embryos using a
stereoscopic microscope and collected in phosphate-buf-
fered saline (PBS) at 4 °C. Tooth germs were washed three
times in PBS, chopped and dissociated with trypsin
(0.025 % trypsin and 0.001 % EDTA) for 5 min at 37 °C.
The organoid units remaining after treatment were filtered
through 70-pum filters (Falcon, BD Labware, Franklin
Lakes, NJ). The living cells were counted using a Malassez
haemocytometer, and the cell number was calculated as the
average of three counts. The cells collected form digestions
three, four and five were pooled and plated at a concen-
tration of 2.510* cells/cm? into 96-well plates (Falcon, CA,
USA) in Fitton-Jackson’s modified BGJb medium supple-
mented with 5 % foetal bovine serum, 100 pg/ml ascorbic

acid and 100 U/ml penicillin—streptomycin. All cell cul-
tures were maintained in a humidified atmosphere of 5 %
CO, at 37 °C. After 24 h of incubation, the growth medium
was changed to remove cell debris and nonviable cells.
Cells at passage two were treated with an anti-EMMPRIN
antibody for 6 days. The culture media was changed every
24 h. Cell lysates for biochemical analysis were then col-
lected. All protein concentrations were determined using
BCA assays (Pierce, Rockford, IL).

Quantitative real-time PCR

Total RNA was isolated from 15 8-day cultured E18.0
tooth germ explants for each group using the SV Total
RNA Isolation System (Promega, Madison, WI, USA).
cDNA was prepared by a reverse transcription (RT) reac-
tion using the SuperScript III First Strand Synthesis System
(Invitrogen) according to the manufacturer’s instructions.
Real-time PCR was performed in a 20-pl mixture con-
sisting of 10 pl SYBR Premix Ex Taq II (TAKARA, Shiga,
Japan) containing Taq DNA polymerase, oligonucleotide
primers (0.2 uM each) and 1 pl of template cDNA. The
amplification consisted of a two-step procedure: denatur-
ation at 95 °C for 10 s and 40 cycles with denaturation at
95 °C for 5 s followed by annealing/elongation at 60 °C
for 31 s using an ABI PRISM® 7300 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). B-
actin was used as an endogenous control. The primer
sequences were designed using the Primer Express Soft-
ware Version 1.0 (Applied Biosystems). The sequences of
the forward and reverse primers used for real-time PCR
amplification are shown in Table 1.

Table 1 Sequences of the primers for real-time PCR

Target genes Primer sequence, forward/reverse

p-actin 5'-CCT CGT AGA TGG GCA CAG TGT-3'
(NM_007393) 5'-AGC CAT GTA CGT AGC CAT CCA-3’
VEGF-A 5’-ACT GGA CCC TGG CTT TAC TG-3'
(NM_009505) 5’-TCT GCT CTC CTT CTG TCG TG-3'
MMP-9 5'-GAA TAA AGA CGA CAT AGA CGG C-3
(NM_013599) 5'-ATA GTG GGA CAC ATA GTG GGA G-3'
ALPL 5'-TTA GGT GAG GAA GCC AAA GTT A-3
(NM_007431) 5'-CAG AGT GAT GGA ATG CAG AAA T-3
Ambn 5'-ACA ATG AGA CAG TTG GGA AGC-3'
(NM_009664) 5'-AAG AGT TAT GCG GTG GGA GAA-3'
Amelx 5’-CCA CCT CTG CCT CCA CTG TT-3
(BC059090) 5'-CTT CCC GCT TGG TCT TGT CT-3'
Enam 5'-CAA GGA AGA ACC AAG AAA CCA-3'

(NM_017468) 5'-GTA GGC ACA CCA TCT CCA AAT-3'
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Western blot analysis

Primary tooth germ cells were washed twice with PBS (pH
7.4). After centrifugation, the cell pellets were lysed in
RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 %
Triton X-100, 1 mM EDTA pH 8.0, and 0.1 % SDS)
supplemented with protease inhibitor cocktail (50 pM),
lactacystin (20 uM), B-glycerophosphate (25 mM) and
sodium orthovanadate (1 mM). The resulting protein
samples (20 pg) were separated on 10 % SDS—polyacryl-
amide gels and transferred to Immun-Blot PVDF mem-
branes (Bio-Rad, Hercules, CA, USA). The membranes
were blocked with 5 % non-fat milk in TBST buffer (Bio-
Rad, CA), probed with primary antibodies against MMP-9
(H-129 Santa Cruz) or VEGF (A-20 Santa Cruz) at a
dilution of 1:1,000, and incubated at 4 °C overnight. After
washing, the blots were incubated for 1 h with secondary
goat anti-mouse IgG conjugated to horseradish peroxidase
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Finally, the signal was visualised with an ECL kit
(Amersham Biosciences).

Histological analysis

Fifteen explants in each experimental group were used for
histological analysis. All cultured tissues were fixed in 4 %
paraformaldehyde for 24 h. The tissues were then dehy-
drated in an ethanol series and embedded in paraffin. After
embedding, 5-um-thick sections were prepared for histol-
ogy, stained with haematoxylin and eosin, and examined
by light microscopy.

Statistical analysis

Analysis of variance (ANOVA) was used to determine the
significance of differences in multiple comparisons of gene
expression. The values are expressed as the mean =+ stan-
dard deviation (SD). Fisher’s exact test was used to eval-
uate the differences in tooth germ formation in the organ
culture experiments. Differences with probability values
less than 0.05 were considered significant.

Results

Developmental distribution of EMMPRIN in the mouse
tooth germ

We have previously described the expression of EMMPRIN
in the mouse first lower molar from E14 to E18 (21). In this
paper, we detected the specific expression of EMMPRIN in
the tooth germ at PN1 and PN3. In the secretory stage of
PN1, an intense EMMPRIN immunofluorescence signal
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was detected, primarily concentrated in the ameloblasts and
the odontoblasts underlying the dentino-enamel junction.
Some staining was also noted in the scattered stellate
reticulum cells and the stratum intermedium cells (Fig. 1a).
In PN3 tooth germs, the staining pattern of the EMMPRIN
signal was restricted to the polarised, elongated ameloblasts
and the odontoblasts, especially the cells facing the matrix
formation sites (Fig. 1b). No specific fluorescent products
were observed in the negative controls incubated only with
the secondary antibody (Fig. 1c, d). Higher magnification
views of tooth germs showed that EMMPRIN protein was
present on the surface and in the cytoplasm of the amelo-
blasts and the odontoblasts (Fig. 1c, d).

NA against EMMPRIN inhibits tooth germ
development and morphogenesis

Based on the immunohistochemistry results for EMM-
PRIN, we examined the role of EMMPRIN in tooth germ
development using a NA against the EMMPRIN protein.
After 4 days of culture, the morphogenesis of the tooth
cusps was observed in the untreated and GS-treated tooth
germs (Fig. 2a, b, g, and h). However, no obvious forma-
tion of tooth cusps was identified in the tooth germs treated
with NA (Fig. 2m, n). During the first 6 days of culture,
most of the untreated and GS-treated tooth germs showed a
normal bell-like structure, and the tooth cusps became
sharp (Fig. 2c, d, 1, and j). On the other hand, although the
tooth germs treated with NA had increased in size after
6 days, no further development was observed, and the NA-
treated tooth germs were smaller than those of controls
(Fig. 20, p). After culturing for 8 days, the ameloblasts and
odontoblasts were more matured in the GS-treated and
untreated tooth germs. In addition, a thin layer of extra-
cellular matrix was observed at the interface between the
ameloblastic and odontoblastic layers (Fig. 2e, f, k, and 1).
However, no characteristics of the secretory stage of tooth
germ, such as high columnar ameloblasts and odontoblasts
and secretion of extracellular matrix, were observed in any
of the samples treated with NA for 8 days. The cultured
explants were small and severely misshapen, and the dif-
ferentiation of the inner epithelial cells and the dental
papilla cells in these explants was suspended (Fig. 2q, ).
Meanwhile, no obvious differences were found between
tooth germs treated with GS and untreated tooth germs.

NA against EMMPRIN affects dental matrix formation
and mineralisation

To examine the effects of EMMPRIN-NA on the deposi-
tion of enamel and dentin matrices in the secretory stage of
tooth germs, E18.0 tooth germs were dissected form mouse
embryos and cultured for 4, 6 and 8 days in medium
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Fig. 1 The expression of EMMPRIN in the postnatal tooth germ.
Immunofluorescent signals corresponding to EMMPRIN (red fluo-
rescence) were detected in the secretory stage of tooth germs; the
nuclei were counterstained by DAPI (blue fluorescence). a At
secretory stage PN1, intense EMMPRIN expression was observed
in the ameloblasts, the odontoblasts, the stellate reticulum cells and
the stratum intermedium cells. b The expression of EMMPRIN was

containing EMMPRIN-NA. At the onset of culture, the
tooth germs of E18.0 were at the early bell stage. The
addition of EMMPRIN-NA caused a change in the mor-
phogenesis of the E18.0 tooth germs after 2 days of cul-
ture; few neovascularised blood vessels were observed on
the surface of the tooth germ explants treated with NA
compared to the GS-treated tooth germs (Fig. 3a, b). To

observed in the ameloblasts as well as odontoblasts at PN3. ¢,
d Negative control tests were carried out using PBS instead of the
primary antibody. e, f Higher magnification views of PN1 and PN3
tooth germs showing EMMPRIN immunofluorescence. The scale
bars represent 100 pm (a, b, ¢, and d) or 20 um (e, f). DP dental
papilla, SI stratum intermedium, SR stellate reticulum, A ameloblast,
O odontoblast

examine whether exogenous EMMPRIN-NA was taken up
by the cells of tooth germ explants in vitro, the penetration
of the antibody into the cultured tooth germs was examined
by immunohistochemical detection with a secondary anti-
body. An immunofluorescence signal was observed in the
inner epithelial cells and the mesenchymal cells of the
dental papilla, indicating that the EMMPRIN antibody had
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Fig. 2 EMMPRIN-NA blocks morphogenesis in E15.0 tooth germ
explants. a, b, g, and h After 4 days of culture, the formation of tooth
cusps could be observed in tooth germs cultured with normal GS and
in untreated tooth germs. m, n The formation of tooth cusps was not
observed in tooth germs treated with NA after 4 days of culture. ¢, d,
i, and j Bell-like structures were observed in untreated and GS-treated
tooth germs after 6 days of culture. o, p No further morphological

reached the central portions of the explants (Fig. 3c),
whereas tooth germs cultured in control medium did not
show immunostaining (Fig. 3d).

After 4 days of culture, the untreated and GS-treated
tooth germs showed development into the secretory stage.
The secretion of predentin was observed between the
ameloblastic and odontoblastic layers (Fig. 4a, b, g, and h).
The tooth germs cultured with NA also showed the for-
mation of extracellular matrix, although a slight delay in
development was observed in comparison to the tooth
germs without NA treatment (Fig. 4m, n). After 6 days of
culture, the tooth germs treated with or without NA showed
a thin layer of dentin at the interface between the ame-
loblastic and odontoblastic layers. In untreated and GS-
treated tooth germs, the inner enamel epithelial cells had
differentiated into high columnar ameloblasts with polar-
ised nuclei, and the mesenchymal cells adjacent to the cells
of inner enamel epithelium had differentiated into odon-
toblasts with a columnar appearance (Fig. 4c, d, i, and j).
On the other hand, no further maturation of ameloblasts
was observed in the tooth germs treated with NA. The
ameloblasts maintained their columnar appearance, and the
arrangement of the cells was slightly disorganised, with no
elongation or polarisation. However, no obvious morpho-
logical changes were detected in the columnar odontoblasts
with or without NA treatment (Fig. 40, p). After culturing
for 8 days, well-differentiated ameloblasts and secretory
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development to the bell stage was detected in tooth germs treated with
NA for 6 days. e, f, k, and i After 8 days of culture, high columnar
ameloblasts and odontoblasts and secretion of extracellular matrix
could be observed in untreated and GS-treated tooth germs. q, r After
culture for 8 days, the NA-treated tooth germs were smaller and
showed an abnormal histological structure. The scale bars represent
200 (a, c, e, g, i, k, m, 0, and p) or 30 um (b, d, f, h, j, 1, n p, and r)

odontoblasts were more prominent in the untreated and
GS-treated tooth germs, and visible enamel and dentin
layers were formed by differentiated polarised, high
columnar-appearing ameloblasts and columnar-appearing
odontoblasts, respectively (Fig. 4e, f, k, and 1). However,
the formation and mineralisation of the enamel matrix were
not observed in the tooth germs treated with NA, and the
mesiodistal diameters of the tooth germs treated with NA
were shorter than those of the control (p < 0.01; Table 2).
Furthermore, the NA-treated ameloblasts were smaller and
more irregular, with disordered polarisation (Fig. 4q, r).

The inhibition of EMMPRIN activation down-regulates
gene expression in ameloblasts

Real-time PCR was performed to detect the differential
expression of odontogenesis-related genes between the
EMMPRIN-NA treated group and the other groups. Mouse
B-actin was used as an internal control to standardise the
mRNA expression of the selected genes. After 6 days of
culture, the mRNA expression of MMP-9, ALPL, amel-
oblastin, amelogenin, enamelin and VEGF in NA-treated
E18.0 tooth germs was decreased to 23, 19, 43, 35, 56, and
10 % of the control, respectively (Fig. 5). Meanwhile, a
34 % reduction of EMMPRIN mRNA expression was also
detected in the NA-treated E18.0 tooth germs (data not
shown).
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Fig. 3 EMMPRIN-NA inhibits EMMPRIN protein in E18.0 tooth
germ explants. a NA inhibited the morphogenesis of the tooth germ
explants after 2 days of culture. b In the medium supplemented with
normal GS, the morphogenesis of the tooth germ explant was
advanced, and a cuspal pattern was evident after 2 days in culture.
¢ EMMPRIN-NA was identified in cryostat sections of E18.0 tooth

Down-regulation of MMP-9 and VEGF protein
expression following the abrogation of EMMPRIN
activity

Western blot analysis was used to evaluate the differential
expression of MMP-9 and VEGF in E18.0 tooth germs
after 6 days of primary culture with or without NA. B-actin
was used as an internal control. An 86 % reduction in
VEGF levels and a 72 % reduction in MMP-9 levels were
detected in the NA-treated E18.0 tooth germ cells after
6 days of culture (Fig. 6a, b).

Discussion

Although EMMPRIN expression is enriched in a wide
variety of cancers (Caudroy et al. 1999), the presence of
EMMPRIN in non-tumoural tissues, including the devel-
oping retina, blood-brain barrier, central nervous system,

germ explants cultured for 2 days with the secondary antibody,
indicating that EMMPRIN-NA was distributed throughout the cells of
the explants. d Cryostat section of an explant from E18.0 tooth germ
cultured for 2 days in control medium. The scale bars represent
250 pum. E enamel epithelium, M dental papilla mesenchyme

thymus, epithelial tissues and a variety of immune cells,
suggests that EMMPRIN plays an important role in a
variety of physiological processes (Fadool and Linser
1993; Fan et al. 1998). In this study, we found that the
expression of EMMPRIN protein is restricted to terminally
differentiated ameloblasts and odontoblasts. Higher mag-
nification views of tooth germs showed a strong immuno-
fluorescence signal on the surface and in the cytoplasm of
the produced ameloblasts and the odontoblastic processes,
which are involved in compositional changes of the enamel
and dentin matrices. Based on these results, we suggest that
EMMPRIN may take part in cytodifferentiation events and/
or the subsequent deposition of the dental matrix in the
secretory stage of the tooth germ. To gain insight into
EMMPRIN function, we used an antibody inhibition assay
to investigate the functions of EMMPRIN in the processing
and maturation of the dental matrix. The EMMPRIN-NA is
stable for at least 96 h in culture medium and did not show
any obvious toxic effects on the cultured tooth germ cells,
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Fig. 4 The effect of an EMMPRIN-NA on the maturation of
ameloblasts and the formation of enamel in E18.0 tooth germ
explants. a, b, g, and h Tooth germ explants treated with normal GS
supplement or untreated tooth germs revealed a secretory-stage shape
after 4 days of culture. m, n A slight delay in development was
observed in the tooth germ explants treated with NA for 4 days. ¢, d,
i, and j Well-differentiated ameloblasts and odontoblasts were
observed in tooth germ explants treated with GS and in untreated
tooth germ explants after 6 days of culture. The dentin matrix layers
were observed in the interstitial space between the ameloblastic layers
and the odontoblastic layers. o, p After 6 days of culture with NA,

dentin matrix and functional odontoblasts were observed in the tooth
germ, but no elongation or polarisation was observed in the
ameloblasts. e, f, k, 1 Well-differentiated ameloblasts and odonto-
blasts, as well as the visible dentin and enamel matrix layers, were
distinct in the tooth germs cultured with GS or normal medium for
8 days. q, r No formation or mineralisation of the enamel matrix was
observed in the tooth germ explants cultured with NA for 8 days.
Meanwhile, the ameloblasts were smaller and showed irregular
shapes with disordered polarisation. The scale bars represent 200 (a,
c, e g i,k m,o,and q) or 30 um (b, d, f, h, j, I, n, p, and r)

Table 2 The effects of anti-EMMPRIN antibody on the formation of in cultured E18.0 tooth germ explants

Untreated (E18.0)

Goat serum (E18.0) EMMPRIN antibody (E18.0)

Enamel formation (days) 6 8

Sample no. (%) 2% (13.3) 14%* (93.3)
Dentin formation (days) 6 8

Sample no. (%) 13 (86.7) 15 (100)
Diameter of tooth germs (days) 6 8

pum 936 + 242 1,127 £+ 321

6 8 6 8
3% (20) 14% (93.3) 0% (0) 0% (0)

6 8 6 8

14 (93.3) 15 (100) 13 (86.7) 14 (93.3)
6 8 6 8

978 + 368 1,210 + 246 568 + 178 610 £ 210

15 explants in each experimental group were used for histological analysis. Deposition of enamel was significantly blocked in the tooth germs
treated with anti-EMMPRIN antibody. No specific histological difference was found in dentin formation between the anti-EMMPRIN antibody

treated group and the other groups. Tooth germs were reduced in size by treatment with anti-EMMPRIN antibody.

even at a final concentration of 100 pg/ml. Secondly, our
previous results demonstrated that anti-EMMPRIN anti-
body treatment was more effective and faster than siRNA
treatment for blocking the activity of EMMPRIN protein
located on the surface of tooth germ cells. Therefore,
EMMPRIN-NA, with its specific function-blocking activ-
ity, is advantageous as a study tool in tooth germ culture.

EMMPRIN is composed of an extracellular domain of
187 residues, a 24-residue transmembrane domain and a
40-amino acid cytoplasmic region (Biswas et al. 1995). As
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an early inducer of MMPs, EMMPRIN binds to itself in a
homotypic cis pattern as well as to other ligands such as
cyclophilin A and B (Yurchenko et al. 2005), MCT]I,
MCT4 (Kirk et al. 2000), a3B1 integrin and a6B1 integrin
(Berditchevski et al. 1997). Both the transmembrane and
cytoplasmic domains of EMMPRIN are thought to be
critical for protein—protein interactions within the plasma
membrane (Kirk et al. 2000). Two extracellular immuno-
globulin-like domains of EMMPRIN are variably glycos-
ylated, resulting in significant alterations in EMMPRIN
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Fig. 5 The transcription of 1.6 1
VEGF, MMP-9 and enamel

matrix proteins was down- 14
regulated by treatment with the
EMMPRIN-NA in E18.0 tooth
germ explants. Real-time PCR 1.2 1

revealed that the mRNA
expression levels of MMP-9,
ALPL, ameloblastin,
amelogenin, enamelin and
VEGEF were decreased to 23, 19,
43, 35, 56, and 10 % of the
controls, respectively, in NA-
treated E18.0 tooth germ
explants after 6 days of culture.
B-actin was used as a control,
*p < 0.05, **p < 0.01
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function and protein interactions. The N-linked glycosyla-
tion of EMMPRIN protein is known to be crucial for its role
as an MMP inducer (Sun and Hemler 2001), whilst MCT1
and MCT4 were found to require the C-terminus of EMM-
PRIN as a chaperone for their expression at the plasma
membrane (Kirk et al. 2000). Four isoforms of MCT (MCT1-
MCT4) have been functionally characterised, and they have
been shown to catalyse the proton-linked transport of short-
chain substituted monocarboxylates such as lactate, pyruvate
and acetoacetate (Halestrap 2012). MCTI-MCT4 are
reported to be associated with a glycosylated ancillary pro-
tein, either EMMPRIN or embigin, for their correct trans-
location to the plasma membrane (Wilson et al. 2005). A
recent report demonstrated that the scFv-M6-1B9 intrabody,
which can reduce EMMPRIN cell surface expression, effi-
ciently decreased the expression levels of a331-integrin on
the cell surface and increased the intracellular accumulation
of both MCT1 and lactate in a colorectal cancer cell line
(Sangboonruang et al. 2014). On the other hand, the silencing
of CD147/basigin in A375 cells using an siRNA clearly
abrogated the expression of MCT1 and MCT4 and signifi-
cantly decreased the glycolysis rate, cell proliferation and
VEGF production (Su et al. 2009). We know that tooth
organogenesis is regulated by epithelial-mesenchymal
interactions, and this process is also characterised by the
sequential activation of specific regulatory genes (Chen et al.
2014; Huang et al. 2014). Many factors govern the prolif-
eration and differentiation of tooth germ cells in the different
stages of tooth development (Pispa and Thesleff 2003; Kero
etal. 2014). In our present study, the EMMPRIN-NA, which
was raised against a peptide mapping to the C-terminus of
mouse EMMPRIN, significantly hindered the development
of tooth germ explants. We therefore hypothesise that the

* 3k
ALPL ameloblastin  amelogenin enamelin VEGF

@ Untreated O Serum Treated

inhibition of tooth germ cell differentiation and the reduction
in the size of tooth germs cultured with EMMPRIN-NA
could be explained by the microenvironmental metabolic
alterations caused by the inhibition of the interaction
between the C-terminus of EMMPRIN and other related
factors in cultured tooth germ explants where EMMPRIN is
negligible. However, it is also possible that the inhibition of
EMMPRIN activity results in changes in the expression of
important growth factors in the tooth germ, which would lead
to a reduction in tooth germ development.

After EMMPRIN expression was blocked using the NA
from E18.0, the inner epithelial cells failed to polarise and
differentiate into secretory ameloblasts. As a result, the
formation of the enamel matrix did not occur. Meanwhile,
the expression levels of MMP-9, ALPL, ameloblastin,
amelogenin, enamelin, VEGF as well as EMMPRIN were
also found to be markedly decreased by EMMPRIN-NA
treatment. Experiments on transgenic null mice have
demonstrated that mutations in the secreted proteins ame-
logenin, enamelin, and enamelysin result in visibly, struc-
turally, or mechanically defective enamel. The morphology
of cultured tooth germs in secretory stages showed that
EMMPRIN-NA dramatically inhibited the differentiation
of ameloblasts and the mineralisation of enamel. However,
there have been no reports describing the function of
EMMPRIN in the secretory stage of tooth germ, and this is
the first report of an association between EMMPRIN and
amelogenesis.

Our results also showed a link between the function of
EMMPRIN in tooth germ development and VEGF regu-
lation. The expression of VEGF mRNA and protein was
found to be markedly decreased by EMMPRIN inhibition
in E18.0 tooth germ culture and primary cell culture,
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Fig. 6 The effects of EMMPRIN-NA on the expression of VEGF and
MMP-9 protein in primary cultured cells of tooth germs in vitro.
a The inhibition of VEGF and MMP-9 protein expression in 6-day-
cultured E18.0 tooth germ cells was demonstrated by western blot.
b Western blot analysis showed that EMMPRIN-NA treatment
reduced VEGF and MMP-9 protein expression by 86 and 72 %,
respectively, compared to control conditions [untreated (UT) and GS].
B-actin was used as a control; *p < 0.05, *¥*p < 0.01

respectively. VEGF is a key regulator of blood vessel
growth; it is expressed in angiogenesis, organ development
and differentiation during embryogenesis (Carmeliet et al.
1996; Ferrara et al. 1996). EMMPRIN has been shown to
participate in angiogenesis through the hypoxia-inducible
factor 2a-mediated regulation of soluble VEGF (Bougatef
et al. 2009). Recently, it has also been reported that both
endogenously expressed EMMPRIN and exogenously
added recombinant EMMPRIN are capable of stimulating
VEGF production in tumour and fibroblast cells, respec-
tively, via the PI3 K-Akt pathway (Tang et al. 2006). In
addition, MMPs have also been implicated in the regulation
of VEGF bioavailability from extracellular stores (Lee

@ Springer

et al. 2005). The increased expression of VEGF, MMP-2
and MMP-9 together stimulates continuous remodelling of
the extracellular matrix and angiogenesis and thereby
promotes new bone formation (Rocha et al. 2014). The
expression of VEGF has also been observed in ameloblasts
and in odontoblasts underlying the dentino-enamel junction
(DEJ) of the human first molar tooth germ; this pattern is
similar to that of EMMPRIN (Miwa et al. 2008). Combined
with previously published data, it is conceivable that the
expression of EMMPRIN may be related to the direct or
indirect regulation of the expression of VEGF and thus
plays an important role in tooth germ biology beyond the
regulation of MMPs. However, the inhibition of EMM-
PRIN expression by NA did not show any noticeable
effects on the differentiation of or hard tissue formation by
odontoblasts. Meanwhile, the results of real-time PCR
analysis of the expression of DSPP, DMP-1, TIMP-1 and
TIMP-2 did not show significant differences after treatment
with EMMPRIN-NA in cultured tooth germs at E18.0 (data
not shown). These results implied that odontoblasts were
less sensitive to EMMPRIN disruption than ameloblasts.
Thus, EMMPRIN seems to play no effective role in the
differentiation of odontoblasts. Several possible reasons for
this result are as follows: (1) odontoblasts may have some
ability to resist EMMPRIN disruption; (2) dentin formation
could be resumed though the bypass pathway; or (3) the
concentration of EMMPRIN-NA may not have been high
enough to infiltrate into the dentin matrix and to neutralise
its expression in odontoblasts.

In summary, these findings demonstrate that EMMPRIN
functions during the secretory stage of tooth germ devel-
opment to facilitate the differentiation and maturation of
ameloblasts. This function of EMMPRIN allows the
enamel matrix to grow in width and thickness until it
becomes mineralised, likely via the regulated expression of
VEGF and MMPs in ameloblasts in a direct or indirect
manner. However, the function of EMMPRIN in amelo-
blasts, currently, remains unknown, and further studies are
required to determine the detailed mechanism of how
EMMPRIN regulates the functions of enamel proteins to
exert its control on mineralisation.
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