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Abstract

Dentin Matrix Protein | (DMP1) plays a regulatory role in
dentin mineralization and can also function as a signaling
molecule. MMP-2 (matrix metalloproteinase-2) is a
predominant protease in the dentin matrix that plays a
prominent role in tooth formation and a potential role during
the carious process. The possibility that MMP-2 can cleave
DMPI1 to release biologically active peptides was
investigated in this study. DMP1, both in the recombinant
form and in its native state within the dentin matrix, was
shown to be a substrate for MMP-2. Proteolytic processing
of DMP1 by MMP-2 produced two major peptides, one
that contains the C-terminal region of the protein known to
carry both the ASARM (aspartic acid and serine rich
domain) domain involved in biomineralization and the
DNA binding site of DMP1. In vitro experiments with
recombinant N- and C-terminal polypeptides mimicking
the MMP-2 cleavage products of DMP1 demonstrated an
effect of the C-polypeptide on the differentiation of dental
pulp stem/progenitor cells to a putative odontoblast
phenotype. In vivo implantation of this peptide in a rat
injured pulp model induced a rapid formation of a
homogeneous dentin bridge covered by a palisade of
orientated cells expressing dentin sialoprotein (DSP) and
DMPI, attesting an efficient repair process. These data
suggest that a peptide generated through the proteolytic
processing of DMP1 by MMP-2 can regulate the
differentiation of mesenchymal cells during dentinogenesis
and thus sustain reparative dentin formation in pathological
situations such as carious decay. In addition, these data open
a new therapeutic possibility of using this peptide to
regenerate dentin after an injury.
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Introduction

Dentin Matrix Protein 1 (DMP1) has been shown to play
a central role in dentin mineralization (He and George
2004, He et al., 2003). Its carboxy-terminal domain rich
in aspartic acid and serine (ASARM; residues 408 to 429)
may be responsible for the nucleation of hydroxyapatite
(Gajjeraman et al., 2007, Rowe et al., 2000). DMP1 was
shown to be transported to the nuclear compartment and
was implicated in signaling functions (Narayanan et al.,
2003). It was shown to regulate the transcription of DSPP
during early odontoblast differentiation by binding to the
promoter of this gene through its carboxyl end (residues
420 to 489) (Narayanan et al., 2006).

Dentin and bone extracellular matrix (ECM) were
shown to contain both the full length DMP1 as well as its
processed N-terminal (N-ter) (37 kDa) and C-terminal (C-
ter) (57 kDa) fragments (Huang et al., 2008, Qin et al.,
2003). The bone morphogenetic protein-1 (BMP1) and
its relative tolloid-like 1 (TLL1) metalloproteinases were
proposed to be responsible for the physiological
processing of DMP1 (Steiglitz et al., 2004). However,
the role of matrix metalloproteinases (MMPs), in
generating active DMP1 peptides in the extracellular
matrix has not yet been evoked. Indeed, these proteases
were shown to be contained within the dentin matrix and
can be activated in pathological conditions (Chaussain-
Miller et al., 2006, Tjaderhane et al., 1998).

It is now widely acknowledged that MMPs convert
structural matrix proteins to signaling molecules (Page-
McCaw et al., 2007) and may function in the
differentiation program of mesenchymal stem cells
(Mannello et al., 2006). Several MMPs have been
identified in dentin and pulp (Boukpessi et al., 2008,
Goldberg et al., 2003, Palosaari et al., 2003) and are
thought to be implicated in the early stages of
dentinogenesis. Among endogenous MMPs, MMP-2 has
been proposed to be involved in dental ECM processing
taking place at later stages of tooth development, and
particularly in dentin sialophosphoprotein (DSPP)
processing, possibly in association with MMP-20 (Bourd-
Boittin et al., 2005, Yamakoshi et al., 2006), or in
association with a self-processing mechanism of DSPP
(Godovikova and Ritchie, 2007). MMP-2 was also
isolated from mature human mineralized dentin matrix
(Martin-De Las Heras et al., 2000) and zymographically
identified in demineralized dentin (Mazzoni et al., 2007,
van Strijp et al., 2003), playing a potential role in dentin
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matrix destruction during the carious process (Chaussain-
Miller et al., 2006, Tjaderhane et al., 1998).

We therefore investigated the possibility that DMP1
in dentin matrix may be a substrate for MMP-2, as this
enzyme was already shown to generate bioactive peptide
from several matrix proteins in different models (Dean and
Overall 2007, Dean et al., 2007). We hypothesized that
DMP1 cleavage by MMP-2 under physiological conditions
such as tooth development, or in pathological situations
such as carious decay, may release bioactive peptides that
conserve DMP1 biological activities or present specific
new activity. Therefore, the purpose of this study was to
determine whether DMP1 can be cleaved by MMP-2 and
if the cleavage products can act as signaling molecules on
the transformation of dental pulp cells into putative
odontoblasts. An in vitro model using human dental pulp
stem/progenitor cells (DPSCs), a heterogeneous pulp cell
population and an in vivo rat pulp injury model were used
to validate this hypothesis.

List of Abbreviations

ASARM aspartic acid and serine rich domain

C-ter C-terminal

DDI double deionized

DMEM Dulbecco’s modified Eagle’s medium

DMP1 dentin matrix protein 1

DPSCs dental pulp stem cells

DSP dentin sialoprotein

DSPP dentin sialoprotein phosphoprotein

DSV Animal Care Committee of the French
Veterinary Services

DSPP sentin sialophosphoprotein;

ECM extracellular matrix

FBS fetal bovine serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

IPTG isopropyl b-D-1-thiogalactopyranoside

MMPs matrix metalloproteinases

NCPs noncollagenous proteins

N-ter N-terminal

PCR polymerase chain reaction

SDS-PAGE SDS-polyacrylamide gel

TIMPs tissue inhibitors of metalloproteinases

Materials and Methods

Expression and purification of recombinant DMP1
(r-DMP1) and its N- and C-DMP1 polypeptides

The r-DMP1 was expressed in E. coli and purified as
published earlier (Srinivasan et al., 1999). The coding
region of rat DMP1 ¢cDNA was amplified using a set of
sequence-specific sense and antisense primers with BamH|1
and Notl recognition sites on the 5’ ends of both the
primers.

The sense primer had the sequence:

5 GCCGCCGGATCCCTCCCTGTCGCCAGATAC 3’

and the antisense primer:

5" GCCGCCGCGGCCGCACTAGTAGCCATCTTGGCAATC
3.

The amplified mature DMP1 cDNA was cloned into the
BamHI and Notl sites of the prokaryotic expression vector
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PGEX-4T-3 (Pharmacia, Uppsala, Sweden) and
transformed into the E. coli host JM 109 strain.
Transformed colonies were grown in LB/ampicillin
medium and the expression of fusion proteins was induced
by adding 0.1mM isopropyl B-D-1-thiogalactopyranoside
(IPTG). The fusion protein was purified from bacterial
lysates by Sepharose 4B-Glutathione affinity and used for
the proteolytic assay in this study. A similar procedure was
used to express and purify recombinant N- and C-DMP1
polypeptides (Gajjeraman et al., 2007). The coding
sequence of rat DMP1 was subamplified into two parts by
PCR with a set of primers flanking the required sequence
region:

1) N term-S, G GAT CCC ATG AAG ACT GTTATC CTC CTT
ACG;

2) N term-AS, GC GGC CGC TTC CTG GGA TCC CTC ACC
AGC;

3) C-term-S, G GAT CCC AGC AGC AGC GAG TCT CAG
GAA;

4) C-term-AS, GC GGC CGC GTA GCC ATC TTG GCA ATC
ATT.

The amplified fragments were sequence-verified and then
inserted into the PGEX-4T3 vector and expressed in BL21-
DE3 E. coli cells (Invitrogen, Carlsbad, CA, USA). The
glutathione S-transferase fusion protein induced and
purified by the standard procedure was cleaved by
thrombin at 4 °C. The corresponding peptides were termed
N-DMP1 (residues 1-334) and C-DMP1 (residues 334—
489).

Total protein extraction from tooth germs

Tooth germs were dissected from 5 days post-natal Swiss
mice (Charles River, Lyon, France). The protocol was
approved by the Animal Care Committee of French
Veterinary Services (DSV). According to the procedure
of Bourd-Boittin et al. (2005), tooth germs were ground
to a fine powder in the presence of liquid nitrogen, then
homogenized in ice-cold extraction buffer (10 germs in
150 pl buffer: 50 mM Tris-HCI, pH 7.5, containing 5 mM
CaCl,, 0.9% NaCl and 0.2 % Triton X-100), supplemented
with 1/100 Protease Inhibitor Cocktail Set V EDTA free
(Calbiochem, La Jolla, CA, USA). The resulting
homogenate referred as H. was then briefly sonicated on
ice (3 times 5 sec) and cleared by centrifugation at
10 000xg for 15 min at 4°C. Other extraction procedures
also included, in addition to the Protease Inhibitor Cocktail,
1uM marimastat (British Biotechnology, Oxford, UK), or
0.005 M EDTA and the corresponding homogenates will
be referred to as H,,,, and H,_, respectively.
Proteolysis of native and r-DMP1 by recombinant
MMP-2 (r-MMP-2)

r-MMP-2 (a gift from Dr R. Fridman, Wayne State
University, Detroit, MI, USA) was first incubated with
APMA (p-aminophenylmercuric acetate; | mM, Sigma,
Saint Louis, MO, USA) for 1 h at room temperature to
achieve activation. Activated MMP-2 (1 pg/ml) was added
to 100 pg rat -DMP1 in a final volume of 100 ul of 100
mM Tris buffer pH 7.2, containing 0.15 M NaCl and 5
mM CaCl, (all the buffer reagents used are from Fisher
Chemicals, Fair Lawn, NJ, USA). -DMP1 incubated under
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the same conditions but without MMP-2 was used as a
control. Following 0.5 to 6 h incubation periods at 37°C,
20 pug of DMPI1 treated with or without MMP-2 were
subjected to 12% SDS-PAGE. Gels were stained either
with Coomassie blue R-250 (FisherBiotec, Wembley,
Australia), or with Stains-All (Sigma). The apparent
molecular weights of protein bands were estimated by
comparison with Precision plus protein unstained standards
for Coomassie and Precision plus protein kaleidoscope
standards for Stains-All (Bio-Rad, Richmond, CA, USA).
In parallel, the homogenate obtained from tooth germ (H,)
was incubated with activated MMP-2 (3 pg/ml) for 1 and
3 hrespectively, similar to the conditions described above
for -DMP1. H,. incubated under the same conditions but
without MMP-2 was used as a control.

Identification of cleaved DMP1 peptides by Western
blot analysis

Western blot analysis was performed to identify intact
DMPI1 and its proteolytic cleavage products using tooth
germ homogenates when incubated with MMP-2. 20 ug
of homogenates were subjected to electrophoresis on 12%
SDS-PAGE and transferred onto a nitrocellulose membrane
(Bio-Rad). Membranes were incubated with a polyclonal
anti-C-DMP1 antibody (C-857; 1: 2000) (a gift from Dr
Chunlin Qin, Baylor College of Dentistry, Dallas, TX,
USA) (Qin et al., 2003).

Effect of DMP1 polypeptides on the differentiation of
dental pulp stem/progenitor cells (DPSCs)

Dental pulp stem/progenitor cells (DPSCs) were a gift from
Dr S. Shi (Univ. of Southern California, Growth and
Development, Los Angeles, CA, USA). These cells
represent a heterogeneous population obtained from the
enzyme treatment of human pulp containing a fraction of
progenitor/stem cells displaying phenotypes consistent
with different perivascular cell populations, and
particularly positive for STRO-1 and CD146 antigens (Shi
and Gronthos, 2003). If seeded onto dentin, some DPSCs
convert into putative odontoblast cells with a polarized
cell body and a cell process extending into the existing
dentinal tubules (Huang et al., 2006). In addition to their
dentinogenic potential, subpopulations of DPSCs also
possess adipogenic and neurogenic differentiation
capacities (Gronthos et al., 2002; for review see Huang et
al., 2009). More recently, DPSCs were also found to
undergo osteogenic, chondrogenic and myogenic
differentiation in vitro (d’ Aquino et al., 2007, Laino et al.,
2005, Zhang et al., 2006).

The pulp was obtained at the Dental Clinic of the
National Institute of Dental and Craniofacial Research,
from normal third molar teeth in healthy young adults (19-
29 yrs of age), who gave their informed consent according
to approved guidelines set by the National Institutes of
Health Office Human Subject Research (Gronthos et al.,
2002). Approximately 10° cells were collected from each
pulp sample.

The cells at P4 were grown in Dulbecco’s modified
Eagle’s (DMEM)/ F12 medium containing 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin and 1%
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amphotericin B. Cells were seeded in 6 well plates and
grown to 70% confluence. 12-16 h before the beginning
of the experiment the cells were cultured in DMEM/F-12
medium supplemented with 1% FBS. N- or C-DMP1
polypeptides were added for varying time periods 4, 24
and 48 h, at 0 and 0.25 ug/ml. Experiments were repeated
in triplicates. For each time point and at each concentration,
one well of cells were fixed with cold ethanol, stained for
10 min with Giemsa’s stain (Giemsa STAIN Solution;
Sigma), rinsed extensively with double-deionized (DDI)
water and the cell morphology was observed under an
inverted microscope (DM IRB Leica Bannockburn, IL,
USA) equipped with an QImaging Retiga Exi Fast 1394
camera and QCapture software (Qimaging, Surrey, BC,
Canada).

The differentiation potential of the treated cells was
investigated by analyzing the expression of DMP1 and
DSP after extraction of total RNA from cultured cells 4,
24 and 48 h after addition of DMP1 polypeptides using
RNeasy kit (Qiagen, Hilden, Germany). RT-PCR was
performed with DNase I (Qiagen)-treated RNA. 3 ug of
total RNA was reverse transcribed for 90 min at 50°C with
Superscript III (Gibco, Invitrogen). cDNA was amplified
with 0.1 g of specific primers in a reaction mixture (PCR
supermix, Invitrogen) containing Taq DNA polymerase,
Tris HCI, potassium chloride, magnesium chloride, and
deoxynucleoside triphosphates. Quantitative real-time
PCR (qPCR) analysis was carried out using ABI step one
plus. Expression for DSP, DMP1 and GAPDH transcripts
were analyzed by qPCR during its linear phase. The
relative gene expression level was estimated by using the
24%¢ method where C, value = log-linear plot of PCR
signal versus the cycle number. AC = C, value of target
gene-C_ value of GAPDH. Results were expressed as mean
+ SD of relative mRNA level compare to untreated cells
for each time point. Primers were obtained from IDT DNA.

Effect of C-DMP1 polypeptide on dentin
regeneration in a rat pulp injury model

Affi-gel agarose beads (Bio-Rad) were soaked in a solution
of C-DMPI1 polypeptide dissolved in phosphate-buffered
saline (PBS) solution (1 pug/ ul) for 2 h, and dried overnight
at 37°C (Six et al., 2007). The beads were implanted in
the pulp of the first upper jaw molar of 16 rats (6 weeks,
OFA/SD, Charles River). In brief, after gingival
electrosurgery, half-moon-shaped Class V 0.5 mm cavities
were prepared on the mesial aspect of the first maxillary
molars using a 0.2 mm diameter round bur (E0123,
Dentsply Maillefer, Ballaigues, Switzerland). Pulp
perforation was accomplished by pressure with the tip of
asteel probe and 10 C-DMP1 soaked beads were implanted
in the injury (Six et al., 2007). The protocol was approved
by the Animal Care Committee of the French Veterinary
Services (DSV). Co-lateral molars were implanted with
buffer soaked beads as a control. Cavities were filled with
glass ionomer cement (GC Fuji II, GC Corporation, Tokyo,
Japan). Animals were anesthetized and sacrificed at 7, 15
and 30 days after implantation by an intracardiac perfusion
with paraformaldehyde/glutaraldehyde solution buffered
with sodium cacodylate 0.1 M at pH 7.2-7.4. Block
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75— MMP-2 was added to recombinant rat
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SDS-PAGE analysis to reveal DMP1
peptides cleaved by MMP-2. The arrows
25- w— indicate the bands that result from r-DMP1
20- cleavage (50 kDa and ~40 kDa).

sections including molars were dissected from the maxilla
after a few minutes and immersed in the fixative solution
for 24 h at 4°C. Tissue demineralization was performed in
4.13% EDTA for approximately 8 weeks. After tissue
embedding in Paraplast, 8 um thick sections were cut and
either prepared for staining with hematoxylin-eosin and
trichrome stain, or prepared for immunohistochemical
staining. Sections were deparaffined and rehydrated before
blocking with 10% normal goat serum for 45 min at room
temperature. Sections were incubated overnight at 4°C with
primary antibodies against DSP and DMP1 at 1:200
dilution (Hao et al., 2009). A negative control was included
by using an equal concentration of rabbit pre-immune
serum as primary antibody. Following incubation with
primary antibody, the tissue sections were incubated with
an anti-rabbit immunoglobulin (1:500) for 1 h at room
temperature. The color reaction was developed using 3,3'-
diaminobenzidine tetrahydrochloride (DAB, Vector
Laboratories, Burlingame, CA, USA) for 1-5 min at room
temperature. The tissue sections were then counterstained
with hematoxylin.
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Results

Native and r-DMP1 are substrates for MMP-2
Results in Fig. 1 show that recombinant -DMP1 (96 kDa)
can be cleaved by MMP-2. Proteolytic processing of the
r-DMP1 at 37°C was visible by both Coomassiec and
‘Stains-All’ staining of the SDS PAGE gels. While the
cleavage of the 96 kDa band could be seen already at 1 h
incubation with MMP-2, the decrease in intensity of this
band became more apparent after 2 h incubation with the
appearance of 2 main cleavage bands at approximately 50
kDa and 40 kDa, the intensity of which further increased
between 3-6 h cleavage times.

In order to verify that native DMP1, when incorporated
within a complex extracellular matrix, can also be cleaved
by MMP-2, we treated dental tissue with this enzyme. To
this end, total proteins were gently extracted from tooth
germs obtained from 5-day-old mice using a Triton
containing buffer. Since the C-ter was shown to contain
domains likely to be biologically active, we have looked
more specifically for the release of peptides enclosing the
C-ter region with a specific antibody against this region.
The Western blot analysis using a C-ter DMP1 antibody
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Table 1
Predicted cleavage site for MMP-2 (Turk et al., 2001) mediated DMP1 cleavage (P for position in the cleavage-
site motif, knowing that the cleavage occurs between P1 and P1’ residues). The number of occurrences of each
residue that arise more than once is given for each position. In the protein sequence, the signal peptide appears in
italics and the P1 and P1’ positions are underlined. These sites are also present within the mouse sequence
(NP_058059).

MMP-2 cleavage of DMP1 and dentin regeneration

Figure 2. Identification of the cleavage
products resulting from tooth germ extract
incubated with MMP-2 by western blot
analysis. In dentin homogenates, C-ter
DMP1 antibody recognized a doublet at ~57
kDa, a band at ~42 kDa and a triplet at ~150
kDa. When Hc was treated with MMP-2, the
~150 kDa band progressively decreased
between 1 and 3 h. A cleavage-product
became apparent at ~40 kDa indicated by a
black arrow. This ~40 kDa product was also
faintly observed in control H at 3 h. H_:
dentin homogenate; H_ ,: dentin
homogenate made in the presence of EDTA;
H,, . dentin homogenate made in presence
of marimastat.

P5s [Pa|P3|P2 [Pl [PL"[P2|P3
Rat DMP1 sequence (NP 987089)
E”-LYGS 13142 2.2
AG®-M”DA 131428 2.2
E'V-Y"'R 13[19 |15
E'F® 13(1.8
G°-M"™"QSs 14 (2.8 2.2
g*0. 13]1.8
DDRGE*®-1.*! 14 13142
R Bh 1942
NESLS*®-L°% 1.3 19|42
G*'-1.""Qs 14 [4.2 2.2

NP_987089.1 dentin matrix protein 1 [Rattus norvegicus]

MKTVILLTFLWGLSCALPVARYQNTESESSEERTGNLAQSPPPPMANSDHTDSSESGEELGSDRSQYRP
AGGLSKSAGMDADKEEDEDDSGDDTFGDEDNGPGPEERQWGGPSRLDSDEDSADTTQSSEDSTSQ
ENSAQDTPSDSKDHHSDEADSRPEAGDSTQDSESEEYRVGGGSEGESSHGDGSEFDDEGMQSDDPG
STRSDRGHTRMSSAGIRSEESKGDHEPTSTQDSDDSQDVEFSSRKSFRRSRVSEEDDRGELADSNSR
ETQSVSTEDFRSKEESRSETQEDTAETQSQEDSPEGQDPSSESSEEAGEPSQESSSESQEGVASESRGD
NPDNTSQTGDQRDSESSEEDRLNTFSSSESQSTEEQGDSESNESLSLSEESQESAQDEDSSSQEGLQS
QSASRESRSQESQSEQDSRSEENRDSDSQDSSRSKEESNSTGSTSSSEEDNHPKNIEADNRKLIVDAY

HNKPIGDQDDNDCQDGY

confirmed the cleavage of matrix-bound DMP1 by MMP-
2 (Fig. 2). In controls, (non treated H , H,, ., H,. .. ), matrix-
bound DMP1 was revealed as several bands: the ~150 kDa
which probably corresponds to the full-length DMP1, the
fragment observed at ~57 kDa may correspond to the
previously described 57 kDa C-fragment of DMP1 and a
band at ~42 kDa, which was not yet reported in the
literature. The ~150 kDa and the ~57 kDa isoforms were

more prominent in EDTA and Marimastat extracts (H_,

&mAEE’-'ﬁAI.\ 88

and H,,, .). The fact that without MMPs inhibitors, these
bands decreased while the 42 kDa band became more
intense suggests that during the experimental extraction
procedure DMP1 was cleaved by endogenous dental
MMPs to generate a 42 kDa cleavage product and supports
the idea that DMP1 may be a potential MMP substrate in
vivo.

When the H_ extract was treated with exogenously
added MMP-2, the intensity of the ~ 150 kDa form further
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Figure 3. Schematic representation of the recombinant N- and C- DMP1 polypeptides with respect to the possible
cleavage sites of DMP1 by MMP-2. Potential cleavage sites for MMP-2 identified in the rat DMP1 sequence (Table
1) which agree with our experimental data (see Figs. 1 and 2) are indicated with arrows (E>°-L261. S380_[ 381 | S382.
L3%3). The recombinant N-polypeptide (residues 1 to 334) and C-polypeptide (residues 334 to 489) are represented
below. A= ASARM motif; DNAb = DNA binding region; Rec = recombinant.

Figure 4. In-vitro functions of DMP1 polypeptides on dental pulp stem/progenitor cell (DPSC) morphology. At 4h,
DPSCs displayed a fibroblastic morphology in the 3 groups. At 48 h DPSCs cultured with the C-DMP1 polypeptide
organized themselves in clusters whereas cells cultured with the N-DMP1 polypeptide presented no particular
organization and were similar to the control. A and B: control; C and D: cells cultured with 0.25 pg/ ml N-DMP1; E
and F: cells cultured with 0.25 ug / ml C-DMP1. Clusters are indicated by stars.

decreased (more obvious at 3 h). At the same time, a
cleavage product at ~40 kDa became apparent in the
sample treated with MMP-2. It is interesting that after 3 h
this cleavage product could also be seen in the control
group, albeit very faintly. This may correspond to the
cleavage of DMP1 by endogenous MMP-2 already
reported to be present in the extracted dentin (Bourd-
Boittin et al., 2005). The 42 kDa fragment was not cleaved
by MMP-2 at these incubation periods.

Thus, both recombinant and matrix-bound DMP1 can
be cleaved by MMP-2 to release a peptide of approximately
40 kDa in size which would therefore contain the C-ter
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region known to carry both the ASARM domain (residues
408 to 429) and the DNA binding site of DMP1 (residues
420 to 489). The MMP-2 cleavage products we obtained
are in accord with at least two potential MMP-2 cleavage
sites (Turk et al., 2001) that we identified in the rat and
mouse DMP1 sequences (Table 1). Based on the sequence
of the protein, the C-ter peptide should contain at least
one glycosylation site and several phosphorylation sites,
which may account for the slightly higher molecular weight
band present in the extracts from the dentin matrix (Fig.
2) compared to that obtained from the recombinant protein

(Fig. 1).
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Figure 5. Expression of DMP1 and DSPP by dental pulp stem/progenitor cells (DPSCs) treated with N- and C-
DMP1 polypeptides. Treatment of DPSCs with C-DMP1 (left panel) increased the expression of DMP1; 10 fold
DMP1 expression was observed at 48 h with C-DMP1 peptide, while it is <1 fold at 48 h with N-DMP1. DSPP
expression, which is a marker for terminally differentiated odontoblasts, showed a faint expression in control untreated
cells and a slightly increased expression in cells cultured with the N-DMP1 polypeptide. In contrast, cells cultured
with the C-DMP1 polypeptide strongly expressed DSPP with a signal that increased with time (right panel). GAPDH
was used as a control for the cDNA loading. Results were expressed as relative mRNA level for N- and C-DMP1
treated cells compared to untreated cells at each time point.

C-DMP1 polypeptide promotes differentiation of
DPSCs in-vitro

We next examined the functional role of C- and N-ter
recombinant polypeptides of DMP1 closely matching those
released by MMP-2 (Fig. 3), in dental pulp stem/progenitor
cells (DPSCs) differentiation. DPSCs were cultured for
48 h in the presence of the DMP1 polypeptides and were
then examined using light microscopy for changes in cell
morphology. At 48 h, cells cultured with the C-DMP1
polypeptide formed cellular clusters whereas in the
presence of the N-DMP1 polypeptide they retained their
fibroblast-like morphology as observed with control cells
(Fig. 4). We then analyzed the mRNA levels of DMP1
and DSPP, the expression of which indicates differentiation
towards the odontoblast phenotype. We observed that the
C-DMP1 polypeptide regulated the expression of DMP1,
as shown by the progressive increased RNA levels
observed between 4 and 48 h (Fig. 5). Similarly, C-DMP1
polypeptide also induced higher DSPP expression with
time when compared with N-DMP1. Hence, the C-DMP1
polypeptide seems to activate cellular differentiation of
DPSCs towards the odontoblast phenotype, inducing an
organization of cells in clusters and an increased expression
of odontoblast markers.

C-DMP1 polypeptide promotes pulp repair in an
animal model of pulp injury

In order to explore the in vivo potential of C-DMP1
polypeptide to promote pulp cells differentiation, we
implanted agarose beads soaked with this peptide in the
injured pulp of young rats and followed the rate of healing
in comparison to a control group treated with beads soaked
in buffer only. In this model a reparative dentin bridge is
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formed to serve as a protective barrier to the dental pulp.
In both control and C-DMP1 treated animals, an important
inflammation process with a high cell infiltrate was
observed at day 7 in the pulp horn where the pulp injury
was performed (Fig. 6A). At day 15, a continuous well-
defined reparative dentin bridge was observed in the C-
DMP1 treated pulps, isolating the injured cusp from the
rest of the pulp. In contrast, a poorly organized reparative
structure was observed in the control group at the same
location. At one month, the reparative bridges expanded
in both groups, but still maintained the same histological
differences as those observed at 15 days (Fig. 6).

In Fig. 7, the reparative bridge region observed at day
15 is shown at a higher magnification. In the C-DMP1
treated group, the cells associated with the bridge and
located at the opposite side of the injury, presented a
polarized morphology and were organized as a palisade,
with a basal location of the nucleus. These polarized cells
were positively labeled for DSP and DMP1 at their
secretory pole boarding the dentin bridge (Fig. 7). The
corresponding cells in the control group were not polarized
and showed a faint immunostaining for either DSP or
DMPL1. These results demonstrate that a peptide comprising
the C-ter region of DMP1 induces a rapid formation of a
homogenous reparative dentin bridge in an injured pulp
model and therefore improves pulp healing.

Discussion
The main function attributed to MMPs is the degradation

ofthe ECM (Visse and Nagase, 2003). However, it is now
widely acknowledged that MMPs play an important role

www.ecmjournal.org
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Control C-DMP1

Figure 6. C-DMP1 polypeptide promotes pulp repair in an injured rat pulp model. Beads soaked with the polypeptide
(right panel) or with buffer (left panel) were implanted in the injured pulp of young rats. Day7: At day 7, the pulp
exposure is clearly visualized in the crown of the tooth. In both groups, an important inflammatory process is
observed in the pulp horn as visualized by the high tissue cell infiltrate in this area (a, b). Day 15: A reparative
dentin bridge is present in both groups at a distance from the inflammatory area, poorly organized in the control
group (c) and well structured in the C-DMP1 implanted group (d). Day 30: The dentin bridges had expanded in
both groups, in the control teeth still appearing as non homogenous with cell inclusion (e) but constituting an
efficient protective barrier in the C-DMP1 treated pulp ().

Scale bars: 0.5 mm

db: dentin bridge, *: pulp exposure
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Control C-DMP1

Figure 7. Characterization of the reparative dentin bridge at day 15. In control teeth (left panel), no particular cell
organization is observed related to the dentin bridge (a); a faint DSP (¢) or DMP1 (e) labeling could be observed
associated to the cells (arrow-heads). In the C-DMP1 treated pulps (right panel), cells presenting a polarized
morphology (arrows) were seen organized as a palisade behind the dentin bridge, at the opposite side of the injury
(b). Their hematoxylin stained nucleus was located at the basal pole of the cell body whereas the apical pole was
highly labelled for DSP (d) and DMP1 (f). Formation of an odontoblast process is observed in the forming matrix
as indicated by large arrows.

Scale bars a - b: 100 um ; c-f: 50 um
db: dentin bridge
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in signaling by generating peptides with specific biological
activities (Page-McCaw et al., 2007). In this study, we
have shown that DMP1, an important NCP of bone and
dentin ECM, can be cleaved by MMP-2 to release a C-ter
peptide, potentially able to promote the differentiation of
dental pulp stem cells. MMP-2 was selected since it is a
predominant protease in the dentin matrix (Mazzoni et al.,
2007) with a relatively large substrate specificity and has
been previously shown to produce active peptides from
matrix proteins in other systems (Dean et al., 2007).

We identified several potential MMP-2 cleavage sites
in the DMP1 protein sequence, based on the fact that
gelatinases present a deep hydrophobic S1° pocket in their
catalytic site and interact favorably with hydrophobic
residues in P1°, leucine being the most favorable candidate
(Turk et al., 2001). Considering these potential cleavage
sites and the results obtained with SDS-PAGE and Western
blot analysis, it is most likely that the initial cleavage of
DMP1 by MMP-2 occurs between S*2 and L3 or E*°
and L*!. Site-directed mutations in the recombinant protein
would allow to definitively identify the cleavage site. As
other potential cleavage sites in DMP1 sequence are
located at the amino and the carboxyl end of DMP1, it is
possible that secondary proteolysis may occur with
extended incubation periods with MMP-2.

Published reports have demonstrated the presence of
the 37 kDa N- and 57 kDa C- fragments of DMP1 in rat
and bovine dentin matrix (Huang et al., 2008, Macicjewska
etal., 2009). These fragments were thought to be the only
forms of DMP1 present in the matrix although the full-
length protein was recently detected in the matrix, albeit
atalow level (Huang et al., 2008). In our study, we showed
a high level of full-length protein in the developing tooth
using a gentle extraction buffer containing Triton. It may
be that the extraction techniques combining guanidine-
HCI with chromatographic separation of a mineralized
tissue is too harsh to recover the proteins in their native
forms within the matrix, accounting for the low level of
the native form of DMP1 detected in previous studies
(Huang et al., 2008, Qin et al., 2003). The addition of the
total metalloproteinase inhibitor EDTA or the more specific
MMP inhibitor marimastat during the extraction of dentin
appeared to protect the full-length DMP1 and the C-DMP1
57 kDa fragment from further proteolysis, as the bands
were more intense in their presence. This suggests that
native isoforms of DMP1 can be potentially degraded in
vivo by endogenous MMPs present in the dentin matrix,
generating a 42 kDa peptide which contains the
biologically active C-ter region of the protein. In addition,
treatment of the extracts with exogenous MMP-2 further
released a 40 kda peptide. Taken together these data
demonstrate that DMP1 is a substrate for MMP-2 but also
for other MMPs, such as MMP-3 shown to be present
within the dentin matrix (Boukpessi et al., 2008).

The biological activity of the N and C fragments of
DMP1 were shown to be different, based on their
localization patterns (Lu et al., 2009); the N-DMP1
fragment is believed to be a mineralization inhibitor as it
is localized in unmineralized matrices (predentin,
proliferation and hypertrophic zones in the growth plate
of bone), whereas the C-DMP1 fragment was suggested
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to be a nucleator as it is localized within mineralized
matrices (Maciejewska et al., 2009). As DMP1 can be
cleaved by MMP-2, it was of interest to investigate whether
its cleavage products retain functional activity. In a first
approach, we demonstrated that the recombinant C-DMP1
polypeptide, mimicking the limited cleavage products
obtained by MMP-2, had a profound effect on the
differentiation of dental pulp stem/progenitor cells, not
observed with the N- polypeptide. Differentiation into
putative odontoblast was revealed by the rapid organization
of most of the cells into clusters and the increased
expression of odontoblast differentiation markers, namely
DMP1 and DSPP (Hao et al., 2009, Hao et al., 2004, Paula-
Silvaetal., 2009). However, as DPSCs are a heterogeneous
cell population, further investigations using sorted pulp
stem cells will allow us to investigate the mechanism
induced by DMP1 derived peptides on pulp cell
differentiation.

It is worth noting that the DNA binding region of DMP1
on the DSPP promoter which we had previously mapped
(Narayanan et al., 2006) is also located within the C-ter
DMPI1, between residues 420 and 489. Therefore, the
hypothesis that a peptide derived from a cleavage of DMP1
within the matrix, enclosing this region, could induce
odontoblast differentiation by binding the DSPP promoter
require further investigations. We recently demonstrated
that DMP1 binding to GRP-78 receptor was an important
mechanism by which DMP1 was internalized and
transported to the nucleus during bone and tooth
development (Ravindran et al., 2008).

We previously reported that recombinant DMP1 can
induce the cytodifferentiation of pulp cells after an insult
or trauma of the tooth in a rat model (Almushayt et al.,
20006). In this study, we demonstrated that the C-DMP1
polypeptide also enhanced pulp-healing capacity when
implanted in a rat pulp-injury model that mimics an injury/
carious process in humans tooth. A dense and continuous
reparative dentin bridge was observed within two weeks
suggesting accelerated pulp healing. The cells boarding
this bridge presented a palisade organization and expressed
DSP and DMP1, demonstrating the ability of C-DMP1
polypeptide to promote pulp cell differentiation toward a
putative odontoblastic phenotype, and supporting our in
vitro data obtained with pulp stem/progenitor cells.

BMPI, or its close relative TLL1, were suggested to
be responsible for the physiological processing of DMP1
producing active fragments detected in the dentin matrix
(Qin et al., 2003, Steiglitz et al., 2004). However, the
cleavage of DMP1 by exogenous MMP-2 demonstrated
in this study and its protection by marimastat against
degradation by endogenous MMPs, suggest that MMPs,
including MMP-2, can contribute to the release of DMP1
active peptides in the ECM and is likely to play arole in a
more pathological situation (Chaussain-Miller et al., 2006).
It is thus tempting to extrapolate that during the carious
process, cleavage of DMP1 by MMPs would be activated
by the acidic environment leading to the release of active
fragments which could promote pulp healing. Future work,
including the synthesis of DMP1 polypeptides identical
to those produced by MMP-2 cleavage, will be necessary
to better define the precise function of the cleaved products.
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Conclusions

We demonstrated in this study that DMP1 possesses
endogenous biological activity that can be released by
proteolytic cleavage. MMPs, which are able to cleave
DMP1 into peptides of various molecular sizes, represent
good candidates for regulating the function of ECM
molecules during dentin development or during pulp repair
after an injury such as carious decay. In addition, in vivo
confirmation of the capacity of the C-ter peptide to promote
cell differentiation opens a therapeutic interest of using
this peptide to regenerate dentin after an injury. Overall,
these data support the current approach that ECM
constitutes a tank of healing molecules.
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