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Matrix metalloproteinase-13 (MMP-13 or collagenase-3) is a member of the family of matrix
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metalloproteinases (MMPs) produced in high amounts by cells with mineralising potential.
Human dental pulp has been shown to express high levels of MMP-13 RNA.

Keywords:

Objective: Since human dental pulp derived cells (HDPC) are known to possess osteopro-

MMP-13

genitor properties, we investigated the pattern of expression of MMP-13 in long-term

Collagenase-3

cultures of those cells under conditions that support mineralisation in vitro.

Dental pulp

Design: Impacted teeth or teeth extracted for orthodontic purposes were used to obtain

Stem cells

dental pulp explants and HDPC were cultured for approximately 5 weeks. Pro- and active

Mineralization

MMP-13 levels were determined in the cell culture supernatants by means of enzyme-linked
immunosorbent assay (ELISA). Cell growth was evaluated through DNA content and osteogenic differentiation was assessed by alkaline phosphatase (ALP) activity and Alizarin Red
staining.
Results: Mineralising cultures of HDPC produced significantly higher levels of pro-MMP-13
compared to control cultures. Both pro- and active MMP-13 levels displayed a characteristic
peak that was found to coincide with the peak in alkaline phosphatase activity and the onset
of mineralisation. Once mineralisation was firmly established, MMP-13 expression was
significantly reduced.
Conclusions: Evidence from this study suggests a role for MMP-13 in the transition of human
dental pulp cells to a mature mineralising phenotype and points to MMP-13 as a possible
marker in HDPC differentiation.
# 2008 Elsevier Ltd. All rights reserved.

1.

Introduction

Matrix metalloproteinases (MMPs) are a family of extracellular
matrix (ECM)-degrading enzymes that traditionally are known
to play a role during matrix formation and turnover.1,2 They
are synthesised and secreted as transmembrane proenzymes
that are processed to an active form by the removal of an

amino-terminal peptide. Recently, their role has also been
highlighted in the regulation of cellular differentiation.3,4 A
variety of MMPs have been associated with cellular differentiation in different tissues such as bone4, adipose tissue5,
ovarian tissue6, as well as in spermatogenesis7 and in
monocyte-macrophage differentiation8. More specifically,
MMP-13 (also called collagenase-3) expression has been
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closely associated with chondrocyte and osteoblast differentiation and the formation of a mineralised extracellular
matrix.9–13 MMP-13 expression has been reported to increase
in hypertrophic chondrocytes, periosteal cells, and osteoblasts
during human fetal bone development.14 Tuckermann et al.
investigated the temporal and spatial expression of MMP-13 in
vivo at sites of endochondral bone formation by in situ
hybridisation and concluded that MMP-13 could be used as
a marker for osteoblastic differentiation.9 It has also been
reported that transcriptional regulation of the MMP-13 gene
depends on the synergistic action of the transcription factors
AP-1 and RUNX2 that also regulate osteoblast differentiation.15,16
The human dental pulp cell (HDPC) colonies that arise from
pulp explants have been variedly described as fibroblasts17,18,
fibroblasts with osteogenic potential19, myofibroblasts20,
odontoblasts21, pericytes22 and stem cells.23 One common
feature of HDPs is their ability to lay down matrix and form
mineralised nodules.19,21,24 Recent studies have further
characterised HDPC as mesenchymal stem cell populations
and compared them to bone marrow stromal stem cells
(BMSCs).23,25 HDPC and BMSCs have been found to be
comparable with respect to their expression of a variety of
markers including osteocalcin, osteonectin, alkaline phosphatase (ALP), collagen, peroxisome proliferator-activator
receptor g (PPAR g), MyoD, CD14 and a-smooth muscle actin.
Furthermore, HDPC clearly possess osteoprogenitor characteristics, as they can highly express osteoblastic lineage
markers such as collagen, RUNX2, alkaline phosphatase,
and osteocalcin.23,25–27
Although the presence of a number of different MMPs and,
in particular, MMP-13, has been reported in mature odontoblasts as well as in healthy and inflamed pulp tissue,28,29 the
expression pattern and role of these enzymes in dental pulp
cells is unclear. In this study, we propose to demonstrate that
human dental pulp cells produce MMP-13 in high levels and
we aim to investigate the association of MMP-13 expression
with the biologic process of mineralisation in HDPC cultures.

2.

Materials and methods

The collection and use of human extracted teeth as a source
for HDPC for this project was approved by the Tufts-New
England Medical Center Institutional Review Board. Impacted
teeth or teeth removed for orthodontic purposes from the Oral
and Maxillofacial Surgery Clinic were used to obtain pulp
explants. On average, three teeth (premolars or molars) were
obtained for the generation of each primary culture. Only teeth
free of caries, restorations or any associated pathology were
taken for the generation of HDPC cultures.

2.1.

Human dental pulp tissue culture

All chemicals were purchased from Sigma (St. Louis, MO, USA)
and all tissue culture reagents from BioWhittaker (Walkersville, MD, USA), except when stated otherwise. Each tooth was
split open with a chisel and mallet and the pulp removed with
a sterile spoon excavator and tweezers in a sterile tissue
culture hood environment. The pulp was subsequently

minced using sterile scissors and aseptically transferred to
the culture medium. The pulp fragments were cultured in
Eagle’s Modified Minimal Essential Medium alpha supplemented with 10% fetal bovine serum (FBS, Invitrogen, Grand
Island, NY, USA), 2 mM L-glutamine, 100 IU/mL Penicillin, and
100 mg/mL streptomycin (aMEM) in plastic tissue culture flasks
(T-75, Corning Incorporated, Corning, NY, USA). The explants
were incubated at 37 8C in a incubator at 5% CO2 and
monitored for cell attachment and growth. Medium was
changed on days 7 and 10 and cells were then passaged on day
14 (P-1). Five to seven days later, an adequate number of cells
were obtained for the planned experiments. All experiments
were performed at P-2. This cell culture model has been well
established in our laboratory30 and has been extensively
characterised through flow cytometry and gene microarray
analysis. Invariably, these cells express high levels of CD44
and CD146, consistent with their mesenchymal origin and
stem cell like properties (data not shown).
HDPC were seeded in 6-well plates (Corning Incorporated, Corning, NY, USA) at a concentration of
5.5  102 cells/cm2. Media was changed on day 2 postseeding and at 3-day intervals thereafter, for the duration
of the experiment. Two parallel experiments were performed; Experiment I in complete medium and Experiment
II in serum-free conditions. Serum-free conditions were
employed to allow for the measurement of active-MMP-13.
Experiment I: upon confluence (day 8) the experimental
plates were divided into two groups. In the control group no
additives were used, whereas in the mineralising group
aMEM was supplemented with 50 mg/mL ascorbic acid
(Invitrogen, Grand Island, NY, USA) and 50 mM b-glycerol
phosphate at every media change. Supernatants and cell
lysates were collected on days 8, 11, 14, 17, 20, 26, 32 and 38.
The supernatants were used to assay for the presence of the
pro-form of MMP-13 (pro-MMP-13) by enzyme-linked immunosorbent assay (ELISA). The cell lysates were used for DNA
quantification as well as measurement of alkaline phosphatase activity. Determination of matrix mineralisation
was performed with the Alizarin Red S dye on days 26, 32
and 38 post-seeding.
In the parallel experiment (Experiment II), cells were
cultured under mineralising conditions as previously
described, until day 26. At that point, an additional serumfree group was established, where FBS was substituted for
0.1% bovine serum albumin (BSA) and insulin-transferrinselenium (ITS) until day 32. These time points were selected to
correspond with initiation of mineralisation. Medium was
changed on day 29 and samples were collected on days 26, 27,
28, 29 and 32. Supernatants were used for the presence of proMMP-13 and active form of MMP-13 (active-MMP-13) by ELISA
and cell lysates for DNA quantification. Alizarin Red S dye
staining was also performed at each time point for the
assessment of matrix mineralisation.

2.2.

Sample collection

Culture supernatants were collected at each time point,
aliquoted and frozen at 80 8C until the time of analysis.
Once the supernatant was collected, the cell layer was washed
twice with ice cold 50 mM tris-buffered saline, pH 7.5 (TBS),
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lysed in 1% Triton-X (Fisher Scientific, Suwanee, GA, USA) in
TBS and the lysate was sonicated to disrupt the cell
membranes. Any triton insoluble fragments were removed
by centrifugation. The lysates were also aliquoted and frozen
at 80 8C until the time of analysis.

2.3.

DNA quantification

Double stranded DNA in the cell lysates was measured
fluorometrically by mixing 100 mL of diluted cell lysate with
100 mL of a nucleic acid stain solution (PicoGreen, Molecular
Probes, Eugene, OR, USA) in an opaque 96-well plate
(Corning Incorporated, Corning, NY, USA). A standard curve
of salmon testis DNA was also prepared in the same way.
Fluorescence was measured with a microplate fluorometer
(MFX, Dynex Technologies, Chantilly, VA, USA) using
480 nm excitation and 520 nm emission wavelengths.
Values were normalised to lysis volume and expressed as
mg DNA per well.

2.4.

Lactate dehydrogenase (LDH) release assay

LDH is an abundant intracellular enzyme, and its release into
tissue culture supernatants is a standard indicator of lytic cell
death.31 LDH in cell-free supernatants diluted fivefold with
PBS was quantified colorimetrically with a coupled enzymatic
assay which results in the conversion of a tetrazolium salt
(INT) to a red formazan product, using a kit (Promega,
Madison, WI). Absorbance (A) was measured at 490 nm and
results are expressed as percentage LDH enrichment = (AexperiControl represents maximum LDH
mental/Acontrol)  100.
release after cells are lysed with a detergent.

2.5.

Determination of alkaline phosphatase activity

Alkaline phosphatase activity was measured in the cell
lysates through the conversion of p-nitrophenyl phosphate
(pNPP) to p-nitrophenyl (pNP), which can be measured
spectrophotometrically.32,33 80 mL of the cell lysate were
mixed with 120 mL of 10 mM pNPP in 2-amino-2-methyl-1propanol buffer (Sigma Diagnostics, St. Louis, MO, USA). The
reaction was stopped after 5–15 min (depending on colour
intensity) with 100 mL of 0.2 N NaOH. Within this time frame,
the intensity of colour formed is proportional to phosphatase activity. Values were plotted against a pNP standard
curve, normalised to lysis volume and expressed as nmoles
pNP/min/mg DNA.

2.6.

Pro-MMP-13 quantification

Pro-MMP-13 was quantified in the supernatant using a
commercially available enzyme-linked immunosorbent assay
kit (R&D systems, Minneapolis, MN, USA). Each sample was
assayed in duplicate. The samples and standards were
quantified with a microplate reader (MRX Microplate reader,
Dynex Technologies, Chantilly, VA, USA) capable of measuring
absorbance at 450 nm, with the correction wavelength set at
540 nm. Pro-MMP-13 quantity in samples was calculated by
linear regression analysis. The amount of pro-MMP-13 was
expressed as picograms/well.

2.7.
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Active-MMP-13 quantification

Supernatants from serum-free cultures were used for quantification of active form of MMP-13 by a commercially available
ELISA (R&D Systems, Minneapolis, MN). Each sample was
assayed in duplicate and the samples and standards were
quantified fluorometrically with a fluorescence plate reader
(MFX Microtiter1 Plate Fluorometer, Dynex technologies,
Chantilly, VA, USA) with excitation wavelength set to
320 nm and emission wavelength set to 405 nm. The amount
of active MMP-13 was expressed as picograms/well.

2.8.
Determination of matrix mineralisation (Alizarin Red
S staining)
For the later time points (days 26, 32 and 38 for Experiment I
and days 26, 27, 28, 29, 32 for Experiment II), matrix
mineralisation was determined with the Alizarin Red S
dye.34 Alizarin red dye chelates calcium and the resulting
complex has a bright red colour, the intensity of which is
proportional to the amount of calcium present. Cells were
fixed with 70% ethanol at 4 8C for 2 h and stained with 1%
Alizarin Red S solution, pH 4.2, for 15 min. Excess dye was
removed with repeated water washes followed by a 15 min
wash with PBS, after which the plates were photographed. The
wells were subsequently destained by incubation with 10%
cetylpyridinium chloride in 10 mM sodium phosphate solution for 15 min. 200 mL of the resulting purple solution were
transferred to a 96-well plate and the absorbance was
measured at 562 nm.

2.9.

Data analysis

Values are presented as mean and standard error of mean
from six independent experimental samples. Statistical
significance was evaluated using the two-tailed Student’s ttest to compare values between two groups at each time point,
and ANOVA to compare differences between time points
within the same group.

3.

Results

3.1.
HDPC in long-term culture differentiate and produce a
mineralised matrix
Differentiation was promoted by the addition of ascorbic acid
and b-glycerol phosphate, which assist in the development of
a mineralised extracellular matrix. Since addition of these
agents started at confluence, we did not observe dramatic
differences in DNA content between the control and mineralising groups throughout the experiment. However, the
mineralising group consistently showed higher DNA values,
probably reflecting greater cell numbers (Fig. 1). Both groups
presented a decline in DNA content after day 26, which was
more pronounced in the mineralising cells. LDH release into
culture medium increased over time in both groups but was
significantly higher in the mineralising cultures at all time
points (Fig. 2). A peak in LDH level was observed in the
mineralising cultures at day 32. Alkaline phosphatase activity,
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Fig. 1 – DNA content of HDPC in control and mineralising
groups. Addition of mineralising medium started on day 8
(confluence). Values represent the mean W S.E.M. from six
independent experimental samples. Asterisks denote
statistical significance between the two groups:
***p < 0.001, **p < 0.01, *p < 0.05.

Fig. 2 – LDH release assay in control and mineralising HDPC
cultures. Addition of mineralising medium started on day
8 (confluence). Values represent the mean W S.E.M. from
six independent experimental samples. Asterisks denote
statistical significance between the two groups:
***p < 0.001, **p < 0.01, *p < 0.05.

a marker of osteoblastic differentiation, was also monitored
throughout the culture period (Fig. 3). HDPC expressed low
levels of ALP activity under non-differentiating conditions
with a moderate increase as the culture aged. When confluent
cultures were stimulated with b-glycerol phosphate and
ascorbic acid however, ALP activity displayed an initial peak
followed by a decline, a pattern often observed in cultures of
cells with osteogenic potential (Fig. 3).
Calcium incorporation, reflecting matrix mineralisation,
was measured by Alizarin Red S staining (Fig. 4a and b).
Cultures maintained in aMEM did not mineralise, whereas the
addition of ascorbic acid and b-glycerol phosphate resulted in
the detection of visible calcium deposition by day 32, which
was consolidated by day 38. ALP activity also peaked on day 32,
coinciding with the onset of mineralisation. The visual

Fig. 3 – Alkaline phosphatase (ALP) activity in control and
mineralising HDPC cultures. Addition of mineralising
medium started on day 8 (confluence). ALP activity was
determined in cell homogenates and value of ALP
expression is normalised to DNA content. Values
represent the mean W S.E.M. from six independent
experimental samples. Asterisks denote statistical
significance between the two groups: ***p < 0.001,
**p < 0.01, *p < 0.05.

assessment of mineralisation was confirmed by measuring
the intensity of the stain colorimetrically (Fig. 4b). Interestingly, a small difference in stain intensity was detected as
early as day 26, potentially representing a small subpopulation
of cells, which mineralised earlier. Minor variations in the
onset and degree of mineralisation in separate experiments
where different primary cultures were used were encountered, however the overall results were highly reproducible.
Fig. 4 represents the typical mineralisation course in our HDPC
culture model.
In Experiment II, HDPC were cultured under mineralising
conditions as described previously, but a serum-free [FBS ( )]
group was added on day 26. The growth curves of FBS (+) and
FBS ( ) groups from days 26 to 32 were essentially identical,
indicating that serum deprivation did not alter the growth
characteristics of these cells at that stage in culture. (Fig. 5)
Calcium incorporation in the mineralising matrix was also
similar, evaluated by Alizarin Red S staining (Fig. 6). The first
evidence of mineralisation appeared on day 28 with a
continuously increasing staining intensity on days 29 and
32. The visual assessment of mineralisation was confirmed
colorimetrically and no statistically significant differences
were detected between the FBS (+) and FBS ( ) groups (data not
shown).

3.2.
HDPC produce measurable levels of pro-MMP-13
under mineralising conditions
Pro-MMP-13 was barely detectable in the cell culture supernatants from the control group, but was significantly
upregulated in HDPC under mineralising conditions (Fig. 7).
This difference was highly significant ( p < 0.001) at each time
point. Statistically significant differences were also found
within the mineralising group, when sequential time points
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Fig. 5 – DNA content of HDPC under mineralising
conditions using standard [FBS (+)] and serum-free [FBS
(S)] medium. Serum deprivation did not alter the DNA
content during the starvation period (days 26–32). Values
represent the mean W S.E.M. from six independent
experimental samples. Asterisks denote statistical
significance between the two groups: ***p < 0.001,
**p < 0.01, *p < 0.05.

Fig. 4 – (a) Mineralisation assay: Alizarin Red S staining for
detection of mineralisation in control and mineralising
HDPC cultures. Representative wells from each group at
days 26, 32 and 38 are shown. (b) Quantification of
staining intensity represented as an average of optical
density. Values represent the mean W S.E.M. from six
independent experimental samples. Asterisks denote
statistical significance between the two groups:
***p < 0.001, **p < 0.01, *p < 0.05. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of the article.)

were compared. This indicated a significant increase in proMMP-13 secretion as the cells differentiated in culture. The
most striking observation however was the fourfold increase
of pro-MMP-13 on day 32 (Fig. 7). This peak coincided with the
highest ALP activity and the onset of mineralisation. After
that, pro-MMP-13 levels declined dramatically, reaching
almost baseline values on day 38 ( p < 0.001 compared to
day 32).

3.3.
Onset of mineralisation coincides with increased
MMP-13 activity in HDPC
In Experiment II, a serum-free group was established to allow
measurement of active MMP-13, since the presence of serumderived protease inhibitors can mask enzymatic activity. The
FBS ( ) group showed a progressive increase in detectable
amounts of active-MMP-13 from day 27 through day 29,

mirroring an increase in pro-MMP-13 levels (Fig. 8a and b). In
this experiment, the association between MMP-13 levels and
mineralisation was more closely monitored. The first evidence
of mineralisation was seen on day 28 for both FBS (+) and FBS
( ) groups (Fig. 6), indicating that MMP-13 activity starts to
increase at the onset of mineralisation and remains elevated
for a period of time afterwards. Maximal ALP activity was also
observed on day 28 (data not shown), confirming the results of
Experiment I. The daily collection of samples in Experiment II
also allowed normalisation of MMP-13 to DNA content.
Normalised values of active MMP-13 showed a continuous
increase with a faster rate of increase from days 28 to 29
(Fig. 8a). Normalised pro-MMP-13 levels also showed the same
trend in both groups (Fig. 8b). The mean values for days 27, 28,
29 were 125.9/228.6/843.9 pg/mg DNA respectively for the FBS
(+) group and 171.1/217.9/376.8 pg/mg DNA for the FBS ( )
group. Maintaining the cells in serum deprivation condition
beyond day 32 did not contribute further significant information.

4.

Discussion

The human dental pulp, like other post-natal tissues, has been
shown to have resident progenitor cells. These cells have been
reported to have stem cell like properties and are capable of
differentiation in several pathways both in vitro and in vivo.23,25
Our experiments and those of other investigators have
demonstrated that explants from the human dental pulp
provide a cell population in vitro that primarily represents cells
with mineralising potential. In the osteoblastic lineage,
differentiation of an osteoprogenitor cell into a functional
osteoblast requires the sequential expression of several
genes35 including MMP-13.9 In this study we attempted to
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Fig. 6 – Mineralisation assay: Alizarin Red S staining in FBS (+) and FBS (S) HDPC cultures. Representative wells from each
group at days 26, 27, 28, 29, and 32 are shown. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of the article.)

characterise the expression of MMP-13 and evaluate its
functional relationship with mineralisation in HDP-derived
progenitor cells.
We have established an HDP-derived cell culture model that
is reproducible and consistent with what has been reported in
the literature.19,23–26 Phenotypically, HDPC in culture are similar
to that of the well-established osteoprogenitors of bone marrow
aspirates. Both cell types exhibit a fibroblast-like morphology,
adhere to a plastic substratum, have the capacity to form
clonogenic cell clusters and lay down a mineralised extracellular matrix.25 By assaying DNA content, ALP activity and
mineral presence we were able to follow the transition of these
cells from a progenitor to a mineralising phenotype. Differentiation associated apoptosis and cell death was monitored by
the LDH release and found to peak at mineralisation. The

Fig. 7 – Expression of pro-MMP-13 in HDPC under nonmineralising and mineralising conditions. Values
represent the mean W S.E.M. from six independent
experimental samples. Asterisks denote statistical
significance between the two groups and bullets indicate
statistical significance within the mineralising group
between sequential time points: ***p < 0.001, **p < 0.01,
*p < 0.05; p < 0.001, p < 0.01, p < 0.05.

progression towards a mineralising phenotype involves the
regulation of expression for a variety of genes. However, there is
extensive information in the literature on changes of expression of those genes in osteoblastic, chondrocytic as well as in
HDP-derived cells. Data from gene array analysis performed in
our laboratory has shown that HDPC in long-term culture
consistently express high levels of extracellular matrix molecules and the development of a mineralising phenotype is
associated with increased expression of bone morphogenetic
protein (BMP)-2 and associated signaling pathways. Furthermore, we have identified the mineral formed as hydoxyapatite
but its exact structure is still unclear (data not shown).
Therefore, we considered that ALP activity and mineralisation
were adequate markers to monitor osteogenic differentiation in
this cell culture model.
Consistent with the differentiation profile of osteoprogenitors from bone marrow,19,21,25 ALP activity was significantly
higher in mineralising cultures at all time points assessed.
(Fig. 2) Furthermore, ALP activity under mineralising conditions increased significantly during the 5th week of culture
reaching a peak on day 32, which coincided with a dramatic
decrease in DNA content (Figs. 1 and 2). A similar pattern is
also observed during osteoblast differentiation in vitro.36
Presence of ascorbic acid and b-glycerol phosphate was
essential for the HDPC to form a mineralised matrix, as has
been well established in mineralisation studies with osteoblasts, chondroblasts and osteoprogenitors of bone marrow
origin.12,36–38 Additional differentiation factors such as dexamethasone and BMP-2 were not required for mineralisation.
Mineralisation was observed as early as 3.5 weeks (Fig. 3),
whereas other investigators report that a 5–6-week period is
required.25 This variability in the time of onset of mineralisation may be attributed to the heterogeneity among primary
culture populations as well as the difference in culture
conditions. It appears that the age of the donor and
developmental stage of the tooth from which HDP explants
were obtained may also influence the rate of proliferation, cell
differentiation and maturation.18,25,39
Given the similarities in the differentiation pattern
between HDPC and osteoblasts-like cells, we were not
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Fig. 8 – (a) Expression of active MMP-13 in FBS (S) HDPC
cultures around the onset of mineralisation. MMP-13
activity was not detectable when FBS was present in the
medium. Values represent the mean W S.E.M. from six
independent experimental samples. Numbers in
parentheses represent active MMP-13 amounts
normalised to DNA from the same samples (pg/mg DNA,
mean W S.E.M.). Bullets indicate statistical significance in
normalised values within the FBS (S) group between
sequential time points: p < 0.01. No statistical
significance was found in raw active MMP-13 values (b)
expression of pro-MMP-13 in FBS (+) and FBS (S) HDPC
cultures at the same time points as in Fig. 7. Values
represent the mean W S.E.M. from six independent
experimental samples. Asterisks denote statistical
significance between the two groups and bullets indicate
statistical significance within the FBS (S) group between
sequential time points: *p < 0.05; p < 0.001.

surprised to find that mineralising HDPC cultures expressed
significant amount of pro-MMP-13. In contrast, pro-MMP-13
production was well below the threshold of detectability in the
non-mineralising group (Fig. 4). Interestingly, after mineralisation had been established, pro-MMP-13 levels dropped significantly (Figs. 4a and 7). A similar pattern of MMP-13
expression at the mRNA level was reported in mineralising
rat calvarial osteoblasts, however no information was available
regarding protein and/or activity levels.40 The authors
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concluded that upregulation of MMP-13 expression is triggered
by cessation of proliferation, since a small increase in MMP-13
mRNA was also seen in non-mineralising cultures postconfluence. Although our results are not directly comparable,
pro-MMP-13 expression in HDPC cannot be associated with
proliferation, since mineralising cultures demonstrated a
dramatic increase in pro-MMP-13 levels between days 20 and
32, when DNA content initially increased (days 20–26) and then
decreased (days 26–32) (Figs. 1 and 4).
A rather unique aspect of this study was measurement of
MMP-13 activity (Fig. 7). For most cell culture studies this is
difficult, since FBS contains non-specific MMP inhibitors, such
as a2-macroglobulin. Pro-MMP-13 secretion in culture supernatants correlated well with enzymatic activity, with a gradual
increase for the first 3 days and a plateau for the subsequent 3day period (Fig. 7). Correlation of the pro- and active MMP-13
forms has also been shown in osteoblasts.13,41 Serum
deprivation did result in a decrease of pro-MMP-13 expression
at day 29, which proceeded to become statistically significant
on day 32. This finding was consistent with the reported
upregulation of collagenase levels by serum factors in
osteoblasts.42 Interestingly, serum deprivation at this stage
in culture did not influence HDPC DNA content or mineralisation (Figs. 5 and 6). This allowed meaningful comparisons
between the FBS (+) and FBS ( ) groups. Most importantly, the
daily collection of samples in this experiment allowed
normalisation of MMP-13 levels (pro- and active) to DNA
content. Measurement of MMP-13 in culture supernatants
reflects a gradual accumulation of the enzyme since the last
medium change as well as a concomitant loss due to possible
internalisation and/or degradation. In contrast, DNA content
represents cellular density at a specific time point. When time
points are 3–6 days apart, correlation of the two is meaningless. When samples were collected daily however, normalisation is more appropriate, albeit still inaccurate. Normalised
values of both pro- and active MMP-13 did increase over a
critical 3-day period around the onset of mineralisation. The
trend was similar for all measurements, with a 2–3-fold higher
rate of increase between days 28 and 29 compared to that
observed between days 27 and 28. This analysis confirmed that
the peak of pro- and active MMP-13 is associated with the
onset of mineralisation.
Although the association of MMP-13 with cell differentiation
and matrix mineralisation has been adequately described in
osteoblastic and chondroblastic cells as well as in bone and
cartilage,4,9,43–45 the mechanism for this MMP-13 action is still
unclear. A plausible explanation is that terminal differentiation
of cells that can produce a mineralised matrix requires
proteolysis and remodelling of the ECM.12 MMP-13 is a good
candidate for this role, given the wide array of substrates it can
cleave. These include collagens type I, II, IV, IX, X and XIV, as
well as non-collagenous proteins, such as aggrecan, tenascin,
fibronectin, fibrillin and fibromodulin.45–48 In addition, MMP-13
may promote bioavailability of growth factors that affect cell
survival and differentiation, such as TGFb.49 The association of
MMP-13 with matrix vesicles49 could also explain the concurrent peak of MMP-13 and ALP activity. Interestingly, MMP-13
has been associated with apoptosis of hypertrophic chondrocytes in the developing growth Plate45 and with activation of
caspace-3 in cultured chondrocytes.50 Furthermore, factors that
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promote apoptosis upregulate MMP-13 expression.51,52 This
was consistent with our findings, since the peak of pro-MMP-13
production correlated with a significant decrease in DNA
content (Figs. 1 and 4). This decrease in DNA corresponds with
an increase in LDH release, indicating cell death.
The findings from this study implicate for the first time a
role for MMP-13 in HDPC matrix remodelling and mineralisation. MMP-13 is measurable only in mineralising cultures,
where it demonstrates a striking association with the onset of
mineralisation and decline in cell viability. This leads us to
postulate that MMP-13 expression could reflect a critical
transition stage in HDPC differentiation. Clearly, further
studies are needed to explore the mechanism for this action.
HDPC represent an easily accessible and reproducible in vitro
model for these studies, with the additional advantage of a
relative short transition to a mineralising state, as compared
to the gradual mineralisation seen in osteoblasts. This could
facilitate exploring gene expression changes associated with
mineralisation as well as any role of MMP-13 in these changes.
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