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KEYWORDS Summary Previous studies on dental pulp cell culture have described heterogenous
MEPE; rixtures of cells that differentiate into odontoblasts and form mineralized dentin.
DSP; Objective: The aim of this study was to characterize the matrix extracellular
Proliferation; phosphoglycoprotein (MEPE) expression by dentat pulp stem cells (DPSC), related
Differentiation; to cell differentiation.
Dental pulp stem cells; Design: DPSC differentiation to form mineralized nodules was characterized by
DPSC; Alizarin red staining and micro-Raman spectroscopy. Osteogenesis SuperArray analysis
Osteogenesis was used to broadly screen for osteogenesis-related genes altered by DPSC differ-
Superarray; entiation. Relative levels of expression of MEPE and DSP were determined by
TGF-B semiquantitative RT-PCR and Western blot.

Results: Mineral analysis showed that as DPSC differentiated, they formed a carbo-
nated hydroxyapatite mineral. Differentiation was initially marked by upregulation by
Runx2, TGFpB-related genes, EGFR and genes involved in collagen metabolism. ALP
activity first increased, as DPSCs reached confluence but later decreased when cells
further differentiated three weeks after confluence. MEPE was the only marker that
was downregulated as DPSCs differentiated.

Conclusion: DPSC differentiation can be characterized by downregulation of MEPE as
other markers of DPSC differentiation, such as DSP, are upregulated. Expression of
MEPE related to DSP and can be used to monitor DPSC as they are used for studies of
odontoblast differentiation, tissue engineering or vital pulp therapy. The down-
regulation of MEPE as DPSC differentiate, suggests that MEPE is an inhibitor of
mineralizatfon.

© 2005 Elsevier Ltd. All rights reserved.
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differentiate into odontoblasts to repair the
damage.'”"'® These odontoblasts are believed to
come from a subgroup of precursor cells residing
in the dental pulp. In vitro studies have shown that
cells from the dental pulp can attach to culture
dishes, and these cells have been used to study
pultp cell differentiation into odontoblast-like
cells.?*23:33 Recently, the isolation of clonogenic
post-natal dental pulp stem cells (DPSC) has been
described.'® "1 DPSCs are single-colony-derived
cells that are capable of self-renewal and have
multi-lineage differentiation capacity, including dif-
ferentiation into adipocytes and neural-like cells, as
well as odontoblast-like cells. DPSCs were shown to
regenerate a dentin-pulp-like complex when trans-
planted into nude mice,'®'' and show promise in
future applications for tissue engineering of dental
tissues.

A number of markers for cell differentiation have
been identified in mixed pulp cell cultures that
differentiate and mineralize in vitro.*3** When
these cells are grown in the presence of g-glycer-
olphosphate, alkaline phosphatase synthesis
increases prior to mineralization.'%:20:22:33.3¢ Other
markers of differentiation include the increased
fibronectin, which is secreted in the initial stage
of odontoblast differentiation and remains through-
out odontogenesis.2%-343> Type | collagen is upregu-
lated as the cells differentiate, "¢ and osteonectin
is expressed in young odontoblasts but not in pulp
cells.® 24 Dentin sialophosphoprotein (DSPP), as well
as DMP1, are expressed by differentiating odonto-
blasts.>”*> Dentin sialoprotein (DSP) and dentin
phosphoprotein (DPP) are cleaved products of
DSPP,'® and DSP has been used as a late marker
for odontoblast formation.'*2°

While all of these molecules enhance differentia-
tion and mineralization, the role of the recently
identified matrix extracellular phosphoglycoprotein
(MEPE), in dentin'is not known. MEPE is a member of
the small integrin-binding ligand N-linked glycopro-
tein (SIBLING) family.”-®'> Ablation of the MEPE
gene in a mouse model resulted in increased num-
bers of osteoblasts and enhanced mineralization.’
Similarly, recent studies of an active fragment of
MEPE, named Dentonin or AC100, enhanced DPSC
proliferation. ' However Siggelkow et al.® recently
showed that when primary human osteoblasts were
cultured in the presence of 5 mM B-glyceropho-
sphate, ascorbate and dexamethasone, they
showed a progressive inhibition of MEPE gene
expression.

The purpose of the present study was to char-
acterize gene expression and mineralization asso-
ciated with DPSC differentiation. The possibility of
using MEPE as differentiation marker was explored.

Materials and methods

DPSCs were isolated as described by Gronthos
et al.”" The cells were cultured and collected at
80% confluence, complete confluence, 1-3 weeks
after confluence, respectively, ALP activity was
measured using alkaline phosphatase activity kit
(Sigma Diagnostics 104). The total amount of protein
in the supernatant was measured by BioRad Com-
massie Blue protein assay (Bio-Rad Laboratories,
Hercules, CA), and the activity of ALP was calcu-
lated as pmol p-nitrophenol/h/ g protein.

To induce mineral formation, the celis were pla-
ted at a density of 1.5 x 10*/ml on 100 mm dishes
(Primaria, Falcon) and were cultured at 37 °C, in 5%
CO, in MEM with 10% fetal bovine serum (FBS),
50 ng/ml ascorbic acid, 10 mM B-glycerophosphate
and 10 nM dexamethasone (Sigma) 2 mM L-gluta-
mine, 100 units/ml penicillin and 100 pg/ml strep-
tomycin. When nodule formation was detected, the
samples were fixed with 4% paraformaldehyde over-
night and stained for calcium by Alizarin red stain-
ing. The mineral phase formed in nodules was
analysed using micro-Raman spectroscopy (HR
800, Jobin Ivon, Horiba Group, Japan) with a
20 mW He—Ne laser at a wavelength of 632.8 nm.
Spectra were obtained in the range from 400 to
3400 cm ™~ using a 50 x optical lens sampling an area
of approximately 5 pm x 5 pm.

Osteogenesis gene SuperArray

DPSCs were cultured and collected at 80% conflu-
ence and after complete confluence. Total RNA was
isolated using RNeasy Mini Kit (Qiagen Inc., Valencia,
CA). GEArray Q series human osteogenesis gene
array kit was obtained from SuperArray Inc.
(Bethesda, MD), and total RNA was used as a tem-
plate to generate biotin-16-dUTP labelled cDNA
probes according to the manufacturer’s instruc-
tions. The cDNA probes were denatured and hybri-
dized at 60°C with the SuperArray membrane,
which was washed and exposed using a chemilumi-
nescent substrate and analysed according to the
manufacturer’s instructions.

Semiquantitative RT-PCR

DPSCs were cultured and collected at 80% conflu-
ence, complete confluence, 1—3 weeks after con-
fluence, respectively. Total mRNA was isolated using
RNeasy Mini Kit (Qiagen Inc.). The same amount of
total mRNA was used for reverse-transcription by
using an oligo-dT primer followed by PCR with a
50 ul reaction system including, 30 pl H;O, 5pul
10 x PCR buffer, 1.5 ul 50 mM MgCl;, 1 pl 15 mM
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dNTP, 0.5 uTaq, 2 ul template, 5 pl upper primer,
5 pl tower primer. Primers included GAPDH (sense,
5’-ACCACAGTCCATGCCATCAC-3'; antisense, 5'-TCC-
ACCACCCTGTTGCTGTA-3'), ALP (sense, 5'-GACCC-
GTCACTCTCCGAGATG-3'; antisense, 5'-CTGCGCC-
TGGTAGTTGTTGTG-3’), MEPE (sense, 5-GGTTATA-
CAGATCTTCAAGAGAGAG-3'; antisense, 5'-GTTGG-
TACTTTCAGCTGCATCACT-3'). The reaction was
incubated in a PCR cycler at 94 °C for 3 min for 1
cycle and then 94°C for 30s, 55°C for 30s for
GAPDH and ALP and 60 °C for 30 s for MEPE, followed
by 72°C 1 min for 35 cycles, and a final 10-min
extension at 72 °C. After amplification, the reaction
was analysed by 1% agarose gel electrophoresis.

Western blat

DPSCs were cultured and collected in SDS lysis
buffer at 80% confluence, complete confluence,
and at the initiation of mineralization. The sam-
ples were sonicated briefly, boiled for 1.5 min and
centrifuged at 10,000 rpm for 5 min. The protein in
the supernatant was measured using a BioRad
Commassie Blue protein assay (Bio-Rad Labora-
tories, Hercules, CA). The protein was concen-
trated and adjusted to same concentration for
each sample. Equal amounts of protein were
loaded onto a 15% polyacrylamide gel and sepa-
rated by electrophoresis. Proteins were then trans-
ferred to a nitrocellulose membrane using a
180 mA current for 1.5h. The membrane was
blocked in 5% milk overnight at room temperature
and was incubated with anti-MEPE (a gift from
Acologix Inc., Emmeryville, CA), anti-DSP (gift
from Dr. Shi, NIDCR, Bethesda, MD) or anti-actin
(Santacruz Biotechnology). After washing in PBS,
the membrane was incubated with the appropriate
secondary antibody for 0.5 h, and positive bands
were detected using an ECL chemiluminecence
detection system (Amersham Biosciences, Piscat-

Figure 1

away, NJ), according to the manufacturer’s
instructions. The relative intensity of DSP- and
MEPE-specific bands was digitalized and compared
using NIH image (public domain image processing
and analysis software developed at the National
Institutes of Health).

Results

When DPSCs were cultured with ascorbic acid, B-
glycerophosphate and dexamethasone, nodule-
like structures could be seen scattered within
the cultured cells after 6 weeks. These nodules
stained positive with Alizarin red (Fig. 1). The
extracted mineral was characterized by micro-
Raman spectroscopy. Fig. 2 shows a spectrum
obtained in the range of 400—1500 cm~' exhibit-
ing an intensive peak at 960 cm~' and a small band
at 1070 cm™'. The intensive peak at 960 cm™! is
characteristic of the vy-stretching mode of PO,
groups in apatite.?' The small band at 1070 cm™’
might indicate the presence of carbonate groups
incorporated into the apatite lattice.?' No other
calcium phosphate phase was observed. A series
of weak and broad bands were observed around
1300 and 1450 cm ™" as well as around 2800 cm~",
as shown in the insert of Fig. 3. These bands
are attributed to amide and C—H vibration modes
of remnants of organic phases, e.g. collagen
type.27

ALP activity increased when the cells grew more
confluent and differentiated, but decreased 3
weeks after confluence (Fig. 3). The osteogen-
esis-related cDNA array (Fig. 4) showed that as
the cells reached the confluence, most of the
osteogenesis-related genes were upregulated.
Fibronectin and osteonectin were expressed
strongly in DPSCs at both time points. The genes
most strongly upregulated (>10 times) were

()

Alizarin red staining. (A) DPSCs did not spontaneously form the mineralized nodules. (B) With dexamethasone,

B-glycerophosphate and ascorbic acid, DPSCs induced nodule formation after 6 weeks of culture, as indicated by Alizarin

red.
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Figure 2 Raman spectrum of mineral extracted from
odontoblast nodules at 6 weeks showed a strong peak at
960 cm~', indicating that the mineralizing nodule con-
tained hydroxyapatite as the only calcium phosphate
phase. The insert shows the spectrum at higher wavenum-
bers with peaks around 2900 cm~*, characteristic for C—H
stretching modes of protein remnants.

TGFB3, SMAD3, SMADS8, Cathepsin K, TNFa and
VEGF-C. In addition, genes involved in collagen
metabolism (COL16at, COL2a1, CD36L1), as well
as TGFp-related genes (TGFB2, TGFB receptor 1)
Runx2, EGFR were also upregulated (>3 times).
These results were duplicated in two separate
experiments.

Semi-quantitative RT-PCR showed that as ALP was
upregulated, MEPE expression decreased (Fig. 5).
Comparisons of relative levels of MEPE and DSP
protein secretion by differentiating DPSC by Wes-
tern blot analysis, confirmed that MEPE protein
secretion decreased as cells differentiated, while
DSP protein secretion increased relative to actin
(Fig. 6).

ALP activity (pmol p-nitrophenot/hr/ug protein)

PC C iw 2w 3w

Figure 3 ALP activity measurement. ALP activity
increased after the cells reached confluence but
decreased at 3 weeks after conftuence. PC: preconfluent;
C: confluent; 1w: 1 week after confluence; 2w: 2 week
after confluence; 3w: 3 week after confluence.

Figure 4 Osteogenesis SuperArray. (A) Genes present at
80% confluence. (B) Genes present at complete conflu-
ence. Upregulation of osteogenesis-related genes is evi-
dent when comparing the two sample membranes.

2w 3w

PC C 1w

GAPDH

MEPE |

Figure 5 Semiquantitative RT-PCR. ALP expression
increased while MEPE expression decreased as cells dif-
ferentiated relative to GAPDH. PC: preconfluent; C: con-
fluent; 1w: 1 week after confluence; 2w: 2 week after
confluence; 3w: 3 week after confluence.

PC C M
ACTIN

DS

MEPE
44.4

0.2 3.0

Relative intensity
DSP/MEPE

Figure 6 Western blot. Actin was used as a control. DSP
expression was upregulated while MEPE expression was
downregulated as the cells differentiated. The relative
intensity of the different bands was measured by NIH
image and ration of DSP/MEPE proteins is shown below
the images. PC: preconfluent; C: confluent; M: initiation
of mineralization.

Discussion

Mineralization of the dentin matrix is a hallmark of
functional, and fully differentiated odontoblasts.?°
Dental pulp cells have been shown to form miner-
alized nodules in culture. "33 In our study, DPSCs in
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culture were induced to mineralize with addition of
ascorbic acid, p-glycerophosphate and dexametha-
sone, resulting in the formation of a hydroxyapatite
with small quantities of carbonate characteristic for
biological apatites.**

As DPSC differentiated, genes associated with
osteoblast differentiation were upregulated. In par-
ticular, TGFB-related genes (TGFB3, TGFB2, TGFB
receptor 1, SMAD3, SMADS8), genes related to col-
lagen metabolism (COL16at, COL2at, TNFq
CD36L1, Cathepsin K), Runx2, VEGF-C and EGFR
were significantly upregulated when cells reached
the confluence. Both at 80% confluence and com-
plete confluence, fibronectin and osteonectin were
expressed strongly, while ALP and osteocalcin were
below detectable levels by this array analysis. These
resutts indicate that even when the cells reach
confluence, they are still at an early stage of differ-
entiation.2%%¢ -

The identification of TGFB3, TGFB2, TGFB recep-
tor I, SMAD3 and SMAD8 upregulation at the initial
stages of cell differentiation, emphasizes the impor-
tance of this family of growth factors in odontoblast
development. Sloan et al. have shown that TGFp
stimulates the matrix secretion and initiate the
odontoblast cytodifferentiation.?® However, over-
expression of TGFB in a transgenic mouse model
resulted in reduced dentin mineralization and
decreased DSPP expression,3® implying that TGFB
may maintain initial stages of odontoblast differ-
entiation, and inhibit odontoblast terminal differ-
entiation. ‘

Increased ALP activity as dental pulp cells differ-
entiate, corresponds to previous studies by Yokose
et al. in rat dental pulp cell culture.3* DSP expres-
sion increased during differentiation of DPSCs and
increased dramatically after the appearance of
mineral in agreement with previous studies on den-
tal pulp cell culture.*®

Of all the proteins and growth factors analysed,
only MEPE expression decreased as DPSCs differen-
tiated. The decrease in MEPE expression by differ-
entiating DPSCs, identified by RT-PCR and confirmed
by Western blot, differs from osteoblast culture
where MEPE expression is reported to increase as
the cells differentiate. '*2° However, a recent study
by Siggetkow et al. of MEPE in human osteoblasts in
culture showed that MEPE was downregulated, as
the cells differentiate and mineralize.?® In that
study, the authors also noted the discrepancy mouse
studies, when MEPE was maximally expressed during
mineralization, and suggested that in the human
system, MEPE is most active in the proliferative and
early maturation stage of formation.

The downregulation of MEPE in DPSCs as they
reached confluence and initiated mineralization

suggests that similar to human osteoblast, MEPE
may inhibit differentiation and mineralization of
DPSC. This result also suggests that MEPE along with
DSP can be used as a marker for odontoblast differ-
entiation.
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