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Abstract Bone morphogenetic protein 7 (BMP-7) is a
multifunctional differentiation factor that belongs to the
transforming growth factor superfamily. BMP-7 induces
gene expression of protein tyrosine phosphatase-like,
member A/cementum attachment protein (PTPLA/CAP)
and cementum protein 1 (CEMPI), both of which are
markers of cementoblasts and cementocytes. In the pre-
vious study, we reported that BMP-7 treatment enhanced
PTPLA/CAP and CEMP]I expression in both normal and
immortal human periodontal ligament (PDL) cells. To
elucidate the molecular mechanisms of the gene expres-
sion of these molecules, in this study, we identified a
functional transcription activator binding region in the
promoter region of PTPLA/CAP and CEMPI that is
responsive to BMP signals. Here, we report that some
short motifs termed GC-rich Smad-binding elements (GC-
SBEs) that are located in the human PTPLA/CAP pro-
moter and CEMP] promoter are BMP-7 responsive as
analyzed with luciferase promoter assays. On the other
hand, we found that transcription of Sp7/Osterix and
PTPLA/CAP was up-regulated after 1 week of BMP-7
treatment on purified normal human PDL cells as a result
of gene expression microarray analysis. Furthermore,
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transcription of Sp7/Osterix, runt-related transcription
factor 2 (RUNX2), and alkaline phosphatase (ALP) was
up-regulated after 2 weeks of BMP-7 treatment, whereas
gene expression of osteo/odontogenic markers such as
integrin-binding sialoprotein (IBSP), collagen, type I,
alpha 1 (COLIAI), dentin matrix acidic phosphoprotein 1
(DMP1I), and dentin sialophosphoprotein (DSPP) was not
up-regulated in purified normal or immortal human PDL
cells as a result of qRT-PCR. The results suggest that
BMP-7 mediates cementogenesis via GC-SBEs in human
PDL cells and that its molecular mechanism is different
from that for osteo/odontogenesis.

Keywords Periodontal ligament - Cementoblasts - Bone
morphogenetic protein 7

Introduction

Cementum is the mineralized connective tissue that covers
the root surface of the tooth and provides the interface,
through which the tooth root surface is anchored to the
Sharpey’s fibers [1, 2]. Cementogenesis is initiated after
dentin formation of the tooth root and is regulated by the
interaction between Hertwig’s epithelial root sheath and
dental follicle-derived mesenchymal cells [3]. PDL cells
are mesenchymal cells that originate from the dental fol-
licle that forms during the cap stage of tooth germ devel-
opment [4]. These dental follicle-derived cells are thought
to contain undifferentiated, lineage-committed cells in their
population [5]. Previous studies have reported that dental
follicle-derived mesenchymal stem/progenitor cells acquire
cementoblast functions following stimulation with signal-
ing molecules including bone morphogenetic protein
(BMP)-2 and -7, which activate the BMP pathway [6-9].
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BMPs, which belong to the transforming growth factor
(TGF) superfamily, are multifunctional differentiation
factors [10]. BMP-7, which is also known as osteogenic
protein 1, is a multifunctional cytokine. During tooth root
morphogenesis, BMP-7 is localized in alveolar bone,
cementum, and the PDL, whereas BMP-2 is localized only
in the alveolar bone [11]. During cementoblast differenti-
ation, BMP-2 inhibits differentiation and mineralization in
culture [12]. BMP-7 induces cementogenesis [13]. How-
ever, the molecular mechanisms of cementoblast differen-
tiation and mineralization through the BMP pathway
remain largely unclear.

We previously reported that a small population of cells
purified from human PDL cells, which are positive for
putative surface antigens of mesenchymal stem cells,
strongly express protein tyrosine phosphatase-like, member
A/cementum attachment protein (PTPLA/CAP) and
cementum protein 1 (CEMPI), the latter of which is also
known as cementum protein-23 [2]. Both of PTPLA/CAP
and CEMP] are markers of cementoblasts and cemento-
cytes, which are induced by stimulation with BMP-7 [14].

Recently, Smads, that are regulators of TGF-B signal
transduction, were reported to bind motifs termed GC-rich
Smad-binding elements (GC-SBEs) [15], which are asso-
ciated with target gene up-regulation in mammals. Several
sequences in the identified GC-SBE motifs show relatively
weak affinity for Smad binding [15].

In this study, we identified GC-SBE motifs in the pro-
moter region of PTPLA/CAP and CEMP] and examined
their cellular response to BMP-7 stimulation in cultured
human PDL cells. When stimulated with BMP-7, these
human PDL-derived cells showed high levels of expression
for the above markers of cementogenesis.

Materials and methods
Cell culture

As indicated in the previous study [16], we cultured the Pel
cells obtained by the orthodontical reason from normal adult
human PDL. Then, this crude population of Pel cells was
immortalized by transfection with H-TERT gene at 9 pas-
sages and was named Pelt cells [17]. These cells could
contain a small population of dental follicle-derived somatic
stem cells those have cementogenic and osteogenic poten-
tial. Those cells were sorted with the FACSAria™ III Flow
Cytometry System (BD Biosciences, Franklin Lakes, NJ,
USA) using anti-CD44, anti-CD105 (eBioscience, San
Diego, CA, USA), and anti-stage-specific embryonic antigen
3 (SSEA-3) antibodies (BioLegend, San Diego, CA, USA)
[14]. This procedure resulted in isolation of mesenchymal
stem cells from the total population of PDL cells [2]. The
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sorted cells were then cultured in STEMPRO® MSC SFM
(GIBCO/Life Technologies, Carlsbad, CA, USA), whichis a
medium for mesenchymal stem cell culture. Cells were
maintained in a humidified atmosphere of 5 % CO,/95 % air
at 37 °C. The medium was changed every 2 days. When the
cells reached confluence, they were subcultured at a split
ratio of 1:2-1:4 by gentle separation with accutase solution
(Innovative Cell Technologies, San Diego, CA, USA) for
4 min at room temperature. The number of population
doublings of Pel cells used in these experiments was between
16 and 19. For induction of cementoblastic differentiation,
these human PDL-derived cells were cultured in 25-cm?
flasks in STEMPRO® MSC SFM until they reached sub-
confluence. The medium was replaced with MEM supple-
mented with 2 % FBS containing 200 ng/ml thBMP-7, and
the cells were cultured for 1 or 2 weeks. Pel cells and Pelt
cells cultured without thBMP-7 served as controls.

DNA constructs

For all plasmid constructs, standard recombinant DNA
technologies were used [18]. These reporter vectors Tripluc
Vectors (TOYOBO, Osaka, Japan) for luciferase assay
contain B-lactamase genes so that the subcloned fragments
are identified by selection for ampicillin resistance. To
generate the reporter construct pCEMP1107, the 5'-3’
Xhol-HindIll fragment between nucleotides (nt) —1107
and 450 of the human CEMPI promoter was subcloned
into the 5'-3' Xhol and HindIIl sites of the pStable
Luciferase Orange (SLO) test vector (TOYOBO, Osaka,
Japan). The Herpes simplex virus thymidine kinase
(HSVtk) promoter motif from the pStable Luciferase Green
(SLG)-HSVtk control vector (TOYOBO) was inserted
between the CEMPI promoter and pSLO to drive stable
expression of the reporter gene. The pSLO vector has a
variant of the firefly luciferase gene as the downstream
reporter, whereas the pSLG vector has the wild-type firefly
luciferase gene.

The CEMPI promoter deletion construct pCEMP391
was generated with a fragment between nt —391 and +50
that was amplified with PCR using specific primers con-
taining Xhol and HindlIII sites. The HSVtk promoter motif
was also ligated into the 5'-3’ Spel and EcoRV sites. The
pStable Luciferase Red (pSLR) vector has the railroad
worm luciferase gene as the downstream reporter.
pCAP869 was similarly generated from a fragment
between nt —869 and —21 of the human PTPLA/CAP
promoter containing the 5-3’ Xhol and Bglll sites. It was
subcloned into the 5-3" Xhol and BgllI sites of the SLR
test vector (TOYOBO), and the HSVtk promoter motif was
ligated into the 53" Spel and EcoRV sites.

The PTPLA/CAP promoter deletion construct pCAP398
was generated from a fragment between nt —869 and —398
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containing Xhol and Bg/II sites. The HSVtk promoter motif
was ligated into the 53" Spel and EcoRV sites. All con-
structs were confirmed with DNA sequencing.

Transient transfection

Pelt cells were seeded at a density of 15,000 cells/well in a
96-well white plate (Greiner Bio-One, Frickenhausen,
Germany), and after overnight culture, the cells were
transfected using Opti-MEM® I Reduced-Serum Medium
(GIBCO/Life Technologies) and Lipofectamine® LTX
(Life Technologies) transfection reagent in accordance
with the manufacturer’s instructions. Transfections were
performed with 40 ng pCEMP1107 or pCAP869 and 20 ng
pSLG-HSVtk control vector per well. The deletion con-
structs pCEMP391 and pCAP398 were similarly co-trans-
fected with 20 ng pSLG-HSVtk control vector per well.
The pSLG-HSVtk control vector was co-transfected as an
internal control to normalize variations in transfection
efficiency by dividing the measurement for SLO or SLR
activity [19]. All DNAs were prepared using NucleoBond®
Xtra Midi EF according to the manufacturer’s instructions
(Macherey-Nagel, Diiren, Germany).

Luciferase assay

Twenty-four hours post-transfection, the medium was
replaced with minimum essential medium (MEM) (GIB-
CO/Life Technologies) supplemented with 2 % fetal
bovine serum (FBS) containing 200 ng/ml recombinant
human BMP-7 (thBMP-7) (R&D Systems, Minneapolis,
MN, USA), and the cells were cultured for 12 or 24 h.
Luciferase activity was measured using Tripluc® Lucifer-
ase Assay Reagent (TOYOBO) with a PHELIOS Lumi-
nometer for 96/384-well plates (ATTO, Tokyo, Japan). The
results presented are representative data from at least four
separate experiments performed in quadruplicate.

Gene expression microarrays

Total RNA from purified SSEA-3-positive Pel cells cul-
tured with or without rhBMP-7 for 1 week was isolated
with the RNeasy® Mini Kit according to the manufac-
turer’s instructions (QIAGEN, Hilden, Germany). The
RNA was quantified and quality tested with spectropho-
tometry and gel electrophoresis. All samples had 260/280
absorbance ratios between 1.8 and 2.1 and showed prom-
inent 18 and 28 s bands. The cRNA was amplified and
labeled using a Low Input Quick Amp Labeling Kit (Ag-
ilent Technologies, Santa Clara, CA, USA) and hybridized
using the SurePrint G3 Human Gene Expression Micro-
array 8 x 60 K v2 Kit (Agilent Technologies). All
hybridized microarray slides were scanned with an Agilent

scanner. Relative hybridization intensities and background
hybridization values were calculated using Agilent Feature
Extraction Software (9.5.1.1).

Data analyses and filter criteria

Raw signal intensities and flags for each probe were cal-
culated from hybridization intensities (gProcessedSignal)
and spot information (glsSaturated, etc.) according to the
procedures recommended by Agilent. Flag criteria on
GeneSpring Software were: Absent (A) “Feature is not
positive and significant” and “Feature is not above back-
ground”. Marginal (M) “Feature is not Uniform”, “Feature
is Saturated”, and “Feature is a population outlier”. Pres-
ent (P) others. The raw signal intensities of samples (con-
trol versus thBMP-7-treated group) were log,-transformed
and normalized with the quantile algorithm using the
‘preprocessCore’ library package [20] in the Bioconductor
software [21]. We selected probes that registered the ‘P’
flag in both samples. To identify up- or down-regulated
genes, we calculated the intensity-based Z scores [22] and
ratios (non-log-scaled fold-change) from the normalized
signal intensities of each probe for comparison between the
control and experiment sample.

Then we established criteria for changed genes: up-
regulated genes: Z score >2.0 and ratio >1.5-fold; down-
regulated genes: Z score <—2.0 and ratio <0.66. To
determine significantly over-represented gene ontology
categories and significant enrichment of pathways, we used
tools and data provided with Ingenuity Pathway Analysis.

Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

Total RNA (2 pg) was isolated and purified from Pel cells
and Pelt cells cultured with or without thBMP-7 for 2 weeks
and then used for RT using the High Capacity RNA-to-
cDNA Kit (Applied Biosystems/Life Technologies). Reac-
tions were performed in a GeneAmp 2400 thermal cycler
(PerkinElmer Life Sciences, Waltham, MA, USA). For qRT-
PCR, TagMan® gene expression assays and the StepOne-
Plus™ Real-Time PCR System (Applied Biosystems/Life
Technologies) were used to amplify the human target genes
PTPLA/CAP (assay ID: Hs00171965_m1, gene bank num-
ber: NM_014241.3, amplicon length: 74 bp), CEMP1 (assay
ID: Hs04185363_s1, gene bank number: NM_001048212.3,
amplicon length: 72 bp), alkaline phosphatase (ALP) (assay
ID: Hs01029144_m1, gene bank number: NM_000478.4,
amplicon length: 79 bp), integrin-binding sialoprotein
(IBSP) (assay ID: Hs00173720_ml, gene bank number:
NM_004967.3, amplicon length: 95 bp), collagen, type I,
alpha 1 (COLIAI) (assay ID: Hs00164004_m1, gene bank
number: NM_000088.3, amplicon length: 66 bp), dentin
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Fig. 1 Transient transfection of vectors containing promoters that
drive luciferase expression and BMP-7 stimulation of purified Pelt
cells. a Human CEMPI and CAP proximal promoter nucleotide
sequences are shown. Several varieties of Smad-binding elements
(SBEs) are present in these sequences. b The reporter constructs for
triple luciferase assays are shown. ¢ The activities of CEMPI and
CAP promoters that contain SBEs were stimulated with BMP-7. The

matrix acidic phosphoprotein 1 (DMPI) (assay ID:
Hs00189368_m1, gene bank number: NM_004407.3,
amplicon length: 88 bp), dentin sialophosphoprotein
(DSPP) (assay ID: Hs00171962_ml, gene bank number:
NM_014208.3, amplicon length: 67 bp), runt-related tran-
scription factor 2 (RUNX2) (assay ID: Hs00231692_ml,
gene bank number: NM_001015051.3, amplicon length:
116 bp), and Sp7/Osterix (assay ID: Hs01866874_s1, gene
bank number: NM_152860.1, amplicon length: 104 bp)
(Applied Biosystems/Life Technologies). mRNA expres-
sion of B-actin (4326315E — 0710012; Applied Biosys-
tems/Life Technologies) served as an internal control for
normalization. Relative standard curves were analyzed with
StepOne Software v2.1 (Applied Biosystems/Life Technol-
ogies). The experiments were performed in quadruplicate.
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SBE (+)

SBE (+)
BMP-7 (-) BMP-7 (+) BMP-7 (-) BMP-7 (+)

SBE ()

SBE ()

SBE (—) groups indicate the cells which were transfected the deletion
constructs pCEMP391 and pCAP398. The value obtained from the
control group no BMP-7 was taken as onefold, and fold increases
were calculated by dividing the individual value by the control group
value. The graph shows the mean £ SE from four independent
experiments performed in quadruplicate. *p < 0.05, BMP-7-treated
group compared to BMP-7-untreated group

Statistical analysis

The statistical significance of the difference in gene
expression between the control and rhBMP-7-treated groups
amplified with qRT-PCR was determined with the Student’s
t test or Fisher’s exact test, assuming double-sided inde-
pendent variance and with p < 0.05 considered significant.

Results

Identification of BMP-7 response elements
in the human CEMP] and PTPLA/CAP promoters

The DNA sequences of the human CEMP1 and PTPLA/CAP
promoters were obtained from the human genome database
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Table 1 Genes related to mineralization on day 7 with BMP-7
treatment

Z score  Ratio (BMP-7-treated

vs. control)

Gene symbol RefSeq transcript

CEMPI NM_001048212  —0.414  0.69
PTPLA/CAP NM_014241 1.857 3.17
Sp7/Osterix NM_152860 4.513  53.25
RUNX2 NM_001015051 —0.493 0.64
COLIAI NM_000088 0.263 1.11
ALP NM_000478 —-0.309  0.76

The SurePrint G3 Human Gene Expression Microarray 8 x 60 K v2
Kit is loaded 60,000 probes. As a result of the microarray analysis,
2,340 genes were up-regulated and 2,612 genes were down-regulated
in purified Pel cells treated with rhBMP-7

(GenBank™ number AY584596.1 and AY455942.1,
respectively). Computer analysis of the nucleotide sequen-
ces suggested the presence of SBEs [17], including
GGCGCC (SBEl), GGAGCC (SBE2), and GGTGCC
(SBE3), which have different enhancer activities within the
proximal promoter (Fig. 1a). These promoter regions did not
have potential binding sites for activator protein 1, cyclic
AMP response element-binding protein, nuclear factor
kappa B, or serum response factor (data not shown).

To assess whether the effects of BMP-7 on CEMPI and
PTPLA/CAP expression were mediated by the SBEs in
these promoter regions, we prepared various promoter
construct fragments that were ligated to a luciferase
reporter gene (Fig. 1b). Pelt cells transfected with the
reporter construct pCEMP1107 showed an 8.5-fold
increase in transcriptional activity after 12 h of treatment
with thBMP-7 compared with transfectants not treated with
rhBMP-7 (Fig. 1¢). BMP-7 also induced a 3.0-fold increase
in promoter activity in cells transfected with pCAP869.
However, cells transfected with the deletion constructs
pCEMP391 and pCAP398 did not show significant changes
in responsiveness to BMP-7 stimulation (Fig. 1c).

DNA microarray analysis

As shown in Table 1, after 1 week of stimulation with BMP-
7, the expression of Sp7/Osterix was 53.25 times higher and
PTPLA/CAP was 3.17 higher in BMP-7-treated cells than in
control cells. Conversely, purified Pel cells stimulated with
BMP-7 did not show significant changes in CEMPI, ALP,
COLIAI, or RUNX2 expression. Transcripts for IBSP, DMP]I,
and DSPP were not detected in any samples (data not shown).

Gene expression related to cementogenesis

As shown in Fig. 2a, after 1 week of stimulation with
BMP-7, the expression of CEMP1 was 0.25 times lower in

Pelt cells than in control cells. On the other hand, the
expression of PTPLA/CAP was 4.21 times higher and 3.98
times higher in Pel and Pelt cells, respectively, than in
control cells. In Pel cells, the expression of COLIAI and
ALP did not change significantly after 1 week of BMP-7
treatment. In contrast, in Pelt cells, the expression of
COLIAI and ALP was 4.15 and 9.98 times higher,
respectively, than in control cells after 1 week of stimu-
lation with BMP-7. The expression of RUNX2 was 3.75
times higher in Pelt cells stimulated with BMP-7 than in
control cells, whereas Pel cells stimulated with BMP-7 did
not show significant changes in RUNX2 expression. Both
Pel cells and Pelt cells showed more than 60 times higher
Sp7/Osterix expression after 1 week of stimulation with
BMP-7 compared to control cells. Neither cell line showed
significant changes in IBSP expression following stimula-
tion with BMP-7 (data not shown).

As shown in Fig. 2b, after 2 weeks of BMP-7 treatment,
the expression of CEMPI was 1.68 times higher in Pel cells
and 2.62 times higher in Pelt cells than in control cells. The
expression of PTPLA/CAP was 0.08 times lower in Pel
cells stimulated with BMP-7 than in control cells, whereas
Pelt cells stimulated with BMP-7 did not show significant
changes in PTPLA/CAP expression. Pel cells and Pelt cells
stimulated with BMP-7 showed 2.62- and 1.98-fold higher
ALP expression, respectively, than control cells. Further-
more, Pel cells and Pelt cells showed 2.42- and 4.11-fold
higher RUNX2 expression and 5.36- and 10.48-fold higher
Sp7/Osterix expression, respectively, after 2 weeks of
stimulation with BMP-7 than control cells. On the other
hand, Pel cells and Pelt cells stimulated with BMP-7 did
not show significant changes in the expression of COLIAI
(Fig. 2b) or IBSP (data not shown). Transcripts for DMPI
and DSPP were not detected in any samples (data not
shown).

Discussion

Conventional surgical periodontal procedures such as guided
tissue regeneration techniques and bone grafting have been
conducted according to the degree of tissue deficit and lead to
reconstruction of periodontal tissue containing alveolar bone,
connective tissue, and PDL, which are lost during degener-
ative changes. Recently, a bioengineered tooth unit was
shown to be engrafted and integrated via recipient bone
remodeling after transplantation into an extensive bone defect
[23]. However, methods for reconstruction of cementum from
PDL-derived stem cells have not been established. Further-
more, the molecular mechanisms related to cementogenesis
remain unclear. In our present study, we demonstrated that
BMP-7 induces cementogenic differentiation of human PDL-
derived stem cells via the BMP pathway.

@ Springer
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Fig. 2 Mineralization-related gene expression in Pel cells and Pelt
cells. Quantitative RT-PCR analysis was used to determine the gene
expression in both cell lines after 1 week (a) and 2 weeks (b) of

In a recent study, a small population of SSEA-3/CD105
double-positive adult somatic stem cells (1.9 %), somewhat
similar to induced pluripotent stem cells, was found among
adult human fibroblasts [24]. Another report suggested that
human PDL cells also contain a somatic stem cell population
with multilineage differentiation potential and showed that
SSEA-positive human PDL-derived clonal cells have adi-
pogenic, osteogenic, and chondrogenic potential [25]. More
recently, we reported isolation of SSEA-3/CD44/CD105
triple-positive cells from normal and immortal human PDL
cells that show cementogenic potential [ 14]. Therefore, some
SSEAs would be specific markers for identification of stem
cells in the PDL. During cementogenesis, differentiation of
stem/progenitor cells in the dental follicle appears to be
regulated by epithelial-mesenchymal interactions that gen-
erate specific signals for cellular differentiation [26]. In an
in vivo differentiation assay, bovine dental follicle-derived
cells were shown to form cementum matrix when trans-
planted into immunodeficient mice [27]. Murine dental fol-
licle-derived cells were also shown to differentiate along a
cementoblast/osteoblast pathway as measured by increased
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culture with (thBMP-7) or without thBMP-7 (Ctrl). B-actin was used
as an internal control. Statistical significance was determined using
the Student’s ¢ test (*p < 0.05 vs. control)

expression of RUNX2/core-binding factor subunit o1 and
bone sialoprotein (BSP)/IBSP when stimulated with BMP-2
in vitro [6, 28]. BMP-2 was also reported to induce the
expression of PTPLA/CAP in human periodontal ligament
cells [29]. Similarly, another study showed that expressions
of PTPLA/CAP and cementum protein-23/CEMP1 were
detected in cultured human dental follicle cells stimulated
with BMP-2 and BMP-7 [7]. We previously reported that
human PDL-derived cells and their immortal derivatives
stimulated with BMP-7 showed higher levels of expressions
of PTPLA/CAP and CEMP] than the cells stimulated with
BMP-2 [14]. However, the details of the stem/progenitor cell
biology and the differentiation potential of these cells remain
largely unknown.

In osteo/odontogenesis, the progenitors express ALP,
BSP, DMPI, and RUNX2, whereas transcription of DSPP
is specifically up-regulated during odontogenesis [30-33].
During cementogenesis, the expression of ALP, IBSP,
CEMP, PTPLA/CAP, RUNX2, and Sp7/Osterix is up-reg-
ulated. However, RUNX2 and Sp7/Osterix transcripts are
down-regulated during differentiation of cementoblasts
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Fig. 2 continued

[34-36]. Thus, our findings suggest that isolated PDL-
derived cells from Pel cells and Pelt cells show cemento-
blast differentiation when stimulated with BMP-7, but not
terminal differentiation (Fig. 2b). In isolated Pel cells and
Pelt cells, the expression of PTPLA/CAP was up-regulated
after 1 week of BMP-7 treatment, but not after 2 weeks.
Conversely, the expression of CEMPI was not up-regu-
lated after 1 week of BMP-7 treatment, but it was up-
regulated after 2 weeks (Fig. 2a, b). The results suggest
that expression of these genes showed a time-delayed
response during BMP-7-induced cementogenesis. As a
correlate result, we have recently showed the immunocy-
tochemical evidence for the cementoblastic differentiation
of purified Pel cells and Pelt cells with rhBMP-7 treatment
[14].

The relationship between cementogenesis-related
gene expression and BMP signal transduction is not
clear. Previous studies have reported that BMP signal-
ing pathways mediate expression of BSP and DSPP via
CCAAT-binding factor and regulate osteo/odontogenesis
[37, 38]. In the present study, we identified short
enhancer sequences termed GC-SBEs [15] that were

located in the human PTPLA/CAP and CEMPI pro-
moters and that were responsive to BMP-7 as analyzed
with triple luciferase promoter assays (Fig. la—c).
Therefore, the present study provides new evidence that
BMP-7 activates CEMP] and PTPLA/CAP transcription
via GC-SBEs, and the BMP-7-Smad pathway plays an
important role in the mechanism of cementoblast dif-
ferentiation. Our results provide insight into the
molecular mechanism of cementogenesis and may be
useful for biological applications using PDL-derived
mesenchymal stem cells.
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