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Calcium Hydroxide Promotes Cementogenesis and Induces
Cementoblastic Differentiation of Mesenchymal Periodontal
Ligament Cells in a CEMP1- and ERK-Dependent Manner
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Abstract Periodontal tissue engineering is a complex
process requiring the regeneration of bone, cementum, and
periodontal ligament (PDL). Since cementum regeneration
is poorly understood, we used a dog model of dental pulpal
necrosis and in vitro cellular wounding and mineralization
assays to determine the mechanism of action of calcium
hydroxide, Ca(OH),, in cementogenesis. Laser capture
microdissection (LCM) followed by qRT-PCR were used
to assay responses of periapical tissues to Ca(OH), treat-
ment. Additionally, viability, proliferation, migration, and
mineralization responses of human mesenchymal PDL
cells to Ca(OH), were assayed. Finally, biochemical
inhibitors and siRNA were used to investigate Ca(OH),-
mediated signaling in PDL cell differentiation. In vivo,
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Ca(OH),-treated teeth formed a neocementum in a STRO-
1- and cementum protein-1 (CEMPI)-positive cellular
environment. LCM-harvested tissues adjacent to the ne-
ocementum exhibited higher mRNA levels for CEMPI,
integrin-binding sialoprotein, and Runx2 than central PDL
cells. In vitro, Ca(OH), and CEMP1 promoted STRO-1-
positive cell proliferation, migration, and wound closure.
Ca(OH), stimulated expression of the cementum-specific
proteins CEMP1 and PTPLA/CAP in an ERK-dependent
manner. Lastly, Ca(OH), stimulated mineralization by
CEMP1-positive cells. Blocking CEMP1 and ERK func-
tion abolished Ca(OH),-induced mineralization, confirm-
ing a role for CEMP1 and ERK in the process. Ca(OH),
promotes cementogenesis and recruits STRO-1-positive
mesenchymal PDL cells to undergo cementoblastic dif-
ferentiation and mineralization via a CEMP1- and ERK-
dependent pathway.

Keywords Cementogenesis - Cementum protein-1 -
STRO-1 cell-surface marker - Periodontal ligament cell -
Calcium hydroxide

The periodontium, defined as tissues that support and house
the dentition, is comprised of root cementum, periodontal
ligament (PDL), and alveolar bone [1]. Specialized cells
that produce cementum and bone are thought to originate in
the PDL tissue under steady-state renewal [2]. The undif-
ferentiated mesenchymal progenitor cells within the PDL
tissue capable of differentiation toward an osteoblastic or
cementoblastic phenotype exhibit the mesenchymal cell-
surface markers STRO-1, CD-146, and/or CD-44 [3-10].
STRO-1-positive cells are present in the mouse dental
follicle and are involved in the formation of the perio-
dontium [11, 12].



F. W. G. Paula-Silva et al.: Ca(OH), Promotes Differentiation of Mesenchymal PDL Cells 145

Apical periodontitis leads to the destruction of peri-
odontal tissues. This involves the detachment of PDL fibers,
concomitant with resorption of bone and cementum, and
ultimately resulting in early tooth loss [13]. Using regener-
ative therapeutic approaches, these tissues can be restored by
stimulation of PDL mesenchymal progenitor cell differen-
tiation toward a cementoblastic or osteoblastic phenotype.
Although osteoblastic differentiation has been extensively
investigated, the mechanisms involved in cementoblastic
differentiation remain poorly understood [2, 14, 15].

A difficulty in studying cementoblastic differentiation
arises in part from the inability to identify fully differen-
tiated cementoblasts because most molecules expressed by
cementoblasts are pleiotropic and few cementum-specific
markers have been described [14—18]. Cementum protein 1
(CEMP1; GenBank NM_001048212, gene ID 752014) and
protein tyrosine phosphatase-like, member A/cementum
attachment protein (PTPLA/CAP) are molecules expressed
in PDL cells and at high levels in cementoblast-like cells
and, therefore, can be considered potential local regulators
of cementum metabolism and key markers of the cement-
oblast phenotype [11, 18-20].

Calcium hydroxide, Ca(OH),, has been widely used
in dentistry to stimulate mineralization. The effects of
Ca(OH), on mineralization have been attributed to its
dissociation into hydroxyl and calcium ions. Hydroxyl ions
are involved in the maintenance of an alkaline environ-
ment, and calcium ions have a direct effect on extracellular
matrix mineralization [21]. Furthermore, intracellular
increases in calcium levels activate the calcium/calmodulin
pathway, which regulates osteoblast differentiation via
phosphorylation of extracellular signal-regulated kinases
(ERK-1/ERK-2) and c-fos expression [22, 23]. However, a
direct effect of increased extracellular calcium levels on
cementoblastic differentiation has not been demonstrated.
Since previous studies have demonstrated that Ca(OH),
treatment induces the deposition of a cementum-like tissue
by PDL cells [24, 25], the purpose of this investigation was
to evaluate the effects of increasing extracellular calcium
levels on cementoblastic differentiation and cementogen-
esis. More specifically, we first examined cementum neo-
genesis in an in vivo dog model of cementogenesis and
used this information to dissect the cellular and intracel-
lular events that contribute to cementoblast differentiation,
wound healing, and mineralization.

Materials and Methods
Animal Model of Pulpal Necrosis and Treatment

Animal procedures conformed to protocols reviewed and
approved by the Animal Care Committee of the University of

Sao Paulo (2007.1.191.53.0). The third and fourth mandib-
ular premolars of six mongrel dogs (12 months of age,
weighing 10-15 kg) were utilized for Ca(OH), treatment.
The animals were anesthetized intravenously with sodium
thiopental (30 mg/kg body weight, Thionembutal; Abbott
Laboratories, Sao Paulo, Brazil), and root canal access was
created on the tooth surface with spherical burs. After pulp
removal, the apical cementum layer was perforated, thus
creating standardized apical openings as previously descri-
bed [26]. The root canals were left exposed to the oral cavity
for 7 days to allow microbial contamination, and then access
openings were sealed with zinc oxide-eugenol cement
(Dentsply Inddstria e Comércio, Rio de Janeiro, Brazil).
After 45 days, the development of apical periodontitis was
radiographically confirmed. Root canals were instrumented
to K-file #60, and a Ca(OH), paste was used as root canal
dressing (Calen; SS White Artigos Dentarios, Rio de Janeiro,
Brazil). A sterile cotton pellet was placed in the pulp
chamber, and the access cavity was filled with zinc oxide-
eugenol cement. Fifteen days later, the intracanal dressing
was removed, and root canal filling was performed with
gutta-percha cones and AH Plus root canal sealer (Dentsply
De Trey, Konstanz, Germany).

One-hundred and eighty days after treatment, animals
were killed by anesthetic overdose and blocks containing
mandibular jaw bones and teeth were removed. Tissues
were formalin-fixed and demineralized in 20% ethylene
diamine tetraacetic acid (Sigma, St. Louis, MO). Paraffin-
embedded blocks were serially sectioned, and 5-pm-thick
longitudinal sections were obtained and stained with
hematoxylin and eosin for histological, laser capture
microdissection (LCM), or immunofluorescence analysis.

LCM and RNA Extraction

Cells from the cementoblast layer, osteoblast layer, central
PDL, and newly deposited mineralized areas were isolated
using LCM (Leica AS/LMD®; Leica Microsystems, Wetz-
lar, Germany). We harvested 9 x 10’ cells per sample
(n = 5) from teeth treated with Ca(OH), or healthy teeth
(controls). RNA was extracted from these cells using the
RNeasy Micro kit (RNeasy® Micro; Qiagen, Chatsworth,
CA), and RNA integrity was analyzed using a capillary
electrophoresis system (Agilent 2100 BioAnalyzer; Agilent
Technologies, Santa Clara, CA). In vitro transcription for
total RNA amplification was performed using the TrueLa-
beling-PicoAMP™ kit (SABiosciences, Frederick, MD).

Quantitative Reverse Transcriptase-Polymerase Chain
Reaction

Complementary DNA (cDNA) was synthesized from 1 pg
of total RNA using random primers (High Quality cDNA
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Reverse Transcriptase Kits; Applied Biosystems, Foster
City, CA). Aliquots of 5 pl of total cDNA were amplified
by quantitative reverse transcriptase-polymerase chain
reaction (QRT-PCR) using the primers for CEMP1, Runt-
related transcription factor 2 (Runx2), integrin-binding
sialoprotein (IBSP), and bone gamma-carboxyglutamate
(gla) protein (BGLAP). GAPDH was used as an internal
control. Runx2, IBSP, and BGLAP primers and probes
which recognize dog sequences were obtained commer-
cially and are proprietary; thus, sequences are not available
(TagMan® Gene Expression Assay, Applied Biosystems).
The CEMP1 primer sequence used was 5'-CAG GAT CCA
CAT CCG TC-3' (forward) and 5'-CTG AAC AGC TTC
GAG GC-3' (reverse). This primer recognizes the human
CEMP1 sequence; the dog sequence for CEMPI is
unknown. For TagMan® primers, amplification was done
under the following conditions: denaturation at 95°C for
10 min, followed by 40 cycles of 95°C for 15 s and 60°C
for 1 min. For the CEMP1 primer, amplification was done
using Sybr Green (Applied Biosystems) after denaturation,
followed by 40 cycles of 95°C for 15 s, 55°C for 20 s, and
72°C for 50 s. Data were analyzed using ABI Prism 7500
SDS 1.2 software (Applied Biosystems). Relative quanti-
fication was performed using the AACt method.

Cell Culture

Teeth extracted for orthodontic reasons were obtained from
three healthy patients from the Department of Oral and
Maxillofacial Surgery, Dental School, University of
Michigan, under IRB approval. PDL cells were isolated
and cultured in a-MEM as previously described [27, 28]
and used from the third through fifth passages. All exper-
iments were performed on a minimum of three independent
cell isolates, and assays were performed in triplicate.

Pharmacological Treatment

PDL cells were plated at 1 x 10° cells/well in 60-mm
dishes and treated with Ca(OH), (calcium hydroxide pu-
riss. p.a., Sigma) dissolved in either serum-free medium for
short-term experiments (6—48 h) or medium supplemented
with 1% FBS for long-term experiments (>72 h). For
inhibitor experiments, cells were pretreated with ERK
inhibitor (FR180204; EMD Chemicals, San Diego, CA),
p38 inhibitor (SB203580, EMD Chemicals), and c-Jun
N-terminal kinase inhibitor (SP600125, EMD Chemicals)
dissolved in dimethyl sulfoxide (DMSO) or calcium
channel blocker (methoxyverapamil hydrochloride, EMD
Chemicals) dissolved in distilled deionized water for 1 h.
Solvent controls were also examined. Then, medium was
replaced with serum-free medium containing the inhibitor
plus Ca(OH),.
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RNA Interference

For transfection experiments, 20 or 60 pmol of ERK-1 and
ERK-2 siRNA (Santa Cruz Biotechnology, Santa Cruz,
CA) were used in 2 x 10° cells/well. Controls included
nontargeting siRNA and no siRNA. After 36 h of trans-
fection, cells were stimulated with Ca(OH), as described
above.

Cytotoxicity and Cell Proliferation Assays

We plated 5 x 10° cells/well in a 96-well plate, preincu-
bated for 12 h in serum-free medium, then treated with
different concentrations of Ca(OH), for 24 h. A water-
soluble tetrazolium salt, 10 pul (Dojindo, Gaithersburg,
MD), was added to each well and incubated at 37°C for 3 h
in the dark. After incubation, absorbance was measured at
450 nm, using a spectrophotometer, and the relative cyto-
toxicity was calculated. For cell proliferation assays, cell
numbers were calculated against a standard curve gener-
ated from a known number of viable cells.

Wound Healing Assay

PDL cells were plated at 1 x 10° cells/well in a 96-well
plate and allowed to spread and attach overnight [29].
Then, a single standardized scratch or wound was made in
the center of the cell layer, and cells were treated with
recombinant human CEMP1 (15 pg/ml) [18], Ca(OH),
(10 mM), a combination of both, or serum-free medium
alone. Sterile-filtered CEMP1 antibody or calcium channel
blocker was used to test specificity of the response. Pho-
tographs were taken immediately after wounding and 6, 12,
or 18 h after treatment. The areas between the cell layer
borders were measured, and percentages of wound closure
were calculated.

Chemotaxis Cell Migration Assays

Chemotaxis cell migration assays were performed in
transwell chambers using a fluorometric migration assay
(Innocyte™ Cell Migration Assay; Calbiochem, San
Diego, CA). Briefly, the lower chamber of a 96 well-plate
was loaded with the chemoattractants—CEMP1, 15 pg/ml;
Ca(OH),, 10 mM; a combination of both; or 10% FBS—or
serum-free control medium. We resuspended 1 x 10’
cells/well in serum-free medium or in serum-free medium
plus calcium channel blocker (20 pM) or a CEMP1 anti-
body (10 pg/ml) and deposited them in the upper com-
partment. Plates were incubated at 37°C for 18 h. Cells that
migrated to the bottom of the chamber were detached and a
calcein-AM fluorescent dye was used to quantify the cells
that migrated through the pores.



F. W. G. Paula-Silva et al.: Ca(OH), Promotes Differentiation of Mesenchymal PDL Cells 147

Immunofluorescence Staining of Cells

For immunofluorescence analysis, cells were fixed onto
slides in cold methanol for 5 min, then allowed to air dry at
room temperature. Slides were washed in PBS, and non-
specific binding sites were blocked with 5% bovine serum
albumin (BSA, Sigma) for 30 min. Sections were then
incubated with the primary antibodies for CEMP1 (poly-
clonal rabbit anti-CEMP1, 1:300) or STRO-1 (1:10,
monoclonal mouse anti-STRO-1; R&D Systems, Minne-
apolis, MN) for 1 h. Then, sections were incubated with
secondary antibody (1:100; goat anti-rabbit IgG Texas
red—conjugated or rabbit anti-mouse IgM FITC-conju-
gated) for 1 h in the dark. Nuclei were counterstained by
incubating slides with 4’,6-diamidino-2-phenylindole stain
(DAPIL, 0.5 pg/ml; Invitrogen, Carlsbad, CA) for 1 min.
Slides were mounted in ProLong Gold Antifade (Molecular
Probes, Eugene, OR). Rabbit IgG and mouse IgM were
used as negative controls. Cells were photographed using a
fluorescence microscope equipped with a digital camera.
Optical densitometric analysis of intracellular protein
labeling (n = 30/group) was performed using Image J 1.41
software (National Institutes of Health, Bethesda, MD).

Double Immunofluorescence Staining of Tissues

Tissue sections underwent antigen retrieval by boiling the
slides in 10 mM sodium citrate (pH 6.0) at 90°C for 15 min.
Nonspecific binding was blocked with 2% BSA for 30 min,
and double immunostaining was performed by incubating
sections with primary antibodies for CEMP1 (1:300) and
STRO-1 (1:10) for 1 h. Then, sections were incubated with
secondary antibodies (anti-rabbit IgG and antimouse IgM,
1:100). Nuclei were counterstained by incubating slides with
DAPI for 1 min. Slides were mounted in ProLong Gold
Antifade. The percentage of positively stained cells was
evaluated in three areas of the PDL: cementoblastic area,
central PDL, and osteoblastic area.

Western Blotting

Total protein content was measured in all samples using the
Bradford microassay (Bio-Rad, Hercules, CA). Samples
with a total protein of 10-30 pg were electrophoretically
resolved using 4-12% SDS-PAGE, then electroblotted
onto polyvinylidene fluoride membranes (Millipore,
Billerica, MA) using standard methods. Membranes were
blocked in TBS (StartingBlock™ TBS Blocking Buffer;
Pierce Biotechnology, Rockford, IL) with 5% BSA for 1 h
and incubated overnight with diluted primary antibodies
for IBSP (1:250, Santa Cruz Biotechnology), CEMP1
(1:500), PTPLA/CAP (1:500, Santa Cruz Biotechnology),
DMP1 (1:500, Santa Cruz Biotechnology), p44/42 MAPK

(ERK-1/ERK-2, 1:1,000; Cell Signaling Technology,
Beverly, MA), phospho-p44/42 MAPK Thr202/Tyr204
(phospho-ERK-1/ERK-2; 1:1,000; Cell Signaling Tech-
nology), and GAPDH (1:2,000, Santa Cruz Biotechnol-
ogy). Secondary antibodies were anti-mouse IgG, anti-goat
IgG, or anti-rabbit IgG conjugated to horseradish peroxi-
dase (1:2,000, Santa Cruz Biotechnology). Immunoblot
bands were visualized by enhanced chemiluminescence
using the West-Pico ECL detection system (Pierce
Biotechnology).

Alkaline Phosphatase Activity

Cells were lysed in distilled deionized water and sonicated
for 15 s, and the lysate was incubated at 37°C for 30 min
with p-nitrophenylphosphate (oNPP; Alkaline Phosphatase
Substrate, Sigma) in an alkaline phosphatase buffer solu-
tion (1.5 mM, pH 10.3; Sigma). The reaction was stopped
by adding 1 N NaOH, and absorbance was read at 405 nm.
Alkaline phosphatase enzymatic activity was normalized to
total protein concentration.

Mineralization Assays

Mineralized nodule formation was assessed by culturing
confluent PDL cells in mineralization medium for 7, 14,
21, and 28 days with changes of medium every third day.
Mineralization medium consisted of -MEM culture med-
ium supplemented with 10 mM f-glycerophosphate,
50 pg/ml ascorbic acid, and 1% FBS. PDL cells were
treated with Ca(OH),, a sterile-filtered rabbit CEMP1
antibody, an ERK-1/ERK-2 inhibitor, or mineralizing
medium alone. Mineralized monolayer cell cultures were
stained for matrix mineralization as described previously
[10, 30]. Briefly, cultures were fixed with 70% ethanol for
10 min and stained with 2% alizarin red solution (Sigma)
for 5 min at room temperature. To quantify the degree of
calcium accumulation in the mineralized extracellular
matrix, alizarin red—stained cultures were incubated with
100 mM cetylpyridinium chloride (Sigma) for 1h to
release calcium-bound dye into the solution. The absor-
bance of the released dye was measured at 570 nm using a
spectrophotometer and normalized by the total protein
concentration in the culture.

For dual staining with alizarin red and immunolabeling
with CEMPI1, cells were fixed in 70% ethanol for 1 h at
4°C. After washing in PBS, cultures were processed for
immunofluorescence labeling as previously described [31].

Statistical Analysis

Quantitative data were analyzed using one-way ANOVA
followed by Tukey’s test (« = 0.05).
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Results

Ca(OH),-Mediated Differentiation of PDL Cells
Toward a Cementoblastic Phenotype Induces
Mineralized Tissue Deposition and Expression
of Mineralization-Specific mRNAs In Vivo

A cementum-like tissue deposition was observed in teeth
that had undergone Ca(OH),-enhanced root canal treat-
ment. This neo-cementoid tissue was deposited in the
apical foramina in contact with the Ca(OH), paste that had
been placed inside the root canals (Fig. la, ). A clear line
demarcating the neo-cementum deposition induced by
Ca(OH), treatment was visible (Fig. 1i). The neocementum
deposited in the apical foramina following root canal
treatment resembles a cellular intrinsic fiber cementum,
which is characterized by the entrapment of cells in the
matrix. The collagen fibers are intrinsic because they do
not protrude from the cementum into the PDL space. This
tissue may also be formed as a reparative tissue filling
resorptive and fractures defects of the root [2]. Neo-
cementum formation was not observed in teeth submitted
to root canal treatment without Ca(OH), or in teeth not
submitted to root canal treatment (data not shown).

In repaired teeth, cells in close contact with the newly
deposited cementoid tissue stained positively for CEMP1, a
marker of cementoblastic differentiation (Fig. 1b, f, j). In
healthy, untreated teeth, cells adjacent to the cementum also
stained positive for CEMP1 (Fig. 1n, r). Staining intensity
for CEMP1 was higher in the PDL adjacent to the cementum
compared to the center of the PDL in both repaired and
healthy teeth. The percentage of CEMP1 positively stained
cells decreased from the cementoblastic area of the PDL to
the center of the PDL, with the lowest staining present
toward the osteoblastic area of the PDL (Fig. 1u—w).

Since the origin of the cells lining the newly formed
tissue was not known, tissues were stained for STRO-1, a
marker of mesenchymal progenitor cells [3]. In the PDL of
healthy and repaired teeth a higher concentration of STRO-
1-positive cells was located toward the cementum and a
lower number of positive cells was present toward the
alveolar bone side of the PDL (Fig. lc, g, k, o, s). We
observed that STRO-1 expression was colocalized with
CEMP1 expression in several cells in healthy teeth
(Fig. 1p, t). In teeth subjected to root canal therapy, a
higher percentage of cells close to the newly deposited
cementoid tissue were double-positive (STRO-1 and
CEMP1) compared to the original cementoblast layer in
healthy teeth (Fig. 1d, h, 1, p, t, u). Alveolar bone and
osteoblasts were largely negative (Fig. 1w). Control sec-
tions incubated with anti-rabbit IgG or anti-mouse IgM
were negative (data not shown). The colocalization of
CEMP1- and STRO-1-positive cells close to the newly
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formed mineralized tissue indicates a possible relationship
between CEMP1 and STRO-1 and further supports the
presence of cementoblast-like progenitor cells in this
reparative area.

To confirm the presence of a mineralizing cell pheno-
type in the apex of repaired teeth, CEMP1, IBSP, Runx2,
and BGLAP mRNA expression was evaluated in the cells
of this area by LCM and qRT-PCR. Higher CEMP1 mRNA
expression was observed in the cementoblastic area of the
PDL and in the center of the PDL compared to the osteo-
blastic area of the PDL (Fig. 2a). Furthermore, in repaired
teeth CEMP1 mRNA expression was significantly higher in
the cementoblastic region of the PDL compared to healthy
teeth. IBSP and BGLAP mRNA expression was similar in
the cementoblastic and osteoblastic areas in both repaired
and healthy teeth, indicating a mineralizing cell phenotype
close to the newly formed mineralized tissue (Fig. 2b, c).
Similarly, Runx2 transcripts were expressed in higher
amounts in cells adjacent to the cementum and bone
compared to cells in the center of the PDL, with cells
adjacent to the cementum in repaired teeth expressing
significantly more Runx2 than healthy teeth (Fig. 2d).
Taken together, the higher mRNA and protein expression
for mineralization-associated proteins observed in the
reparative areas close to the newly formed cementoid tissue
indicates a cementoblastic phenotype for cells present in
repaired teeth.

CEMP1 Promotes PDL Cell Proliferation, Migration,
and Mineralization

Since CEMP1 expression was colocalized with STRO-1-
positive cells and higher CEMP1 expression was observed
in the cementoblastic area in teeth treated with Ca(OH),,
we investigated whether CEMP1 or Ca(OH), is a chemo-
tactic factor for STRO-1-positive cells. Relative to serum-
free media alone, recombinant human CEMP1, Ca(OH),,
or a combination of the two stimulated PDL cell migration
and wound closure at 18 h after treatment. Ca(OH), and
CEMP1 together promoted faster cell migration at 6 and
12 h compared to treatment with Ca(OH), alone. Blocking
calcium channels or CEMP1 activity prevented cell
migration, confirming the role of both in wound closure in
vitro (Fig. 3a). A chemotactic cell migration assay further
confirmed these results (Fig. 3b).

A higher percentage of migrating cells were STRO-1-
positive under CEMP1 vs. Ca(OH), stimulation in the
wound healing assays at 18 h (Fig. 3c). The combined
treatment of CEMP1 and Ca(OH), maintained a proportion
of STRO-1-positive cells within the migrating cells at
levels similar to those induced by CEMP1 alone.

CEMP1 treatment stimulated higher levels of cell pro-
liferation than the serum-free control 6-72 h after
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treatment. In contrast, relative to control treatment,
Ca(OH), did not affect cell proliferation up to 36 h but
inhibited cell proliferation at 48—72 h of culture (Fig. 3d).
CEMPI1 and Ca(OH), treatment combined stimulated cell
proliferation up to 36 h; however, after that, cell prolifer-
ation was not different from the control. Together, these
findings suggest different roles for CEMP1 and Ca(OH), in
the reparative phenomenon observed in vivo.

To further investigate if CEMP1 is involved in miner-
alization by PDL cells as it is for other cells [32, 33], we
induced PDL cell mineralization using f-glycerophosphate
and ascorbic acid with or without Ca(OH), in the presence
or absence of a CEMP1 function-blocking antibody. Cells
in control medium retained their characteristic spindle-
shaped morphology, while cells maintained in elevated
levels of calcium in mineralizing medium lost their initial
fibroblastic spindle-shaped morphology and exhibited
shorter spindles and an oval-shaped morphology (Fig. 4a).
Changes in PDL cell morphology combined with increased
expression of mineralization-associated proteins have been
considered indicators of osteoblastic/cementoblastic line-
age differentiation [34]. Thus, the morphological changes
observed in our PDL cell cultures under high calcium
levels may be indicative of cementoblastic lineage
differentiation.

Ca(OH),-treated cells had greater numbers of mineral-
ized nodules compared to cells cultured in mineralization
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medium alone (Fig. 4b). The cells around the nodules in
both conditions were CEMP1-positive; however, staining
intensity was highest in Ca(OH),-treated cells (Fig. 4a, b).
At a distance from the nodules, cells were CEMP1-nega-
tive under treatment with mineralization medium alone,
whereas all cells were CEMP1-positive under treatment
with Ca(OH), in mineralization medium (Fig. 4b [c, f]).

The highest level of mineralization was observed when
Ca(OH), was added to the mineralization medium
(Fig. 4c). However, when cells were incubated with a
CEMP1 blocking antibody, less mineralization was
observed under all conditions. Blocking CEMP1 activity in
cells treated with Ca(OH), diminished mineralized nodule
formation. Cells incubated with regular medium did not
show nodule formation, and cells incubated in minerali-
zation medium plus rabbit IgG exhibited similar nodule
formation as cells incubated with mineralization medium
alone.

Increase in Extracellular Calcium Levels Upregulates
Expression of Cementoblast-Related Proteins and
Mineralization

To further understand the role of Ca(OH), in PDL cell
differentiation, we evaluated the ability of PDL cells to
express mineralization-associated proteins upon treatment
with Ca(OH),. PDL cells were treated with 1-20 mM of
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Ca(OH), diluted in regular serum-free medium for 24 h
(Fig. 5a). A dose-dependent decrease in cell viability was
observed with increasing concentrations of Ca(OH),.
Doses lower than 15 mM permitted cell viability of 90% or
greater, and therefore, subsequent experiments were per-
formed with concentrations lower than that.

Different concentrations of Ca(OH), stimulated varied
expression of mineralization-associated proteins in PDL
cells. Basal PTPLA/CAP expression was detected at 6,
12, and 24 h in PDL cells, and Ca(OH), treatment had
minimal effects on PTPLA/CAP expression in short-term
cultures (Fig. 5b). However, in long-term cultures,
PTPLA/CAP expression was induced by Ca(OH), at 3, 7,
and 14 days of culture; and the most robust effects were
exhibited with the higher concentrations of Ca(OH),
tested (Fig. 5c).

CEMP1 expression was induced 12 h following treat-
ment with Ca(OH),, but no expression was detected in the
control. At 24 h, the induction of CEMP1 at lower doses of
Ca(OH), was comparable to basal expression levels, while
10 mM Ca(OH), induced a slight increase in CEMP1
expression (Fig. 5b). As seen for PTPLA/CAP in long-term
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cultures, Ca(OH), substantially induced CEMP1 expres-
sion in PDL cells at 3, 7, and 14 days of culture. At
14 days, CEMP1 expression was higher for Ca(OH),-
treated cells compared to those in regular media, irre-
spective of the dose used (Fig. 5c). Similar expression
profiles were noted for dentin matrix protein 1 (DMP1).

Ca(OH), exerted little effect on basal IBSP expression
at 6, 12, and 24 h of culture (Fig. 5b). At 3 and 7 days a
dose-dependent increase in IBSP expression was observed
in cells treated with Ca(OH),, although at 14 days no dif-
ference was observed in IBSP expression between
Ca(OH),-treated cells and controls (Fig. 5c).

To further investigate the mineralizing phenotype
induced by Ca(OH),, alkaline phosphatase activity was
measured at 7 and 14 days (Fig. 5d). Relative to cells
cultured in mineralizing medium, cells in mineralizing
medium containing Ca(OH), had higher alkaline phos-
phatase activity at 7 and 14 days in culture. Ca(OH), in
regular medium did not induce increases in alkaline
phosphatase activity.

While cells treated with mineralization medium alone
exhibited no nodule formation on days 14 and 21 of
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Fig. 4 a Intensity of CEMP1 fluorescence. Bar = 15 um, n = 30.
b Mineralized nodules (a, d; bar = 100 um) were stained and
pictures taken of areas adjacent to (b, e) and distant from (c, f) the

culture, Ca(OH), enhanced mineralized nodule formation
at these time points (Fig. 5Se). On day 28, Ca(OH), pro-
duced a dose-dependent increase in mineralized nodule
formation. Therefore, Ca(OH), stimulated the expression
of mineralization-associated proteins, alkaline phosphatase
activity, and mineralization to a higher level than controls
not treated with Ca(OH),. These findings demonstrate the
important role of Ca(OH), in inducing cementoblastic
differentiation of PDL cells.

Increased Extracellular Calcium Mediates Cementum-
Specific Protein Expression Via ERK MAPK Signaling

The mechanisms involved in regulating cementum-associ-
ated proteins due to elevation of extracellular calcium have
not been explored. Thus, we investigated the role of
Ca(OH), in the regulation of PTPLA/CAP and CEMPI,
proteins considered to be cementoblast-specific [18, 35,
36]. In addition, since mitogen-activated protein kinases
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nodules. Bar = 20 pum, n = 3. ¢ Cells were cultured in medium with
Ca(OH),, and CEMP1 activity was blocked using an antibody; n = 3,
* P <0.05

mediate cementum-related protein expression in cemento-
blasts [37], we inhibited the extracellular signal-regulated
kinase, p38, and c-Jun N-terminal kinase pathways, using
chemical inhibitors to determine if these kinases are
involved in cementoblastic differentiation of PDL cells.
Treatment with Ca(OH), elevated CEMP1 and PTPLA/
CAP levels, as previously demonstrated. The ERK inhibi-
tor blocked CEMP1 and PTPLA/CAP expression, whereas
p38 and JNK inhibitors did not (Fig. 6a), indicating that
Ca(OH), mediates CEMP1 and PTPLA/CAP expression
via the ERK signaling pathway. To further examine the
role of ERK signaling in this mechanism, time-dependent
experiments were performed to assess ERK phosphoryla-
tion. Ca(OH), treatment stimulated ERK-1 and ERK-2
phosphorylation time-dependently, with phosphorylation
peaking at 30-45 min and decreasing thereafter. Longer-
term evaluation confirmed the cycling pattern of ERK
phosphorylation upon Ca(OH), treatment (Fig. 6b). Total
ERK levels remained unchanged.
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To confirm that PTPLA/CAP and CEMP1 regulation is
mediated via ERK, ERK-1 and ERK-2 expression was
inhibited using siRNA (Fig. 6¢). Treatment with ERK-1
and ERK-2 siRNA downregulated PTPLA/CAP and
CEMP1 expression. Furthermore, simultaneous suppres-
sion of ERK-1/ERK-2 and stimulation with Ca(OH),
resulted in diminished levels of PTPLA/CAP and CEMP1
expression compared to Ca(OH), stimulation alone. Inhi-
bition of ERK-1/ERK-2 using a biochemical inhibitor also
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nodule formation, n = 3, * P < 0.05

blocked the increased mineralization induced by Ca(OH),
(Fig. 6d).

Since ERK is phosphorylated in response to ionomycin-
induced intracellular calcium increases [38], we examined
whether ERK phosphorylation in PDL cells is mediated
directly by entrance of calcium into the cells. To this end,
we used a general calcium channel blocker and treated the
cells with Ca(OH),. Blocking calcium channels in the
presence of Ca(OH), diminished the levels of ERK
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Fig. 6 a Cells were treated with MAPK inhibitors, and protein
expression was examined. b Effects of Ca(OH), on ERK-1/ERK-2
(44 and 42 kDa) phosphorylation. ¢ ERK-1/ERK-2 siRNA effects on
Ca(OH),-mediated PTPLA/CAP and CEMP1 expression. d Effects of

phosphorylation compared to cells treated with Ca(OH),
alone. Treatment with a calcium channel blocker for 12 h
led to a dose-dependent decrease in CEMP1 expression and
lower PTPLA/CAP expression (Fig. 6e).

Discussion

Achieving complete periodontal regeneration is challeng-
ing because several tissues require regeneration. One of
those complex tissues is cementum, a tissue important for
anchoring PDL fibers. PDL cells can form mineralized
nodules in vitro and express mineralization-associated
proteins [10, 39, 40]. Thus, the PDL is thought to contain
cells that are at different stages of differentiation and
lineage commitment and that could potentially contribute
to cementogenesis. We demonstrate for the first time that
increasing extracellular calcium levels leads specifically to
cementoblastic differentiation of PDL cells and minerali-
zation in vitro and in vivo. Additionally, our findings
provide new information on the role of CEMP1 in PDL
mesenchymal cell recruitment, proliferation, and mineral-
ization (Fig. 7).
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ERK inhibition on mineralization. n = 3, * P < 0.05. e Effects of a
calcium channel blocker on ERK-1/ERK-2 phosphorylation and
protein expression

In vivo, CEMP1- and STRO-I1-positive cells were
colocalized adjacent to the root surface in areas where neo-
cementum was deposited, suggesting that the cells that
deposited the reparative cementum were of mesenchymal
origin. In vitro, treatment of PDL cells with CEMP1 pro-
tein stimulated the proliferation and migration of PDL
cells, with the migration front comprised of STRO-1-
positive cells. Our findings are consistent with other reports
showing that STRO-1-positive cells are located next to
the cementum [4], although an overlap between CEMP1-
and STRO-1-expressing cells has not been previously
described.

CEMP1 is a likely mediator in wound healing and
periodontal regeneration since it stimulates PDL cell pro-
liferation and migration. CEMP1 leads to migration of
STRO-1-positive cells, suggesting a possible mechanism
for the recruitment of mesenchymal cells toward a CEMP1
signal. The role of CEMP1 as a chemoattractant and as a
promoter of mineralization is further supported by the
findings that mineralization is reduced upon blocking
CEMP1 function in vitro, and cells in direct contact with
neo-cementum induced by Ca(OH), are CEMP1-positive
in vivo. In cementoblastoma cells, blocking CEMPI
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Fig. 7 Proposed model of

CEMPI1-ERK-mediated
cementogenesis in response to
Ca(OH),. Ca(OH), induces
increased extracellular calcium
levels and expression of
PTPLA/CAP and CEMP1 via
ERK MAPK signaling. CEMP1
recruits STRO-1-positive
progenitor mesenchymal cells
and together with calcium
hydroxide mediates migration,
proliferation, and differentiation
of PDL cells toward a
cementoblastic phenotype
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activity decreases alkaline phosphatase activity, IBSP, and
osteopontin expression without altering cell proliferation
and viability [32]. Transfection of CEMP1 into human
gingival fibroblasts, cells that normally do not express
CEMPI, led to the development of a cementoblastic phe-
notype in these cells. Specifically, these cells expressed
alkaline phosphatase, IBSP, PTPLA/CAP, BGLAP, osteo-
pontin, and Runx2 and underwent mineralization [33, 41].
Recombinant human CEMP-1 strongly cross-reacts with
antibodies against collagen type X but not with antibodies
against type I. Furthermore, amino acids 30-110 in the
CEMP1 sequence show 40% similarity with type X human
collagen. Nevertheless, CEMP1 does not have the charac-
teristic collagen-like gly-x—y repeats, which suggests that
CEMP1 is not a true collagen [18]. Although PTPLA/CAP
has been used as a marker of cementoblastic differentia-
tion, the sequence AY455942 deposited in public data-
banks for human PTPLA may not represent CAP detected
in teeth [42]. In our studies we used a commercially
available mouse monoclonal antibody raised against
cementum attachment protein of cow origin.

Calcium is a well-known regulator of transcriptional
gene expression in osteoblasts, and many cellular responses
to calcium signals are modulated by calcium/calmodulin-
dependent enzymes [23], although the role of calcium in
cementoblastic differentiation is not known. In osteoblasts,
intracellular increases in calcium levels activate calmodu-
lin, which binds to and activates calcium/calmodulin-
dependent protein kinase II and downstream phosphorylates
ERK-1/ERK-2. ERK-1/ERK-2 are important intermediary
signaling molecules for osteoblastic gene expression
via regulation of c-fos [22]. Here, we demonstrated that
blocking calcium channels in the presence of increased
extracellular calcium levels prevents ERK-1/ERK-2 phos-
phorylation and PTPLA/CAP and CEMPI1 expression.
Silencing ERK-1/ERK-2 gene expression confirmed the
role of this intermediate pathway in cementoblastic differ-
entiation under Ca(OH), treatment. Although calcium ion-
mediated increases in pH could have potentially influenced
cell differentiation, the buffering capacity of the medium
following incubation in a 5% CO, atmosphere reduced this
effect. The pH of the medium was consistently maintained
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at 7.4 following CO, incubation. A pH of 7.4 was the reg-
ular o-MEM pH value used in our studies. Therefore, our
results can be attributed to raising local calcium concen-
trations rather than increasing pH levels. Furthermore, the
use of a calcium channel blocker prevented CEMP1 and
PTPLA/CAP expression, demonstrating the role of calcium
ions in this process.

Molecules responsible for recruiting mesenchymal cells
and inducing their differentiation into cementoblasts have
not been identified. Our results provide evidence that
CEMP1 could be one of the molecules that performs
these functions. STRO-1-positive PDL cells transplanted
into artificially created PDL defects in immunocompro-
mised rats induced the deposition of a layer of cementum
tissue [3]. Also, human PDL cells transplanted with a
p-tricalcium phosphate scaffold into the subcutaneous
dorsal surface of mice induced a mineralized tissue
deposition on the surface of the scaffold, and these tissues
exhibited upregulated gene expression for BGLAP, IBSP,
CEMPI1, and periostin, unlike controls [8]. Our findings
are in agreement with these previous publications since
we demonstrate that a cementum-like tissue was induced
in the dental root apex of repaired teeth and that cells
lining this tissue were double-stained for STRO-1 and
CEMP1. These data further suggest that clinical treatment
with Ca(OH), recruits mesenchymal, STRO-1-positive
PDL cells via a CEMPI1 gradient that promotes mesen-
chymal cell differentiation toward cementogenesis in an
ERK-dependent manner.

Conclusions

Ca(OH),-mediated increases in extracellular calcium levels
induced cementoblastic differentiation of PDL cells by an
ERK-dependent mechanism. Blocking calcium channels
inhibited ERK phosphorylation and thereby prevented
cementoblast-specific protein expression (PTPLA/CAP and
CEMP1). Ultimately, CEMP1 and ERK upregulation was
central to cementogenesis since blocking their functions
abolished mineralization.
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