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Background: Proper formation of cementum, a mineralized tis-
sue lining the tooth root surface, is required for development of
a functional periodontal ligament. Further, the presence of
healthy cementum is considered to be an important criterion
for predictable restoration of periodontal tissues lost as a con-
sequence of disease. Despite the significance of cementum to
general oral health, the mechanisms controlling development
and regeneration of this tissue are not well understood and
research has been hampered by the lack of adequate in vitro
experimental models.

Methods: In an effort to establish cementoblast cell popula-
tions, without the trappings of a heterogeneous population con-
taining periodontal ligament (PDL) cells, cells were obtained
from the root surface of first mandibular molars of OC-TAg
transgenic mice. These mice contain the SV40 large T-antigen
(TAg) under control of the osteocalcin (OC) promoter. There-
fore, only cells that express OC also express TAg and are immor-
talized in vitro. Based on results of prior in situ studies, OC is
expressed by cementoblasts during root development, but not
by cells within the PDL. Consequently, when populations are
isolated from developing molars using collagenase/trypsin diges-
tion, only cementoblasts, not PDL cells, are immortalized and
thus, will survive in culture.

Results: The resulting immortalized cementoblast population
(OC/CM) expressed bone sialoprotein (BSP), osteopontin (OPN),
and OC, markers selective to cells lining the root surface. These
cells also expressed type I and XII collagen and type I PTH/PTHrP
receptor (PTH1R). In addition to expression of genes associated
with cementoblasts, OC/CM cells promoted mineral nodule for-
mation and exhibited a PTHrP mediated cAMP response.

Conclusions: This approach for establishing cementoblasts
in vitro provides a model to study cementogenesis as required
to enhance our knowledge of the mechanisms controlling devel-
opment, maintenance, and regeneration of periodontal tissues.
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C
ementum was first described in
1835,1 and research through the
years has demonstrated that it is

a unique tissue histologically, but shares
many properties with other mineralized
tissues, particularly bone.2,3 Despite
many years of research in which the
importance of cementum in the repara-
tive process following periodontal dis-
ease has been explored,4 very little is
known about the cells responsible for for-
mation of cementum, cementoblasts.
The wealth of what is known about
cementum comes from numerous stud-
ies on the histology and composition of
this tissue. Light and electron microscopy
have enabled classification of cementum
into 5 different subtypes based on the
presence or absence (cellular versus
acellular) of cells and the source of col-
lagen fibers (extrinsic versus intrin-
sic).3,5,6 All of these subtypes are quite
different from bone, in that they are not
innervated, exhibit little or no remodel-
ing, and are avascular. Despite these dif-
ferences, cementum does have many
similarities to bone. First, diseases that
affect the properties of bone often alter
cementum’s properties as well. For
example, Paget’s disease results in hyper-
cementosis; hypophosphatasia results in
no cementum formation with exfoliation
of teeth; decreased cementum is associ-
ated with hypopituitarism; and defective
cementum is seen in patients with clei-
docranial dysplasia. Second, the com-
position of cementum is similar to that of
bone. Cementum is approximately 50%
hydroxyapatite and 50% collagen and
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non-collagenous proteins.7 Protein extracts of mature
cementum promote cell migration8 and attachment9-11

and stimulate protein synthesis of gingival fibroblasts
and periodontal ligament cells.12,13 Investigation of
these extracts revealed the presence of bone sialo-
protein (BSP),14-16 osteopontin (OPN),14,17,18 and
fibronectin.6,19

Immunocytochemistry16,17 and in situ hybridiza-
tion20 confirmed the presence of these proteins and
further detected the presence of osteocalcin (OC),20,21

vitronectin,22 γ-carboxyglutamic acid,23 osteonectin,24

proteoglycans,25 and several growth factors. Two addi-
tional molecules, an adhesion molecule and a growth
factor, have been identified and initial data suggest
that they may be unique to cementum. Cementum
attachment protein (CAP)26,27 may prove to be a
cementum specific collagen-like molecule, while a fac-
tor initially named cementum derived growth factor
(CGF),28 now considered to be an insulin-like growth
factor (IGF-I like molecule), may be shown to have
properties different from those of IGF-I.

In order to develop ideal clinical therapies to regen-
erate tissues lost to periodontal disease, it is neces-
sary to understand the mechanisms involved in per-
iodontal development and regeneration and,
particularly, cementogenesis. These processes are
not well understood and have been hampered by a
lack of good in vitro models to study cementoblasts.
Previously, our laboratory reported the successful iso-
lation of a heterogeneous population of murine
cementoblasts and periodontal ligament (PDL) cells.20

Cells within this population expressed type I colla-
gen, BSP, OPN, and OC, mirroring the expression
pattern seen in developing tissues. Of particular inter-
est was the expression pattern noted for BSP and OC,
which in situ is expressed selectively by cells lining
the tooth root surface, cementoblasts, and not
expressed, at any stage of development, by PDL cells.
The presence of cells in vitro exhibiting these 2 mark-
ers indicated that cementoblasts were present in the
population.

While these mixed CM/PDL populations represented
a good first step in the establishment of an in vitro
model system to study cementoblasts, the lack of
markers for PDL cells made it difficult to eliminate PDL
cells from these heterogeneous cell populations. In an
effort to establish cementoblast cell populations, with-
out the characteristics of a heterogeneous population
containing PDL cells, we isolated cells from the root
surface of first mandibular molars of OC-TAg trans-
genic mice. These mice carry the SV40 large T anti-
gen (TAg) under control of the rat OC promoter.29

Therefore, only cells that express OC, that is cement-
oblasts, not PDL cells, can express TAg and are immor-
talized. Consequently, when cells are isolated from
developing molars using collagenase/trypsin diges-

tions, non-immortalized cells are eliminated with pas-
sage.

Here, we describe the isolation and characterization
of cementoblasts in vitro. The resulting immortalized
cementoblast population (OC/CM) expressed BSP,
OPN, and OC, markers selective to cells lining the
root surface. These cells also expressed type I and
XII collagen and type I PTH/PTHrP receptor (PTH1R).
In addition to expression of genes associated with
cementoblasts, OC/CM cells promoted mineral nodule
formation and exhibited a PTHrP mediated cAMP
response.

MATERIALS AND METHODS

Mouse Breeding Strategy

The mice used (OC-TAg) contain a transgene, which
consists of the protein coding region of SV-40 large T-
and small t-antigens, under control of the rat osteo-
calcin gene promoter.29 To obtain transgenic progeny
for cell isolation, founder transgenic mice were bred to
non-transgenic CB6F1 mice.§

The presence of the osteocalcin promoter driving
the transgene insures that cells expressing osteocalcin
(for our purposes, cementoblasts) are preferentially
immortalized. All procedures involving mice were per-
formed in compliance with regulations administered
by the University of Michigan Unit for Lab Animal Med-
icine.

Cell Culture and Cloning

Day 40, 41, and 42 mice (day 0 = vaginal plug, day
19 = birth) were selected for cell isolation based on our
previous data in situ15 and in vitro,20 which indicated
that within this time span cells along the root surface,
cementoblasts, express high levels of cementoblast
markers: BSP and OC mRNA. This phenotype is main-
tained when cells are cultured.

In order to establish cementoblast cultures our pre-
viously published method for obtaining primary cul-
tures of root surface cells was used.20 Briefly, 25
mandibles from transgenic mice (day 40 to 42) were
dissected from surrounding tissues, rinsed with 0.12%
chlorhexidine digluconate� for 30 seconds to minimize
tissue contamination by oral flora, and then washed in
Hank’s balanced salt solution (HBSS).¶ Mandibles were
hemisected by incision through the midline symphysis,
and first molars were extracted using a dissecting
microscope. Molars were removed by meticulously
cutting into the periodontal ligament and thereby
separating the PDL from surrounding alveolar bone
(Fig. 1). Molars were rinsed with HBSS and then placed
in HBSS until all dissections were completed, approx-
imately 1 hour.
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§ Harlan Sprague Dawley, Inc., Indianapolis, IN.
� Peridex, Procter and Gamble, Cincinnati, OH.
¶ GIBCO-BRL, Gaithersburg, MD.



J Periodontol • January 2000 D'Errico, Berry, Ouyang, Strayhorn, Windle, Somerman

Techniques similar to those used previously for the
isolation of calvaria osteoblasts and primary cement-
oblasts/periodontal ligament (CM/PDL) cells30-33 were
used to isolate cells from molar surfaces. Briefly, molars
with surrounding tissues were placed in phosphate
buffered saline (PBS) containing 880u/ml Type VII high
purity collagenase# and 0.25% trypsin¶ and rotated for
10 minutes at 37°C. Cells from this initial digest were
discarded. Fresh collagenase/trypsin solution was
added and tissues were rotated for 2 hours at 37°C. The
supernatant containing approximately 700,000 cells
was pelleted at 300 × g for 10 minutes, and resus-
pended in 12 ml DMEM containing 10% fetal bovine
serum (FBS), 100 u/ml penicillin, and 100 µg/ml strep-
tomycin. Cells were plated in multi-well tissue culture
treated dishes and incubated with 5% CO2, at 37°C.
These cells are designated osteocalcin promoter
cementoblast cells (OC/CM cells). In order to maintain
viable cell populations, cells at passage 4 were sub-
cloned by limiting dilution. Cells were plated into 96-
well tissue culture dishes at a concentration of 1 cell

or fewer per well. Subclones from single cells were
expanded and were analyzed at passage 3 or 4 for
expression of cementoblast markers. These stock cell
populations were used in the studies here or stored
under liquid nitrogen for future studies.

Northern Blotting

Total cellular RNA was isolated using a modified guani-
dine thiocyanate procedure.34 RNA was denatured;
size fractionated on a 6.7% formaldehyde, 1.2%
agarose gel; transferred to a nylon membrane;** and
cross-linked by UV irradiation.††

Blots were hybridized with random-primed 32-P ra-
diolabeled probes‡‡ and were exposed to Kodak X-
OMAT film at −70°C with intensifying screens for 24
to 72 hours.

Probes used for Northern blots and in situ hybridiza-
tion were: BSP = M-BSP consists of 1 kb of mouse
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Figure 1.
Strategy for obtaining cementoblasts in vitro. Marker genes for cementoblasts were identified in situ. Expression of markers was strongest at day 41 of
mouse development. Shown here is in situ for OC (osteocalcin) and type I collagen. Note OC expression is selective to root surface cells. Next mandibles
were dissected from surrounding tissues, first molars extracted, and cells adherent to the root surface removed enzymatically. Cementoblasts, immortalized
by TAg under the control of the OC promoter, survive in culture whereas PDL cells fail to survive with passage in vitro.

#   Sigma Chemical Company, St. Louis, MO.
** Duralon-UV, Stratagene, Inc., La Jolla, CA.
†† Stratalinker, Stratagene, Inc.
‡‡ Rediprime, Amersham-Pharmacia, Arlington Heights, IL.
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cDNA in PCR II35 (a gift from Dr. M. Young,
NIH/NIDCR); OC = 400 bp of mouse OC cDNA orig-
inally cloned into pSP65 cloning vector was transferred
to Bluescript SK;36 OPN = MOP-3 consists of 1 kb of
mouse OPN cDNA in PCR II37 (a gift from Dr. M.
Young, NIH/NIDCR); Type I collagen = consists of 1 kb
of bovine type I collagen cloned into Bluescript (a gift
from Dr. M. Young, NIH/NIDCR); Type XII collagen =
contains 400 bp of the carboxyl region of mouse type
XII collagen cDNA cloned into Bluescript38 (a gift from
Drs. S. P. Oh and B. Olsen, Harvard University); Type
I PTH/PTHrP receptor (PTH1R) = 1.6 kb encoding the
full-length rat bone receptor39 (a gift from Dr. L.
McCauley, U of MI).

In situ Hybridization

Standard in situ hybridization procedures were used,40

with slight modifications.20 Tissues were fixed in
Bouin’s fixative (acetic acid, formaldehyde, and picric
acid), decalcified as needed, and imbedded in paraf-
fin. Six µM sections were mounted on silane treated
slides. For in situ hybridization, slides were deparaf-
finized and rehydrated, followed by a 30-minute treat-
ment at 37°C with 10 µg/ml proteinase K. The rest of
the in situ hybridization procedure was the same as that
for cells described below.

Cells grown on chamber slides were fixed with 2%
paraformaldehyde and 0.2% triton, acetylated, and
dehydrated using increasing concentrations of ethanol.
Slides were overlaid with a hybridization solution con-
taining 50% formamide, 1X hybridization buffer (10
mM Tris, 0.3M NaCl, 1 mM EDTA, pH 7.5), 1X Den-
hardt’s solution, 0.02% bovine serum albumin, 100
µg/µl sheared salmon sperm DNA, 500 µg/ml of tRNA,
10 mM dithiothreitol (DTT), 10% dextran sulfate, and
106 cpm of probe/100µl, and hybridization was per-
formed overnight at 50°C in a humid chamber. Both
antisense and sense (control) RNA probes were tran-
scribed from cDNA plasmids (see above) incorporat-
ing 35S-UTP.§§ Unincorporated isotope was removed
using G-50 sephadex spin columns�� and probes were
reduced to an average size of 150 to 500 bp by lim-
ited alkaline hydrolysis.

After post-hybridization washes in 4X SSC, cells
were treated with RNase A, washed sequentially with
decreasing concentrations of SSC containing 1 mM
DTT, and then incubated in 0.1X SSC with 1 mM DTT
at 60°C for 30 minutes. Following the high stringency
incubation, slides were dehydrated quickly in ascend-
ing concentrations of ethanol, dried, and exposed to
X-ray film¶¶ for 1 to 3 days to determine efficiency of
hybridization. Slides were then coated with NTB-2
emulsion## and stored desiccated in a dark container
at 4°C for an appropriate time, determined by X-ray
film results, usually 1 week to 1 month. Slides were
developed using Kodak D-19 developer and rapid fixer

and were counterstained with hematoxylin/eosin.
Hybridization signal was visualized using a light micro-
scope with dark and light field condensers.

Mineralization Assay

Mineralization assays were performed as previously
described.41,42 Briefly, cells were plated in 24-well tis-
sue culture treated dishes at a density of 5×104/cm2

and were grown for 7 or 14 days. Control wells received
DMEM with 10% FBS and antibiotics, while experi-
mental wells were fed for 14 days with above media
plus 50 µg/ml ascorbic acid and β-glycerophosphate.
In some situations, a 7-day assay was utilized and in
place of β-glycerophosphate, inorganic phosphate at
concentrations from 1.5 to 4.0 mM, was added for the
final 2 days. At the conclusion of the incubation, cells
were fixed in methanol and stained for detection of
mineral nodules using the von Kossa method.

Attachment Assay

A modification of the Klebe assay was used to deter-
mine the ability of specific proteins to promote attach-
ment of cells.43 Untreated 24-well dishes were coated
with 400 µl of putative attachment agents at a con-
centration of 20 µg/ml in water. Agents included
fibronectin§§ and guanidine/EDTA extracts of bovine
bone, bovine dentin, and human cementum. Mineral-
ized tissue extracts were prepared using methods
described previously, where extracts were obtained by
sequential extraction in 50 mM Tris HCl (pH 7.4) con-
taining 4 M guanidine HCl with protease inhibitors at
4°C for 1 week, followed by 4 M guanidine HCl with
0.5 M EDTA with protease inhibitors at 4°C until tis-
sues were demineralized.12,44 Extracts were concen-
trated, dialyzed, and lyophilized before being dissolved
in distilled water for use in assays. Water was used as
a control for these experiments.

Dishes were dry coated, and wells were preincu-
bated at 37°C with 400 µl DMEM containing 1 mg/ml
bovine serum albumin (BSA) with and without 100
µg/ml RGD peptide (RGDSPA peptide, University of
Michigan Core Facilities). After 1 hour preincubation,
2 × 104 cells in 100 µl DMEM/BSA were added to each
of the wells and incubated for 2 hours. Morphology
and cell spreading were assessed microscopically and
then wells were rinsed in 500 µl HBSS to remove unat-
tached cells. Adherent cells were removed enzymati-
cally and counted.***

PTHrP-Mediated cAMP Stimulation Assay

The cAMP stimulation assay was performed as
described previously.45 OC/CM cells, rat osteosarcoma
cells (ROS 17/2.8), or human PDL cells were seeded
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§§   Riboprobe Gemini System, Promega Biotech, Madison, WI.
�� Select-D, 5 prime − 3 prime, Boulder, CO.
¶¶   Hyperfilm-βmax, Amersham-Pharmacia, Arlington Heights, IL.
##   Kodak Imaging Systems, Rochester, NY.
*** Coulter Electronics, Miami, FL.
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at 5 × 104 cells/cm2 in triplicate wells
of 24-well tissue culture treated
plates. ROS 17/2.8 cells were used
as positive controls, since they exhibit
a PTH/PTHrP mediated cAMP re-
sponse,46 and human PDL cells,
which demonstrate minimal PTH/
PTHrP response,47 were used as neg-
ative controls. At confluency, cells
were treated with either 0.1 µm
human PTHrP (1-34) or vehicle (4
mM HCl/0.1% BSA) for 10 minutes
at 37°C in HBSS without calcium and
magnesium with 0.1% BSA and 1 mM
3-isobutyl-1-methylxanthine (IBMX),#

a phosphodiesterase inhibitor. Media
were aspirated and cold 5% perchlo-
ric acid was added to each well. Plates
were stored overnight at −20°C for
cAMP extraction, then samples were
neutralized with 4N KOH and cen-
trifuged. Supernatants were assayed
for cAMP content using a cAMP bind-
ing protein assay employing 3H-
labelled cAMP††† as a competitor for
endogenous cAMP binding.

cAMP concentration in samples was calculated by
log-logit transformation,‡‡‡ normalized to cell number
(parallel wells were run for cell count using a
counter),*** and values were expressed as pmol/105

cells. Data were further analyzed using unpaired Stu-
dent t-test.‡‡‡

Statistical Analysis

Statistical analysis of attachment data was performed
using ANOVA and Tukey-Kramer multiple compari-
son tests using computer software.‡‡‡ The data are
represented as mean ± standard deviation, and signif-
icance (P ≤0.001) is denoted with an asterisk.

RESULTS

Characterization of Tissues In Situ
Prior to isolating cementoblasts from OC-TAg mice it
was necessary to establish that these cells exhibited
the same profile in situ as established previously for
non-transgenic, CD-1 mice.15,16,20 As seen in Figure
1, murine molar tissues obtained from OC-TAg mice
at day 41 exhibited the same OC profile noted for CD-
1 mice, where OC was expressed selectively by cells
lining the tooth root and the surrounding alveolar bone,
but not by cells within the PDL space. OC transcripts
were noted in odontoblasts as well. Also, as noted for
CD-1 mice, type I collagen was expressed throughout
the PDL. The expression patterns for BSP and OPN
were as noted for CD-1 mice, where at day 41 BSP and

OPN were expressed by cells along the root surface but
not within the PDL region (data not shown).

Morphological Analysis

Morphologically, cells obtained from molar tissues at
day 41 of development, designated OC/CM cells,
exhibited a cuboidal appearance and this was noted
throughout the culture (Fig. 1). Next, studies were
designed to determine if OC/CM cells exhibited char-
acteristics reported for primary heterogeneous cultures
of cementoblasts and PDL cells20 and, thus, to confirm
that these immortalized cells were appropriate for use
in investigations aimed at defining the properties of
cementoblasts.

Gene Expression

To ensure that expression of TAg did not significantly
alter expression of other genes associated with cement-
oblasts northern hybridization was used. As demon-
strated in Figure 2, OC/CM cells expressed BSP, OC,
OPN, type I and XII collagen, and PTH1R. This expres-
sion profile mirrored that reported for primary cells,20

indicating that the process of immortalization had not
affected the characteristics of these cells. Additionally,
gene expression was monitored routinely with cell pas-
sage, and no significant differences in expression pro-
files was noted between passages. T-antigen expres-
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††† ICN, Costa Mesa, CA.
‡‡‡ GraphPad Software, San Diego, CA.

Figure 2.
Gene expression analysis.Total RNA was isolated from OC/CM cells and northern analysis was
performed. OC/CM cells express type XII collagen, OPN (osteopontin), type I collagen, BSP (bone
sialoprotein), OC (osteocalcin), PTH1R (type I PTH/PTHrP receptor) and TAg (SV-40 large T-antigen).
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sion has been maintained in cells with passage (data
not shown).

Mineralization

As a next step in characterizing properties of OC/CM
cells, the ability of the cells to induce biomineraliza-
tion was determined using von Kossa stain. As seen
in Figure 3A, OC/CM cells stimulated mineral nodule
formation within 14 days using β-glycerol phosphate.
Further, in examination of cells by phase contrast
microscopy (unstained cells), nodule formation was
noted as early as day 5. Therefore, additional studies
were designed to determine if mineralization occurred
more rapidly than 14 days and if mineralization was
dependent on phosphate concentration. As evident in
Figure 3B, OC/CM cells induced formation of mineral
nodules in a dose-dependent fashion, using inorganic
phosphate, within 7 days, where a concentration as
low as 1.5 mM Pi promoted mineral formation as
assayed by von Kossa.

Attachment Assay

Since regeneration of the periodontium is dependent
upon attachment of appropriate cells at the healing
site, the capacity of protein extracts derived from 3
mineralized tissues, bone, cementum and dentin, to
promote attachment of OC/CM cells was assessed. All
protein extracts promoted cell attachment (P <0.001)
in an RGD dependent fashion, suggesting the involve-
ment of integrins in this process (Fig. 4). Cell attach-
ment was also promoted by fibronectin; however, the

ability of RGD peptide to block fibronectin mediated
attachment was not as pronounced when compared
with their effect on protein extracts of bone, cemen-
tum, or dentin-mediated cell attachment, suggesting
that fibronectin-directed cell attachment may involve
regions in addition to the RGD domain.

PTHrP-Mediated cAMP Stimulation

As anticipated from in situ studies examining molar tis-
sues during murine development, the PTH1R was pres-
ent in cultured cementoblasts (Fig. 2). Therefore, the
ability of these cells to respond to PTHrP1,34 was
determined. As noted in Figure 5, PTHrP was able to
enhance cAMP levels by greater than 10-fold, in both
the ROS17/2.8 (control) and in OC/CM cells. In con-
trast, PDL cells were not responsive to PTHrP (data
not shown).

DISCUSSION

Previously, our laboratory reported on the isolation and
characterization of a mixed population of murine cells
containing cementoblasts and PDL (CM/PDL) cells.20

The procedure used to establish this population was
designed to isolate functional cementoblasts along with
PDL cells while excluding osteoblasts from the sur-
rounding alveolar bone. Gene expression analysis
indicated that cells within the CM/PDL population
expressed mRNAs for alkaline phosphatase and Type
I and XII collagens, as well as transcripts for BSP, OC,
and OPN, indicative of the presence of cementoblasts
in the population.20

While results of this previous study
demonstrated that functional cement-
oblasts could be isolated and char-
acterized in vitro, concerns existed
regarding the use of CM/PDL cell
populations in selected studies. First,
CM/PDL cells did not survive contin-
ued passage and therefore did not
provide an in vitro model for exten-
sive analysis of the cellular and mo-
lecular properties of cementoblasts.
Second, this population contained
both cementoblasts and PDL cells.
This heterogeneous population may
prove advantageous for certain pro-
cedures since it reflects the cell types
considered to be involved in peri-
odontal wound healing; however,
this cell heterogeneity presents
uncertainties for studies focused on
cementoblasts specifically. Therefore,
alternative strategies were deemed
neccessary for isolating and cultur-
ing cementoblasts independent of
PDL cells. Fortunately, during the
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Figure 3.
Mineralization assays in vitro. A. OC/CM cells were grown in control DMEM medium containing
10% FCS and 50 µg/ml ascorbic acid (left panel, control) or medium containing 10% FCS, 50 µg/ml
ascorbic and ß-glycerolphosphate (right panel) for 14 days and then stained for mineral nodules by
von Kossa assay. Black stain indicates calcium phosphate deposits. B. OC/CM cells were cultured in
DMEM containing 10% FCS and 3.0mM inorganic phosphate added on day 5 (control) or DMEM
containing 10% FCS, 50 µg/ml ascorbic acid for 7 days and increasing concentrations of inorganic
phosphate (0 to 4.0mM) added on day 5 and then stained by von Kossa on day 7 to determine
mineral nodules.
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course of our studies, Chen et al. reported success
in isolating and maintaining immortalized osteoblasts
in vitro using an OC-TAg transgenic mouse model.29

In OC-TAg mice, TAg expression is under control of
the OC promoter and thus only cells expressing OC will
survive in culture. The selective expression of OC by
cementoblasts and not by PDL cells allowed the use
of these mice for isolating immortalized cementoblasts
without contamination by PDL cells (Fig. 1).

Results of investigations presented here indicate that
OC/CM cells express the following genes as demon-
strated by northern hybridization: Type I and XII col-
lagens, PTH1R, BSP, OPN, and OC as demonstrated
by northern hybridization. All of these genes have been
implicated as playing a role in regulating cementogene-
sis. Type I and XII collagens, while not specific to
cementum, are expressed in mineralized tissues and
ligaments.48-51 As discussed below, expression of
PTH1R by cementoblasts and their responsiveness to
PTH/PTHrP may be significant to early stages of tooth
development and eruption.52-56 BSP and OC,
expressed by cementoblasts in situ,15-17,20,21 are major
components of cementum11,21 and are considered
excellent markers for mineralized tissue-specific cells.
Existing evidence suggests that BSP plays a critical
role in the initiation of biomineralization.17,31,57-62 In
addition, BSP contains an RGD cell attachment
region11,63 and is thought to be involved in mediating
cell attachment in vivo. Suggested functions for OPN
in mineralized tissues include controlling migration and
attachment of osteoblasts and osteoclasts and regu-
lating crystal growth.59,61,64-66 OC is expressed by
osteoblasts, cementoblasts, and odontoblasts, and
increased serum OC levels correlate with bone cell
synthesis and bone formation.32,67 Studies by Ducy et
al.68 indicate that transgenic mice lacking OC gene
develop a phenotype marked by enhanced mineral
density, thus suggesting that OC may be a regulator
of mineral formation. Expression of these markers by
OC/CM cells provides strong evidence that these are
cementoblasts.

While the establishment of immortalized cultures
expressing markers selective to the tooth root surface
was a critical first step for developing an in vitro model
to study cementoblasts and cementogenesis, additional
analyses were required to determine if these cells
exhibited properties attributed to cementoblasts. As a
next step, the ability of these cells to induce mineral
formation in vitro was determined. As evident in Fig-
ure 3B, OC/CM cells promoted mineral nodule for-
mation in a dose-dependent fashion, where a concen-
tration of inorganic phosphate as low as 1.5 mM
promoted mineral formation as assayed by von Kossa.
While additional studies are required to demonstrate
that this is true mineral formation, it is impressive to
note that mineralization was rapid, with a robust
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Figure 4.
Fibronectin (FN) and guanidine-EDTA extracts of bone, dentin, and
cementum (20 µg/ml) enhanced the attachment of OC/CM cells
when compared to water control. RGD peptide (100 µg/ml) was
able to prevent significant attachment of OC/CM cells to all
guanidine-EDTA extracts. Cell attachment to FN, while decreased
by addition of RGD peptide, was still significant when compared to
water control. Data are represented as mean ± standard deviation
and significance (P ≤0.01) is denoted by an asterisk (*).

Figure 5.
PTHrP mediated cAMP response. Cells were treated with 10�7M
PTHrP (1-34) (solid bar) or vehicle (open bar) for 15 minutes and
then intracellular cAMP levels determined. (ROS 17/2.8 rat
osteosarcoma cells served as positive control). Data were
normalized to 105 cells and data are represented as mean ±
standard deviation and significance (P ≤0.01) denoted by an
asterisk (*).
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response noted within 7 days. In contrast, previous
studies with human PDL cells,41,69 including those from
our laboratory, indicated that while PDL cells promoted
mineralization, it required a much longer time to do so;
i.e., approximately 3 weeks. While speculative at this
time, the rapid induction of mineralization demon-
strated by OC/CM cells may be related to strong BSP
expression observed by these cells in vivo15,16,20 and
in vitro.20 In contrast to OC/CM cells, BSP expression
is minimal, if detectable, in PDL cells in vivo15,16,20

and in vitro69,70 and may explain the length of time
needed for PDL cells to induce mineralization.

Next, since OC/CM cells expressed PTH1R mRNA,
the responsiveness of these cells to PTHrP was deter-
mined. The results here demonstrated that OC/CM
cells respond to PTHrP as measured by increased
cAMP levels, suggesting that PTHrP may regulate activ-
ity of cells within the PDL region. This response was
of specific interest due to the accumulating evidence
that PTHrP may regulate early stages of tooth devel-
opment and tooth eruption. PTHrP mRNA and the
associated type I receptor have been identified within
developing periodontal tissues52-54 and PTH/PTHrP has
been shown to enhance both tooth eruption and ortho-
dontic tooth movement.55,56 In addition, strains of mice
that are PTHrP deficient exhibit failure of tooth erup-
tion and abnormal periodontal formation.54,71,72 There-
fore, having a population of cementoblasts in vitro that
are responsive to PTHrP will be valuable for future
studies targeted at determining the function of this
peptide during tooth development.

Finally, the ability of protein extracts derived from
mineralized tissues to promote cell attachment was
determined. Guanidine-EDTA extracts of mineralized
tissues are known to contain proteins bound to the
mineral phase and, thus, these proteins are consid-
ered to have an important role in the regulation of min-
eral formation. Guanidine-EDTA extracts of bone,
dentin, and cementum have been shown previously to
promote attachment of cells of mesenchymal origin73

and these extracts were also able to promote attach-
ment of OC/CM cells. While this attachment is not
phenotype specific, the ability of OC/CM cells to attach
to matrix proteins derived from cementum and dentin
may be significant since an important aspect of cemen-
togenesis, both during development and during wound
healing/regeneration, is having a critical number of
active cells at the local site. Fibronectin also promoted
attachment of OC/CM cells, where this molecule is
known to promote attachment of several cell types
including mesenchymal cells and epithelial cells.74-76

Clinical trials have included the application of
fibronectin to root surfaces in an effort to promote cell
adhesion. Unfortunately, results of these trials have not
been promising,77 and thus additional studies targeted
at identifying molecules that promote adhesion of

cementoblast-like cells versus epithelial cells are of
importance for the development of agents that will
attract cells to the healing site.

In summary, OC/CM cells represent a unique model
system to study the cellular and molecular biology of
cementoblasts with the aim of furthering our under-
standing of cementogenesis. Experiments using these
important cells in vitro will enable us to employ inno-
vative approaches to determine whether cementoblasts
express “unique” proteins and/or exhibit a different
protein profile, when compared with osteoblasts, odon-
toblasts, ameloblasts, or epithelial root sheath cells.
We anticipate that data from such studies will provide
information as to the origin of cementoblasts and sug-
gest factors/proteins that will advance the field of peri-
odontal regeneration, resulting in enhanced regenera-
tive therapies.
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