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Abstract

The effect of human anti-cementoblastoma-derived protein antibody during cementogenesis in vitro was investigated by using
human cementoblastoma-derived cells. Cultures treated with 5 pg/ml of CP antibody from day 1 to day 15 revealed a significant
decrease in alkaline phosphatase activity (ALP) 40% (p < 0.005), 44% (p < 0.001), 49% (p < 0.1), and 45% (p < 0.02) at 9, 11, 13,
and 15 days, respectively. Immunoexpression of osteopontin revealed that in cultures treated with anti-CP antibody, the positive
number of cementoblastoma cells was reduced by 87, 83, 69, and 52% at 5, 7, 9, and 11 days, respectively. Bone sialoprotein im-
munoexpression showed a decrease in positive cells of 82, 51, 60, 80, 83, and 87% at 5, 7, 9, 11, 13, and 15 days, respectively, as
compared to controls. The Ca/P ratio of the mineral-like tissue deposited in vitro by cementoblastoma cells revealed that control
cultures had a Ca/P ratio of 1.45 and 1.61 at 5 and 15 days, whereas experimental cultures revealed a Ca/P ratio of 0.50 and 0.79 at 5
and 15 days, respectively. Electron diffraction patterns showed inner double rings representing D-spacing that were consistent with
those of hydroxyapatite in both control and experimental cultures. Examination of the crystallinity with high resolution trans-
mission electron microscopy showed homogeneous and preferential spatial arrangement of hydroxyapatite crystallites in control and
experimental cultures at 15 days. Atomic force microscopy images of control cultures at 5 and 15 days revealed small granular
particles and grain agglomeration that favored the formation of crystalline plaques with a lamellar-like pattern of the mineral-like
tissue. Experimental cultures at 5 and 15 days showed tiny and homogeneous granular morphology. The agglomerates maintained
spherical morphology without organization of needle-like crystals to form plaque-like structures. Based on these findings, it is
hypothesized that cementoblastoma-derived protein may be associated to crystal growth, compositional and morphological features
during the mineralization process of cementum in vitro.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction sialoprotein (BSP) (Bosshardt et al., 1998; Nanci, 1999),

and osteocalcin (OCN) (D’Errico et al., 2000; Kagay-

Cementum is a unique avascular mineralized con-
nective tissue that surrounds the root dentine and pro-
vides the interface through which the root surface is
anchored to the collagen Sharpey’s fibers of the peri-
odontal ligament. Cementum matrix consists of collagen
types I and III, fibronectin, osteopontin (OPN), bone
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ama et al., 1997; MacNeil et al., 1998).

OPN and BSP have been implicated in mineral de-
position and cell- and matrix-matrix interactions
(Boskey, 1995). These proteins have been proposed to be
potential regulators of the hydroxyapatite crystal nu-
cleation and/or growth. OPN has a poly-Asp and BSP
two poly-Glu domains, whose repetitive sequences are
known to bind calcium to mineral surfaces. OPN is a
highly phosphorylated and sulfated sialoprotein with an
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RGD motif attachment that recognizes the vitronectin
type of the integrin receptor. Periodontium cells in close
contact with acellular cementum and cellular cementum,
express OPN as well as cementocytes (Bronckers et al.,
1994).

BSP is also an RGD-containing sialoprotein with cell
attachment properties (Oldberg et al., 1988). It has been
suggested that it is involved in controlling the formation
and resorption of mineralized tissues as well as in the
nucleation of hydroxyapatite crystals at the mineralizing
front of bone (Chen et al., 1992a). BSP is believed to
play a critical regulatory role during the process of ce-
mentogenesis and this molecule might be involved in the
processes of precementoblast chemoattraction, adhe-
sion, and differentiation (MacNeil et al., 1995).

Recent studies suggest that cementum may contain
unique molecules that are specific for this tissue (Mc-
Allister et al., 1990). The cementum attachment protein
(CAP) has been characterized as a collagenous protein
with an M; of 56000 (Wu et al., 1996), and its location
appears to be restricted to cementum (Arzate et al.,
1992). This molecule has been shown to promote ad-
hesion and spreading of mesenchymal cell types (Olson
et al., 1991), and alkaline phosphatase expression and
mineralization in undifferentiated mesenchymal cells
(Arzate et al., 1996). CAP promotes selectively the at-
tachment of mineralized tissue forming periodontium
lineages (Pitaru et al., 1995), serves as a marker for
putative cementoblastic progenitors of the adult human
periodontal ligament (Bar-Kana et al., 1999; Liu et al.,
1997), and affects the differentiation of these progenitors
in vitro (Saito et al., 2001).

Recently, we isolated and characterized a human
cementoblastoma-derived cell line that expresses the
cementum phenotype. The physical, morphological and
chemical features of the cementum-like tissue deposited
by these cells appeared to be different from the mineral-
like tissue deposited by human osteoblastic cells in vi-
tro, and is similar to human cellular cementum (Arzate
et al., 1998, 2000). This cell line produces a cementum
protein species of 56 kDa that has been purified from its
conditioned media. The cementoblastoma-derived pro-
tein (CP) promotes attachment on human gingival fi-
broblasts, human periodontal ligament cells, and
alveolar bone-derived cells in a dose-dependent manner.
CP has also been postulated to be related to CAP since
a monoclonal antibody against bovine CAP cross-re-
acted with immunopurified CP as a 70kDa species
(Arzate et al.,, 2002). A polyclonal antibody raised
against CP revealed that CP is widely distributed
throughout cementum and is able to identify putative
cementoblastic populations both in vivo and in vitro
(Arzate et al., 2002). Thus, the antibody raised against
CP could serve as an in vitro model to study the min-
eralization process in this characterized cementoblastic
cell line.

2. Materials and methods

Rabbit polyclonal antiserum to human OPN (LF-
123), and human BSP (LF-100) were kindly donated by
Dr. Larry Fisher from NIH.

2.1. Antibody preparation

CP’s partial purification was performed as described
by McAllister et al. (1990). Three liters of conditioning
media obtained from human cementoblastoma-derived
cells were dialyzed against PBS and lyophilized, then re-
constituted in PBS and loaded into a DEAE-cellulose
column. The 0.5M NaCl fraction was loaded on SDS—
PAGE gel and the CP band with an M; of 56 000 was
excised from the gel. Gel slices were electroeluted in
50mM NH4HCOj; containing 0.1% SDS. SDS was re-
moved by extracting with acetone at —20 °C and lyophi-
lized. New Zealand rabbits were immunized through
subcutaneous (s.c.) injections with a 5-pg dose of CP
mixed with AI(OH); (v/v), in the muscle of the right hind
leg every two weeks for two months (Dunbar and
Schwoebel, 1990). Seven days after the last immunization,
the rabbits were bled, sera pooled, and frozen. Antibody
production was monitored by ELISA and Western blot.
Antiserum was purified through protein A-Sepharose
chromatography. Antibodies bound to Protein A were
washed with PBS and eluted with a solution of 0.2M
glycine—-HCI, pH 2.6. Eluted antibodies were immediately
neutralized with 10x PBS, and dialyzed against PBS. The
specificity of the anti-CP antibody was tested by immu-
noblotting and immunostaining as described previously
in detail (Arzateet al., 2002). The antibody fraction will be
referred to as anti-CP antibody.

2.2. Cell culture and anti-CP treatment

Cell cultures were derived from a human cemento-
blastoma, a neoplasm accepted as being essentially ce-
mentogenic by the World Health Organization (Kramer
et al.,, 1992), through the conventional explant tech-
nique; cells were characterized as previously described
(Arzate et al., 1998, 2000). Cementoblastoma cells were
cultured in 75 cm? cell culture flasks containing DMEM,
supplemented with 10% FBS and antibiotic solution
(100 pg/ml streptomycin and 100 U/ml penicillin, Sigma
Chemical). The cells were incubated in a 100% humidi-
fied environment at 37°C in a 95% air and 5% CO,;
atmosphere. Human cementoblastoma-derived cells at
the second passage were used for all the experimental
procedures.

2.3. Proliferation assay

To determine whether IgG or anti-CP antibodies af-
fected cell proliferation, human cementoblastoma-de-
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rived cells were plated at 2 x 10* into 48-well culture
plates and incubated overnight in 10% FBS. The fol-
lowing day, designated as day 0, the medium was
changed and cultures were treated with 10% FBS plus
anti-CP antibody (5 pg/ml). Control cultures were trea-
ted with a normal rabbit IgG antibody (5 pg/ml). Me-
dium and antibodies were changed every other day.
Cells were harvested by trypsinization (0.05% trypsin
and 0.02% EDTA) and counted in a model ZBI Coulter
Counter (Coulter Electronics, Hialeah, FL). Cell num-
bers were assessed at days 1, 3, 5, and 10. Experiments
were performed in triplicate and repeated twice.

2.4. Cell viability assay

Cementoblastoma-derived cells viability in the pres-
ence of anti-CP antibodies was determined through the
MTT assay. This assay is based on the ability of mito-
chondrial dehydrogenases to oxidize thiazolyl blue
(MTT), a tetrazolium salt (3-[4,5-dimethylthiazolyl-2-y]-
2,5-diphenyltetrazolium bromide), to an insoluble blue
formazan product. Cells were plated at 1 x 10* into a
96-well plate by triplicate and incubated for 1, 3, 5, and
10 days. After each term, cells were incubated with MTT
(120 mg/ml) at 37°C for 3 h. After the supernatant was
removed, 0.04 M HCl in isopropanol was added to each
well and the optical density of the solution was read at
570 nm in an enzyme-linked immunoassay (ELISA) plate
reader. Since generation of the blue product is propor-
tional to the dehydrogenase activity, a decrease in ab-
sorbance at 570 nm provides a direct measurement of the
number of viable cells. Experimental cultures were trea-
ted with 5pg/ml of anti-CP antibody. Controls were
treated with 5 pg/ml of IgG antibody. Experiments were
performed in triplicate and repeated separately twice.

To test the effect of anti-CP antibodies on the mineral
tissue formation, human cementoblastoma-derived cells
were cultured for 5, 7, 9, 11, 13, and 15 days in DMEM
supplemented as described above. Immediately after
plating the cells and every other day, experimental cul-
tures were treated with anti-CP antibody (5 pg/ml) and
control cultures were treated with normal rabbit IgG
antibodies (5 pg/ml) as described by Shakibaei (1998).
At each time point cultures were tested for alkaline
phosphatase activity and expression of OPN and BSP as
described below.

2.5. Alkaline phosphatase activity

Human cementoblastoma-derived cells were plated in
triplicate at 2 x 10* in 24-well culture plates (Costar,
Cambridge MA, USA). Cells were cultured in DMEM,
supplemented with 10% FBS, antibiotic solution, 10 mM
B-glycerophosphate, 50 pg/ml ascorbic acid, and 10~ M
dexamethasone. Control and experimental cultures were
treated as described above immediately after platting the

cells. Fresh medium and antibody were added to the
cultures every other day. Alkaline phosphatase activity
(ALP) was determined according to Lowry et al. (1954).
Cell layers were extracted in 10 mM Tris—HCI buffer, pH
7.4, containing 0.1% Triton X-100 and then sonicated.
Enzyme activity was assessed using 8 mM disodium p-
nitrophenyl phosphate (PNP) as the substrate and 2 mM
MgCl; in 0.1 M Tris—HCI buffer, pH 9.8, and incubated
at 37 °C for 30 min. The reaction was stopped by adding
50 pl of 0.05N NaOH and absorbances were measured
at 405 nm. Samples were assayed under conditions that
ensured linearity with respect to time and protein con-
centrations. Protein concentrations were determined
according to the Bradford (1976) assay using BSA as
standard. Assays were repeated at least three times.

2.6. Immunofluorescence

Human cementoblastoma-derived cells were plated at
low density (5 x 10%) in 8-well Lab-Tek chamber slides;
allowed to attach overnight and cultured for the time
periods mentioned above. At each term, cells were then
fixed in 3.7% formaldehyde, and screened for the ex-
pression of BSP and OPN. Slides were incubated with
anti-human OPN (LF-123) and anti-human BSP (LF-
100), diluted 1:300 in PBS containing 1 mg/ml BSA and
incubated overnight at 4°C. Slides were washed with
ice-cold phosphate-buffered saline (PBS) for 10 min at
room temperature and incubated for 1 h at 4 °C with the
secondary antibody goat-anti-rabbit immunoglobulin
conjugated with FITC (3mg/ml, Sigma Chemical, St.
Louis, MO), diluted 1:50 in PBS. Slides were rinsed with
PBS plus 0.1% Triton X-20 and coverslipped in glyc-
erol-PBS (1:9 v/v) containing 20 mg/ml of 1,2,diazaby-
cyclo (2.2.2) octane (DABCO; triethylenediamine).
Immunostaining was visualized by indirect immunoflu-
orescence (Axiophot, Carl Zeiss).

The number of cells cross-reacting with anti-OPN
and anti-BSP was determined by scoring five different
microscopic fields with a 20x lens. Results are expressed
as means (n=15)+SE of three independent experi-
ments. Slides incubated with pre-immune rabbit serum
or lacking first antibody were used as negative controls.

2.7. Western blot analysis

The relative levels of OPN and BSP of cemento-
blastoma cells treated with anti-CP antibody were
compared with those treated with IgG antibody. Ce-
mentoblastoma-derived cells were plated in triplicate at
5x 10* density on 35mm culture dishes. Experimental
and control cultures were treated as described above and
cultured during 5, 7, 9, 11, 13, and 15 days. At each
term, cells were scraped with a policeman, re-suspended
with ice-cold PBS, and centrifuged for 5min at 2000
rpm. Pellets were lysed in ice-cold lysis buffer (1 mM
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EDTA, pH 8.0), 10mM Hepes, S0mM NaCl, 0.5%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride,
5uM leupeptin, and 10 pg/ml aprotinin). After centri-
fugation at 8000 rpm for 10 min at 4 °C, supernatants
were collected and stored at —20°C. Crude protein
concentrations were determined as described above. For
each antibody (OPN and BSP), equal amounts of pro-
tein (10 pg/lane) were subjected to SDS-PAGE on 12%
polyacrylamide gels. The proteins were then electro-
phoretically transferred onto Immobilon-P (PVDF) ni-
trocellulose membranes (Millipore, Bedford, MA).
Membranes were blocked with 5% skim milk for 1 h and
then incubated with 1:300 diluted rabbit polyclonal an-
tiserum to human OPN (LF-123) and human BSP (LF-
100) for 1h at room temperature. After washing,
membranes were incubated with 1:1000 diluted horse-
radish peroxidase-conjugated-goat-anti rabbit IgG sec-
ondary antibody for 1h, washed with PBS and
developed with diaminobenzidine. Blots were scanned
and analyzed with a Kodak Electrophoresis Documen-
tation and Analysis System (EDAS) 290. The relative
level of each protein was assessed by measuring the in-
tegrated intensity of all pixels in each band, excluding
the local background. Results are expressed as per-
centages of protein intensity obtained in control cul-
tures.

2.8. Atomic force microscopy

Atomic force microscopy (AFM) was used to deter-
mine the morphology and homogeneity of the mineral-
like tissue deposited by cementoblastoma-derived cells
in the presence of 5pg/ml normal rabbit IgG antibody
(5 pg/ml) or anti-CP antibody (5ug/ml). AFM (Park
Scientific Instruments) was used with an AutoProbe in
contact mode with a constant applied force (10nN) at
1 Hz scan rate in wet samples. Cementoblastoma-de-
rived cells were plated at 2 x 10* in 24-well culture plates
(Costar, Cambridge, MA, USA) onto silicon (111)
monocrystal substrate and cultured for 5 and 15 days in
DMEM supplemented with 10% FBS, antibiotics, 50 ug/
ml ascorbic acid, 10mM p-glycerophosphate, and
10~7M dexamethasone. Experimental and control cul-
tures were treated every other day with fresh medium
and fresh antibody. The cultures were monitored at 5
and 15 days to detect calcium salts precipitation by us-
ing Alizarin red S staining. Upon termination of the
culture times, cementoblastoma-derived cells were
rinsed thrice with ice-cold PBS and culture plates were
fixed in situ with 70% ethyl alcohol and air-dried.

2.9. Energy dispersive X-ray microanalysis
The composition of the mineral-like tissue formed by

the cementoblastoma-derived cells plated onto silicon
(111) monocrystal substrate at an initial density of

2 x 10* in 24-well plates was analyzed at 5 and 15 days.
Control and experimental cultures were maintained in
DMEM supplemented as described. Upon termination,
the cultures were washed with PBS, fixed in 70% ethyl
alcohol, air-dried and covered with a thin gold film,
100 nm thick, to avoid electron disturbances that could
interfere with the microanalysis. Cell cultures were an-
alyzed by using a Leica-Cambridge 440 scanning elec-
tron microscope fitted with a Pentafet energy dispersive
X-ray microanalysis microprobe. All analyses were
performed at 20kV for 300s (Cuisinier et al., 1991; van
Dijk et al., 1995) on different areas with different probe
sizes.

2.10. Electron diffraction analysis

Human cementoblastoma-derived cells, control and
experimental cultures treated as described during 15
days, were tested for mineral phase formation. To do
this, cells were cultured on cooper grids of 200 mesh
covered with a plastic film and coated with a carbon thin
film for TEM observation. D-spacing of diffraction
patterns was calibrated to correspond to those for the
gold standard obtained with identical diffraction con-
ditions The mineral phase was analyzed using a Jeol 100
CX analytical transmission microscope. All analyses
were performed at 100kV. A Jeol 4000 EX TEM was
used at 400kV for the high-resolution (HRTEM) anal-
ysis of the experimental and control cultures at 15 days.

2.11. Statistical analysis

Data for the proliferation and viable cell number
assays were evaluated by variance analysis followed by
multiple comparisons using a corrected Bonferroni p
value. Statistics for all other assays were performed with
the Student’s ¢ test, using Sigma Stat V 2.0 software
(Jandel Scientific).

3. Results
3.1. Cell proliferation and cell viability

To determine whether IgG and anti-CP antibodies
contributed to alter human cementoblastoma cells, their
proliferation rate was determined during a 10-day pe-
riod. There were no statistical differences between
treatments and 10% FBS-treated controls (Fig. 1A). Cell
viability was not affected by either IgG or anti-CP an-
tibodies over the 10-day period as illustrated in Fig. 1B.
MTT activity of cementoblastoma cells began to in-
crease on day 3 and continued until day 10. No statis-
tical significances in MTT activity were seen between
IgG and anti-CP antibodies with respect to 10% FBS
control medium.
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Fig. 1. Effects of IgG, anti-CP antibodies and 10% FBS on cell growth
and cell viability. Shown are pooled data from two independent growth
curves (A) and from two independent viability curves (B) of cemento-
blastoma-derived cells treated with IgG (@) and anti-CP antibodies (H),
ataconcentration of 5 pg/mleach. Ten percent FBS was used as a control
media (V). There were no statistical differences between treatments.

3.2. Alkaline phosphatase activity

ALP activity was assessed at different culture times by
measuring the enzymatic activity in the cell layer. ALP
activity was detected in the cell layers of experimental
and control cultures as early as 72h. No statistical dif-
ferences between treatments were observed at days 3 and
7. However, alkaline phosphatase activity of cemento-
blastoma-derived cell cultures treated with anti-CP was
40% (p < 0.005), 44% (p < 0.001), 49% (p < 0.1), and
45% (p < 0.02) lower than their counterparts treated
with normal rabbit IgG antibody at 9, 11, 13, and 15
days, respectively. These results show that anti-CP an-
tibody inhibited ALP enzymatic activity during the ini-
tial stages of mineralization (Fig. 2).

3.3. Effect of anti-CP treatment on in vitro expression of
OPN and BSP

Analysis of OPN expression reveals that the number
of OPN positive cells was lower in the experimental
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Fig. 2. Alkaline phosphatase activity of human cementoblastoma-de-
rived cells taken at 3, 5, 7, 9, 11, 13, and 15 days. Control cultures (E)
treated with 5 pg/ml of IgG antibody and experimental cultures (H),
treated with 5pg/ml of anti-CP antibody. An asterisk indicates sta-
tistical difference between treatments at p < 0.05.

cultures by 87, 83, 69, and 52% at 5, 7, 9, and 11 days,
than their control counterparts (Fig. 3A and Table 1).
However, at 13 and 15 days the values of OPN positive
cells in the experimental cultures were similar to those
observed in control cultures.

BSP expression was decreased in the cultures treated
with anti-CP antibody throughout the entire culture
period as compared to controls. BSP positive cell per-
centages were 82, 51, 60, 80, 83, and 87% lower in
experimental cultures than in the control ones at 5, 7,
9, 11, 13, and 15 days (Fig. 3B, Table 2). In the control
cultures, a gradual increase in the percentage of BSP
positive cells was observed throughout the experimen-
tal period. In the experimental cultures the number of
BSP positive cells increased 3-fold between days 5-7
and after day 9 decreased gradually to the initial level
of day 5.

3.4. Immunoblotting

Western analysis showed that, in the experimental
cultures, the relative levels of OPN were reduced by 60,
58, 30, 57, 56, and 39% at 5, 7, 9, 11, 13, and 15 days of
culture as compared to controls. These results indicate
that OPN protein expression was highly inhibited during
early stages of the mineralization process (Fig. 4A). BSP
relative levels of experimental cultures as compared to
control cultures were 30, 18, 50, 16, 17, and 42% at 5, 7,
9, 11, 13, and 15 days, respectively, indicating that anti-
CP antibody influenced BSP protein levels at mid and
late stages of mineralization (Fig. 4B).

3.5. AFM

AFM images showed a sequence of the three-di-
mensional morphological disposition of the mineral-like
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OPN IMMUNOEXPRESSION

Days in Culture

BSP TMMUNOEXPRESSION

Days in Culture

Fig. 3. Immunostaining of cementoblastoma-derived cells with rabbit anti-human OPN polyclonal antibody (A). Experimental cultures treated with
5 pug/ml of anti-CP antibody (lower row) revealed that the number of OPN positive cells was lower by 87, 83, 69, and 52% at 5, 7, 9, and 11 days, than
their control counterparts at 5, 7, 9, 11, 13, and 15 days (upper row). Representative negative control with pre-immune rabbit serum for control (°)
and experimental (°°) cultures. Original magnification 20x. Bar = 12 pm. Immunostaining of cementoblastoma-derived cells with rabbit anti-human
BSP polyclonal antibody (B). Experimental cultures (lower row) treated with 5 pg/ml of anti-CP antibody at 5, 7, 9, 11, 13, and 15 days revealed that
BSP expression was dramatically decreased throughout the entire culture period as compared to the control cultures (upper row). Representative
negative control with pre-immune rabbit serum for control (°) and experimental (°°) cultures. Original magnification 20x. Bar= 12 pm.

Table 1
Expression of OPN in cementoblastoma-derived cells treated with anti-
CP antibody

Table 2
Expression of BSP in cementoblastoma-derived cells treated with anti-
CP antibody

Days Control Experimental Ye¢ Days Control Experimental Yo
cultures*¢ cultures®¢ cultures*¢ cultures®¢
5 55.4+1.14 7.2+£0.83 13.0 5 47.4 £2.40* 8.40+£0.89 17.8
7 62.8+2.16 10.4+1.34 16.6 7 54.2+1.48* 26.4+2.07 48.8
9 65.2+2.16* 20.2+1.30 31.0 9 55.2+1.09* 22.0+1.58 39.8
11 66.2 +1.30 31.2+£2.58 47.2 11 68.8 £0.83" 13.4+1.14 19.5
13 70.8 +£2.16* 67.4+1.14 95.2 13 76.4+£1.14 124+1.34 16.7
15 71.6+1.81 69.6+1.14 97.3 15 79.8 +1.48* 9.8+ 1.64 12.3

# Cementoblastoma-derived cells treated with 5pg/ml of normal
rabbit IgG antibody.

® Cementoblastoma-derived cells treated with 5pg/ml of anti-CP
antibody.

“Represents percentages of experimental positive cells respect to
control cultures.

4 Means + SE of triplicates.

" p < 0.001 Student’s ¢ test.

tissue deposited by cementoblastoma cells. The features
observed in control cultures, at 5 days, revealed gran-
ular agglomerates with a size range of 1.5-0.30 pm and

# Cementoblastoma-derived cells treated with 5pg/ml of normal
rabbit IgG antibody.

® Cementoblastoma-derived cells treated with 5pg/ml of anti-CP
antibody.

“Represents percentages of experimental positive cells respect to
control cultures.

9 Means + SE of triplicates.

*p < 0.001 Student’s ¢ test.

grain agglomeration that favored the formation of
crystalline plaques with a lamellar-like pattern. These
individual plaques were 0.18pm wide and 0.36 um
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Fig. 4. Western blots for the detection of OPN and BSP in cementoblastoma-derived cells treated with IgG antibodies (C) and with anti-CP anti-
bodies (E). Solubilized extracts from different culture times (5-15 days) were subjected to SDS-PAGE and then to immunodetection with antibodies
to human OPN and BSP. Protein relative levels were assessed by measuring the integrated intensity of all pixels in each band, excluding the local

background.

long, representing an anisotropic crystalline structure
of 2:1 (I/w); with small granular particles (0.3 pm, and
300 A high), (Fig. 5A). Tiny needle-shaped crystals 6 A
high with preferential orientation were observed
(Fig. 5E). Experimental cultures treated during 5 days
with anti-CP antibody showed a tiny granular mor-
phology with a submicron size (0.1 um) of granular
particles that formed the agglomerates with a size
range of 1.3-0.25um (Fig. 5B) and spherical agglom-
erates (Fig. S5F). Control cultures at 15 days showed
well-oriented and organized plaque-like structures of
1.6 pm width and 20 um length, representing an an-
isotropic ratio of 12.5 (I/w). These cultures also showed
granular agglomerates with a size range of 2.6-0.9 pm.
(Fig. 5C) and needle-shaped crystals (Fig. 5G). Ex-
perimental cultures at 15 days revealed almost the same
features observed in experimental cultures at 5 days.
The agglomerates maintained spherical morphology
without organization of needle-like crystals to form
plaque-like structures. However, the granular agglom-
erates were larger in size (1.5-0.30 um), when compared
to those observed at 5 days of experimental cultures
(Figs. 5D and H)).

3.6. EDS

The Ca/P ratio and composition of the mineral-like
tissue deposited in vitro by cementoblastoma-derived
cells was assessed at 5 and 15 days of culture. Control
cultures at 5 days showed 56.1 and 38.7at.% of Ca**
and P, respectively (Fig. 6C). Other elements such as K
(2.5at.%), and Mg>" (2.4at.%) were present in their
global composition. The Ca/P ratio (1.45) corresponds
well with the biological hydroxyapatite value (Fang
et al., 1994). Cementoblastoma cell cultures treated with
5 ug/ml of anti-CP antibody for 5 days showed low en-
ergy peaks for Ca’>* and P (Fig. 6A) with an atomic
percentage of 29.9 and 58.5, respectively. Other elements
such as K represented 5.4 of the atomic percentage.
Mg”* ions were not detectable in the spectrum. The Ca/
P ratio value was of 0.50. At 15 days of culture, control
cultures exhibited 55.4 and 34.4at.% for Ca>" and P
(Fig. 6D). K and Mg?* were present in the composition
with 6.1 and 3.8 at.%. The Ca/P ratio was 1.61, which
corresponds well with the biological hydroxyapatite
value. Experimental cultures revealed 38.5, 48.3, and
4.5at.% for Ca®*, P, and K (Fig. 6B). The Ca/P ratio
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Fig. 5. Three-dimensional features observed by AFM showed globular, needle-shaped crystals and lamellar arrangement of the mineralized-like tissue
deposited by cementoblastoma-derived cells in control cultures at 5 days (A and E), and 15 days of culture (C and G). Experimental cultures treated
with 5 pg/ml of anti-CP antibody revealed similar spatial disposition of globular-like structures at 5 days (B and F), and 15 days of culture without
lamellar arrangement of the mineralized-like tissue deposited by cementoblastoma-derived cells (D and H).

was 0.79. Energy dispersive X-ray microanalysis (EDS) showed better peak definition than those of the experi-
examination determined the biological hydroxyapatite mental cultures which reveals that the crystal density
values. Therefore, the EDS spectra from control samples was larger in the control cultures.
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Fig. 6. Representative energy-dispersive x-ray microanalysis spectrum of a 1 x I mm area of mineralized areas deposited by putative human ce-
mentoblasts. Experimental cultures at 5 (A) and 15 (B) days showed low peaks for calcium (Ca’") and phosphorous (P). Control cultures showed
prominent peaks of Ca>* and P and peaks representing Mg>*™ and K at 5 (C) and 15 (D) days of culture.

3.7. Electron diffraction

Cell cultures from cementoblastoma-derived cells
were obtained for the analysis of mineral deposits at 15
days of culture. Control and experimental cultures
showed crystals that revealed patterns of concentric
double rings. The inner double rings correspond to D-
spacing, 2.34 and 2.98 A (Figs. 7A and B, respectively),
which were consistent with those for hydroxyapatite
(2.29 and 3.08 A). The inner semi-ring in Fig. 7 shows a
clear preferential growth of hydroxyapatite crystals.

Examination of the crystallinity of samples with
HRTEM showed that both control and experimental
cultures at 15 days revealed a homogeneous and pref-
erential spatial arrangement of hydroxyapatite crystal-
lites with a 7.1 A (hkl: 100), 3.8 A (hkl 111), and
3.1 A (hkl: 210) interatomic distances (Fig. 8). All the
crystals were nanostructured with atomic distances of
hydroxyapatite crystals values of d: 2.27A (hkl: 212),
242A (hkl: 301), 3.53A (hkl: 201) and 4.5A (hkl:
110). The patterns obtained are shown in Fig. 7 and

Fig. 7. Selected area electron diffraction pattern obtained from min-
eralized-like tissue deposited by cementoblastoma-derived cells. The
inner semi-ring shows a clear preferential growth of hydroxyapatite
crystals at 15 days for both, control (A) and experimental (B) cultures.

were indexed with the hydroxyapatite standard patterns
of the JCPDS (Joint Committee on Powder Standards)
No. 9-432 file for calcium hydroxyapatite (JCPDS,
1995).

3.8. Scanning electron microscopy

Examination of control cultures at 5 days revealed
mineralized areas formed by agglomerates and needle-
like structures (Fig. 9C), confirming the electron dif-
fraction analysis and AFM images. At 15 days, control
cultures formed plaque-like structures (Fig. 9D). How-
ever, experimental cultures at 5 and 15 days showed
agglomerates with spherical shape and homogeneous
size. (Figs. 9A and B, respectively). It was evident that in
the cultures treated with anti-CP antibody the growth of
the mineralized area was retarded.

4. Discussion

The results of this study indicate that mineralization
in a cementoblastic cell line was partially inhibited by
anti-CP, indicating that the CP is among the factors that
regulate mineral deposition of this lineage in vitro. Anti-
CP antibody influenced the ALP activity and the protein
levels of OPN and BSP as well as the amount and
quality of mineral deposited in these cultures without
interfering with cell proliferation and cell viability. Cell
viability was greater than 90% for all treatment groups,
eliminating the likelihood of cell toxicity caused by ei-
ther IgG or anti-CP antibodies The dosages of IgG and
anti-CP antibodies were similar to those used for in vitro
studies reported by Shakibaei, 1998). ALP activity,
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Fig. 8. High-resolution transmission electron microscopy (HRTEM) shows that crystallinity of the mineralized-like tissue in control cultures at 15
days was homogeneous and with a preferential spatial arrangement of hydroxyapatite crystallites (A). Experimental cultures at 15 days showed non-
homogeneous hydroxyapatite crystallite arrangement (B). Bar in A=1.7nm. Bar in B=1.4nm.

Fig. 9. SEM examination of the mineral-like tissue deposited by cementoblastoma-derived cells revealed agglomerate and needle-like structures at 5
(A) and 15 (B) days. Experimental cultures at 5 (C) and 15 (D) days show agglomerates with spherical shape and homogeneous size. Bar =30 pm.

expression of OPN and BSP are characteristic of early
and late stages of mineral-like tissue deposition in os-
teoblastic and cementoblastic cell lines in vitro. Since the
cementoblastic cell line used in this study has been
shown to express CAP, which is immunologically re-
lated to CP (Arzate et al., 2002), and CAP has also been
reported as a 65kDa species in developing tooth germ
(Saito et al., 2001), it is possible that CP represents a
CAP-related molecular form. In addition anti-CP anti-
body has the capacity to identify putative cementob-
lastic populations both in vitro and in vivo.

ALP is thought to play a role in general phosphate
metabolism and cementum formation, although its
precise role during mineralization is not entirely clear

(Linde, 1982). ALP activity is related to the initial
mineralization and once the phase of bulk matrix syn-
thesis and mineralization has ceased, the further pro-
gression of mineralization of previously deposited
matrix is associated with retention of ALP activity (Bi-
anco, 1992). Our experimental cultures revealed an up to
49% decrease in ALP activity from 9 to 15 days, sug-
gesting that anti-CP antibody partially inhibited ALP
activity during mineralization in the experimental cul-
tures. In addition to this, the thickness of the cementum-
like tissue deposited by cementoblastoma-derived cells
in the experimental cultures, as analyzed by AFM, was
thinner than that observed in control cultures. The
present results support previous work where a highly
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significant positive correlation between ALP activity
and cementum thickness has been demonstrated, i.e., the
higher the activity of the enzyme, the thicker the ce-
mentum layer. Besides inhibition of ALP activity causes
severe inhibition of cementum formation. Thus, ALP
appears to be essential for the continuous growth of
cementum (Beertsen et al., 1999; Groeneveld et al., 1995;
Vandenbos and Beertsen, 1999). These results provide
further support to our previous data, which point to the
capability of CP to promote mineralization in undiffer-
entiated mesenchymal cells (Arzate et al., 1996) and
ALP activity in cementoblastoma cells (Arzate et al.,
1998).

It has been suggested that non-collagenous proteins,
such as OPN and BSP, have a major role in filling spaces
created during collagen assembly, imparting cohesion to
the mineral-like tissue by allowing mineral deposition to
spread across the entire collagen meshwork (Bosshardt
et al., 1998; Nanci, 1999). However, the means by which
mineralization is achieved is still not well understood.
Several authors suggest that phosphoproteins such as
BSP and OPN are necessary for the initiation of crystal
formation (Roach, 1994), and the large highly ordered
fibrils of type I collagen. The major phosphoproteins in
cementum are OPN and BSP and are synthesized by
cementoblasts (Chen et al., 1991b; MacNeil et al., 1998;
Shapiro et al., 1993). Our results revealed that OPN at
the protein level was highly depressed in the experi-
mental cultures during the initial stages of mineraliza-
tion and the highest effect on BSP protein levels was
observed at the mid and late stages of the experimental
period as revealed by immunocytochemistry and Wes-
tern blots. Since OPN is expressed at high levels in
mineralized connective tissues (Bianco et al., 1991) and
is related to the initial growth of hydroxyapatite crys-
tals, it seems that the anti-CP antibody could have a
secondary effect during initiation and progression of the
mineralized matrix. Our results suggest that CP could
mediate initial stages of mineralization probably by in-
fluencing OPN availability during crystal growth and
maturation. Since, OPN’s ability to bind and potentially
orient significant amounts of Ca’* which suggests that
might function to promote calcification (Butler et al.,
1996; Gorski, 1992). However, OPN is a multifunctional
protein and indeed, in vitro studies support a role for
OPN as an inhibitor of calcium oxalate crystals in the
kidney and in cell-free systems, and acts principally on
crystal growth (Hunter et al., 1996). It has been reported
that OPN is abundant at sites of calcification in human
atheroschlerotic plaques and in calcified aortic valves,
but is not found in normal arteries (Butler et al., 1996).
However the function of OPN in hard tissue formation,
mineralization and turnover is not yet clear, and the
mineral inhibition during the mineralization process
cannot be attributable to OPN acting solely as an in-
hibitor of crystal growth without considering the pos-

sible role of ALP on OPN’s dephosphorylation, since
phosphorylation of OPN is required for its inhibitory
effect in an in vitro mineralization system (Jono et al.,
2000). BSP plays an important role in mineral nucle-
ation (Chen et al., 1991a, 1992b). BSP has a precise
spatial association with early mineral aggregates, binds
strongly to hydroxyapatite and acts as a specific and
potent nucleator for hydroxyapatite formation in vitro
(Hunter and Goldberg, 1993). Our findings demonstrate
that BSP protein levels were partially depressed
throughout the entire culture time. Thus, the process of
mineral nucleation and growth was probably partially
inhibited in the experimental cultures by affecting
availability of OPN and ALP to regulate calcium uptake
(Fukayama and Tashijan, 1990), crystal growth and
maturation, and BSP crystal nucleation, explaining the
globular mineral aggregates that did not develop to
form lamellar structures in these cultures.

This statement is supported by the compositional
data of the mineralized-like tissue deposited by ce-
mentoblastoma-derived cell cultures at 5 and 15 days as
observed in the experimental cultures, since Ca/P ratio
was lower when compared to controls and is related to a
lesser crystal density. It appears that the calcium uptake
deposition was retarded, since experimental cultures
presented lower values of Ca>* than control cultures at 5
and 15 days This result could be related to the partial
inhibition of OPN protein levels and ALP activity. It
has been shown that other elements such as potassium
and small concentrations of ions, like Mg>*, slow crystal
development by adsorbing to and blocking surface
growth sites and hydroxyapatite crystal formation and
maturation (Amjad et al., 1984; Serre et al., 1998; We-
ismann et al., 1997). Mg?* ions are not directly incor-
porated into the apatite structure, but are rather
accumulated in the hydration shell around the hy-
droxyapatite crystal, forming surface-bound ionic com-
plexes (Posner, 1969). Our results revealed that
magnesium was absent in the experimental cultures,
which could contribute to the crystal growth retardation
observed at 15 days of culture in cells treated with the
anti-CP antibody. However, relatively high potassium
concentrations and accumulation might be a common
feature of mineralizing matrices. EDS examination of
the mineralized-like tissue revealed that the material
deposited by cementoblastoma-derived cells represents
hydroxyapatite in both, control and experimental cul-
tures at 15 days.

This is also supported by the analysis of HRTEM
images. However, experimental cultures at 15 days had
smaller crystallites in the range of nanocrystals and both
control and experimental cultures have a preferential
crystallographic orientation. This occurs within a matrix
characterized by the lack of orientation of collagen fi-
brils in coherent directions and is characterized by the
initial formation of randomly distributed, roughly
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spherical, aggregates of crystals radiating from a center.
In contrast, the control cultures showed the ordered
mineralization pattern of lamellar-like mineralized tis-
sue, matching a significant degree of collagen spatial
organization and orientation (Boyde and Hobdell,
1969). Recent findings suggest that growth layers in
human cementum may be related to altered mineral
crystal orientation (Cool et al., 2002). Our observations
strengthen the argument that mineral crystals are re-
sponsible for the layers observed in cementoblastoma
control cultures and that the anti-CP antibody and the
decreased ALP activity could contribute to the partial
inhibition during the development of this morphological
pattern and mineral crystal alignment (Tesch et al.,
2003), presumably as a result of crystal density and
impaired mineral maturation as revealed by EDS and
HRTEM examination of the mineral phase in the ex-
perimental cultures.

Finally, our observations and combined data analysis
suggest a provocative role of CP during the biological
mineralization process of cementum-like tissue in vitro.
Consistent with this idea, are the partial inhibition of
ALP activity, decreased protein levels of OPN and BSP,
compositional, morphological changes, and the retar-
dation of the mineral phase by human putative cemen-
toblastic cells, observed during the development of
mineralized matrix. However, further studies are neces-
sary to show the biological significance of CP among the
factors that regulate cementum extracellular matrix
mineralization in vitro, since its specific role cannot be
determined conclusive at this time.
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