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PROTEINS ASSOCIATED WITH THE MINERAL PHASE of dentin are considered to have the
potential to alter cell function within the local environment, during development and
regeneration of tooth/periodontal tissues. Cells that may be altered include osteoblasts,
ameloblasts, periodontal ligament cells, odontoblasts, and cementoblasts. However,
specific factors within dentin controlling cell activity have not been elucidated. To
investigate further the role of dentin proteins in regulating cell behavior, MC3T3-El
cells, a mouse osteoprogenitor cell line, were exposed to guanidine/EDTA extracts of
dentin (G/E-D) prepared from bovine teeth. Cells, with or without G/E-D (2 to 50 wg/
ml), were evaluated for proliferative activity and for mRNA expression of bone-as-
sociated genes. Results indicated that G/E-D suppressed cell proliferation and caused
striking morphological changes, including the conversion of cuboidal cells into fibro-
blastic, spindle-shaped cells. Markers of osteoblast differentiation, osteocalcin and
bone sialoprotein mRNA were decreased, while osteopontin mRNA was enhanced in
cells exposed to G/E-D. Since transforming growth factor beta (TGFpB,) has been
reported to influence cells in a similar fashion, G/E-D were examined for the presence
of and concentration of TGFp using slot blot analysis and enzyme immunoassay (ELI-
SA), respectively. These analyses demonstrated that G/E-D contained 6.6 ng/mg of
TGFR,. Next, cells were exposed to G/E-D in conjunction with anti-TGFB, , ; antibody.
When cells were exposed to antibody, G/E-D-mediated changes in morphology and
gene expression were blocked. These results suggest that TGFB, and perhaps other
factors in dentin can regulate cell behavior and, therefore, can influence development,
remodeling, and regeneration of mineralized tissues. J Periodontol 1998;69:1247-
1255.

Key Words: Cell activity; cell cycle proteins; dentin; cell growth inhibition; bone
regeneration; bone mineralization; bone remodeling.

Appropriate cell-matrix interactions are necessary for de-
velopment and for regeneration of tissues, including min-
eralized tissues present in the oral cavity; i.e., bone, ce-
mentum, enamel, and dentin. Although significant prog-
ress has been made toward understanding the properties
and functions of various molecules associated with these
mineralized tissues during development, maintenance,
and regeneration of tooth associated structures, the role
of dentin matrix in regulating cells within the local en-
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vironment remains unclear. Such cells would include os-
teoblasts, ameloblasts, periodontal ligament cells, odon-
toblasts, and cementoblasts. Researchers have demon-
strated that demineralized dentin matrix induces bone for-
mation in vivo®* and cartilage formation in vitro.*’
Additional studies support a role for the dentin matrix in
regulating formation of cementum and bone.*® However,
precise cellular and molecular mechanisms through which
dentin matrix may influence cementoblast and osteoblast
activity have not been elucidated.

Clues as to the potential role of dentin matrix in con-
trolling cellular activity come from studies focused on
understanding the composition of the dentin matrix. Den-
tin is composed of 70% mineral matrix and 20% organic
matrix by weight, with the remaining portion being water
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(see references 9-11 for review). Non-collagenous pro-
teins of dentin include those common to cementum and
bone, such as osteocalcin, bone sialoprotein, and osteo-
pontin. Several growth factors associated with bone and
cementum have been identified in dentin/odontoblasts and
include those belonging to the transforming growth factor
superfamily (bone morphogenetic proteins [BMPs] and
TGFps) and insulin-like growth factors.'?!* Furthermore,
3 phosphorylated non-collagenous proteins, phosphopho-
ryn (dentin phosphoprotein), dentin matrix protein-1, and
dentin sialoprotein are reported to be selective to dentin
and are considered to be involved in conversion of pre-
dentin to dentin.!"!* Recent data indicate that dentin sial-
oprotein and dentin phosphoprotein are expressed as a
single cDNA transcript which codes for a protein that is
cleaved into 2 smaller polypeptides, each having unique
properties. '

Previously, we reported that gingival fibroblasts exhibit
increased protein production when exposed to guanidine/
EDTA extracts of dentin (G/E-D), but not to guanidine
extracts of dentin.'¢ The guanidine/EDTA extracts of min-
eralized tissue contain collagen, as well as non-collage-
nous proteins that bind strongly to the mineral phase and
are extractable only after the addition of EDTA. Minimal
information exists as to the effects of mineral bound den-
tin proteins on proliferation and differentiation of osteo-
blast-like cells. In the investigations described here
MC3T3-E1 cells, a mouse osteoprogenitor cell line, were
used to examine the effects of dentin matrix extracts on
these cells in vitro. This cell line represents a well-char-
acterized model for examining gene expression during os-
teoblast differentiation.!” In the present study, the ability
of G/E-D to affect proliferation and differentiation of an
osteoblast-like cell line, MC3T3-E1 cells, was deter-
mined. We report that G/E-D inhibit cell proliferation and
suppress differentiation of MC3T3-El1 cells. Furthermore,
antibodies to TGFR were able to block G/E-D mediated
changes in MC3T3-El1 cells.

MATERIALS AND METHODS

Preparation of Guanidine/EDTA Extracts of Dentin

The methods for obtaining extracts of bovine dentin were
similar to those described previously.'® Briefly, teeth and
periodontal tissue were removed from jaws of 2-year old
cows and placed immediately in 0.02 M phosphate buf-
fered saline (PBS), pH 7.4, containing protease inhibitors
(0.05 M 6-amino-n-hexanoic acid, 0.005 M benzamidine
HC], 0.001 M phenylmethysulfonyl fluoride) at 4°C. Ad-
herent soft tissue and cementum were removed from the
roots with scalers. Next, crowns were separated from
roots and pulpal tissues were carefully removed. Root
dentin was cut into small pieces and then sequentially
extracted in 50 mM Tris HCI buffer (pH 7.4; 50 ml/g wet
weight) containing 4 M guanidine HCI at 4°C for 1 week,

followed by 4 M guanidine HCI with 0.5M EDTA at 4°C,
until the dentin was demineralized, usually 10 days with
one change of buffer solution at day 5. Extracts were
concentrated by ultrafiltration,® dialyzed extensively
against distilled water and lyophilized. Lyophilized ex-
tracts were dissolved in sterile deionized water at various
concentrations for use in assays.

Cell Culture

MC3T3-El cells were maintained in a-MEM supple-
mented with 10% fetal bovine serum (FBS) and antibi-
otics, and were used between passage 10 to 15. For mor-
phological observations and cell growth analysis, cells
were plated into 24-well plates at an initial density of
5,000 cells per well. For northern blot analysis of osteo-
blast differentiation, cells were seeded in T-75 tissue cul-
ture flasks' at an initial density of 50,000 cells/cm?. After
incubation for 24 hours in a-MEM with 10% FBS, me-
dium was changed to a-MEM with 2% FBS containing
50 pg/ml ascorbic acid to induce osteoblastic differenti-
ation.'” Cells were treated with vehicle or G/E-D at 2.5,
25, and 50 pg/ml. Controls included cells cultured with-
out ascorbic acid. Media were changed every third day
for the duration of the experiment.

Cell Growth Analysis

At days 2, 3, 5, and 7 cells were harvested, in triplicate
wells, by incubating in 0.05% trypsin and 0.01% EDTA,
and cell number determined by Coulter counter.

Northern Blot Analysis

On day 8, total cellular RNA was extracted using a mod-
ified guanidine thiocyanate procedure.'* Total RNA (20
wg) was denatured, fractionated on a 6% formaldehyde-
1.2% agarose gel, transferred onto a nylon membrane,!
and immobilized using a UV crosslinker.! The blots were
then hybridized with radiolabeled probes generated from
randomly primed cDNA for bone sialoprotein (BSP), os-
teocalcin (OCN) and osteopontin (OPN) and exposed to
film* with intensifying screens at —70°C for 24 to 72
hours. To evaluate relative loading of RNA samples, pho-
tographs were taken of ethidium bromide stained gels pri-
or to probing for specific markers.

Probes

Mouse BSP?® and human OPN cDNAZ probes were gen-
erous gifts from Drs. Larry Fisher and Marion Young
(NIDR, NIH). Human osteocalcin cDNA probe?' was ob-
tained from Dr. John Wozney, Genetics Institute, Cam-
bridge, MA.

SAmicon YM-10, W.R. Grace & Co., Danvers, MA.
IFalcon, Becton Dickinson, Franklin Lakes, NIJ.
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# Kodak X OMAT, Eastman Kodak, Rochester, NY.
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Western/Slot Blot Analysis

To determine the presence of TGFB in G/E-D, slot blot
analysis was used. G/E-D, prepared as a stock solution in
water, were added to slots (200 pl of G/E-D per slot) at
a concentration range from 1 to 100 pg/ml. After washing
with Tris buffered saline (TBS) containing 0.05% Tween-
20, followed by blocking non-specific staining with TBS-
Tween-20 buffer containing 0.5% bovine serum albumin
(BSA) for 1 hour, the nitrocellulose blot** was incubated
with a mouse anti-bovine TGF, , ; monoclonal antibody**
at a concentration of 1 mg/ml in TBS-Tween-20 with
0.5% BSA for 1 hour. The blot was washed in TBS-tween
and then incubated with a goat anti-mouse IgG monoclo-
nal antibody conjugated with horseradish peroxidase at
400 pg/ml in TBS-Tween-20 with 0.5% BSA for 1 hour.
After washing the blot, bound secondary antibody was
visualized by enhanced chemiluminescence®* (ECL) and
the image was captured on film. Recombinant human
TGFB,, 10 ng, and BSA, 10 pg, were used as positive
and negative controls, respectively.

Quantitative Inmunoassay for TGF, in

G/E-D (ELISA)

Quantitative sandwich enzyme immunoassay technique
was employed to determine TGFf3, concentration in G/ED
using a TGFB, immunoassay kit®* (sensitivity, 5.0 pg/ml;
range, 31.2 to 200 pg/ml). Briefly, after activation of la-
tent TGFpB, to immunoreactive TGFB, with 1 N HCI and
neutralization of the sample by 1.2 N NaOH and 0.5 M
HEPES, 200 .l of sample or appropriate standard were
added to each well of a 96 well-microtiter plate coated
with TGF soluble receptor type II and incubated for 3
hours at room temperature. Following a wash to remove
unbound proteins, 200 ul of a horseradish peroxidase
conjugated polyclonal antibody against human TGFpB,
was added to the wells and incubated for 1 hour at room
temperature. After washing, 200 pl of a substrate solution
was added to the well and incubated for 20 minutes at
room temperature. The color development was stopped
with 50 pl of 2 N sulfuric acid and the intensity of the
color was measured spectrophotometrically, at 450 nm.
The concentration of TGFB, in G/E-D was determined by
comparing the optical density of the sample to a standard
curve.

Effects of Anti-TGFB Antibody on Response of
MC3T3-E1 Cells to G/E-D

For these experiments MC3T3-E1 cells were cultured in
o-MEM, 2% FCS, containing 50 wg/ml G/E-D, plus or
minus a murine monoclonal anti-bovine TGFB,,; IgG,

**Protran, Schleicher & Schuell, Keene, NH.
"Genzyme, Cambridge, MA.

*Amersham, Piscataway, NJ.

$Quantikine, R&D Systems, Minneapolis, MN.

antibody' for 8 days with media changes every third day.
Thirty pg/ml antibody was used to neutralized 0.5 ng/ml
of TGFB in G/E-D, where the concentration of TGF in
G/E-D was determined by ELISA, as discussed above.
Controls included cells exposed to G/E-D along with
mouse IgG, (MOPC 21).I

Antibodies

Antibodies to TGFp, from a bovine source were not avail-
able. Since TGFB demonstrates cross-species reactivity,
we were able to use human TGF, antibodies. Neverthe-
less, results most likely reflect relative levels of TGFR,in
G/E-D extracts and not exact concentrations since the an-
tibodies used may recognize TGFs from various species
differently.

Statistics

For proliferation assays, data were analyzed using com-
puter software™ to perform ANOVA and Tukey-Kramer
multiple comparison test.

RESULTS

Effect of G/E-D on Morphology of MC3T3-E1 Cells
Under basal conditions, MC3T3-E1 cells in culture, with
or without ascorbic acid, exhibited a cobblestone appear-
ance. Upon exposure to G/E-D their appearance changed
with time to a more spindle shaped-fibroblastic morphol-
ogy (Fig. 1). Such changes were noted as early as 24
hours after addition of extracts. Morphological changes
were dose-dependent, with greater spindle shaped ap-
pearance in cells exposed to higher concentrations of ex-
tracts. These changes were noted in extract-exposed cells
grown in medium, with or without ascorbic acid; how-
ever, in the presence of ascorbic acid more pronounced
morphological changes were noted.

Effect of G/E-D on Proliferation of MC3T3-E1 Cells

Over the time period examined, the presence of G/E-D
suppressed proliferation of MC3T3-El cells in a dose-
dependent manner. This growth inhibition was noted as
early as day 2 with marked decrease of cell proliferation
at all doses from 2.5 pg/ml to 100 pg/ml noted at day 7
(Fig. 2).

Effect of G/E-D on OCN, BSP and OPN mRNA
Expression in MC3T3-E1 Cells

As previously established,'” MC3T3-E1 cells, in the pres-
ence of ascorbic acid, differentiated into mature osteo-
blasts and expressed mRNA for OPN, OCN, and BSP
(Fig. 3). Furthermore, steady state levels for OCN and
BSP mRNA were substantially lower in cells cultured in

IISigma Chemical Co., St. Louis, MO.
WInstat, GraphPad Software, San Diego, CA.
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the absence versus the presence of ascorbic acid (Fig. 3;
2% FBS versus 2% FBS+AA). Normally ascorbic acid
stimulates expression of OCN and BSP mRNA, however
when G/E-D is added to the media, expression of both
OCN and BSP mRNA was inhibited. Inhibition of OCN
mRNA expression was noted at an extract concentration
as low as 2.5 pg/ml when compared to 2% FBS+AA
(control). To achieve a reduction in BSP mRNA, 50 pg/
ml of extract was required (Fig. 3; 2% FBS+AA versus
50 pg/ml G/E-D+AA). In contrast to inhibition of OCN
and BSP mRNA expression in cells exposed to G/E-D,
mRNA for OPN was enhanced in a dose-dependent fash-
ion, independent of the presence of ascorbic acid.

Western/Slot Blot Analysis of G/E-D for Presence of
TGFp Using Anti-TGFf Antibody and ELISA to
Determine TGFB Concentration in G/E-D

Next, since TGFB has been shown to exhibit similar ef-
fects on osteoblasts as those noted for G/E-D and the
presence of TGFB has been reported in dentin ex-
tracts,'322?7 studies were directed at determining whether
extracts had TGFB. G/E-D, 20 g showed a positive re-
action with anti-TGF@ antibody, by slot blot analysis. The
antibody was sensitive to concentrations of thTGFB1 as
low as 10 ng. No positive reaction was observed in slots
containing 10 pg BSA, or in slots where primary anti-
body was eliminated (Fig. 4). ELISA indicated that the
concentration of TGFB in G/E-D was approximately 6.6
ng/mg dry weight.

Effects of Anti-TGFp Antibody on OCN, OPN and
BSP mRNA Expression and Morphology in
MC3T3-E1 Cells Treated With G/E-D

Based on the above results, studies were pursued to de-
termine whether TGF was responsible for the striking
morphological changes and the decreased expression of
BSP and OCN mRNA observed in MC3T3-E1 cells with
G/E-D. For these experiments MC3T3-El cells were ex-
posed to 50 pg/ml G/E-D in the presence of ascorbic acid
and 2% FBS, with or without the addition of anti-TGF@
antibody (30 pg/ml). As represented in Figure 1, MC3T3-
El cells, which normally exhibit a cobblestone appear-
ance in culture, exhibit a spindle-shaped morphology
when cultured with G/E-D. This change in morphology
was prevented with the addition of anti-TGFB antibody
in the culture medium (Fig. 5), while IgG controls had
no effect on the morphological changes induced by
G/E-D. In conjunction with the ability of anti-TGF@
antibody to block G/E-D mediated effects on cell mor-
phology, the antibody prevented the down regulation of
BSP mRNA (Fig. 6; G/E-D+AA+Ab versus G/E-D
+AA+IgG control); however the antibody did not com-
pletely eliminate the negative effects of G/E-D on BSP
mRNA expression. The antibody also increased OCN
mRNA expression in cells exposed to G/E-D (Fig. 6; G/
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trol: MC3T3 cells, media plus 50 ug/ml ascorbic acid/2% fetal calf
serum (control media). Note cuboidal appearance. B. G/E-D: Cells ex-
posed to media as in A with 50 pg/ml G/E-D. Note fibroblastic appear-
ance. Photographs were taken at day 6 (original magnification X100).

E-D+AA+ADb versus G/E-D+AA+1gG/PBS); however
this increase was minimal. In addition, the antibody de-
creased G/E-D observed enhancement of OPN mRNA in
MC3T3-E1 cells.

DISCUSSION

Non-collagenous proteins present in the mineral phase of
hard tissues are considered to have the capacity to regu-
late a variety of cellular functions and activities including
migration, attachment, differentiation, proliferation, and
expression and secretion of specific proteins. Indeed, de-
mineralized dentin matrix has been reported to unmask
the osteoinductive potential of sequestered proteins and
therefore have the capacity to promote mineral tissue for-
mation in vivo,'>® induce cartilage formation in vitro,*
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Figure 2. Effect of G/E-D on proliferation of MC3T3-El cells. Cells were seeded at 5,000 cells/well and
allowed to attach overnight. Day 0 = initial number of cells attached prior to addition of agents. Media
with ascorbic acid, 2% FBS alone or with G/E-D at 2.5, 25 or 50 ug/ml were added to dishes and cells
counted by Coulter counter on day 2, 3, 5 and 7. Results were reproduced in two separate experiments.

and elicit increases in total protein production and colla-
gen production by human gingival fibroblasts, in vitro.'¢
However, the specific factors promoting cell activity have
not been fully explored. In these studies, we focused on
determining whether or not dentin proteins affect differ-
entiation of osteoprogenitor cells. Based on results of
those investigations, studies were initiated to dissect out
the influence -of specific molecules within dentin on os-
teoblast activity.

Results indicated that guanidine/EDTA extracts of den-
tin have the capacity to alter osteoblast cell behavior.
Guanidine/EDTA extracts were able to suppress cell pro-
liferation in a dose-dependent manner. The anti-prolifer-
ative effect of the extract was noted after 2 days exposure,
and by 7 days G/E-D inhibited cell proliferation signifi-
cantly, P <0.01, at all doses from 2.5 pg/ml to 100 pg/
ml (Fig. 2). At a morphological level, this extract altered
the appearance of MC3T3-El cells, where they change
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Figure 3. Effect of G/E-D on bone sialoprotein, osteocalcin, and osteo-
pontin mRNA expression in MC3T3-El cells. Cells were cultured in me-
dia containing 2% FBS, * ascorbic acid (AA), and G/E-D (2.5, 25, 50
pg/ml) for 8 days and then RNA extracted from cells. mRNA expression
of proteins was analyzed by northern analysis. 18s ethidium stained gel
shown as evidence of comparable loading. BSP = bone sialoprotein;
OCN = osteocalcin; OPN = osteopontin.

Primary Antibody

+ =

G/E-D (20ug) |
TGF-B (10ng) |

BSA (10ug)

Figure 4. Slot blot analyses for TGF-g in G/E-D. Twenty ug G/E-D, 10
ng TGF-; and 10ug BSA were applied to nitrocellulose using a slot
blotter apparatus and western analysis used to determine presence of
TGF-4(+ lane), Ig control (— lane).

from a cubodial shape to a more spindle shape, suggestive
of a shift in phenotype to a more fibroblast-like cell phe-
notype versus osteoblast-like cell phenotype. This was
confirmed by northern analysis, which demonstrated that
MC3T3-E1 cells cultured in the presence of G/E-D ex-

G/E D + Ig Control

Figure 5. Effect of TGFf antibody on G/E-D induced morphological
changes. A. Ig control: cells cultured with media containing 50 ug/ml
ascorbic acid2% fetal calf serum. 50 pg/ml G/E-D and Ig (control).
Note there is no change in spindle shaped morphology seen in cells
exposed to G/E-D alone (see Fig. 1B). B. TGF B antibody. Cells cultured
as in A above with anti-TGF antibody (30 png). Note cuboidal appear-
ance (see Fig. 1A). Photographs were taken at day 6 (original magni-
fication X100).

hibited a decrease in mRNA levels for proteins associated
with differentiation of these cells along the osteoblast lin-
eage; i.e., BSP and OCN."7?° At this point, we had estab-
lished that G/E-D extracts inhibited osteoblast differenti-
ation and thus experiments were designed to identify fac-
tors within the extract responsible for this effect. Studies
by McCauley and colleagues? indicating that TGFB in-
hibited osteoblastic maturation of MC3T3-E1 cells, cou-
pled with the recognition that dentin contains TGFB,"
prompted us to investigate whether TGFR was present in
the G/E-D extract. By ELISA, we determined that G/E-D
preparations contained 6.6 ng TGFB per mg dry dentin
weight. Results from other groups have shown that the
concentration at which TGFB affects a variety of cell
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Figure 6. Effect of TGFB antibody on osteocalcin, osteopontin, and bone
sialoprotein mRNA expression in MC3T3 cells. Cells were treated with
media containing 2% FBS * ascorbic acid (AA) or 2% FBS, ascorbic
acid and G/E-D (50 pg/ml) + PBS or IgG or TGF 8 antibody. RNA was
extracted from cells after 8 days of culture and northern analysis used
to determine mRNA expression of specific proteins.

types, including osteoblasts, is normally in the range from
0.001 to 4 ng/ml.*-2%203! Thus, the concentration of G/E-D
used in our experiments contains TGFB (0.33 ng/ml)
within the range described above. Next, to determine
whether TGFf was responsible for observed effects, the
ability of anti-TGFp antibody to block the inhibitory ef-
fects of G/E-D on differentiation of MC3T3-E1 cells was
tested. These studies demonstrated that the inhibitory ef-
fects of G/E-D on osteoblast maturation could be pre-
vented if antibody to TGFB was present, thus suggesting
that TGFB or TGFp-like molecules were responsible for
G/E-D’s inhibitory activity.

While data from some laboratories support this finding,
it is important to recognize that in vitro studies report
diverse findings on the effect of TGFB on osteoblastic
cell proliferation and differentiation.??-23'-3 For example,
McCauley et al.>* demonstrated that exposure of MC3T3-
E1 cells to TGFB1, at 3 ng/ml, blocked both osteoblast
maturation as measured by decreased mRNA for OCN
and PTH receptor, and inhibited mineral nodule formation
as measured by von Kossa technique. However, the ability
of TGFB, to inhibit osteoblast maturation was differen-
tiation stage dependent, with minimal effects noted when
it was introduced at later times in culture.

Despite the fact that TGF has been reported to be
present in dentin, the ability of TGFB present in dentin
extracts to induce changes in osteoblastic proliferation
and differentiation has not been investigated. Similar to
our findings with G/E-D, dramatic morphological changes

of MC3T3-E1 cells from osteoblastic to fibroblastic ap-
pearance have been reported in cells exposed to
TGFR.253031363839 Antibody to TGF@ inhibited the G/E-D
morphologic conversion (Fig. 5). Thus, the results here
suggest that TGFB or comparable molecules present in
G/E-D blocked expression of an osteoblast-like pheno-
type as measured by decreased OCN and BSP mRNA in
cells exposed to the extracts. It is important to mention
that while reversal of morphological conversion was com-
plete using the antibody to TGFR, the ability to reverse
the effects of G/E-D on expression of OCN and BSP
mRNA was not complete. This suggests that other factors
present in the matrix extract may contribute to the ability
of G/E-D to inhibit osteoblast differentiation.

In contrast to the ability of G/E-D to suppress expres-
sion of BSP and OCN in MC3T3-El, this extract en-
hanced OPN expression. This response also can be attrib-
uted to TGFP since this effect is also attenuated by the
addition of antibody (Fig. 6). TGFB has been reported to
enhance OPN mRNA levels in a variety of cell types,
including osteoblasts.’*> Although OPN is expressed in
several cell types, its exact role in different tissues re-
mains to be established.® In the case of mineralized tis-
sues, current hypotheses as to function include acting as
a regulator of osteoclast migration and attachment at re-
sorption fronts,*' and as a regulator of crystal growth.*-

As discussed above, BSP and OCN expression was de-
creased in response to G/E-D extracts, in contrast to in-
creased OPN mRNA in comparably treated cells. Evi-
dence to date indicates that both BSP and OCN are more
selective to mineralized tissues than OPN. The down-reg-
ulation of BSP and OCN genes by G/E-D extracts is an-
other indication, in addition to the morphological
changes, that G/E-D extracts inhibit the differentiation of
MC3T3-E1 cells toward a mature osteoblast. BSP has
been suggested to function as a cell adhesive molecule*
and also as an initiator of crystal formation.** Recent
OCN knock-out experiments suggest that OCN may func-
tion to regulate the degree of mineral formation. Osteo-
calcin-deficient mice exhibited increased bone mass when
compared with their wild type littermate controls.”’

In summary, the results of the studies presented here
indicate that TGFB and possibly other proteins associated
with dentin can inhibit osteoblast maturation, in vitro. Fu-
ture directions would include size fractionation of the
G/E-D in an attempt to determine which factors present
have inhibitory as well as stimulatory effects on osteo-
blast-like cells, as well as other cell types. The inhibitory
activity in dentin extracts may be important for regulation
of mineral formation both during development and during
regeneration of the periodontium. For example, while
highly speculative, it is possible that proteins within den-
tin have the capacity to regulate cementum formation, al-
lowing for development of a functional periodontal liga-
ment with insertion of fibers between surrounding alve-



1254

J Periodontol

DENTIN EXTRACTS AFFECT PROLIFERATION AND DIFFERENTIATION OF OSTEOPROGENITOR CELLS November 1998

olar bone and tooth versus a fusion of surrounding bone
with root cementum; i.e., ankylosis. Currently, the mech-
anisms and cells regulating cementum formation are not
known, but 2 major theories are 1) that the epithelial root
sheath cells and related products control cementum for-
mation; i.e., epithelial-mesenchymal interactions; and 2)
that the dentin extracellular matrix can regulate cementum
formation. In the mature periodontium, dentin proteins
may have a similar influence on PDL cells. In support of
this, in vitro studies indicate that TGFf can stimulate pro-
liferation of PDL cells to a significantly greater extent
than proliferation of gingival fibroblasts, and can enhance
the proliferative response of PDL cells to platelet derived
growth factor.484°

Predictable restoration of periodontal tissues is the ul-
timate goal of periodontal regenerative therapies. Contin-
ued studies on the influence of molecules derived from
bone, cementum, dentin, or enamel on cells associated
with these tissues during development, maintenance, and
regeneration should provide information needed to de-
velop improved treatment modalities for promoting re-
generating of oral tissues.

Acknowledgments

This work was supported by NIDR/NIH grants DE09532
and DE05685 and grant 09307041 from Ministry of Ed-
ucation, Japan.

REFERENCES

1. Bang G, Urist MR. Bone induction in excavation chambers in matrix
of decalcified dentin. Arch Surg 1967;94:781-789.

2. Yeomans JD, Urist MR. Bone induction by decalcified dentine im-
planted into oral, osseous and muscle tissues. Arch Oral Biol 1967,
12:999-1008.

3. Inoue T, Deporter DA, Melcher AH. Induction of chondrogenesis in
muscle, skin, bone marrow, and periodontal ligament by deminer-
alized dentin and bone matrix in vivo and in vitro. J Dent Res 1986;
65:12-22.

4. Somerman MIJ, Nathanson MA, Sauk JJ, Manson B. Human dentin
matrix induces cartilage formation in vitro by mesenchymal cells
derived from embryonic muscle. J Dent Res 1987;66:1551-1558.

5. Harada K, Oida S, Sasaki S, Enomoto S. Chondrocyte-like colony
formation of mesenchymal cells by dentin extracts in agarose gel
culture. J Dent Res 1990;69:1555~1559.

6. Armitage GC. Cementum. In: Bhaskar SN, ed. Orban’s Oral His-
tology and Embryology. St. Louis: Mosby Co; 1986:175-197.

7. Cho M, Garant PR. Ultrastructural evidence of directed cell migra-
tion during initial cementoblast differentiation in root formation. J
Periodont Res 1988;23:268-276.

8. Bosshardt DD, Schroeder HE. Initiation of acellular extrinsic fiber
cementum on human teeth. A light- and electron-microscopic study.
Cell Tissue Res 1991;263:311-324.

9. Boskey AL. The role of extracellular matrix components in dentin
mineralization. Crit Rev Oral Biol Med 1991;2:369-387.

10. Linde A, Goldberg M. Dentinogenesis. Crit Rev Oral Biol Med
1993;4:679-728.

11. Butler WT, Ritchie H. The nature and functional significance of
dentin extracellular matrix proteins. Int J Dev Biol 1995;39:169~
179.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Thesleff 1, Sahlberg C. Growth factors as inductive signals regulat-
ing tooth morphogenesis. Cell Developmental Biol 1996;7:185-193.
Finkelman RD, Mohan S, Jennings JC, Taylor AK, Jepsen S, Bay-
link DJ. Quantification of growth factors IGF-I, SGF/IGF-II, and
TGF-B in human dentin. J Bone Miner Res 1990;5:717-723.
George A, Silberstein R, Veis A. In situ hybridization shows Dmpl
(AG]1) to be a developmentally regulated dentin-specific protein pro-
duced by mature odontoblasts. Connect Tissue Res 1995;33:389—
394.

MacDougall M, Simmons D, Luan X, Nydegger J, Feng J, Gu TT.
Dentin phosphoprotein and dentin sialoprotein are cleavage products
expressed from a single transcript coded by a gene on human chro-
mosome 4. Dentin phosphoprotein DNA sequence determination. J
Biol Chem 1997;272:835-842.

Somerman MJ, Archer SY, Hassell TM, Shteyer A, Foster RA. En-
hancement by extracts of mineralized tissues of protein production
by human gingival fibroblasts in vitro. Arch Oral Biol 1987;32:879—
883.

Franceschi RT, Iyer BS, Chi Y. Effects of ascorbic acid on collagen
matrix formation and osteoblast differentiation in murine MC3T3-
El cells. J Bone Miner Res 1994,9:843-854.

Xie WQ, Rothblum LI. Rapid, small-scale RNA isolation from tis-
sue culture cells. Biotechniques 1991;11:324, 326-327.

Crosby AH, Lyu MS, Lin K, et al. Mapping of the human and mouse
bone sialoprotein and osteopontin loci. Mamm Genome 1996;7:149—
151.

Young ME Kerr JM, Termine JD, et al. cDNA cloning, mRNA
distribution and heterogeneity, chromosomal location, and RFLP
analysis of human osteopontin (OPN). Genomics 1990;7:491-502.
Celeste AJ, Rosen V, Bueker JL, Kriz R, Wang EA, Wozney JM.
Isolation of the human gene for bone gla protein utilizing mouse
and rat cDNA clones. EMBO J 1986;5:1885-1890.

Elford PR, Guenther HL, Felix R, Cecchini MG, Fleisch H. Trans-
forming growth factor-8 reduces the phenotypic expression of os-
teoblastic MC3T3-E1 cells in monolayer culture. Bone 1987;8:259—~
262.

Ibbotson KJ, Orcutt CM, Anglin AM, D’Souza SM. Effects of trans-
forming growth factors beta 1 and beta 2 on a mouse clonal, oste-
oblast-like cell line MC3T3-El. J Bone Miner Res 1989;4:37-45.
Katagiri T, Lee T, Takeshima H, Suda T, Tanaka H, Omura S. Trans-
forming growth factor-beta modulates proliferation and differentia-
tion of mouse clonal osteoblastic MC3T3-El cells depending on
their maturation stages. Bone Miner 1990;11:285-293.

McCauley LK, Koh AJ, Beecher CA, Cui Y, Decker JD, Franceschi
RT. Effects of differentiation and transforming growth factor beta 1
on PTH/PTHrP receptor mRNA levels in MC3T3-E1 cells. J Bone
Miner Res 1995;10:1243-1255.

Noda M, Camilliere JJ. In vivo stimulation of bone formation by
transforming growth factor-beta. Endocrinol 1989;124:2991-2994.
Takeuchi Y, Nakayama K, Matsumoto T. Differentiation and cell
surface expression of transforming growth factor-beta receptors are
regulated by interaction with matrix collagen in murine osteoblastic
cells. J Biol Chem 1996;271:3938-3944.

Urist MR. Bone histogenesis and morphogenesis in implants of de-
mineralized enamel and dentin. J Oral Surg 1971;29:88-102.
Franceschi RT, Iyer BS. Relationship between collagen synthesis and
expression of the osteoblast phenotype in MC3T3-El cells. J Bone
Miner Res 1992;7:235-246.

Noda M, Rodan GA. Type-beta transforming growth factor inhibits
proliferation and expression of alkaline phosphatase in murine os-
teoblast-like cells. Biochem Biophys Res Commun 1986;140:56—65.
Rudkin GH, Yamaguchi DT, Ishida K, et al. Transforming growth
factor-beta, osteogenin, and bone morphogenetic protein-2 inhibit
intercellular communication and alter cell proliferation in MC3T3-
El cells. J Cell Physiol 1996;168:433-441.

Antosz ME, Bellows CG, Aubin JE. Effects of transforming growth



Volume 69
Number 11

TAKATA, D’ERRICO, ATKINS, ET AL. 1255

33.

34.

35.

36.

37.

38.

39.

40.

factor B and epidermal growth factor on cell proliferation and the
formation of bone nodules in isolated fetal rat calvaria cells. J Cell
Physiol 1989;140:386-395.

Centrella M, McCarthy TL, Canalis E. Transforming growth factor
B is a bifunctional regulator of replication and collagen synthesis in
osteoblast-enriched cell cultures from fetal rat bone. J Biol Chem
1987;262:2869-2874.

Harris SE, Bonewald LE, Harris MA, et al. Effects of transforming
growth factor B on bone nodule formation and expression of bone
morphologic protein 2, osteocalcin, osteopontin, alkaline phospha-
tase, and type I collagen mRNA in long-term culture of fetal rat
calvarial osteoblasts. J Bone Miner Res 1994;9:855-863.

Kasugai S, Zhang Q, Overall CM, Wrana JL, Butler WT, Sodek J.
Differential regulation of the 55 and 44 kDa forms of secreted phos-
phoprotein 1 (SPP-1, osteopontin) in normal and transformed rat
bone cells by osteotropic hormones, growth factors and a tumor
promoter. Bone Miner 1991;13:235-250.

Pfeilschifter J, D’Souza SM, Mundy GR. Effects of transforming
growth factor-beta on osteoblastic osteosarcoma cells. Endocrinol
1987;121:212-218.

Robey PG, Young ME Flanders KC, et al. Osteoblasts synthesize
and respond to transforming growth factor-type beta (TGF-B) in
vitro. J Cell Biol 1987;105:457-463.

Rosen DM, Stempien SA, Thompson AY, Seyedin SM. Transform-
ing growth factor-beta modulates the expression of osteoblast and
chondroblast phenotypes in vitro. J Cell Physiol 1988;134:337-346.
Wrana JL, Maeno M, Hawrylyshyn B, Yao KL, Domenicucci C,
Sodek J. Differential effects of transforming growth factor-beta on
the synthesis of extracellular matrix proteins by normal fetal rat
calvarial bone cell populations. J Cell Biol 1988;106:915-924.
Butler WT, Ridall AL, McKee MD. Osteopontin. In: Bilizikian JP,
Raisz LG, Rodan GA, eds. Principles of Bone Biology. Orlando,
FL: Academic Press; 1996:167-182.

41.

42.

43.

45.

46.

47.

48.

49.

Horton MA, Nesbit MA, Helfrich MH. Interaction of osteopontin
with osteoclast integrins. Ann N Y Acad Sci 1995;760:190-200.
Boskey AL. Osteopontin and related phosphorylated sialoproteins:
effects on mineralization. Ann N Y Acad Sci 1995;760:249-256.
Goldberg HA, Hunter GK. The inhibitory activity of osteopontin on
hydroxyapatite formation in vitro. Ann N Y Acad Sci 1995;760:305—
308.

. Hunter GK, Goldberg HA. Modulation of crystal formation by bone

phosphoproteins: role of glutamic acid-rich sequences in the nucle-
ation of hydroxyapatite by bone sialoprotein. Biochem J 1994;302:
175-179.

Hunter GK, Kyle CL, Goldberg HA. Modulation of crystal forma-
tion by bone phosphoproteins: structural specificity of the osteopon-
tin-mediated inhibition of hydroxyapatite formation. Biochem J
1994;300:723-728.

Somerman MJ, Fisher LW, Foster RA, Sauk JJ. Human bone sial-
oprotein I and II enhance fibroblast attachment ir vitro. Calcif Tis-
sue Int 1988;43:50-53.

Ducy P, Desbois C, Boyce B, et al. Increased bone formation in
osteocalcin-deficient mice. Nature 1996;382:448—452.

Dennison DK, Vallone DR, Pinero GJ, Rittman B, Caffesse RG.
Differential effect of TGF-B 1 and PDGF on proliferation of peri-
odontal ligament cells and gingival fibroblasts. J Periodontol 1994;
65:641-648.

Oates TW, Rouse CA, Cochran DL. Mitogenic effects of growth
factors on human periodontal ligament cells in vitro. J Periodontol
1993;64:142-148.

Send reprint requests to: Dr. John A. D’Errico, University of Michi-
gan, School of Dentistry, Department of Periodontics/Prevention/Geri-
atrics, 1011 N. University Ave., Ann Arbor, MI 48109-1078. Fax: 313/
763-5503; e-mail: jderrico@umich.edu

Accepted for publication April 9, 1998.



