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The involvement of platelet-
derived growth factor
receptors and insulin-like
growth factor-1 receptors
signaling during mineralized
nodule formation by human
periodontal ligament cells

Nemoto E, Shimonishi M, Nitta Y, Shimauchi H. The involvement of platelet-
derived growth factor receptors and insulin-like growth factor-I receptors signaling
during mineralized nodule formation by human periodontal ligament cells.
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Background and objective: Periodontal ligament cells are regarded to have the
capacity to differentiate into cementoblasts or osteoblasts, and are capable of
forming a mineralized nodule in vitro. However, the precise mechanisms are
unclear. Here we evaluated the possible involvement of growth factor receptors,
such as the platelet-derived growth factor receptor (PDGFR), insulin-like growth
factor-I receptor (IGF-IR), and epidermal growth factor receptor (EGFR) on
periodontal ligament cells and their ligands during periodontal ligament cells
differentiation in vitro.

Methods: Human periodontal ligament cells were differentiated via culturing

in the presence of dexamethasone, ascorbic acid, and B-glycerophosphate for
mineralized nodule formation, characterized by von Kossa staining. Expressions
of receptors and their ligands were analyzed by flow cytometry/reverse
transcription-polymerase chain reaction.

Results: During the differentiation, PDGFR-o was held at a lower level compared
with the control. PDGFR-f, however, was maintained at a slightly higher level
that was reversed to the control level when mineralized nodules formed. In
contrast, IGF-IR and EGFR were not substantially different from the control.
The mineralized nodule formation was strongly inhibited by a PDGFR kinase
blocker (AG1295 and AG1296), partially inhibited by an IGF-IR kinase blocker
(I-Ome-AG538 and AG1024), and not inhibited by an EGFR kinase blocker
(AGY9). PDGF-A, PDGF-C, PDGF-D, IGF-I, and IGF-II, but not PDGF-B,
were expressed on the control as well as dexamethasone/ascorbic acid-treated
periodontal ligament cells during mineralized nodule formation; however, the
pattern of their expressions was quite different.
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Conclusion: These findings suggest that a pathway of PDGFs/PDGFR and IGFs/
IGF-IR on periodontal ligament cells are involved during mineralized nodule
formation, and that PDGFs and IGFs expressed by periodontal ligament cells

may contribute to the formation.
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Periodontal diseases are infectious dis-
eases and are characterized by the irre-
versible destruction of periodontal
support tissues, i.e. cementum, bone,
and periodontal ligament. The ultimate
goal for periodontal therapy is the
regeneration of these lost tissues.
Though the exact cells responsible for
regeneration of the periodontal tissue
remain unknown, periodontal ligament
cells are regarded to have the capacity to
differentiate into cementoblasts or
osteoblasts depending on need, and to
form the cementum or alveolar bone (1).
Periodontal ligament cells in vitro have
been shown to possess osteoblast-like
properties, including a high level of
alkaline phosphatase expression, pro-
duction of a cyclic AMP in response to
parathyroid hormone (2), and synthesis
of bone-associated proteins in response
to 1,25-dihydroxyvitamin D3 (2). Fur-
thermore, when cultured with ascorbic
acid, dexamethasone, and pB-glycero-
phosphate, periodontal ligament cells
are capable of producing cementum-
like mineralized nodules that are mor-
phologically different from bone-like
mineralized nodules formed by osteo-
blastic cells (3, 4). It was reported that
the alkaline phosphatase level increases
and non-collagenous extracellular mat-
rix proteins such as osteopontin and
bone sialoprotein are synthesized dur-
ing mineralized nodule formation in vi-
tro (5-8). However, limited studies have
demonstrated the possible involvement
of growth factors and their receptors
during mineralized nodule formation by
periodontal ligament cells in vitro (8).
Among various growth factors,
platelet-derived growth factors
(PDGFs) regulate diverse cellular
functions in connective tissue cells, and
are important for normal embryonic
development (9-12). The PDGF family
consists of four members, PDGF-A
(12), PDGF-B (12), and newly identi-
fied PDGF-C (11) and PDGF-D
(9, 10), which form four functional

homodimers, PDGF-AA, PDGF-BB,
PDGF-CC, and PDGF-DD, as well as
the heterodimer PDGF-AB as endog-
enous cell products. PDGF-A and
PDGF-B chains are expressed on most
cell types (12) such as fibroblasts (12,
13), osteoblasts (12, 14), endothelial
cells (12), and macrophages (12, 15),
and PDGF-C and PDGF-D are ex-
pressed in various tissues (9-11).
However, little is known regarding the
expression of PDGF-A, PDGF-B,
PDGF-C, and PDGF-D on periodon-
tal ligament cells. The two PDGF
receptors (PDGFR), which are protein
tyrosine kinase receptors, have differ-
ent ligand-binding capacities. The
PDGF-A and PDGF-C chains selec-
tively bind to PDGFR-o, whereas
PDGF-D preferentially binds to
PDGFR-B, and PDGF-B displays a
similar affinity for both receptors
(9-12). Recently, it has been shown
that PDGF-CC and PDGF-DD bind
to PDGFR-o/p heterodimers as well
(9, 16). Most tissues express insulin-
like growth factor-I (IGF-I) and IGF-
I1, and local production is thought to
be important in the regulation of
growth and differentiation (17, 18).
Osteoblasts or connective tissue cells
such as dermal fibroblasts and con-
nective tissue stromal cells express
IGF-T1 and IGF-II (18). Both IGF-I
and IGF-II interact with IGF-I recep-
tor (IGF-IR), a transmembrane
heterotetramer with tyrosine Kkinase
activity (17, 18). IGF-II can also bind
to the IGF-IIR with high affinity,
which exists as a single transmembrane
chain with a small intracellular domain
lacking tyrosine kinase activity and is
thought to function as a clearance
receptor for IGF-II (18). Therefore,
most biological actions of IGF-I and
IGF-II are mediated by IGF-IR.
PDGF-AA, PDGF-BB, and IGF-I
have been shown to have mitogenic
and chemotactic effects on periodontal
ligament cells (19-22), but little is

known about IGF-II action toward
periodontal ligament cells. It was also
reported that the combination of
PDGF-BB and IGF-I stimulates perio-
dontal regeneration in various animal
models (23-25), and in a human clin-
ical trial (26) via an unidentified
mechanism. Epidermal growth factor
receptor (EGFR) (also termed Erbl/
HERI1) belongs to a family of four
closely related receptor tyrosine kinas-
es (ErbB2/Neu/HER2, ErbB3/HER3,
and ErbB4/HER4), which are ex-
pressed in a variety of tissues of epi-
thelial, mesenchymal and neuronal
origin. There they play fundamental
roles in development, proliferation and
differentiation (27). In periodontal
ligament cells, epidermal growth
factor (EGF) was reported to stimu-
late proliferation accompanied by
autophosphorylation of EGFR and
subsequent activation of extracellular-
related kinase (ERK) 1/2 (28).

In the present study, we hypothe-
sized that the mineralized nodule for-
mation by periodontal ligament cells
induced by dexamethasone/ascorbic
acid may be mediated through growth
factor receptors such as PDGFR-a,
PDGFR-B, IGF-IR, and EGFR. We
investigated the possible involvement
of these growth factor receptors and
their ligands on periodontal ligament
cells during differentiation in vitro.

Material and methods

Reagents

Phycoerythrin-conjugated monoclonal
antibody (mAb) for human PDGFR-a
[xR1, mouse immunoglobulin G2a
(IgG2a)], PDGFR-B (28D4, mouse
IgG2a), IGF-IR o subunit (1H7,
mouse IgG1), EGFR (EGFR.1, mouse
IgG2b) and isotype-matched control
IgG conjugated with phycoerythrin
were purchased from BD Biosciences
PharMingen (San Diego, CA, USA).
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Tyrphostin: AG1295, AG1296,
AG1024, T-Ome-AG538, and A46
(AG99) were purchased from Calbio-
chem (San Diego, CA, USA). Ascorbic
acid, B-glycerophosphate, dexametha-
sone, p-nitrophenyl phosphate and Cell
Dissociation Solution® were purchased
from Sigma (St. Louis, MO, USA).
Multiple tissue cDNA (MTC™) panels
were purchased from BD Biosciences
Clontech (Palo Alto, CA, USA).

Cells

Human periodontal ligament cells were
obtained by informed consent from the
periodontal ligaments of fully erupted
third molar teeth of 15 healthy individ-
uals (age between 16 and 23) without
clinical signs of inflammation in the
periodontal tissues. Periodontal liga-
ments were dissected from the middle
third of the root with a sharp blade, cut
into small pieces, and cultured in tissue
culture dishes containing a culture
medium composed of o-MEM (minimal
essential medium) with 10% heat-inac-
tivated fetal bovine serum (Flow
Laboratories, McLean, VA, USA),
100 U/ml penicillin G sodium, 100 pg/
ml streptomycin sulfate, and 0.25 pg/ml
amphotericin B, with a medium change
every 3 days until confluent cell mono-
layers formed. After confluency, the
cells were passaged with 0.25% tryp-
sin—0.1% EDTA. Periodontal ligament
cells from at least three different donors
were selected randomly and used for the
fourth and seventh passage in all
experiments.

Fluorescence-activated cell sorter
(FACS)

Periodontal ligament cells in 24-well
multiplates were collected using Cell
Dissociation Solution® (no enzymatic),
so as to avoid possible proteolysis
destruction of cell surface proteins,
processed by passing through a nylon
mesh filter (94 pm of mesh size), wa-
shed with washing buffer (phosphate-
buffered saline containing 1% bovine
serum albumin) three times, and used
for staining. A total of 10° periodontal
ligament cells were stained with each
phycoerythrin-conjugated mAb or iso-
type-matched control IgG at 4°C for

20 min followed by washing them with
washing buffer three times. Staining
was analyzed on a FACScan® (BD
Biosciences, San Jose, CA, USA).
Measurements were collected for 5000
events, which were stored in list mode
and then analyzed with Lysis II soft-
ware (Becton Dickinson, Franklin
Lakes, NJ, USA). The arithmetic mean
was used in the computation of the
mean fluorescence intensity.

Mineralized nodule formation

Confluent periodontal ligament cells in
24-well multiplates were cultured in
o-MEM with 10% fetal bovine serum
supplemented with ascorbic acid
(50 pg/ml), dexamethasone (1 um), and
B-glycerophosphate (10 mm) with a
medium change every 3 days in all
experiments except that of RNA
extraction in which the medium was
changed every 4 days, and cultured up
to day 21. For the inhibition experi-
ments with tyrphostin, each tyrosine
kinase blocker dissolved in dimethyl
sulfoxide was added to the well at the
same time as the medium changes. Fi-
nal percentage (v/v) of dimethyl sulf-
oxide was 0.1% in all samples.

Von Kossa staining

Periodontal ligament cells on 24-well
multiplates were fixed in 4% (w/v)
paraformaldehyde in phosphate-buf-
fered saline for 10 min, stained with 5%
(w/v) silver nitrate in distilled water for
1 h, treated with 5% (w/v) sodium
thiosulfate for 2 min, and then washed
with distilled water. Periodontal liga-
ment cells were counterstained with
Mayer’s hematoxylin solution (Muto
Pure Chemicals Co., Ltd, Tokyo, Ja-
pan). The stained periodontal ligament
cells were digitally photographed with
an OLYMPUS IX70 microscope
(Olympus America, Inc., Melville, NY,
USA) using the phase contrast mode
equipped with digital imaging device,
Penguin 600 CL (Pixera Corp., Los
Gatos, CA, USA).

Alkaline phosphatase assay

Periodontal ligament cells cultured on
24-well multiplates were washed with

phosphate-buffered saline. The activity
was assayed by adding 1 mg/ml of
p-nitrophenyl phosphate as a substrate
in 0.1 m glycine buffer (pH 10.0)
containing 1 mm MgCl, in a final vol-
ume of 1 ml for 10 min at 37°C.
Supernatants were harvested, mixed
with NaOH (final 0.25 N) to stop the
reactions, and read spectrophotomet-
rically at 405 nm.

Semi-quantitative reverse
transcription-polymerase chain
reaction (RT-PCR) assay

When periodontal ligament cells
cultured in six-well multiplates were
confluent, the media were changed to
o-MEM with 10% fetal bovine serum
supplemented with ascorbic acid, dex-
amethasone, and [-glycerophosphate
(referred to as day 0), and cultured
with a medium change every 4 days up
to 21 days. Total cellular RNA was
extracted from periodontal ligament
cells-culture by Isogen® (Nippon
Gene, Tokyo, Japan), according to the
manufacturer’s instructions, at days 0,
5,9, 13, 17, and 21, which correspond
to 1 day after media changes. Reverse
transcription of the RNA samples to
cDNA was done using TaKaRa RNA
PCR™ Kit (AMV) Ver.2.1 (Takara
Bio, Shiga, Japan). To transcribe total
RNA into cDNA, 1 pg of RNA,
250 U/ml reverse transcriptase XL
isolated from avian myeloblastosis
virus, 5SmM MgCl,, 1 mm dNTP
mixture, 1000 U/ml RNase inhibitor,
and 2.5 um Random 9 mer were mixed
in a PCR buffer (total volume of
20 pl). The reaction mixture was
incubated for 10 min at 30°C, 30 min
at 42°C, followed by 5 min at 95°C.
The primers used for PCR are given in
Table 1. Amplification was performed
in an iCycler thermal cycler (Bio-Rad,
Hercules, CA, USA) with the cycle
program shown in Table 1. The num-
ber of cycles for PDGF-A, PDGF-B,
PDGF-C, PDGF-D, IGF-I, IGF-II,
and p-actin within the exponential
range of PCR amplification were
selected for analysis data which cor-
respond to 20, 30, 20, 20, 25, 20, and
15 cycles, respectively. Amplified
samples were visualized on 2%
agarose gels stained with ethidium
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Table 1. Primer pairs used for polymerase chain reaction amplifications

Gene Denaturation/annealing/extension

(fragment) Primer sequences °C (s) Cycle Reference

PDGFR-a 5-ATCAATCAGCCCAGATGGAC-3’ 94 (60)/60 (60)/72 (60) 30 29
(891 bp) 5-TTCACGGGCAGAAAGGTACT-3

PDGFR-b 5-AATGTCTCCAGCACCTTCGT-3’ 94 (60)/58 (60)/72 (60) 30 29
(688 bp) 5-AGCGGATGTGGAAAGGCATA-3¥

IGF-1R 5-CAACCACGAGGCTGAGAAGC-3 94 (60)/55 (60)/72 (60) 30 30
(537 bp) 5-CAGCATAATCACCAACCCTC-3’

EGFR 5-AATGTGAGCAGAGGCAGGGA-3’ 94 (30)/55 (60)/72 (105) 30 31
(530 bp) 5-GGCTTGGTTTGGAGCTTCTC-3'

PDGF-A 5’-CCCCTGCCCATTCGGAGGAAGAG-3’ 94 (60)/62 (60)/72 (60) 15, 20, 25, 30 29
(237 bp) 5-TTGGCCACCTTGACGCTGCGGTG-3’

PDGF-B 5-GATCCGCTCCTTTGATGATC-3’ 94 (60)/60 (60)/72 (60) 15, 20, 25, 30 29
(435 bp) 5-GTCTCACACTTGCATGCCAG-3’

PDGF-C 5-TGGATACAACTTACGTTTGATGAA-3’ 94 (40)/58 (40)/72 (60) 15, 20, 25, 30 32
(350 bp) 5-CGAATAAGGTCTTCCAAGGTACT-3

PDGF-D 5-GTGCAGAGTCCTAGATTCCC-3’ 94 (60)/59 (60)/72 (60) 15, 20, 25, 30 33
(918 bp) 5-GAGGTGGTCTTGAGCTGCAG-3¥

IGF-1 5-AAATCAGCAGTCTTCCAACC-3’ 95 (35)/58 (40)/72 (40) 15, 20, 25, 30 34
(395 bp) 5-CTTCTGGGTCTTGGGCATGT-3

IGF-1I 5-CTCTCCGTGCTGTTCTCTCC-3’ 94 (45)/56 (45)/72 (60) 15, 20, 25, 30 35
(196 bp) 5-CGGGCCAGATGTTGTACTTT-3

B-actin 5-ATTGGCAATGAGCGGTTCCGC-3’ 94 (60)/55 (60)/72 (60) 15, 20, 25
(336 bp) 5-CTCCTGCTTGCTGATCCACATC-3’

EGFR, epidermal growth factor receptor; IGF, insulin-like growth factor; PDGF, platelet-derived growth factor; PDGFR, platelet-derived

growth factor receptor.

bromide and photographed under UV
light.

Cell proliferation assay

The number of periodontal ligament
cells was determined using Cell counting
Kit-8§™ (Dojindo Laboratories,
Kumamoto, Japan) composed of
Smm WST-8 (2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulf-
ophenyl)-2 H-tetrazolium, monosodium
salt), 0.2 mm 1-methoxy methylphena-
zinium methylsulfate, and 0.15 m NaCl.
Periodontal ligament cells cultured on
24-well multiplates were washed with
phosphate-buffered saline followed by
the addition of 1 ml of 10% of WST-8
solution. After incubation for 1 h at
37°C, the reaction was stopped by the
addition of 100 ul of 0.1 m HCl into the
well, respectively. The supernatants
were measured at 450 nm using a
VERSAmax™ Tunable Microplate
Reader (Molecular Devices Co., Sun-
nyvale, CA, USA). The proliferative
response was determined as described
below. Periodontal ligament cells on
24-well multiplates were cultured in
o-MEM containing 10% fetal bovine
serum. Eighteen hours before culture

termination, 1 pCi  [*H]thymidine
(Amersham Biosciences Corp, Piscata-
way, NJ, USA) was added to each well,
and cells treated by trypsin were har-
vested with a cell harvester onto a glass
fiber filter. The radioactivity was
measured using a liquid scintillation B
counter.

Statistical analysis

All experiments in this study were
performed at least three times to test
the reproducibility of the results, and
representative findings are shown. In
some experiments, experimental values
are given as means + standard error.
The statistical significance of differ-
ences between two means was evalu-
ated by one-way ANOVA. p-values less
than 0.05 were considered significant.

Results

Expression of PDGFR-o, PDGFR-p,
IGF-IE, and EGFR on periodontal
ligament cells

Flowcytometric analysis revealed that
confluent periodontal ligament cells
expressed PDGFR-0, PDGFR-B, and

IGF-IR; however, only weak expres-
sion of EGFR was observed (Fig. 1A).
PDGFR-0, PDGFR-B, IGF-IR, and
EGFR mRNA were also expressed in
confluent periodontal ligament cells
assessed by RT-PCR, although the
EGFR signal was weak (Fig. 1B). We
examined whether the expression of
these receptors was modulated at
different stages of culture. Figure 1(C)
shows that both PDGFR-o and -
started decreasing upon being recul-
tured with the initiation of DNA syn-
thesis and cell proliferation, and then
increased to a plateau level on days
4-6. This correlated with the point at
which the cells became confluent and
showed a low proliferative response.
On the other hand, IGF-IR and EGFR
expressions were relatively stable, and
marked changes were not observed
during the culture (Fig. 1C).

Expression of PDGFR-o, PDGFR-g,
IGF-IR, and EGFR on periodontal
ligament cells during mineralized
nodule formation

It is well known that periodontal liga-
ment cells produce mineralized nodules
in the presence of dexamethasone and
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Fig. 1. Expression of platelet-derived growth factor receptor-o (PDGFR-a), PDGFR-f,
insulin-like growth factor-I receptor (IGF-IR), and epidermal growth factor receptor
(EGFR) on periodontal ligament cells. (A) Periodontal ligament cells were collected from
confluent monolayers using Cell Dissociation Solution®. Expressions of PDGFR-a,
PDGFR-B, IGF-IR, and EGFR on the cell surface were assessed by flow cytometry as
described in Materials and Methods. Isotype-matched antibody was used as the negative
control (broken line). (B) Total RNA was extracted from confluent monolayers. Expression
of PDGFR-a (891 bp), PDGFR- (688 bp), IGF-IR (537 bp), and EGFR (530 bp) mRNA
were assessed by reverse transcription-polymerase chain reaction (RT-PCR) (+). For the
negative control, RT was omitted from the RT-PCR reaction (-). (C) After periodontal
ligament cells were harvested from confluent cultures (day 0), they were recultured in 24-well
plates at 5 x 10* cells/well in 1 ml culture medium. At the times indicated, the cells were
collected, stained with each monoclonal antibody, and analyzed by FACS, or [*H]thymidine
(PH]Tdr) incorporation into cells and cell number were counted as described in Materials
and Methods and expressed as the mean + SE of cpm or ODys of triplicate assays. Findings
are representative of three independent experiments with three different donors. MFI, mean
fluorescence intensity.

ligament cells during mineralized nod-
ule formation. Figure 2 shows that
PDGFR-o was held at a lower level

ascorbic acid (3, 4). We investigated
the possible change of growth factor
receptor expression in periodontal

compared with the non-mineralizing
(NON and GP groups) periodontal
ligament cells. PDGFR-f decreased
slightly in the early phase, and then
remained at a slightly higher level. This
increase correlated with the point at
which alkaline phosphatase activity
was markedly increased. The expres-
sion of PDGFR- finally reversed to
the non-mineralizing periodontal liga-
ment cells level when the mineralized
nodules were formed. In contrast to
PDGFRs, the expression of IGF-IR
and EGFR were substantially no dif-
ferent from that of the non-mineraliz-
ing periodontal ligament cells. IGF-IR
expression was slight enhanced in the
early phase and was kept at this level
during the culture. EGFR expression
was substantially unchanged during
the culture. In this experiment, miner-
alized nodules were first detected at
around day 15, the number and size
gradually increased. Alkaline phos-
phatase activity increased gradually in
a time-dependent manner on even non-
mineralizing  periodontal  ligament
cells. This response was markedly en-
hanced in the presence of dexametha-
sone and ascorbic acid (Fig. 2). This
data suggested that these receptors
could be involved in mineralized nod-
ule formation.

Effect of blockers on PDGFR kinase,
IGFR kinase, and EGFR kinase on
mineralized nodule formation by
periodontal ligament cells

Next, we examined whether selective
tyrosine kinase blockers for each
receptor could inhibit the mineralized
nodule formation induced by dexa-
methasone/ascorbic acid. As shown in
Fig. 3(A), AGI1295 and AGI29%6,
selective blockers for both PDGFR-a
and -B kinase, markedly inhibited
mineralized nodule formations in a
concentration-dependent manner
compared to the positive control
(POS.). There were no mineralized
nodules observed in the high concen-
tration (100 pm) of both blockers, and
there was still considerable inhibition
in the low concentration (1 um) of
blockers. AG1024 and I-Ome-AG538,
selective blockers for the IGF-IR kin-
ase, partially inhibited mineralized
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Fig. 2. Expressions of platelet-derived growth factor receptor-o (PDGFR-o), PDGFR-B,
insulin-like growth factor-1 receptor (IGF-IR), and epidermal growth factor receptor
(EGFR) on periodontal ligament cells during mineralized nodule formation. Confluent
periodontal ligament cells were cultured in a-MEM with 10% fetal bovine serum supple-
mented with nothing (NON), B-glycerophosphate (GP), or dexamethasone, ascorbic acid,
and B-glycerophosphate (DEX/AA/GP) for 18 days. At the times indicated, the cells were
collected, stained with anti PDGFR-a, -, IGF-IR, and EGFR monoclonal antibody, and
analyzed using FACS, or alkaline phosphatase (ALP) activity on periodontal ligament cells
was measured as described in Materials and Methods. Findings are representative of three
independent experiments with three different donors. MFI, mean fluorescence intensity.

nodule formations in a concentration-
dependent manner, and AG1024
exhibited the formation more effect-
ively than I-Ome-AG538 (Fig. 3). On
the other hand, no inhibition of the
formation was observed in any con-
centration of AG99, a selective blocker
for the EGFR kinase. These data sug-
gest that PDGFR-a, PDGFR-B, and
IGF-IR, but not EGFR on periodontal
ligament cells are involved in mineral-
ized nodule formation by periodontal
ligament cells.

Expression of PDGFs and IGFs on
periodontal ligament cells during
mineralized nodule formation

Since PDGFR-o, PDGFR-B, and
IGF-IR on periodontal ligament cells
were involved in mineralized nodule
formation (Fig. 3), the ligands for
these receptors should be co-expressed
on periodontal ligament cells. To
examine whether periodontal ligament
cells can express PDGF-A, PDGF-B,
PDGF-C, PDGF-D, IGF-1, and IGF-

II mRNA during mineralized nodule
formation, transcript levels were
determined using semi-quantitative
RT-PCR by normalizing the amount
of PCR product for PDGFs and IGFs
against that for B-actin (Figs 4B and
C). Furthermore, the relative values of
mRNA vs. B-actin from three inde-
pendent  experiments with three
different donors were statistically ana-
lyzed by a paired ttest (p < 0.05)
(data not shown). Figure 4(A) shows
that PDGF-A, -B, -C, -D, IGF-1, and
-II nucleotide were detected in the
human multi-tissues cDNA library as
template cDNA with each specific pri-
mer used in this study. As shown in
Figs 4(B) and (C), PDGF-A and -C
mRNA were expressed on both non-
mineralizing (N) and mineralizing (M)
periodontal ligament cells during the
culture. Mineralizing periodontal liga-
ment cells exhibited a slight increase or
decrease expression of PDGF-A or
PDGF-C, respectively, compared with
non-mineralizing periodontal ligament
cells, although a significant difference

393

of PDGF-A or PDGF-C was observed
only on days 5 and 17, or day9,
respectively. PDGF-B mRNA was not
detected at all during the culture on
both periodontal ligament cells.
PDGF-D mRNA gradually increased
and reached a plateau level on around
day 13 in non-mineralizing periodontal
ligament cells. Mineralizing stimula-
tion appeared to accelerate this
response and declined just after reach-
ing a plateau with a significant differ-
ence on days 1, 17, and 21. IGF-1
mRNA, which was expressed as faint
band on day I, was markedly up-
regulated during the culture in non-
mineralizing periodontal ligament cells.
On the other hand, the mineralizing
stimulation strongly suppressed this
response during the culture (p < 0.05).
IGF-II mRNA, which was expressed as
a faint band on day 1, was significantly
(» < 0.05) (Fig.4C) up-regulated
upon mineralizing stimulation of perio-
dontal ligament cells compared with
non-mineralizing periodontal ligament
cells during the culture, with a peak
response around day 13 (Fig. 4C).
These findings suggested that the auto-
crine pathways of PDGFs and IGFs
might exist for the formation and that
coordinated expression of PDGFs and
IGFs also might be involved.

Discussion

We demonstrated that PDGFR-a, -,
and IGF-IR were expressed on perio-
dontal ligament cells at protein and
mRNA levels. These findings con-
firmed previous reports that PDGFR-a
and -PB are present on cultured human
periodontal ligament cells at the
protein level (36) and that PDGF-AA,
-AB, -BB, and IGF-I have mitogenic
activity in human periodontal ligament
cells in vitro (22, 36). In contrast to
these results, it was reported that cul-
tured periodontal ligament cells
express PDGFR-B but not PDGFR-a
(37). Since the expression of PDGFR-a
and -B are higher in dense than in
sparse cultures in human fibroblasts
(38), and a similar response was
observed in this study (Fig. 1C), the
discrepancy may be explained by the
fact that the expression of PDGFR-a
and -B could be modulated at different
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Fig. 3. Effect of tyrphostins on mineralized nodule formation by periodontal ligament cells.
(A) Confluent periodontal ligament cells were cultured in medium containing dexametha-
sone, ascorbic acid, and B-glycerophosphate for 21 days in the absence (POS.) or presence of
the indicated concentration of tyrphostins, AG1295, AG1296, AG538, AG1024, and AG9Y9,
and subjected to von Kossa staining. For the negative control (NEG.), periodontal ligament
cells were cultured in medium containing B-glycerophosphate only. Findings are represen-
tative of three independent experiments with three different donors. Scale bars represent
500 pum. (B) The images of (A) were converted to binary using NIH Image software and the
nodule areas stained with silver nitrate were quantified.

stages or by the degree of confluency of
culture. EGFR is suggested to be
expressed on undifferentiated perio-
dontal ligament cells, to act as a neg-
ative  regulator of  osteoblastic
differentiation in periodontal ligament

cells (39), and to be down-regulated on
differentiation in vitro (39). This poss-
ibly explains our finding that only part
of the population of periodontal liga-
ment cells expressed only low amounts
of EGFR (Fig. 1).

At this point, it is unclear how the
coordinated expression of the low level
of PDGFR-a and the slightly high level
of PDGFR-f shown in Fig. 2 could be
associated with dexamethasone/ascor-
bic acid-induced periodontal ligament
cells differentiation. Previous reports,
which are consistent with this finding,
have shown that a regenerating perio-
dontal tissue exhibits an absent
expression of PDGFR-o and a stronger
positive expression of PDGFR-f com-
pared to normal periodontal ligament
tissue in humans (38), and that expres-
sion of PDGFR-a on rat calvarial
osteoblastic cells is lower during min-
eralized nodule formation compared to
when the formation is suppressed by
the continuous treatment of PDGF-BB
(40). Therefore, the coordinated
expression of PDGFR-a and -f might
have an important role in dexametha-
sone/ascorbic acid-induced periodontal
ligament cells differentiation.

Tyrphostins are a family of synthetic
protein  tyrosine kinase blockers.
AG1295 and AG1296 selectively inhibit
both PDGFR-a and -B kinase and
PDGF-dependent DNA synthesis with
1Csy values below 5 and 1 pm in
reversible mode (41), respectively.
AG1296 shows complete insensitivity to
the receptors that are structurally rela-
ted to PDGFR such as EGFR, insulin
receptors (InsR), and vascular endot-
helial growth factor receptors (41).
AG1024 (42) and I-Ome AG538 (43)
selectively inhibit IGF-IR auto-
phosphorylation in intact cells with ICs,
values of 7 um and 3.4 pm, respectively.
Since many of the structural features of
IGF-IR are similar to those of the InsR
(17), I-OMe AG538 inhibits the InsR
with 1Csy values similar to those for
IGF-IR kinase inhibition (43), and
AG1024 shows significantly lower ICs,
for IGF-IR than for InsR (42). AG99
(A46) selectively inhibits EGFR kinase,
ERKI1 and ERK2 activity, and EGF-
dependent DNA synthesis with an I1Cs,
value of 10 pum (44). In the present study
we demonstrated that mineralized nod-
ule formation was strongly inhibited by
AGI1295 and AG1296, partially inhib-
ited by I-Ome-AG538 and AG1024, and
not inhibited by AG99, suggesting that
a signaling pathway through PDGFR
and IGF-IR, but not EGFR, could be
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Fig. 4. Expression of platelet-derived growth factor-A (PDGF-A), PDGF-B, PDGF-C,
PDGF-D, insulin-like growth factor-1 (IGF-I), and IGF-II mRNA on periodontal ligament
cells during mineralized nodule formation. (A) Polymerase chain reaction (PCR) showing
PDGF-A, PDGF-B, PDGF-C, PDGF-D, IGF-I, and IGF-II using the human multi-tissue
cDNA library as template cDNA. PCR product sizes are 237 bp, 435 bp, 350 bp, 918 bp,
395 bp, and 196 bp, respectively. (B) Confluent periodontal ligament cells were cultured in
mineralizing (M) or non-mineralizing (N) condition for 21 days. Total cellular RNA was
extracted at the indicated time. Expression of PDGF-A, PDGF-B, PDGF-C, PDGF-D,
IGF-I, IGF-II, and B-actin mRNA were assessed by semiquantitative RT-PCR. Findings are
representative of three independent experiments with three different donors. (C) Quantitation
of mRNA levels in (B) via densitometry scanning using NIH Image software. Relative
mRNA expression levels were normalized to B-actin expression. Findings are representative
of three independent experiments with three different donors.

involved in dexamethasone/ascorbic
acid-induced periodontal ligament cells
differentiation. Since the IGF-IR kinase
blocker used in this study can act on
InsR kinase (42, 43), and IGF-II which
can act through either IGF-IR or InsR
(45) was induced in periodontal liga-
ment cell differentiation (Fig. 4), the

possible involvement of signaling via
InsR for periodontal ligament cells dif-
ferentiation cannot be excluded.

In the present study, IGF-I
decreased and IGF-II increased
compared to the non-mineralizing
periodontal ligament cells during min-
eralized nodule formation. This differ-

395

ential expression of IGF-I and IGF-II
has been observed during the dexa-
methasone-induced differentiation of
osteoblasts from human bone marrow
stromal cells (46), and IGF-II gene
expression is up-regulated in the dexa-
methasone-induced myogenic differen-
tiation of C2C12 myoblasts (47).
Although IGF-I shows mitogenic
activity in periodontal ligament cells
(20), IGF-I was reported to have only a
limited effect on periodontal ligament
cells in vitro (19, 21) and in vivo (23).
These reports and our findings suggest
that IGF-II may play more important
roles rather than IGF-I in mineralized
nodule formation by periodontal liga-
ment cells.

We demonstrated that PDGF-B was
not expressed on periodontal ligament
cells during the culture. It was reported
that continuous treatment with PDGF-
BB has been shown to decrease in
biomineralization induced by fetal rat
calvarial osteoblasts (40) and mouse
cementoblasts (48). These reports and
our finding suggested that PDGF-B
has potential negative effect on perio-
dontal ligament cells differentiation,
although PDGF-BB shows mitogenic
and chemotactic activities for perio-
dontal ligament cells (19-22). Al-
though PDGF-C and PDGF-D have
been shown to induce proliferation of
fibroblasts (9, 11), neither their actions
toward periodontal ligament cells nor
expressions on periodontal ligament
cells were known. Previous studies
show that the pattern of PDGF-C
expression is distinct from those of
PDGF-A and PDGF-B (11), and also
PDGF-D has a localization that is
distinct from that of PDGF-B (9, 10),
indicating that they may provide dis-
tinct signaling to PDGFR-a-expressing
and PDGFR-B-expressing cells,
respectively. Here we first demonstra-
ted that PDGF-C and PDGF-D as
well as PDGF-A were expressed on
cultured periodontal ligament cells,
suggesting that an autocrine pathway
of PDGFs might be involved in perio-
dontal ligament cells differentiation.
Furthermore, we found that PDGF-D
expression on mineralizing periodontal
ligament cells appeared to be enhanced
at an early phase of mineralized nod-
ule formation compared to normal
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periodontal ligament cells, suggesting
that PDGF-D may have an important
role at the early phase of periodontal
ligament cells differentiation. However,
considering that non-mineralizing per-
iodontal ligament cells substantially
expressed PDGFs although the pattern
of expressions was different from the
dexamethasone/ascorbic acid-stimula-
ted periodontal ligament cells, dexa-
methasone/ascorbic  acid-dependent
additional unknown factor(s) would be
required in order to acquire mineral-
izing-tissue forming activity for perio-
dontal ligament cells. It has been
reported that the formation of, and
linkage between, type I collagen and
non-collagen matrix protein is crucial
for mineral nucleation in extracellular
matrix (49-52). Dexamethasone and
ascorbic acid have been reported to
induce expression of several proteins
and to regulate the formation of
extracellular matrix, which could affect
mineralization (6-8). Cell
adhesion to the extracellular Matrix is
mediated by integrins, a family of het-
erodimeric transmembrane proteins
comprising at least 16 o and eight B
subunits in mammals (53), and integrins
are required for growth factor-induced
biological processes (54), suggesting
that expressions of appropriate extra-
cellular matrix and integrins on perio-
dontal ligament cells might be involved
in mineralized nodule formation as
essential co-operating factor(s).

In conclusion, the present findings
may provide a viewpoint to help clarify
the mechanism of differentiation of
periodontal ligament cells into acquir-
ing a mineral forming activity, and also
may lead to a prediction of optimal
conditions, such as types of essential
growth factor(s) and appropriate time
of administration, for periodontal
tissue regeneration.

in vitro
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