Mechanical Stress-induced Glutamate Signaling in PDL Cells

transduction, CNTFR (ciliary neurotropic factor receptor) and
DSCR1 (Down syndrome critical region gene 1); for ECM
remodeling, MMPI15 (matrix metallopeptidase 15); for ECM
components, LRRFIP] (leucine-rich repeat interacting protein
1) and MUC4 (mucin 4 cell surface-associated). Interestingly,
we also identified two glutamate signaling-associated genes
among the up-regulated genes: HOMERI (homer homolog 1)
and GRIN3A (glutamate receptor ionotropic N-methyl-D-as-
partate 3A). HOMERI is a glutamate receptor-binding protein,
and GRIN3A is one of the glutamate receptor subunits. The
HOMERI and GRIN3A mRNA expressions in the mechani-
cally stressed human PDL cells were significantly up-regu-
lated in the real-time PCR analysis (Fig. 1B).

Functional Expression of Glutamate Signaling-associated
Molecules in Human PDL Cells—Glutamate receptors are
divided into two groups: metabotropic G-protein-coupled
receptors (mGluR1 to -8) and ionotropic ligand-gated chan-
nels. The ionotropic ligand-gated channels are subdivided into
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate recep-
tors (GRIA1 to -4), kainite receptors (GRIK1 to -5), and
N-methyl-p-aspartate receptors (NMDARs; GRIN1, GRIN2A
to-2D, GRIN3A, and GRIN3B) (23). Vesicular glutamate trans-
porters (VGLUT1 to -3) (24) and adaptor molecules, such
as HOMERI, also participate in glutamate signaling (25).
Through our RT-PCR analysis, we found for the first time that
human PDL cells constitutively expressed the mRNAs for
mGIluR2to -6, GRIA3, GRIN1, GRIN2C, GRIN2D, GRIN3B, and
VGLUTI1 (Fig. 2A). Similar results were observed in human
PDL cells derived from three different donors (data not shown).
Next, we assessed whether the glutamate receptors were func-
tional in human PDL cells. Determination of the intracellular
Ca?" influx showed that 100 M exogenous glutamate appar-
ently increased the fluorescence intensity compared with the
control cells (Fig. 2B). These findings showed that exogenous
glutamate induced an intracellular Ca®* influx, followed by glu-
tamate signaling in human PDL cells. We also analyzed the
phosphorylation of CREB, which is mediated via mGluRs (26 -
28) and promotes the cytodifferentiation of osteoblasts in vitro
and in vivo (29). Western blotting analysis showed that gluta-
mate stimulation induced the phosphorylation of CREB in
human PDL cells (Fig. 2C). These results indicated that the
glutamate receptors expressed on human PDL cells were func-
tional and that intracellular glutamate signal transduction was
activated.

Effects of Mechanical Stress on Glutamate Signaling in
Human PDL Cells— After the application of mechanical stress
to human PDL cells for 24 h, we extracted total RNA and per-
formed RT-PCR analyses. The analyses revealed that the
mechanical stress up-regulated the gene expressions of
mGIluR2-6, VGLUTI1, GRINI, GRIN2C, and GRIN3B (Fig. 3A).
Interestingly, we also found that human PDL cells spontane-
ously released glutamate and that the mechanical stress signif-

“icantly increased the glutamate release after 48 h (Fig. 3B). We
then assessed whether the mechanical stress induced the phos-
phorylation of CREB in human PDL cells. Western blotting
analyses revealed that the mechanical stress induced the phos-
phorylation of CREB after 48 h (Fig. 3C).

28292 JOURNAL OF BIOLOGICAL CHEMISTRY

A. B
120 2400 - *
Sl10 8
<100 2300
o
g 2 gzoo
5 0 e
= 70 g
5 100
© 60 §
50 L G o
313 625 125 25 0 625 125
Riluzole (uM) Riluzole (uM)
C. 23001 Rituzole (M)
Sl 898
4 .
3 200 6.25
8 150l M1250
Z
£ 100
é 50
<, i
21 (Day)
D. Riluzole (uM)
140
0 313 625 125 10
100
= 80
Z 60
g a0
20 * .
0
0 313 625 125
Day 24 Riluzole (uM)
E. RUNX?
4
Riluzole (M) 37 Riluzole (uM)
3+ 000 0 0.0

125 mi2s

Fold expression (RUNX2/HPRT)

<
Fold expression (ALP/HPRT)
N

0 6 12

*
18 (Day) 18 (Day)

FIGURE 5. Effects of inhibition of glutamate release on the cytodifferen-
tiation and mineralization of human PDL cells. A, the viabilities of human
PDL cells were assessed after incubation in the presence or absence of riluzole
for0, 24, and 48 h. Values are shown as percentages relative to the numbers of
surviving cells at 0 h. Values represent the means = 5.D. (error bars) of tripli-
cate assays. Similar results were obtained in three separate experiments, and
representative data are shown. *, p < 0.05, compared with 0 h. B, human PDL
cells were cultured in the mineralization-inducing medium in the presence or
absence of riluzole for 24 days. The release of glutamate from human PDL
cells was measured on day 9. C, the ALP activities were analyzed. D, the min-
eralized nodule formation was analyzed on day 24. A picture of the alizarin
red staining is shown on the left, and the densities of the alizarin red staining
analyzed by the software Win ROOF are shown on the right. E, total RNA was
extracted from human PDL cells during the cytodifferentiation and mineral-
ization of the cells. Real-time RT-PCR was performed for the gene expressions
of RUNX2 and ALP. The RUNX2 and ALP expressions were normalized by the
HPRT expression. Values represent the means =+ S.D. of triplicate assays. Sim-
ilar results were obtained in three separate experiments, and representative
data are shown. ¥, p < 0.05, compared with 0 um riluzole.
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Functional Analysis of Glutamate Signaling in Human PDL
Cells—As shown in Fig. 44, glutamate stimulation of human
PDL cells up-regulated the gene expressions of C-FOS, ALP,
and RUNX2 (Runt-related transcription factor 2), which are
known to be cytodifferentiation- and mineralization-related
genes. These findings suggest the involvement of glutamate sig-
naling in the cytodifferentiation and mineralization of human
PDL cells. Thus, we measured the release of glutamate during
the cytodifferentiation of human PDL cells into mineralized

3 5'gsue-forming cells. We confirmed that the ALP activities
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FIGURE 6. Effects of inhibition of glutamate signaling via NMDARs on the cytodifferentiation and min-
eralization of human PDL cells. A, the viabilities of human PDL cells were assessed after incubation in the
presence or absence of MK801 for 0, 24, and 48 h. Values are shown as percentages relative to the numbers of
the surviving cells at 0 h. Values represent the means * S.D. (error bars) of triplicate assays. Similar results were
obtained in three separate experiments, and representative data are shown. 8, the Ca* influxes in human PDL
cells in the presence or absence of MK801 were determined after stimulation of human PDL cells with 100 um
exogenous glutamate. The fluorescence intensity was measured to assess the Ca®* influx into human PDL cells.
Zero seconds indicates the time of the stimulation with glutamate. A representative experiment of four inde-
pendent experiments is shown. C, human PDL cells were cultured in the mineralization-inducing medium in
the presence or absence of MK801, and the ALP activities were measured. D, the mineralized nodule formation
was analyzed on day 24. A picture of the alizarin red staining is shown on the left, and the densities of the
alizarin red staining analyzed by the software Win ROOF are shown on the right. Values represent the means *+
S.D. of triplicate assays. Similar results were obtained in three separate experiments, and representative data
are shown. ¥, p < 0.05, compared with 0 um MK801.

glutamate on the cytodifferentia-
tion of human PDL cells. As shown
in Fig. 4D, the ALP activities of
human PDL cells were significantly
enhanced by the addition of gluta-
mate for 15 days after the induction
of the cytodifferentiation of human
PDL cells. RUNX2 expression was
also significantly enhanced by the
addition of glutamate during the
early stage of the cytodifferentiation
of human PDL cells (Fig. 4E). These
results suggest that glutamate sig-
naling is involved in the cytodiffer-
entiation of human PDL cells into
mineralized tissue-forming cells.

Effects of Inhibition of Glutamate
Release on the Cytodifferentiation
and Mineralization of Human PDL
Cells—To investigate the effects of
endogenous glutamate signaling on
the cytodifferentiation and mineral-
ization of human PDL cells, we uti-
lized a glutamate release inhibitor,
riluzole. First, we examined the
effect of riluzole on the survival of
human PDL cells. The cell survival
assay showed that riluzole at 12.5
uM or less did not affect the viability
of human PDL cells after a 48-h
incubation (Fig. 54). We then con-
firmed the effect of riluzole on the
inhibition of glutamate release from
human PDL cells. As shown in Fig.
5B, we found that riluzole signifi-
cantly decreased the glutamate
release from human PDL cells dur-
ing the cytodifferentiation in a dose-
dependent manner.

To examine the effects of riluzole
on the cytodifferentiation and min-
eralization of human PDL cells, we
cultured human PDL cells in the
mineralization-inducing medium in

gradually increased during culture of human PDL cells in the
mineralization-inducing medium for 21 days (data not shown).
Under these experimental conditions, the release of glutamate
from human PDL cells was increased during the process of the
cytodifferentiation and reached its peak on day 9 of long term
culture (Fig. 4B). Next, we assessed the expressions of CREB
and inositol 1,4,5-trisphosphate (IP5), which is one of second
messengers of glutamate signaling via mGluRs (26). Real-time
PCR analyses revealed up-regulation of CREB and IP, during
the cytodifferentiation of PDL cells with the exact same pattern
of glutamate secretion (Fig. 4C). These results suggested that
glutamate secreted by PDL cells induces CREB and IP; expres-
sions during the course of the cytodifferentiation. Subse-

the presence of riluzole. Riluzole significantly decreased the
ALP activities during the cytodifferentiation of human PDL
cells in a dose-dependent manner (Fig. 5C). The results of aliz-
arin red staining also showed that riluzole inhibited the miner-
alized nodule formation on day 24 during the course of the
cytodifferentiation of human PDL cells in a dose-dependent
manner (Fig. 5D). In addition, real-time RT-PCR analysis
revealed that riluzole significantly down-regulated the gene
expressions of RUNX2 and ALP during the cytodifferentiation
of human PDL cells (Fig. 5E).

Effects of Inhibition of Glutamate Signaling via NMDARs on
the Cytodifferentiation and Mineralization of Human PDL
Cells—NMDARs are specific glutamate ionotropic receptors

quently, we examined the effect of the exogenous additiongf5 gd are composed of heteromeric assemblies between the
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FIGURE 7. Effects of glutamate signaling on mechanical stress-induced gene expressions. Real-time RT-
PCR was performed for the gene expressions of HOMERT, GRIN3A, C-FOS, RUNX2, and ALP in human PDL cells
after the application of mechanical stress for 48 h in the presence or absence of riluzole (12.5 um). Each gene
expression was normalized by the HPRT expression. Values represent the means = S.D. (error bars) of triplicate
assays. Similar results were obtained in three separate experiments, and representative data are shown.

*,p < 0.05.

essential GRIN1 subunit and the other subunits (30, 31). These
receptors play an important role in the initiation of neuroplasty
and modulate intracellular Ca®* influx, activate Ca®>*-depen-
dent enzymes such as Ca®*/calmodulin-dependent protein
kinases (CaMKII) and calcineurin, and regulate the phosphor-
ylation of proteins and gene transcription (32).

To analyze the effects of glutamate signaling via NMDARs on
the cytodifferentiation and mineralization of human PDL cells,
we utilized an antagonist of NMDARs, MK801. First, we exam-
ined the effect of MK801 on the survival of human PDL cells.
The cell survival assay revealed that MK801 at 100 uM or less
had no effect on the viability of human PDL cells after a 48-h
incubation (Fig. 64). Human PDL cells were stimulated with
100 um exogenous glutamate in the presence of MK801 to con-
firm the antagonistic effect of MK801 on the activation of
NMDARs in human PDL cells. Determination of the Ca**
influx showed that MK801 inhibited the fluorescence intensity
in a dose-dependent manner (Fig. 6B).

To examine the effects of MK801 on the cytodifferentiation
and mineralization of human PDL cells, we cultured human
PDL cells in the mineralization-inducing medium in the pres-
ence of MK801. As shown in Fig. 6C, MK801 significantly sup-
pressed the ALP activities in a dose-dependent manner during
the cytodifferentiation of human PDL cells. Alizarin red stain-
ing revealed that MK801 significantly reduced the mineralized
nodule formation on day 24 during the course of the cytodiffer-
entiation and mineralization of human PDL cells (Fig. 6D).

Effects of Glutamate Signaling on Mechanical Stress-induced
Gene Expression—To analyze the relationships among gluta-

Expressions of Glutamate Signaling-
associated Molecules in PDL Tissue
by Orthodontic Tooth Movement—
To establish the biological relevance
of the in vitro studies to the in vivo
situation, we investigated the gene
expressions of the glutamate signaling-associated molecules in
PDL tissue by utilizing a mouse model of orthodontic tooth
movement (21). We selected probes for Homerl, Vglutl, Grinl,
mGIluR3, mGIuRS, and mGIluR6. The upper molar teeth were
moved by an orthodontic force mediated by a closed-coil spring
for0,12,and 24 h. We observed horizontal cross-sections of the
tooth roots at the indicated time points by hematoxylin-eosin
(H&E) staining (Fig. 84, a—c). At 12 and 24 h after the applica-
tion, the root was moving to the right side in each image. In Fig.
8, tension sites were created on the left side of the root, and
pressure sites were present on the right side. At the indicated
time points, the teeth were moving in the direction of the force
within the dental sockets, and resorption and remodeling of the
alveolar bone were initially activated (Fig. 84, a—c). In situ
hybridization analyses revealed that the PDL faintly expressed
the glutamate signaling-associated molecule genes Homerl,
Vglutl, Grinl, mGluR3, mGIuRS, and mGIluR6 at the base line
(Fig. 84, d, g, j, m, p, and s). Of note was the observation that
these gene expressions were up-regulated at the tension sites at
12 and 24 h after the application (Fig. 84, ¢, f, i, i, k, I, n, 0,4, 1,
t,and u). On the contrary, the mRNA expression levels of these
molecules were not changed at the pressure sites at 12 and 24 h
after the application (Fig. 84, e,f, 4, i, k, 1, n, 0, q, 1, t, and u). We
also analyzed the expressions of the cytodifferentiation and
mineralization-related genes Runx2, type I collagen, and osteo-
calcin. In situ hybridization analyses revealed that the mRNA
expression of Runx2 was observed even in normal PDL cells (at
0 h) and thereafter was only increased at the tension sites after
the application of orthodontic force (Fig. 8B, a—c). This finding

mate signaling, mechanical stress, and the cytodifferentiatigx 6 bdicated that cytodifferentiation of PDL cells at the tension
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FIGURE 8. In vivo induction of the gene expressions of glutamate signaling-associated molecules in PDL
tissue by orthodontic tooth movement. The upper first molars of ICR mice were moved with orthodontic
force for the indicated time periods. Horizontal sections of the periodontium around the palatal root of the first
molars were stained. A, H&E staining (a-c). The gene expressions of Homer1 (d-f), Vglut1 (g-i), Grin1 {(j-I),
mGluR3 (m-o0), mGIuR5 (p-r), and mGIuRé6 (s-u) were analyzed by in situ hybridization. B, the gene expressions
of the cytodifferentiation and mineralization-related genes Runx2 (a-c), type | collagen (d-f), and osteocalcin
(g-i) were analyzed by in situ hybridization. P, PDL; R, root; B, bone. Scale bars, 200 wm. Black arrow, direction of
the force application. Each inset shows a higher magnification image of the tension sites (left side). Scale bars in

the insets, 100 wm.

sites was induced by the mechanical stress i vivo. Type I col-
lagen was also expressed in the PDL at 0 h and then clearly
up-regulated at the tension sites (Fig. 8B, d—f), indicating active
synthesis of collagen fibers. Moreover, strong expression of
osteocalcin was detected near the alveolar bone at the tension
sites after 24 h of the force application (Fig. 8B, g—i), showing
that bone remodeling was activated by mechanical tensile stress
in vivo.

DISCUSSION

Mechanical stress is one of the most important factors for
maintaining the homeostasis of a variety of tissues, such as
bone, muscle, skin, and blood vessels. PDL tissues are also influ-
enced and regulated by mechanical stresses, such as occlusal
pressure and orthodontic forces. The physiological levels of the
forces regulate cellular functions and remodeling of the PDL
adequately, whereas pathophysiological forces can induce con-
nective tissue destruction and bone and teeth resorption in
periodontal diseases or inadequate orthodontic tooth treat-
ments clinically.

The signaling pathways linking mechanical stress to cell
functions are still not well described. In the present study, we
carried out a comprehensive microarray analysis to assess the
influences of physiological tensile mechanical stress on human

mate signaling-associated genes.
We further revealed that a
mechanical stretch applied to
human PDL cells induced their
cytodifferentiation and mineral-
ization through activation of glu-
tamate signaling pathways.

In this study, we identified 17 up-
regulated genes, including CNTFR,
DSCRI, MMPI5, LRRFIPI, PLXND1,
and ANGPTLI, in human PDL cells
after a 48-h mechanical stress using
a DNA chip analysis. Interestingly,
de Araujo et al (33) reported a
microarray analysis of human PDL
cells under compressive forces
using an in vitro three-dimensional
culture system. They identified sev-
eral up-regulated genes, including
inflammation-related  molecules,
such as COX-2 (cyclooxygenase-2),
PGE, (prostaglandin E,), IL-6
(interleukin-6), and IL-1 (interleu-
kin-1p), which were notlisted in our
present study. These findings sug-
gest that mechanical compressive
stress tends to induce inflammation
and destructive responses, whereas
tensile stress induces cytodifferenti-
ation and remodeling responses in
PDL cells in vivo, similar to those
in orthodontic treatments. CNTFR
encodes a receptor for ciliary neuro-
tropic factor, which is known to be a growth factor. Ciliary
neurotropic factor has been implicated in the regulation of cell
survival and cytodifferentiation in the brain (34). DSCRI, the
product of a chromosome 21 gene highly expressed in the brain,
is located in the minimal candidate region for the Down syn-
drome phenotype. DSCR1 protein encoded by the gene inter-
acts with calcineurin A to inhibit calcineurin-dependent signal-
ing pathways and induce anti-inflammatory reactions (35).
MMP15 is a member of the matrix metalloproteinase (MMP)
family and promotes ECM remodeling (36). LRRFIPI (leucine-
rich repeat (in FLII)-interacting protein 1), which is an ECM
component, occupies a tumor necrosis factor-a (TNF-a) pro-
moter site and appears to act as a repressor of TNF-a produc-
tion (37). PLXNDI (Plexin D1) (38) and ANGPTLI (angiopoi-
etin-like 1) (39) are both associated with vasculogenesis and
angiogenesis. In summary, the differentiation, proliferation,
ECM remodeling, and angiogenesis induced by mechanical
stress may contribute to arranging the optimal microcircum-
stances for the homeostasis and remodeling of PDL tissue.
Among these up-regulated genes, we found two glutamate sig-
naling-associated genes, HOMERI and GRIN3A. HOMERI
encodes a member of the homer family of dendritic proteins
and regulates intracellular Ca®>*. HOMER connects group 1
mGluRs, such as mGluR1 and mGluR5, to other scaffolding

12h 24h

PDL cells in vitro and identified the up-regulation of glug— 6 plroteins (40). GRIN3A encodes a subunit of NMDAR, which
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belongs to the superfamily of glutamate-regulated ion chan-
nels. Further analyses revealed that in addition to HOMERI and
GRIN3A, human PDL cells constitutively and functionally
expressed glutamate signaling-associated molecules, including
glutamate and its receptors. We also demonstrated that the
application of mechanical stress to human PDL cells up-regu-
lated the expressions of glutamate signaling-associated genes,
increased the secretion of glutamate from the cells, and induced
intracellular signal transduction. These results reveal that
mechanical stress activates glutamate signaling pathways in
human PDL cells.

Recently, glutamate signaling has been reported to be
involved in bone metabolism (41). There are some similarities
between PDL cells and osteoblasts, in that PDL cells can differ-
entiate into mineralized tissue-forming cells when they are
cultured in mineralization-inducing medium i#n vitro (42). The
induction of the cytodifferentiation of human PDL cells
increased the release of glutamate from human PDL cells as
well as CREB and IP, transcription. Exogenous glutamate
enhanced the ALP activities and RUNX2 expression during the
cytodifferentiation of human PDL cells. These results suggest
that glutamate signaling promotes the cytodifferentiation and
mineralization of human PDL cells. The suppression of ALP
activities and calcified nodule formation of human PDL cells by
riluzole, an inhibitor of glutamate release, and MK801, an
antagonist of NMDARs, strengthens the notion that glutamate
signaling is crucial for the cytodifferentiation and mineraliza-
tion of human PDL cells. The analyses utilizing MK801 sug-
gested that glutamate signaling via NMDARs contributes to the
enhancement of the cytodifferentiation and mineralization of
human PDL cells. The effects of antagonists for other glutamate
receptors on the cytodifferentiation and mineralization of
human PDL cells warrant further investigation.

Mechanical stress has been reported to induce the expres-
sions of cytodifferentiation and mineralization-related genes in
osteoblasts (43). However, the molecular mechanism of the
activation of osteoblasts that leads to bone remodeling has not
been fully elucidated. In this study, we confirmed that human
PDL cells up-regulated the gene expressions of C-FOS, RUNX2,
and ALP under mechanical stress. On the other hand, riluzole
inhibited the up-regulation of the mechanical stress-induced
gene expressions of C-FOS, RUNX2, and ALP. These results
suggest that glutamate signaling controls the upstream of the
mechanical stress-induced gene expressions and clearly dem-
onstrate the involvement of glutamate signaling in the mechan-
ical stress-induced cytodifferentiation and mineralization of
human PDL cells.

Orthodontic tooth movement has been defined as the result
of biological responses to mechanical stress applied to a tooth
and is achieved by PDL and alveolar bone remodeling. Bone
formation and resorption are induced at the tension sites and
pressure sites, respectively. The in situ hybridization analyses
revealed that the expressions of the glutamate signaling-associ-
ated genes Homerl, Vglutl, Grinl, mGIuR3, mGIuRS, and
mGIuR6 were clearly up-regulated in the tension sites of the
PDL under orthodontic tooth movement in vivo. Up-regulation
of the cytodifferentiation and mineralization-related genes

tension sites. These findings strongly support our in vitro data
indicating that glutamate signaling was induced by the tensile
mechanical stress and promoted the cytodifferentiation and
mineralization of PDL cells. According to a previous report that
tensile force activates PDL cells and modulates PDL remodel-
ing by the induction of ECM synthesis and degradation (32), we
consider that the glutamate signaling-associated molecules are
also modulated together with the activation of PDL cells and
PDL remodeling in response to mechanical stress.

In conclusion, we have demonstrated that mechanical stress
induces glutamate signaling in the PDL, resulting in enhance-
ment of the cytodifferentiation and mineralization of PDL cells.
These findings suggest that mechanical stress-induced gluta-
mate signaling is involved in the homeostasis, remodeling, and
regeneration of periodontal tissue.
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Fibroblast Growth Factor-2
Stimulates Directed Migration of
Periodontal Ligament Cells via
PI3BK/AKT Signaling and CD44/
Hyaluronan Interaction

YOSHIO SHIMABUKURO, HIROAKI TERASHIMA, MASAHIDE TAKEDACH)],

KENICHIRO MAEDA, TOMOMI NAKAMURA, KEIGO SAWADA, MARIKO KOBASHI,
TOSHIHITO AWATA, HIROYUKI OOHARA, TAKANOBU KAWAHARA, TOMOAKI IWAYAMA,
TOMOKO HASHIKAWA, MANABU YANAGITA, SATORU YAMADA, anp SHINYA MURAKAMF*
Division of Oral Biology and Disease Control, Department of Periodontology, Osaka University Graduate School of Dentistry,

* Osaka, Japan

Fibroblast growth factor-2 (FGF-2) regulates a varjety of functions of the periodontal ligagment (PDL) cell, whichis a key player during tissue
regeneration following periodontal tissue breakdown by periodontal disease. In this study, we investigated the effects of FGF-2 on the
cell migration and related signaling pathways of MPDL22, a mouse PDL cell clone. FGF-2 activated the migradon of MPDL22 cells and
phosphorylation of phosphatidylinositol 3-kinase (PI3K) and ake. The P13K inhibitors, Wortmannin and LY294002, suppressed both cell
migration and ake activation in MPDL22, suggesting that the PI3K/akt pathway is involved in FGF-2-stimulated migration of MPDL22 cells.
Moreover, in response to FGF-2, MPDL22 showed increased C44 expression, avidity to hyaluronan (HA) partly via CD44, HA
production and mRNA expression of HA synthase (Has)-1, 2, and 3. However, the distribution of HA molecular mass produced by
MPDL22 was not altered by FGF-2 stimulation. Treatment of transwell membrane with HA facilitated the migration of MPDL22 cells
and an anti-CD44 neutralizing antibody inhibited it. Interestingly, the expression of CD44 was colocalized with HA on the migrating
cells when stimulated with FGF-2, Furthermore, an anti-CD44 antibody and small interfering RNA for CD44 significantly decreased
the FGF-Z-induced migration of MPDL22 cells. Taken together, PI3K/ake and CD44/HA signaling pathways are responsible for
FGF-2-madiated cell motility of PDL cells, suggesting that FGF-2 accelerates periodontal regeneration by regulating the cellular functions
including migration, proliferation and modulation of extracellular matrix production.

. Cell. Physiol. 226: 809821, 2011, © 2010 Wiley-Liss, Ine.

Cell migration is essential for embryogenesis, tissue et al.,, 2001), leading to facilitation of cell motility and
development, wound healing, and tissue regeneration. This subsequent tissue remodeling.

cellular event requires coordinated multiple processes such CD44, a cell surface molecule, is one of the major receptors
as activation of related signaling pathways, membrane-linked for HA. The intracellular portion is linked to actin filaments and

cytoskeleton reorganization, causing specific structural changes mediates intracellular signal transduction. Interestingly, CD44
in the plasma membrane, and interaction with the extracellular has been reported to be present on the leading edge of
matrix. migrating cells (Thorne et al., 2004). The interaction of CD44
Phosphatidylinositol 3-kinase (PI3K) is associated with cell with HA activates Racl and in turn regulates the formation

polarization and migration in a wide range of cell types (Derman of cytoskeleton-mediated membrane protrusions and cell

et al., 1997; Ren and Schwartz, 1998; Cantley, 2002; Weiner migration (Bourguignon et al., 2000). Myoblasts derived

etal,, 2002). Polarized accumulation of phospholipid PI(3,4,5)P3 from CD44-deficient mouse lacked the chemotaxis seen in the
and its product is seen via PI3K for establishment of cell polarity ~ wild-type myoblasts (Mylona et al., 2006). In addition, CD44-

and migration during chemotaxis. In addition, PI3K and its deficient fibroblasts revealed less directional migration and less
downstream kinase effector akt are known to regulate efficiency of wound closure in wound healing assay in spite of
cytoskeletal rearrangements, cell migration, apoptosis, and the increased motility compared with the wild type (Acharya

other biological functions.

As one of the key extracellular matrices involved in cell
migration, hyaluronan (HA) has been receiving particular
attention. HA is a linear glycosaminoglycan composed of
repeating disaccharides of glucuronic acid and N-
acetylglucosamine: [B1,4-GIcUA- B1,3-GlcNAc-] and is
ubiquitously distributed in the body. HA is synthesized at the
inner face of the plasma membrane by HA synthase (Has). A
wide variety of mediators regulate the HA synthesis and in turn
modulate physiological and pathophysiological conditions via
HA. So far, HA has been reported to be involved in not only
matrix organization, but also cell adherence, cell migration,
cell proliferation. In the early phase of tissue repair, enhanced
expression of HA precedes other glycosaminoglycan (Lammi

@)
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et al,, 2008). Upon injury of the central nervous system, CD44
expression was increased at the site of injury (Jones etal., 2000).
In addition, CD44/HA interaction plays an important role in
regulating astrocyte functions such as cell migration following
injury (Bourguignon et al., 2007). These results suggest that
CD44 regulates several coordinated actions required for
physiologically efficient motility, which contributes to the
integrated wound healing.

Periodontal disease is initiated by bacterial biofilm and
exacerbated with multi-factors, resulting in the loss of tooth-
supporting periodontal tissues such as gingiva, alveolar bone,
periodontal ligament (PDL), and cementum covering root
surface. Unfortunately, no conventional periodontal treatment,
such as scaling and root planning, can ever regenerate
periodontal tissue destroyed by progression of periodontal
diseases. Interestingly, however, several lines of evidence
have demonstrated that topical application of recombinant
cytokine to the destroyed site can induce regeneration of the
periodontal tissues. We have shown that fibroblast growth
factor-2 (FGF-2) induces significant periodontal tissue
regeneration accompanying new alveolar bone and cementum
formation in beagle dogs and macca monkey (Murakami et al,
1999, 2003; Takayama et al., 2001). Recently, a randomized
controlled Phase I clinical trial revealed significant increase in
the rate of increase in alveolar bone height in the 0.3% FGF-2
treatment group (Kitamura et al., 2008, 2010). In vitro
studies have revealed that FGF-2 induces potent proliferative
responses and regulates the expression of a variety of
extracellular matrices by PDL cells, which play critical roles
in wound healing and regeneration of periodontal tissue
(Takayama et al., 1997; Shimabukuro et al., 2005; Terashima
etal., 2008; Murakami, 2010). Notwithstanding the importance
of migratory action of PDL cells during the process of
periodontal tissue regeneration, the effects of FGF-2 on its
migratory activity remain uncertain. Here we use MPDL22,

a mouse PDL clone, to explore the mechanism by which
FGF-2-induced migration of PDL cells. The present study
revealed that FGF-2 upregulated the migration of PDL cells and
that its activity is dependent on PI3K/akt and the CD44/HA
signaling pathway.

Materials and Methods
Materials

Tissue culture supplies and plastic Leighton tubes were obtained
from Corning Coster (New York, NY). Alpha modification of
Eagle's medium («-MEM) was a product of ICN Biomedicals, Inc.
(Costa Mesa, CA). Fetal calf serum (FCS) was purchased from
JRH Biosciences (Lenexa, KS). Human recombinant FGF-2 was
kindly provided by Kaken Pharmaceutical Co., Ltd (Tokyo, Japan).
Wortmannin, LY294002, ake inhibitor II, and akt inhibitor X were
obtained from Sigma (St. Louis, MO), Cell Signaling (Danvers, MA),
and Calbiochem (Darmstadt, Germany), respectively. Anti-CD44
antibody (clone IM7) and FITC-labeled rat anti-mouse CD44
antibody (clone IM7) were obtained from BD Pharmingen (Franklin
Lakes, NJ).

Isolation of mouse periodontal cell clones

Mouse PDL cells were isolated from healthy PDL tissue of first
premolar teeth of BALB/c mice. The PDL tissues isolated from the
center of the root surface with a surgical scalpel were minced,
transferred to plastic Leighton tubes and cultured in «-MEM
supplemented with 10% FCS, 50 units/ml penicillin G and 50 pg/ml
streptomycin (henceforth denoted standard medium) with media
changes every 2 or 3 days. Cultures were maintained at 37°Cina
humidified atmosphere of 95% air and 5% CO,. The cells that grew

by treatment with 0.05% trypsin—0.53 mM EDTA, collected by,

out from the explants and in a confluent stage were separateg 6
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centrifugation, and cultured on plastic culture dishes containing the
standard medium until they reached confluence. The cells (parent
PDL cells) were then trypsinized at a |:3 split ratio. We established
29 clones from parent PDL cell lines by culturing with FGF-2

(! pg/ml) and dilution twice. We selected one of these clones:
one clone, MPDL22, differentiated cells in the presence of a high
level of alkaline phosphatase (ALPase) and formed hard tissue in the
presence of B-glycerophosphate and ascorbic acid (Yamada et al,,
2007).

Chemotaxis and cell migration assay

In this study two migration assays (membrane filter assay and
silicon restraint migration assays) were utilized to determine the
implication of FGF-2 on MPDL22 motility and the mechanism
underlying its effects.

Chemotaxis assay

Cell milgration assays were performed by using a Chemicon
QCM™ 96-well migration assay kit (Chemicon Int., Inc., Temecula,
CA\), according to the instruction manual. A cell suspension

(5 x 10* cells/well) was added to the upper chamber of an insert
membrane filter with a pore size of 8 pm. In some experiments, the
insert membrane was coated with 50 pl of 1% HA (from rooster
comb: MW 600,000-1,200,000) (Seikagaku Co., Tokyo, Japan) or
chondroitin sulfate C (CS) (chondroitin 6-sulfate) (from shark
cartilage) (Seikagaku Co.). The medium containing 1% FCS
supplemented with or without FGF-2 was placed in the lower
chamber of the insert membrane. At the end of incubation at 37°C
in a humidified 95% air/5% CO, atmosphere, cells migrated to
the bottom of the insert membrane were dissociated from the
membrane when incubated with cell detachment buffer. These cells
were subsequently lysed and detected by the CyQuant GR dye
(Invitrogen Corp, Carlsbad, CA). The intensity of fluorescence was
measured with a fluorescence plate reader (Thermo Electron Oy,
Vantaa, Finland) using 485/538 nm filter set.

Cell migration assay

Another migration assay was conducted with a modified Teflon
restraint migration assay (Smith etal., 2004). MPDL22 were seeded
behind a silicon rubber on a coverglass (Matsunami Co., Osaka,
Japan) mounted on a 35-mm dish and allowed to reach confluence.
After carefully removing the silicon rubber, the monolayers of
MPDL22 were incubated with or without FGF-2 (5 ng/ml) for [ 2 h.
Photographs were taken using a microscope {Nikon, Tokyo, Japan).
The number of cells migrating into the cell-free space was counted
using NIS-Elements (Nikon} at least in five areas per coverglass.

PI3K and akt assay

P13K and akt expression were assayed by using Face® PI3K p85 and
ake kit (Active Motif, Carisbad, CA) according to the
manufacturer’s instructions, respectively. Cells (1 x 10° cells/well)
were seeded in a 96-well plate and cultured with or without FGF-2
(5 ng/ml). At the end of incubation, the cells were fixed with 100 p.l
of 4% formaldehyde in PBS for 20 min at room temperature. The
cells were washed three times with washing buffer (0.1% Triton X-
100 in PBS), added quenching buffer (washing buffer containing
1% H,0O, and 0.1% azide) and incubated for 20 min at room
temperature. After incubation with antibody blocking buffer and
washing with washing buffer, 40 .l of primary antibody was added
to the wells, which were then incubated overnightat 4°C. After the
plates were washed, 100 pl of horseradish peroxidase-conjugated
anti-rabbit IgG antibody was added to the wells, followed by
incubation for | h. After the plates were washed, 100 pl of
developing solution was added and the plates were incubated for
2-20 min at room temperature until the reaction was stopped with
stop solution. Absorbance was then measured using a microplate
eader Model 680 (BioRad Laboratories, Inc., Hercules, CA)
450 nm.
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Cell proliferation assay (WST-I| assay)

MPDL22 cells (2 x 10* cellsiwell) were cultured for 24hin a
serum-free medium to obtain quiescent cells. The quiescent cells
were cultured with or without FGF-2 (5 ng/ml) in the presence of
1% FCS and then treated with |0% proliferation reagent VWWST-1
(Roche Diagnostics GmbH, Mannheim, Germany) for the last 2 h.
Absorbance (OD 450 nm) was measured using a microplate reader
Model 680 (BioRad Laboratories, Inc.). In some experiments,
MPDL22 was treated with or without mitomycin C (2.5 pg/ml)
(Kyowa Hakko Kirin Co., Tokyo, Japan) for 2h before FGF-2
stimulation.

Measurement of HA in culture supernatants

MPDL22 cells were placed in a 6-well culture plate (Corning
Coster) at 2 x 10° cells/well in a standard medium. Forty-eight
hours after incubation, MPDL22 cells were stimulated with or
without FGF-2 (5 ng/ml) in the presence of 0.5% FCS. At the end of
the incubation periods, the supernatants were collected and stored
at —20°C until determination of HA. The HA levels in culture
supernatants were measured by an inhibition binding-protein assay
(HA assay kit, Seikagaku Co.), which utilizes the inhibitory reaction
of free HA in samples to the binding of biotinylated HA-binding
protein to HA-bovine serum albumin (BSA) (Sigma), a
neo-glycoconjugate prepared from HA and BSA (Raja et al,, 1984).

Agarose electrophoresis

HA samples were electrophoresed ona 0.75% agarose gel for 6 hat
room temperature with a constant voltage of 25V as described ina
previous report (Lee and Cowman, 1994). Known molecular mass
HA standards (300, 8,000, 2,200 kDa) were used as a reference.
After electrophoresis, the HA in the gel was blotted onto Hybond
N+ membrane (Amersham biosciences Corp., Piscataway, NJ).
After blocking with 10% skim milk in PBS containing 0.05% Tween
20 the membrane was incubated with biotynylated HABP (I p.g/
10 ml) (Seikagaku Co.) in PBS with Blockace (Snow Brand Milk
Products Co. Ltd, Tokyo, Japan) at room temperature for | h and
then with HRP—streptavidin (0.5 pg/10 ml) (Calbiochem, Inc., San
Diego, CA). HA was visualized by enhanced chemiluminescence
assay (GE Healthcare UK Ltd, Buckinghamshire, England).

Western blot analysis

MPDL22 cells were placed on a 6-well culture dish and stimulated
with FGF-2 (5 ng/ml). Cells were lysed in RIPA buffer (25 mM Tris—
HCI pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS, 10 mM Na3VOy, 10 pwg/ml each aprotinin and leupeptin).
Proteins were separated by SDS/PAGE, transferred to
nitrocellulose membranes. Membranes were incubated with 10%
bovine serum albumin for | h and subsequently with mouse
monoclonal anti-phosphorylated akt antibody (Cell Signaling),
rabbit polyclonal antibody to phosphorylated p85 (Cell Signaling)
or rat anti-mouse CD44 antibody (BD) for 3 h at room
temperature and appropriate HRP-conjugated secondary
antibody. Immune complex was detected using an enhanced
chemiluminescence kit (GE Healthcare UK Ltd).

Flow cytometric analysis

MPDL22 cells were incubated in 10% FCS—«-MEM in the absence
or presence of FGF-2 (5 ng/ml). The cells were harvested with cell
dissociation buffer (Sigma) and incubated with rat anti-mouse
CD44 antibody (BD) on ice for 30 min. After washed twice with 1%
BSA supplemented with 0.1% sodium azide, cells were incubated
FITC-labeled-goat polyclonal anti-rat IgG (Invitrogen Corp)

or FITC-labeled sodium HA (PG Research, Tokyo, Japan). Flow

cytometric analysis was then performed with a FACS Calibur (BDB 6
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Immunocytochemical analysis

MPDL22 cells (5 x 10* cells/well) were cultured on a glass bottom
dish (Matsunami Co.) mounted on a 35-mm plate. The confluent
monolayers were cultured for 24 h with or without 5 ng/ml of
FGF-2.

Phalloidin and HA binding protein staining

Cells were fixed for |0 min in 4% paraformaldehyde and treated
with or without 0.1% Triton X to permeabilize cell membrane.
After blocking with 1% BSA in PBS, the cell monolayers were
incubated with FITC-phalloidin {Invitrogen Corp), or biotinylated
HA binding protein (Seikagaku Co.) in PBS for 30 min at room
temperature, and then washed with 1% BSA in PBS three times
between each step. Cells were then incubated with avidin—FITC
(BD) for 30 min.

Actin staining

Cells were fixed with cold ethanol for 15 min. Following incubation
with 3% BSA in PBS at room temperature for 30 min, the cells were
incubated with mouse anti-F and G actin antibody (Abcam plc,
Cambridge, UK) in PBS containing 0.1% BSA and 5% FCS for 30 min.
After washing with PBS, the cells were incubated with Alexa Fluor
488-conjugated goat anti-mouse lgG (Invitrogen Corp) at room
temperature for 30 min.

CD44 staining

Cells were fixed for 10 min in 4% paraformaldehyde and treated
with or without 0.1% Triton X to permeabilize cell membrane.
After blocking with 1% BSA in PBS, the cells were incubated with rat
anti-mouse CD44 (BD) followed by washing with PBS. Then, they
were incubated with Alexa Fluor 546-conjugated goat anti-rat
antibody (Invitrogen Corp). In some experiments, after the fixation
and permeabilization, the cells were incubated FITC-labeled rat
anti-mouse CD44 antibody. All cells were counterstained with
4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma) to
facilitate estimates of total cell numbers, and washed once in water.
All photographs were taken using a confocal laser scanning
microscope (Carl Zeiss, Inc., Oberkochen, Germany), and
quantified using LSM510-V2.5 (Carl Zeiss, Inc.).

Real-time PCR

MPDL22 cells were seeded at a density of | x 10° cells/dish in a
60 mm dish and grown to confluence in standard medium.
Following a 24-h incubation of the cells with or without FGF-2
(5 ng/mi), total RNA was isolated from each cell by RNAzol™
(Cinna/Biotecx Laboratories, Inc., Friendswood, TX) according to
the manufacturer’s instructions. The precipitated RNA was
resolved in 0.1% diethylpyrocarbonate-treated distilled water
(DEPC-treated H,O). cDNA synthesis and amplification via PCR
were performed according to the methods described by Takayama
et al. (1997). For PCR analysis, we incubated a 40 ! cDNA
synthesis reaction mixture per RNA sample at 37°C for 60 min.
Each 40 jul cDNA synthesis reaction mixture contained: 5.2 pl of
DEPC-treated H,O; 4 ul 10x PCR buffer I (100 mM Tris—HCl pH
8.3, 500 mM KCI (Perkin Elmer Cetus, Norwalk, CT)); 6 ul 25 mM
MgCly; 4 pl of each 10 mM deoxynucleotide—triphosphate (Takara,
Shiga, Japan); 0.4 il 20 U/ml RNase inhibitor (Perkin Elmer Cetus);
I wl 50 U/ml M-MLYV reverse transcriptase; 4 pl 0.25 mg/ml RNA
sample. After incubation, all samples were heated to 94°C for
5min to inactivate the reverse transcriptase. Real-time PCR
with SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA) was carried out by 7300 Fast real-time PCR system
(Applied Biosystems) using the following primers: Has-|
(forward primer, 5-TACCTGCGCCAGTGCTTGAC-3":
reverse primer, 5-CACCATGAGCACGCGTAACC-3). Has-2
rward primer, 5-GTCATGTACACAGCCTTCAGAGCAC-3":
erse primer, 5'-GGCAGGGTCAAGCATAGTAATCTGAG-3').

an
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Has-3 (forward primer, 5-GTCATGTACACAGCCTTCAGA- Fourth PCR cycles were performed, and the cycle threshold
GCAC-3": reverse primer, 5-TACATTGCACACAGCCAAAG- values were normalized to the housekeeping GAPDH.
TAGGA-3'), Hyal-1 (forward primer, 5'-CCGTAATGCCCTA-

CGTCCAGA-3': reverse primer, 5-AAGGGCCCAAGTGT- RNA silencing

GGAATC-3'), Hyal-2 (forward primer, 5-GCTCAGCTGGCG-

TCATCTTC-3": reverse primer, 5-GCACTGGGTCCAACTGC- Small interfering RNA (siRNA) for mouse CD44 was designed

AATAC-3'), Hyal-3 (forward primer, 5-CTCGGCATTGTAG- according to the sequence of the mouse CD44 gene [NCBI
CCAACCAC-3": reverse primer, 5-TGGGCTGTACCTCTA- accession number AJ251594 (GenBank)] obtained from the online
GGTCCAAAG-3'), Hyal-4 (forward primer, 5-TGTCTACAC- database of the National Center for Biotechnology Information
ACAGCTGGGCTACAA-3': reverse primer, 5-AATCAGAA- (NCBI, Bethesda, MD). A sequence, 5-GGCUUUCAACAGU-
TTCACAAAGCGGTTCAC-3'), Hyal-5 (forward primer, ACCUUATT-3 (sense strand complementary to the exon |13 of
5-CTATAATGAAAGTGCAGGTGGTGAG-3': reverse primer, the mouse CD44 gene), was chosen and verified in a basic local
5-ATTTGGTGCAACAGGTGAGAA-3'), Spam-1 (Ph-20) alignment search tool search of the database. The CD44 siRNA and
(forward primer, 5-CTTGAAGTCCAATCGACAAGCTACC-3" a negative control siRNA (Silencer®™ negative control #! siRNA)
reverse primer, 5-GTACCCAGAGCAACAATTTCACCA-3'), were synthesized by Applied Biosystems. Silencer®™ Negative
and reduced glyceraldehyde 3-phosphate dehydrogenase control #I siRNA was designed to have no significant sequence
(GAPDH) (forward primer, 5-TGTGTCCGTCGTGGATCTGA- similarity to mouse, rat, or human transcript sequences. MPDL22
3": reverse primer, 5-TTGCTGTTGAAGTCGCAGGAG-3). cells were placed on a é-well culture dish at 7.5 x 10* cells/well
GAPDH served as a housekeeping gene. in standard medium without antibiotics. Twenty-four hours after
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Fig. 1. FGF-2 stimulates cell motility of MPDL22 in a dose-dependent manner. A: MPDL22 cells (5 X 10* cell/well) were added to the upper
chamber of an insert membrane filter of 8 um pore size in 96-well culture plates and stimulated with or without FGF-2 (0-20 ng/mi) for [2 h.
Migratory cells on the bottom of the insert membrane were dissociated from the membrane with cell detachment buffer. These cells were
subsequently lysed and detected by the CyQuant GR dye. Theintensity of fluorescence was measured with a fluorescence plate reader ("P <0.05 vs.
corresponding unstimulated control, **P < 0.01 vs. corresponding unstimulated control). B: MPDL22 cells were stimulated with or without FGF-2
(5 ng/mi) for 12 or 24 h. The migratory activities were assessed as described above (**P < 0.0 vs. correspondent unstimulated control). C: MPDL22
which had been treated with or without mitomycin C for2 hwere added to a 96-well plate and were incubated with or without FGF-2 (5 ng/ml) in the
presence or absence of 1% FCS for 12 h. Proliferative responses were estimated by using proliferative reagent WST-1. The dotted line shows
the proliferative response of MPDL22 when the cell cultured without FCS and FGF-2. D: MPDL22 cells (5 X 10* celllwell) which had been treated
with or without 2.5 pg/mi mitomycin C for 2 h were added to the upper chamber of an insert membrane filter with a pore size of 8 pm in 96-well
culture plates and stimulated with or without FGF-2 (5 ng/ml) for 24 h. Migratory cells on the bottom of the insert membrane were dissociated
from the membrane with cell detachment buffer. These cells were subsequently lysed and detected by the CyQuant GR dye. The intensity of
fluorescence was measured with a fluorescence plate reader (*P <0.01 vs. correspondent unstimulated control). Results of one representative
experiment out of three separate experiments are shown. The refgltﬁ:?resented as mean value = SEM (nh = 3).
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incubation, MPDL22 at 40-50% confluence were transfected with
siRNA CD44 and negative control siRNA. The cells were
transfected with 200 pmol of siRNA and negative control siRNA
using lipofectarnine 2000 (Invitrogen Corp) according to the
manufacturer’s instructions. The cells were then studied for
real-time PCR, flow cytometry, and Western blot analysis.

Statistical analysis

Three specimens in each group were analyzed. Data were
expressed as means and standard deviation for each group.
Results of one representative experiment out of three separate
experiments are shown since the values vary among the same
experiment performed at different times. Statistical analysis was
performed with t-test or ANOVA followed by Dunnett multiple
comparison test. The level of significance was set at P < 0.05.

Results
FGF-2 increased the migratory activity of MPDL22 cells

A cell migration assay using a transwell membrane was
performed to examine the effects of FGF-2 on the migratory
activity of MPDL22. FGF-2 increased the migratory activity of
MPDL22 cells in a dose-dependent manner up to 5 ng/mlat 12 h
after stimulation (Fig. 1A). At less than 5 ng/ml FGF-2 should
have a dominant influence on other cellular responses and
the migratory effect of FGF-2 should be weak. Importantly,

at 5 ng/ml, FGF-2-dependent proliferative responses were not

observed at 12 h (data not shown). At 10 ng/ml, the migratory
activity of MPDL22 cells decreased but remained significantly
high compared with the unstimulated level. A significant
increase of MPDL22 migratory activity was also observed 24 h
after stimulation with 5 ng/ml FGF-2 (Fig. 1B).

To minimize any influence of the proliferative response
on the migratory activity, we treated MPDL22 cells with
mitomycin C. As shown in Figure 1C, we confirmed that
2.5 pg/ml of mitomycin C treatment inhibited the proliferative
response of both FGF-2-stimulated and unstimulated MPDL22.
Interestingly, there was significant FGF-2-dependent migratory
activity of MPDL22 cells 24 h after FGF-2 stimulation even
when the proliferative response of MPDL22 was suppressed by
treatment with mitomycin C at 2.5 pg/ml (Fig. 1D).

PI3K and akt are involved in FGF-2-induced migration
of MPDL22

FGF receptors mediate biological functions of MPDL22 and
various molecules are involved in their intracellular signal
transduction. P13K and akt are known to be downstream
molecules of FGF receptors and play critical roles in the motility
of various cell types. We then investigated the involvement of
PI3K and akt in the migratory activity of MPDL22. As shown in
Figure 2A, treatment of MPDL22 with 5 ng/ml FGF-2 leads to
upregulation of PI3K and akt activities. VWestern blot analysis
also revealed that FGF-2 increased the level of both phospho-
PI3K and phospho-akt (Fig. 2B).

Akt is known to be a major PI3K target in a wide range of
cells. In order to confirm that akt is activated following PI3K
stimulation upon FGF-2 treatment, Wortmannin and
LY294002, both of which are PI3K inhibitors, were used in the
akt ELISA assay. Both inhibitors completely suppressed the
FGF-2-incresed akt activity (data not shown). These results
indicate that akt is a key effector of the lipid kinase PI3K in
MPDL22 cells in response to FGF-2. We then investigated the
effects of PI3K/akt pathway on FGF-2-induced cell migration.
We performed a migration assay using the same inhibitors
to explore the involvement of PI3K and akt pathways in the
migratory activity in FGF-2-stimulated MPDL22. The assay
revealed that 2 nM Wortmannin or 2 uM LY294002 partially,

but significantly inhibited the FGF-2-induced migration activitB 68
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Fig. 2. FGF-2-activated cell migration is mediated by
phosphorylation of PI3K and akt in MPDL 22. A: MPDL22 cells

(1 X 10° cellsiwell) were cultured in 96-well culture plates in the
presence or absence of FGF-2 (5 ngiml). At the end of culture period,
the cells were fixed with 4% paraformaldehyde for 20 min. The ratio of
phospho-PI3K/total PI3K and phospho-akt/total akt was assayed by an
enzyme-linked immunosorbent assay. Resuits of one representative
experiment out of three separate experiments are shown. The results
are presented as mean value = SEM (n = 3) (*P<0.05 vs. 0 min).

B: MPDL22 cells (I X 10° cellsiwell) were cultured in the presence or
absence of FGF-2 (5 ng/mi) for 5 min. At the end of culture period,
cells were lysed with RIPA buffer. Proteins were separated by SDS/
PAGE, transferred to nitrocellulose membranes, and probed with
anti-phospho-p85 or anti-phospho-akt antibody and HRP-conjugated
secondary antibody. As a control, total p85 or akt was detected using
anti-p85 or akt antibody. Resuits of one representative experiment
out of three separate experiments are shown. C: MPDL22 cells
[C 10% celliwell) were added to the upper chamber of an insert
membrane filter with a pore size of 8 um in 96-well culture plates
and stimulated with or without FGF-2 (5 ngiml) in the presence or
absence of Wortmannin (2nM), LY294002 (2 pM), akt inhibitor I
(50 nM) or akt inhibitor X (5 nM) for 12 h. Migratory cells on the
bottom of the insert membrane were dissociated from the
membrane with cell detachment buffer. These cells were
subsequently lysed and detected by CyQuant GR dye. The intensity of
fluorescence was measured with a fluorescence plate reader. Results
of one representative experiment out of three separate experiments
are shown. The results are presented as mean value £ SEM (n=3)
(*P<0.05). D: MPDL22 cells (5 X 10" celliwell) were seeded behind a
silicon rubber on a coverglass mounted on a 35-mm dish and aliowed
to reach confluence. After carefully removing the silicon rubber, the
monolayers were incubated with or without FGF-2 (5 ng/ml) in the
presence of LY294002 (2 pM) or Akt inhibitor X (5 nM), or absence of
the inhibitors. At the end of culture period, cells were fixed for |0 min
in 4% paraformaldehyde. Dotted lines are the margin of the cell
monolayers at the start of culture. Results of one representative
experiment out of three separate experiments are shown. E: The
number of cells migrating into the cell-free area were counted as
described in the Materials and Methods Section. The results are
presented as mean value = SEM (n = 3) (*P <0.05). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(Fig. 2C). On the other hand, treatment of PDL cells with 2 nM
Wortmannin or 2 wWM LY294002, the concentration at which
FGF-2-induced cell migration was inhibited, did not significantly
change cell proliferation either in the presence or absence of
FGF-2 stimulation (data not shown). Furthermore, as well as
PI3K inhibitor, both akt inhibitor Il and X partially but
significantly suppressed the enhancement of PDL cell migration
induced by FGF-2 (Fig. 2C).

Moreover, in order to confirm the engagement of PI3K and
akt pathways in the migratory responses of MPDL22 triggered
by FGF-2, we used a restraint migration assay system in which
PDL cells were cultured in a confined area behind a silicon
rubber placed in the dish and the cells could migrate from the
monolayers into the cell-free space after removal of the silicon
rubber. As shown in Figure 2D,E, FGF-2 enhanced the cell
migration into the cell-free space, which was similar to the
observation obtained by the transwell assay (Fig. | A,B). When
MPDL22 cells were cultured in the presence of LY294002 and
akt inhibitor X, the FGF-2-induced migration was reduced to
the basal level (Fig. 2E).

FGF-2 promoted lamellipodia formation and CD44
expression in migrating cells

Upon exposure of cells to a stimulus that promotes cell
migration, cells were activated with subsequent rearrangement
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of actin filaments, formation of cell polarization and
redistribution of several adhesion molecules to leading edge.
A modified silicon sheet restraint migration assay was then
performed to explore the effect of FGF-2 on the formation
of lamellipodia. Activation of MPDL22 with FGF-2 led to
augmentation of cell migration into cell-free space with
increased magnitude of lamellipodia formation (Fig. 3A,C).
There was significant formation of lamellipodia on MPDL22
cells 12 h after FGF-2 stimulation. FGF-2-activated cells
elongated with prominent protrusive processes. Reorganized
actin at the cortex was observed in the elongated cells with
prominent protrusive processes. Treatment of MPDL22 with
FGF-2 resulted in a fibroblastic cell shape with increased actin
stress fibers, indicating that FGF-2 influences cell morphology
in MPDL22 through reorganization of the actin cytoskeleton
(Fig. 3B).

CD44, a receptor for various extracellular matrices, is
reported to play a crucial role in cell migration (Legg etal., 2002;
Fanning et al., 2005). FACS analysis revealed that MPDL22
constitutively expressed CD44 and that 5 ng/ml of FGF-2
elevated CD44 expression by MPDL22 (Fig. 4A). The
immunocytochemical study also revealed that FGF-2 intensified
CD44 expression of MPDL22 (Fig. 4B). Interestingly, intense
expression of CD44 was also observed in migrating cells among
stimulated populations (Fig. 4C). The localization of CD44 was
relatively uniform on the cell surface of the FGF-2-stimulated
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Fig. 3. FGF-2 enhanced the formation of lamellipodia in migratory MPDL22. A: MPDL22 (5 X 10* celliwell) cells were seeded behind a silicon
rubber onacoverglass mountedona35-mmdishandallowed toreach confluence. After carefully removing thesilicon rubber, the monolayers were
incubated with or without FGF-2 (5 ngiml). Afterincubation, cellswere fixedfor 1 0 min with 4% paraformaldehyde. After blocking with I % BSA, the
cell monolayers were incubated with FITC~phalloidin for 30 min. Dotted lines are the margin of the cell monolayers just at the culture start. Low
and high power field photographs were taken at the 6th and I 2th hour of culture. Results of one representative experiment out of three separate
experiments are shown. B: MPDL22 cells (5 X 10 cell/well) were seeded behind a silicon rubber on a coverglass mounted on a 35-mm dish and
allowed to reach confluence. After carefully removing the silicon rubber, the monolayers were incubated with FGF-2 (5 ng/ml) for 12 h. Cells were
fixed with cold ethanol for |5 min. Following incubation with 3% BSA, the cells were incubated with mouse anti-F and G actin antibody in PBS
containing 0.1% BSA and 5% FCS for 30 min. After washing with PBS, the cells wereincubated with Alexa Fluor 488-conjugated goatanti-mouseigG
at room temperature for 30 min. C: The number of cells migrating into the cell-free area and forming lamelhpod!a was counted as described in the
Materials and Methods Section. Results of one representative experiment out of three separate experiments are shown. Theresults are presented
as mean value + SEM (n=3) (*P<0.05). ? co
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Fig. 4. FGF-2 elevated CD44 expression of MPDL22. A: MPDL22 celis (1 X | 0® celllwell) were incubated in 10% FCS-a-MEM in the presence or
absence of FGF-2 (5 ng/ml) for 12 h. The cells were incubated with rat anti-mouse CD44 followed by washing with PBS and FITC-labeled-goat
polycional anti-rat IgG. Cells were analyzed by flow cytometry. Results of one representative experiment out of three separate experimentsare
shown. B:MPDL22 cells (5 X 10* cell/well) were cultured on a glass bottom dish mounted on a 35-mm plate. The monolayers were culturedfor 24 h
with or without 5 ng/ml of FGF-2. Cells were fixed for 10 min with 4% paraformaldehyde. After blocking with 1% BSA, the cell monolayers were
incubated with rat anti-mouse CD44 followed by washing with PBS and Alexa Fluor 546-conjugated goat anti-rat antibody for 30 min. Cells were
counterstained with DAPL. Results of one representative experiment out of three separate experiments are shown. C: MPDL22 cells (5 X 1 0* cell/
well) were seeded behind asilicon rubber on a coverglass mounted ona 35-mm plate and allowed to reach confluence. After carefully removing the
siliconrubber, the monolayerswere incubated with or without FGF-2 (5 ng/ml) for 12 h. Atthe end of culture period, the celiswere fixedfor |0 minin
4% paraformaldehyde. After blocking with 1% BSA, the cell monolayers were incubated with rat anti-mouse CD44 followed by washing with PBS
and Alexa Fluor 546-conjugated goat anti-rat antibody for 30 min. Cells were counterstained with DAPI. Dotted lines indicate the edge of the cell
layer just after removing the silicon rubber. Results of one representative experiment out of three separate experiments are shown. D: MPDL22
cells (5 X 10* cellfwell) were cultured on aglass bottom dish mounted ona 35-mm plate. The monolayers were culturedfor 24 hwith orwithout5 ng/
ml of FGF-2. Cells were fixed for 10 min in 4% paraformaldehyde and treated with or without 0.1% Triton X to permeabilize cell membrane. After
blocking with 1% BSA, they were incubated with FITC-labeled rat anti-mouse CD44 antibody for 30 min. Cells were counterstained with DAPL
Results of one representative experiment out of three separate experiments are shown.
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migratory cells. Although CD44 was also located in the
cytoplasmic region of MPDL22, FGF-2 stimulation or migratory
activity did not influence the cytoplasmic localization of CD44
in MPDL22 (Fig. 4D).

FGF-2 upregulated the expression of HA of MPDL22

By interacting with HA as a specific receptor, CD44 mediates
various biological functions (Goodison et al., 1999; Pure and
Cuff, 2001). Since FGF-2 increased CD44 expression on
MPDL22, we speculated that CD44/HA interaction plays

an important role for migration of MPDL22. As previously
reported (Shimabukuro et al., 2005), FGF-2 significantly

increased the HA level in the culture supernatant of MPDL22
compared to unstimulated MPDL22 (Fig. 5A). Furthermore,
the immunocytochemical study also showed that exposure
of MPDL22 to FGF-2 resulted in increased expression of HA
while unstimulated MPDL22 revealed moderate expression of
HA (Fig. 5B). We performed agarose gel electrophoresis to
examine whether FGF-2 modulates the distribution of HA
molecular size induced by MPDL22. The distribution of
molecular size produced by FGF-2-activated MPDL22 was
similar to that by unstimulated MPDL22 (Fig. 5C). HA is
synthesized at the inner face of the plasma membrane by
Has and degraded by hyaluronidase (Hyal). To confirm the
influence of FGF-2 on HA synthesis and degradation, we
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Fig. 5. Treatment of MPDL22 with FGF-2 resulted in the upregulation of HA production and binding avidity to HA via CD44. A: MPDL22 cells
(2 X 10° cells/well) were cultured with or without FGF-2 (5 ng/ml) for the indicated duration and the culture supernatants were removed. The
concentration of HA in the culture supernatants was assayed as described in the Materials and Methods Section. Results of one representative
experiment out of three separate experiments are shown. The results are presented as mean value + SEM (n=3) (**P<0.01 vs. 0 h). B: MPDL22
cells (5 X 10* cells/well) were cultured on a glass bottom dish mounted on a 35 mm plate. Following culture in the presence or absence of FGF-2
(5 ng/ml) for 24 h, cells were fixed with 4% paraformaldehyde. Cells were treated with 1% BSA, incubated with biotinylated HA binding protein and
thenFITC-avidin. Celiswere washed with PBS between eachstep. Cells were counterstained with DAPI. Hi%h powerfieldisshowninbottom parts.
Results of onerepresentative experiment out ofthree separate experimentsareshown. C: MPDL22 (2 X 10° cells/well) cells were incubatedin 10%
FCS-a-MEM in the presence or absence of FGF-2 (5 or 50 ng/ml) for 24 or 48 h. Twenty micrograms of HA in the culture medium was
electrophoresed on 0.75% agarose gel. Known molecular mass HA standards (300, 800, 2,200 kDa) were used asareference. Lane l:none, 24 h;lane
2: none, 48 h; lane 3: 5 ng/ml of FGF-2, 24 h; lane4; 5 ng/ml of FGF-2, 48 h; lane 5: 50 ng/ml of FGF-2, 24 h; lane 6: 50 ng/ml of FGF-2, 48 h; lane 7: 10%
FCS—a-MEM. D: MPDL-22 cells were seeded at a density of | X 107 cells/dish in 2 60 mm dish and grown to confluence in standard medium. After
culture for 24 hwith or without FGF-2 (5 ng/ml) to activate MPDL, total RNA was isolated and cDNA synthesis was performed. Real-time PCR with
SYBR Green PCR Master Mix was carried out using Has-1, Has-2, Has-3, Hyal |, Hyal2, and Hyal3 primers. GAPDH served as a housekeeping gene.
PCR was performed for 40 cycles, and the cycle threshold values were normalized to the housekeeping GAPDH. Results of one representative
experiment out of three separate experiments are shown. The results are presented as mean value = SEM (n=3) (*P<0.05, **p<0.01vs. 0h).
E:MPDL22 cellswereincubatedin 1 0% FCS-a-MEM in the presence (blackline) orabsence of FGF-2 (5 ng/ml) (gray line) (1) with theisotype control
antibody (2), or anti-CD44 antibody (3) for 12 h. The cellswere harvested and incubated with FITC-labeled sodium HA. Cellswere analyzed by flow
cytometry. Results of one representative experiment out of threeéep?-evie experiments are shown.
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performed real-time PCR for Has gene expression of Has-1,
Has-2, and Has-3 and Hyal gene expression of Hyall, Hyal2,
Hyal3, Hyal4, Hyal5, and Ph-20. FGF-2 increased Has-1, Has-2,
and Has-3 mRNA expression, which was maximal from 1.5 to
6 h (Fig. 5D). In contrast, FGF-2 slightly altered Hyall, Hyal2,
and Hyal3 gene expression (Fig. 5D). Hyal4, Hyal5, and Ph-20
mRNA expression was not detected in both unstimulated and
FGF-2 stimulated MPDL22 (data not shown). We then
evaluated the HA-binding avidity of FGF-2-stimulated MPDL22
using FITC-labeled sodium HA. FGF-2-activated MPDL22
acquired the enhancement of adhesive avidity to HA

(Fig. 5E(1)), and the FGF-2-induced HA binding to MPDL22 was
inhibited by anti-CD44 neutralizing antibody (Fig. 5E(3)).

CD44-HA interaction was involved in the migration of
FGF-2-stimulated MPDL22 '

In order to investigate the involvement of HA in MPDL22
migration, we coated the transwell membrane with HA and
performed a migration assay. As shown in Figure 6A, we
observed that treatment of membrane with HA resulted

in a significant increase in MPDL22 migration activity while
treatment with CS did not. To evaluate the involvement of
CD44 in HA-dependent cell migration, we applied the anti-
CD44 antibody to a migration assay system using a HA-coated
membrane. The anti-CD44 antibody at 0.1 and | pg/ml
significantly reduced FGF-2-induced cell migration to the same
extent, although no inhibitory effect was observed at 0.01 pg/ml
(Fig. 6B). Interestingly, the expression of CD44 in migratory
cells among FGF-2-activated MPDL22 was colocalized with
HA (Fig. 7A,B). We then investigated whether the CD44/HA
pathway contributes to FGF-2-induced migration of MPDL22.
Addition of anti-CD44 antibody to the migration assay
significantly inhibited the FGF-2-dependent migration of
MPDL?22 (Fig. 8). Furthermore, we performed an RNA silencing

experiment. As described in Figure 9A, treatment with
siRNA for CD44 significantly decreased CD44 mRNA
expression of MPDL22. The decrease in CD44 expression at
the protein level was confirmed by flow cytometry and western
blot analysis whereas the negative control siRNA had little
effect (Fig. 9B,C). Interestingly, CD44 siRNA significantly
inhibited the FGF-2-induced cell migration of MPDL22 in a
chemotaxis assay and migration assay, although FGF-2-
stimulated MPDL22 transfected with CD44 siRNA still showed
significant upregulation of migratory activity compared to
that of unstimulated MPDL22 transfected with the siRNA
(Fig. 9D,E).

Discussion

PDL is an important tooth-supporting apparatus between the
tooth and alveolar bone and is a reservoir of mesenchymal stem
cells (Beertsen et al., 1997; Lekic et al., 2001; Seo et al., 2004).
Rapid induction and appropriate accumulation of PDL cells are
critical during the tissue healing and regeneration for successful
repair and regeneration of periodontal tissues. Importantly,
such cell behavior associated with the tissue repair is strictly
regulated by various cytokines. FGF-2, one of those cytokines,
is produced from various types of cells and is a key factor
promoting wound healing and regeneration of tissues.

Cell migration is a complicated sequential action during
development, physiological, and inflammatory events. The
multi-step process is well coordinated and regulated by various
factors, such as cytokine and growth factor, extracelluar matrix
and its surface receptors on the cells. Autocrine and paracrine
regulation is also observed in cell migration (Maheshwari et al,,
2001). In addition, the extracellular matrix and its cell surface
receptor are critical. CD44-deficient cell exhibited impaired
cell migration with fewer stress fibers (Acharya et al., 2008) and
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Fig. 6. HA facilitates MPDL22 migration via HA/CD44 pathway. MPDL22 cells (I X 10° cell/well) were added to the upper chamber of an insert
membrane filter which had been coated with HA (1 pg/ml) or CS (I pg/ml) in 96-well culture plates and cultured for 24 h in the presence

(B) or absence (A) of anti-CD44 antibody or isotype control antibody. Migratory cells on the bottom of the insert membrane were dissociated
from the membrane with cell detachment buffer. These cells were subsequently lysed and detected by the CyQuant GR dye. The intensity of
fluorescence was measured with a fluorescence plate reader. Results of one representative experiment out of three separate experiments

are shown. The results are presented as mean value = SEM (n=3) §P_§08 vs. CS coated control (A), **P<0.01 (B)).
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Fig. 7. FGF-2-stimulated migratory MPDL22 cells showed increased CD44 expression colocalized with HA. A: MPDL22 cells (5 X 10* celliwell)
wereseeded behind asilicon rubber on a coverglass mounted ona 35-mmdishand allowed to reach confluence. After carefully removing the silicon
rubber, themonolayers wereincubated with orwithout FGF-2 (5 ng/ml). Cells were fixed for | 0 minwith 4% paraformaldehyde. After blocking with
1% BSA, the cell monolayer was incubated with rat anti-mouse CD44 followed by washing with PBS and Alexa Fluor 546 conjugated goat anti-rat
antibody for 30 min. Cells were incubated with biotinylated HA binding protein and then FITC-avidin. Cells were washed with PBS between each
step. Cells were counterstained with DAPL Dotted lines are the edge of the cell layer just after removing the silicon rubber. Results of one
representative experiment out of three separate experiments are shown. B: The photographs were quantified as described in the Materials
and Methods Section. Dotted lines are the edge of the cell layer just after removing the silicon rubber.

less migratory activity for the HA-coated chamber (Zhu et al., The proliferative responses may influence the migratory
2006). Integrins play a key role in cell motility via interactions activity. While the significant increase in proliferation of
with extracellular matrices (Juliano et al., 2004). In this study, MPDL22 was not seen |2 h after FGF-2 stimulation (data not

we demonstrated that FGF-2 enhanced the migratory activj hown), the migratory activity was observed at that time (Fig. ).
of PDL cells via the interaction with CD44 and HA. §7§\ addition, FGF-2-dependent migratory activity of MPDL22
88
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Fig. 8. CD44 mediated FGF-2-activated migration of MPDL22 cells.
MPDL22 cells (1 X 10° celliwell) were added to the upper chamber of
an insert membrane filter in 96-well culture plates and stimulated
with or without FGF-2 (5 ng/ml). Anti-CD44 antibody or isotype
control antibody was added to the well. The cells migrating to

the bottom of the insert membrane were dissociated from the
membrane when incubated with cell detachment buffer. These celis
were subsequently lysed and detected by the CyQuant GR dye. The
intensity of fluorescence was measured with a fluorescence plate
reader. Results of one representative experiment out of three
separate experiments are shown. The results are presented as mean
value = SEM (n =3) ("P<0.05, **P<0.01).

cells remained statistically significant 24 h after stimulation with
FGF-2 even when the proliferative response of MPDL22 was
completely suppressed by mitomycin C treatment (Fig. |C,D).

FGF-2 activated cell proliferation of PDL cells and ERK /2
signaling molecule, one important pathway among downstream
effectors of FGF receptors, mediates the proliferative response
but PI3K does not (data not shown). Treatment of MPDL22
with 2 nM Wortmannin and 2 pM LY294002, which significantly
inhibited the FGF-2-induced migration (Fig. 2C), did not
affect the proliferation regardless of the presence or absence of
FGF-2 stimulation (data not shown). These results suggest that
FGF-2 uses distinct intracellular signaling pathways to control
migration and proliferation of MPDL22.

Akt is a downstream effector of the PI3K-dependent
signaling cascade and is stimulated by various kinds of growth
factors including FGF-2. Previous reports demonstrated that
FGF-2-induced phosphorylation of akt depends on PI3K
signaling (Datta etal., 999; Schmidt etal., 2006; johnson-Farley
et al,, 2007). In addition, we found that FGF-2-stimulated akt
phosphorylation in MPDL22 was completely inhibited by the
PI3K inhibitors, Wortmannin and LY294002 (data not shown).
These results suggest that akt is a downstream effector of PI3K
and activated solely via the PI3K pathway in FGF-2-stimulated
MPDL22.

Akt activates several factors such as p2l-activated kinase,
Src homologous, p7086K, and EDG-1, which lead to
rearrangement of the actin cytoskeleton (Han et al., 1995; King
et al., 2000; Qian et al.,, 2004). Recently, it was demonstrated
that actin was a major partner among proteins which
co-immunoprecipitated with akt and that FGF-2 stimulation
strongly upregulated the association between actin and akt
(Vandermoere et al., 2007). Thus, by interacting with the actin
cytoskeleton, akt is thought to play a key role in the subsequent
migration of MPDL22 cells in response to FGF-2.

The expression of CD44 is upregulated within injured or

Furthermore, CD44 has been reported to function as a

regulator of the cell motility and chemotaxis (Katagiri et al,,
1999). TNFa-upregulated CD44 expression is accompanied by
cell migration in ovarian cancer cells (Muthukumaran et al,
2006). In this study, the level of CD44 expression was increased
in migratory FGF-2-stimulated MPDL22. Thus, we speculated
that CD44 plays an important role in the migration of MPDL22
cells as well as other types of cells.

Several kinds of signaling pathways are involved in cytokine-
induced CD44 expression. Rho signaling is pivotal for CD44
expression (Chellaiah et al., 2003; Desai et al,, 2007) and Rho
kinase, Rho downstream effector, enhanced CD44 expression
through CD44/ezrin/radixin/moesin (ERM)/actin complex
formation (Chellaiah etal., 2003). Since bisphosphonate, whose
target is Rho signaling, reduced the expression of CD44 and
FGF-2-dependent cell migration (data not shown), Rho family
appears to mediate the induction of CD44 and cell migration by
FGF-2 in MPDL22.

CD44 functions as a receptor for extracellular matrices such
as collagen, fibronectin, osteopontin, and HA. The interactions
between CD44 and such extracellular matrices transduce
various signaling pathways. The cytoplasmic domain of CD44 is
linked to actin cytoskeleton and interacts with cytoskeletal-
associated proteins such as ERM and ankyrin (Bourguignon
etal., 1992; Hirao etal,, 1996; Yonemura etal., 1998), resulting
in cytoskeleton activation and cause several biological functions
including cell adhesion, proliferation, and migration (Lokeshwar
et al., 1994, 1996; Zhu and Bourguignon, 1998). Interestingly,
CDA44/HA interaction leads to activation of Ras signaling
(Sohara et al,, 2001) and PI3K pathway (Katso et al., 2001). In
this study, we found that application of PI3K inhibitor to HA-
coated transwell migration assay inhibited MPDL22 migration
(data not shown). Thus, CD44/HA interaction may activate
the migration of MPDL22 at least in part via PI3K molecules.
It remains unclear whether the mechanism by which PI3K is
activated in CD44/HA stimulation is different from that in
FGF-2 stimulation. However, we speculated that FGF-2 induces
both the immediate activation via FGFR to initiate cell migration
and the delayed and the sustained stimulation by the CD44/HA
interaction to prolong and maintain the migration.

HA production is implicated in cell proliferation and
migration in response to growth factors or tissue injury (Tammi
and Tammi, 1991; Savani et al., 1995; Evanko et al., 2001).
As shown in Figure 5D, FGF-2 altered mRNA expression of
not only Has-1, Has-2, and Has-3 but also Hyal-1, Hyal-2,
Hyal-3. However, FGF-2 did not aiter the molecular mass of
HA produced by MPDL22 (Fig. 5C). These results suggest that
FGF-2-stimulated migration of MPDL22 was at least partially
dependent on the increased HA production but not the change
in the molecular mass of the HA. In this study, FACS and
immunocytochemical analyses revealed that FGF-2 enhanced
the expression of both CD44 and HA and the binding avidity
between these molecules. In addition, the CD44 expression
on FGF-2-activated migrating MPDL22 cells was co-localized
with HA (Fig. 7). These findings suggest that FGF-2 activates
MPDL22 to migrate through CD44/HA engagement with
upregulation of CD44 binding activity and HA expression.

Several cell surface receptors including RHAMM, LYVE-I,
Layilin are also known to bind to HA. HA-induced regulation
of cell function via HA receptors vary depending on the
differences in cell type, cell origin, HA size. In this study, the
involvement of other HA receptors in HA-mediated migration
of MPDL22 cells was not investigated. However, the fact that
the anti-CD44 antibody completely abolished the HA-induced
cell migration (Fig. 6B) suggests that CD44 is mainly involved in
the HA-dependent migration of MPDL22 cells. Furthermore,
the fact that anti-CD44 antibody did not completely inhibit the
FGF-2-induced cell migration (Fig. 8) suggested that not only

migration.

inflammatory tissues (Foster et al.,, 1998; Pure and Cuff, 200 lé 7%—CD44 but also other interactions should be involved in
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Fig. 9. Silencing CD44 by siRNA suppressed the migration of MPDL22. A:MPDL22 celis transfected with CD44 siRNA or negative control siRNA
were cultured for 24 h. CD44 mRNA was quantified by real-time PCR. Results of onerepresentative experiment out of three separate experiments
are shown. The results are presented as mean value & SEM (n = 3) (*P < 0.05). B: MPDL22 cells transfected with CD44 siRNA or negative control
siRNA were cultured for 48 or 72 h. The cells were incubated with rat anti-mouse CD44 and then washed with PBS and treated with FITC-labeled-
goat polyclonal anti-rat 1gG. Cells were analyzed by flow cytometry. Results of one representative experiment out of three separate experiments
are shown. C: MPDL22 transfected with CD44 siRNA or negative control siRNA were cultured for 48 h. The cells were lyzed and the proteins were
electrophoresed on 8% mini-gels, transblotted onto nitrocellulose membrane andimmunoreactive CD44 was detected using a primary anti-CD44
antibody, anti-actin antibody, HRP-conjugated secondary antibody, and chemiluminescence kit. As a control, actin was detected using anti-actin
antibody. Results of one representative experiment out of three separate experiments are shown. D: MPDL22 cells (5 X 10* cell/well) were
transfected with CD44 siRNA or negative controlsiRNA were added to the upper chamber ofaninsert membranefilter of witha poresize of 8 pmin
96-well culture plates and stimulated with or without FGF-2 (5 ng/ml) for 12 h. Cells migrating to the bottom of the insert membrane were
dissociated from the membrane with cell detachment buffer. These cells were subsequently lysed and detected by the CyQuant GR dye.

The intensity of fluorescence was measured with a fluorescence plate reader. Results of one representative experiment out of three separate
experiments are shown. The results are presented as mean value + SEM (n = 3) (*P < 0.05). E: MPDL22 cells (5 X 10 celi/well) were transfected
with CD44 siRNA or negative control siRNA were seeded behind a silicon rubber on a coverglass mounted on a 35-mm dish and allowed to reach
confluence. After carefully removing the silicon rubber, the monolayers were incubated with or without FGF-2 (5 ng/mi) for 12 h. Then the cells
were fixed in 4% paraformaldehyde for 10 min. The number of cells migrating into the cell-free area was counted as described in the Materials
and Methods Section. Results of one representative experiment out of three separate experiments are shown. The results are presented as
mean values + SEM (n=3) (*P<0.05).

Perimembranous osteopontin which was co-localized with osteopontin in migratory MPDL22 (data not shown). This
CD44 at the leading edge in migratory fibroblasts that appears suggests that FGF-2 regulates not only the production but also
to participate in cell migration, probably associated with the the localization of ECM and in turn enhances the cell migration.
cytoplasmic portion of CD44 (Zohar et al.,, 2000). We also The present study demonstrated that FGF-2 induces the

found that FGF-2 induced the expression of the intracellulzB 7 5:igration of MPDL22 cells via PI3K/akt and CD44/HA pathways.
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FGF-2-INDUCED MIGRATION OF LIGAMENT CELLS

The orchestrated action of FGF-2 described above seems to play
a key role in stimulating regeneration of periodontal tissue.
Recently, topical application. of FGF-2 was reported to be
efficacious in regenerating periodontal tissues of periodontitis
patients (Kitamura et al., 2008, 2010). In addition, our previous in
vitro studies showed that FGF-2 facilitates cell proliferation and
the production of various types of extracellular matrix (Takayama
etal,, [997; Shimabukuro etal., 2005; Terashima et al., 2008). This
suggests that FGF-2 not only stimulates the proliferation of PDL
cells but also provides a favorable local environment for cell
migration, which facilitates periodontal tissue regeneration.
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The effects of concomitant use of fibroblast growth factor-2 (FGF-2) and beta-tricalcium phosphate
(B-TCP) on periodontal regeneration were investigated in the beagle dog 1-wall periodontal defect model.
One-wall periodontal defects were created in the mesial portion of both sides of the mandibular first
molars, and 0.3% FGF-2 plus B-TCP or B-TCP alone was administered. Radiographic evaluation was
performed at 0, 3, and 6 weeks. At 6 weeks, the periodontium with the defect site was removed and
histologically analyzed.

Radiographic findings showed that co-administration of FGF-2 significantly increased bone mineral
contents of the defect sites compared with 38-TCP alone. Histologic analysis revealed that the length of
the regenerated periodontal ligament, the cementum, distance to the junctional epithelium, new bone
height, and area of newly formed bone were significantly increased in the FGF-2 group. No abnormal
inflammatory response or ankylosis was observed in either group. These findings indicate the efficacy
of concomitant use of FGF-2 and B-TCP as an osteoconductive material for periodontal regeneration fol-
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lowing severe destruction by progressive periodontitis.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Periodontitis is an inflammatory disease caused by periodonto-
pathic bacteria. As periodontitis worsens, the alveolar bone sup-
porting the teeth is absorbed and teeth are eventually lost.
Conventional treatment for periodontitis involves the mechanical
removal of bacterial biofilms (dental plaque) and dental calculus
including periodontopathic microorganisms, via scaling and root
planning. In severe cases, in which resorption of alveolar bone
has progressed, periodontal surgery is needed. However, no con-
ventional periodontal and/or surgical treatments can regenerate
lost periodontal tissue or its functionality. To deal with this dental
limitation, guided tissue regeneration (GTR) [1], which induces
periodontal regeneration by keeping gingiva out of the defect
and reserving space for new bone, the periodontal ligament, and
the cementum, was developed in the early 1980s and has been
clinically adopted.
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Alternative methods that enhance periodontal regeneration
by activating the proliferation of mesenchymal progenitor cells in
the periodontal ligament and differentiation to hard tissue-
forming cells by local administration of signaling molecules have
also been investigated. Studies directed at clinical use have pro-
gressed, including use of enamel matrix derivative (EMD) [2],
platelet-derived growth factor-BB (PDGF-BB) [3], concomitant
use of PDGF-BB and insulin-like growth factor-1 [4,5], bone mor-
phogenic protein (BMP)-2 [6-9], transforming growth factor-f
(TGF-B) [10], BMP-7 [11], brain-derived neurotrophic factor (BDNF)
[12], and growth and differentiation factor-5 (GDF-5) [13]. The
combination of 0.03% PDGF-BB plus granular p-tricalcium phos-
phate (B-TCP) was approved by the US Food and Drug Administra-
tion FDA in 2005 and is available as a medical device for
periodontal regeneration in the United States.

We have intensively investigated the induction of periodontal
regeneration with fibroblast growth factor-2 (FGF-2) [14,15]. We
demonstrated that FGF-2 enhanced the regeneration of alveolar
bone, the cementum, and the periodontal ligament in beagle dog
2-wall, 3-wall [16], and class II furcation defects [17] as well as
non-human primate class II furcation defect models [18]. Based
on these results, we conducted a phase II clinical trial of 2-wall
and 3-wall defects in patients with periodontitis, confirmed the



