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Table 4 - Clinical characteristics and serum markers of dichotomized groups based on a hs-CRP level of 1.0 mg1~'in

antibody titre but the risk may not be predicted by the CRP
levels.

A number of studies have demonstrated that the hs-CRP
levels, a predictor of risk for CHD, were elevated in
periodontitis patients and declined with periodontal treat-
ment.®**3* We reported the association of hs-CRP levels with
periodontitis in Japanese subjects, who showed lower hs-CRP
levels compared with Western populations.®**® The relation-
ship between serum hs-CRP levels and periodontopathic
bacterial antibody titres was positively shown in a US
population that included Mexican-Americans, non-Hispanic
blacks, and non-Hispanics,” whereas Pussinen et al. observed
a lack of association in a Finnish cohort population.®® In the
present study based on Japanese periodontitis patients, we
failed to demonstrate an apparent relationship between P.
gingivalis antibody titres and hs-CRP levels. The discrepancy
between the results of the current study and those above could
be due to the difference in lifestyle and ethnicity of the study
population. Indeed, the Japanese population generally has
relatively low hs-CRP levels,” and the cutoff point of hs-CRP
level for high risk of future development of CHD in the
Japanese population is represented to be 1 mgl™?, which is
lower than for a Western population studied.** When hs-CRP

levels were dichotomised at 1 mg 1™ in our study subjects, the
antibody P. gingivalis titres tended to be higher in patients with
hs-CRP levels >1mgl™" compared with those with levels
<1mgl % however, the difference was not statistically
significant. In multivariate analyses, the effects of possible
variables on hs-CRP levels were evaluated. Amongst the
variables, IL-6 was positively associated with an elevation of
hs-CRP at baseline, which is in good agreement with previous
reports indicating that IL-6 production directly induces hs-CRP
in endothelial cells and the liver.’®*® Notably, the significant
association of IL-6 with hs-CRP observed at baseline dis-
appeared after successful treatment in both models that
included antibody titres to P. gingivalis strains FDC381 and
SU63, which suggests that periodontal therapy contributes to
reducing CRP production in patients by controlling local
inflammation and subsequent reduction of IL-6.

No correlation was observed between hs-CRP levels and
antibody titres to P. gingivalis in any model analysed at baseline
and after treatment. This is possibly because of the previously
described reason of difference in ethnicity and small number
of subjects in this study. Although the current study has a
potential limitation because of a small study population and
lack of adjustment for possible confounders, such as body
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Table 5 — Multiple regression of associations between hs

RP and variables in baseline (all subjects, n = 89).

mass index, we consider that no strong association exists
between P. gingivalis antibody titres and hs-CRP levels in the
Japanese population.

A decrease in hs-CRP levels after successful periodontal
treatment was observed regardless of P. gingivalis antibody
titres, suggesting the presence of certain patients showing
elevated hs-CRP levels as a result of the systemic effect of local
infection, including periodontal infection, irrespective of the
severity of local destruction. Therefore, although local infec-
tion influences systemic inflammation, other risk factors such
as genetic factors may also influence CRP synthesis, which in
turn affects susceptibility to atherothrombotic vascular
disease.***! We demonstrated no correlation between hs-

CRP levels and clinical periodontal parameters, which is
concordant with our previous study.*

Taken together, systemic inflammatory reactions in peri-
odontitis patients were differentially monitored by hs-CRP
levels and antibody response in the Japanese population.
Although antibody response is associated with exposure to
periodontopathic bacteria, it does not necessarily reflect an
extent of systemic inflammation caused by periodontal
infection. Future investigation with large population should
be undertaken to test benefit of evaluating both hs-CRP levels
and antibody titre to periodontopathic bacteria in the
prediction of future risk of atherothrombotic vascular
diseases.

Table 6 ~ Multiple regression of associations between hs-CGRP and variables after periodontal treatment in patients (n = 4
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Background: The role of dental epithelium in stem cell differentiation has not been clearly elucidated.
Results: SP cells differentiated into odontoblasts by epithelial BMP4, whereas iPS cells differentiated into ameloblasts when

cultured with dental epithelium.

Conclusion: Stem cells can be induced to odontogenic cell fates when co-cultured with dental epithelium.
Significance: This is the first report to show induction of ameloblasts from iPS cells.

Epithelial-mesenchymal interactions regulate the growth and
morphogenesis of ectodermal organs such as teeth. Dental pulp
stem cells (DPSCs) are a part of dental mesenchyme, derived
from the cranial neural crest, and differentiate into dentin form-
ing odontoblasts. However, the interactions between DPSCs
and epithelium have not been clearly elucidated. In this study,
we established a mouse dental pulp stem cell line (SP) comprised
of enriched side population cells that displayed a multipotent
capacity to differentiate into odontogenic, osteogenic, adipo-
genic, and neurogenic cells. We also analyzed the interactions
between SP cells and cells from the rat dental epithelial SF2 line.
When cultured with SF2 cells, SP cells differentiated into odon-
toblasts that expressed dentin sialophosphoprotein. This differ-
entiation was regulated by BMP2 and BMP4, and inhibited by
the BMP antagonist Noggin. We also found that mouse iPS cells
cultured with mitomycin C-treated SF2-24 cells displayed an
epithelial cell-like morphology. Those cells expressed the epi-
thelial cell markers p63 and cytokeratin-14, and the ameloblast
markers ameloblastin and enamelin, whereas they did not
express the endodermal cell marker Gata6 or mesodermal cell
marker brachyury. This is the first report of differentiation of
iPS cells into ameloblasts via interactions with dental epithe-
lium, Co-culturing with dental epithelial cells appears to induce
stem cell differentiation that favors an odontogenic cell fate,
which may be a useful approach for tooth bioengineering
strategies.
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Tooth morphogenesis is characterized by reciprocal interac-
tions between dental epithelium and mesenchymal cells
derived from the cranial neural crest, which result in formation
of the proper number and shapes of teeth. Multiple extracellu-
lar signaling molecules, including BMPs, FGFs, WNTs, and
SHH, have been implicated in these interactions for tooth
development (1). Epithelial cells then subsequently give rise to
enamel-forming ameloblasts, while mesenchymal stem cells
(MSCs)? form dentin-forming odontoblasts and dental pulp
cells. Initial tooth development is also regulated by extracellular
matrices (ECMs), such as basement membrane components
that include laminin, collagen, fibronectin, and perlecan (2, 3).
These matrices control proliferation, polarity, and attachment,
and also determine tooth germ size and morphology. At later
stages of tooth development, the basement membrane compo-
nents disappear and odontogenic cells begin to secrete a variety
of tooth-specific extracellular matrices that give rise to layers of
enamel and dentin, produced by epithelial-derived ameloblasts
and mesenchymal-derived odontoblasts, respectively. Amelo-
blastin (Ambn) is one of the enamel matrix proteins expressed
by differentiating ameloblasts, and is essential for dental epithe-
lial cell differentiation into ameloblasts and enamel formation
(2, 4). Dentin sialophosphoprotein (DSPP) is a member of the
SIBLING (Small Integrin-Binding Ligand N-linked Glycopro-
tein) family of extracellular matrix glycophosphoproteins, and
is expressed by differentiating ameloblasts and odontoblasts
(5). These extracellular matrices are important for the forma-
tion of enamel and dentin (2).

Stem cell research has identified and established several
types of stem cells, including induced pluripotent stem (iPS)
cells, which are generated from a variety of somatic cell types
via introduction of transcription factors that mediate pluripo-

3 The abbreviations used are: MSC, mesenchymal stem cell; mDP, mouse den-
tal pulp; Ambn, Ameloblastin; DSPP, dentin sialophosphoprotein; iPS,
induced pluripotent stem; DPSC, dental pulp stem cell; SP, side population;
MP, majority population; ALP, alkaline phosphatase; MEF, mouse embry-
onic fibroblasts; MMC, mitomycin C.
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tency (6). Direct reprogramming of somatic cells into iPS cells
by forced expression of a small number of defined factors (e.g.
Oct3/4, Sox2, KlIf4, and c-Myc) has great potential for tissue-
specific regenerative therapies. In addition, this process also
avoids ethical issues surrounding the use of embryonic stem
(ES) cells, as well as problems with rejection following implan-
tation of non-autologous cells (7). A variety of cell types, includ-
ing hematopoietic precursor cells (8, 9), endothelial cells,
MSCs, neuronal cells (10), reproductive cells (11), and car-
diomyocytes (12, 13), undergo in vitro differentiation. However
previous studies of dental cell differentiation are not adequate
to explain this process. Several dental stem cell populations
have been identified in different parts of the tooth, including
cells from the periodontal ligament that links the tooth root
with the bone, tips of developing roots, and tissue (dental folli-
cle) that surrounds an unerupted tooth. In addition, dental pulp
stem cells (DPSCs) have been identified in the pulp of exfoliated
deciduous teeth of both children and adults (14). These differ-
ent cell types likely share a common lineage, being derived from
neural crest cells, and all have generic MSC-like properties.

Transplantation of in vitro expanded DPSCs mixed with
hydroxyapatite/tricalcium phosphate particles results in the
formation of dental pulp and dentin-like tissue complexes in
immunocompromised mice (15). Similar results have been
observed with an MSC population obtained from human exfo-
liated deciduous teeth (SHED) (14). DPSCs also express the
putative stem cell marker STRO-1 and perivascular cell marker
CD146, while a proportion co-expresses smooth muscle actin
and the pericyte-associated antigen 3G5 (16). These findings
suggest that a population of DPSCs may reside in this perivas-
cular niche within the pulp of adult teeth.

Side population (SP) cells were identified by flow cytometry
analysis with a Hoechst 33342 efflux assay and found to have
stem cell characteristics (17). SP cells are a small population
that show low levels of Hoechst dye staining for the expression
of Abcg2, an ATP-binding cassette transporter (18), which is
strongly expressed in dental pulp in human adult and decidu-
ous teeth (19). Dental pulp contains multipotent stem cells and
is viewed as a potential source of iP$ cells (14, 20, 21). In tooth
germ development, undifferentiated neural crest-derived
MSCs interact with dental epithelium and differentiate into
dentin matrix-secreting odontoblasts. However, the interac-
tions between stem cells and dental epithelium have not been
clearly elucidated.

In this study, we established an SP cell line from mouse den-
tal papilla. We then cultured these SP cells with rat dental epi-
thelial cells to investigate epithelial-mesenchymal interactions.
SP cells were induced to differentiate into DSPP expressing
odontoblasts via the action of epithelial BMP4. Furthermore,
mouse iPS cells differentiated into Ambn-expressing dental
epithelium when cultured with dental epithelial cells. Thus,
these undifferentiated stem cells can be induced to an odonto-
genic cell fate when co-cultured with dental epithelial cells.
These findings may be useful for analysis of dental cell differ-
entiation in vitro and for procurement of odontogenic cells for
use in regenerative medicine.
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EXPERIMENTAL PROCEDURES

Preparation of Mouse Dental Papilla Cells—Dental papilla
tissues were isolated from incisors from newborn ICR mice by
digesting with 0.1% collagenase D (Roche) and 2.5% trypsin for
30 min at 37 °C. Enzymatically digested tissues were minced
into 2—4 mm pieces using micro-scissors and washed three
times with Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) containing 10% fetal bovine serum (FBS) (Invitro-
gen) and an antibiotic-antimycotic mixture (Invitrogen), then
filtered through a cell strainer (40 um) to eliminate clumps and
debris. Mouse dental papilla (mDP) cells were cultured in
60-mm culture dishes and immortalized by expression of a
mutant human papilloma virus type 16 E6 gene lacking the
PDZ-domain-binding motif (22). mDP cells were maintained
with DMEM supplemented with 10% FBS and an antibiotic-
antimycotic mixture at 37 °C in a humidified atmosphere con-
taining 5% CO.,.

Generation of Dental Epithelial Cell Line SF2-24 and Cell
Culture—Rat dental epithelial cells were enzymatically isolated
from the cervical loop at the apical end of the lower incisors
from a Sprague-Dawley rat with 1% collagenase. Dental epithe-
lial cells were cultured with DMEM (Invitrogen) supplemented
with 10% FBS for 4 weeks, then, maintained in serum-free kera-
tinocyte synthetic medium (Keratinocyte-SFM, Invitrogen) for
1 year. An established cell line, SF2 was maintained as previ-
ously described (4). SF2 cells were transfected with a pEF6/
GFP-PDGFtm-myc-HA vector expressing the GFP-PDGF
receptor-transmembrane fusion protein with myc-HA tag
using Lipofectamine 2000 (Invitrogen). Transfected cells were
selected as SF2 subclones by culturing with media containing
400 pg/ml of G418. Twenty-five clones were selected as a stable
transfected cell line, with one of them designated as SF2-24
(Ambn high expression) and another SF2-7 (Ambn low
expression).

SP and MP Cell Analysis and Flow Cytometry—Hoechst
staining of mDP cells for SP cell analysis was conducted as pre-
viously described (17). Subconfluent mDP cells were stained
with Hoechst dye for 90 min at 37 °C. After staining, all cells
were resuspended in 100 ul of Hanks’ balanced salt solution
(HBSS) with calcium/magnesium medium and kept on ice. The
SP and MP gates were defined as previously described (17). For
analysis, the cells were resuspended in ice-cold HBSS with 2%
FBS containing propidium iodide (Sigma) at a final concentra-
tion of 2 ug/ml to identify dead cells, then filtered through a cell
strainer. Sorting and analyses were carried out with an EPICS
ALTRA flow cytometer (Beckman Coulter, Fullerton, CA). The
SP cell fraction was enriched by repeating cell sorting 3 times.
The expression of stem cell markers in SP cells was confirmed
by flow cytometry using anti-Sca-1 and Oct3/4 antibodies
(Santa Cruz Biotechnology).

Differentiation of SP Cells—For odontoblastic induction, SP
cells were plated at 6 X 10* cells in 60-mm dishes. After the cells
had reached 50-60% confluence, we replaced the control
medium with induction medium containing 100 ng/ml of
BMP2 or BMP4 (Wako Pure Chemical Industries), and cells
were incubated for 2 days. For blocking BMP signaling,
recombinant mouse Noggin protein (R&D systems) was
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used. Total RNA was isolated and real time RT-PCR was
performed using mouse Bcrpl (18) and DSPP primer sets
(supplemental Table S1).

For adipogenic differentiation, SP cells were seeded at 1 X
10° cells per well in 6-well plates and cultured in DMEM sup-
plemented with 10% FBS. Adipogenic differentiation was
induced with induction medium from a Poietics hMSC Media
Bullet kit (Cambrex Bio Science Walkersville, Inc., Walkers-
ville, MD) for 3 days and incubated in maintenance medium for
3 days, then the cells were cultured for an additional 7 days in
maintenance medium. As a control, cells were cultured in only
maintenance medium. Adipogenesis was confirmed by staining
with Oil-Red-O and the expression of PPARy was analyzed by
RT-PCR.

For osteogenic differentiation, SP cells were seeded at 1.5 X
10* cells per well in 6-well plates and cultured in DMEM sup-
plemented with 10% FBS, 10 mum B-glycerophosphate, 0.2 mm
ascorbic acid, 2-phosphate, and 10 ~® m dexamethasone. Induc-
tion and control media were replaced every 2 days. Osteogene-
sis was determined by alkaline phosphatase (ALP) and von
Kossa staining for calcium deposition, as previously described
(23). After 4 weeks culturing with osteoblast induction
medium, the expressions of osteocalcin, osteonectin, and
Runx2 in osteogenesis-induced SP cells were analyzed by
RT-PCR.

For neurogenic differentiation, we modified a neuronal
induction protocol using recombinant nerve growth factor
(NGF) (Chemicon). SP cells were seeded at 1 X 10° cells per
well in 6-well plates. After reaching 80-90% confluence, neu-
rogenic differentiation was induced by culturing the cells in
DMEM supplemented 2% FBS, 1.25% dimethyl sulfoxide,
1076 Mmretinoic acid, 2.5 wg/ml insulin, and 50 ng/ml NGF. Two
weeks later, neurogenesis was characterized by Western blot
analysis using an anti-neurofilament-M specific antibody (Cell
Signaling Technology).

Odontoblastic Induction of SP Cells by Co-culturing with
Dental Epithelial Cells—We investigated the role of dental epi-
thelial cells in specification of odontogenic cell lineage using
two types of co-culture systems: feeder and chamber types with
a cell culture insert (BD Falcon). We used confluent SF2 cells, or
SF2 cells treated with 4% paraformaldehyde (PFA) or ammo-
nium (denudation) as feeder cells. SF2 and SP cells were har-
vested and placed into either 6-well plates or cell culture inserts
(chamber), then cultured until reaching confluence.

Screening of Co-culture Conditions for Ameloblastic Induc-
tion of iPS Cells—A mouse iPS cell line (iPS-MEF-Ng-20D-17),
carrying the Nanog-GFP/IRES/puromycin resistant gene, was
established by Yamanaka (Kyoto University, Japan), and
obtained from RIKEN Cell Bank (Saitama, Japan) (6). Mouse
iPS cells were cultured with rat dental epithelial cells (SF2-24),
which predominantly express Ambn mRNA, as feeder cells.
Preparatory co-culture experiments were performed as follows:
iPS cells were cultured with mouse embryonic fibroblasts
(MEFs) treated with mitomycin C (MMC) or with three differ-
ent types of SF2-24 feeder cells (confluent cells, cells treated
with MMC, cells treated with 4% PFA). MMC was supplied at 9
pg/ml (final concentration) for 2 h to arrest SF2-24 cell
proliferation.
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Induction of iPS Cell-derived Ameloblasts—iPS cells (plated
1.5 X 10%/cm?) were cultured on sheets of MMC-treated
SF2-24 cells for 7, 10, and 14 days in the same medium used for
the SF2-24 culture without leukemia inhibitory factor and
2-mercaptoethanol. The culture medium was changed every
day throughout the co-culture period. After 7 and 10 days, the
co-cultured iPS cells were subjected to RT-PCR, while those
after 14 days of culture were analyzed by immunocytochemis-
try. Total RNA from iPS cells co-cultured with MMC-treated
MEFs was isolated after 3 days of culture. Conditioned media
from cultures of SF2-24 and SF2-7 were collected after 2 days of
incubation. The procedures used for transfection of Ambn-ex-
pressing vectors, as well as their construction and isolation of
recombinant proteins have been previously described (2, 24).
K252a (Trk inhibitor, Calbiochem), PD98059 (MEK inhibitor,
Cell signaling), anti-NT-4 neutralizing antibody (Applied Bio-
logical Materials), and Noggin (R&D systems) were added to
conditioned medium obtained from SF2-24 cells.

Reverse Transcription-PCR—Total RNA was isolated using
TRIzol (Invitrogen) and first-strand cDNA was synthesized at
50 °C for 50 min using oligo(dT) or random primers with the
SuperScript I1I First-strand Synthesis System (Invitrogen). PCR
was performed with Takara Ex Taq HotStart Version (Takara)
ora PCR Additives Kit (Jena Bioscience, Germany). The primer
sequences are presented in supplemental Table S1. PCR ampli-
cons were separated and visualized on 1.5% agarose gels with
SYBR Green staining using the LAS-4000 mini image analyzing
system (Fujifilm). For semi-quantitative PCR analysis, the band
intensities of PCR amplicons were quantified using MultiGauge
software (Fujifilm) and normalized by dividing the intensity of
the band of GAPDH. Because of the high degree of homology
between the Ambn gene in mice and rats (94.2%), we designed a
species-specific mouse Ambn primer that encoded locked
nucleic acid (LNA) at a different base sequence between the
mouse and rat Ambn gene in a conserved region. The specificity
of the mouse Ambn primer was confirmed by PCR using mouse
and rat tooth germ cDNA. Statistical analysis of gene expres-
sion was performed using the Student’s ¢ test.

Immunocytochemistry—For immunocytochemistry, cells
were fixed with 4% PFA for 5 min at room temperature. After
washing with PBS three times for 5 min, the cells were treated
with Power Block Universal Reagent (BioGenex) for 5 min at
room temperature, followed by three washes with PBS. The
cells were incubated with the anti-Ambn primary antibody
included in the kit (1:200, M-300, Santa Cruz Biotechnology).
The primary antibody was visualized with Alexa Fluor 594 don-
key anti-rabbit antibody (1:500, A21207, Invitrogen). Nuclei
were stained with Hoechst 33258 (Invitrogen). Immunocyto-
chemistry and phase images were captured using a BZ-8000
microscopic system (KEYENCE Co, Osaka, Japan), and images
of the sections were analyzed using a BZ analyzer (KEYENCE).

RESULTS

Establishment of SP Cell Line from Mouse Dental Papilla
Cells—Side population (SP) cells, which displayed stem cell
ability, make up less than 1% of total cells in the mouse dental
papilla {mDP) from postnatal tooth germs. Thus, biochemical
and biomolecular analyses of SP cells are difficult to perform
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FIGURE 1.Isolation of SP cells from mDP cell line. A, flow cytometry analysis of SP cells. mDP cells made up ~0.9% of the total cell population with a relatively
lower level of Hoechst 33342 fluorescence (SP cells), while 13.8% of the population was maintained as MP cells. Using repeated cell sorting, the SP cell
population was enriched by 11.6% at the first sorting, 30.3% at the second sorting, and 82.3% at the third sorting. B, expression of the stem cell markers Sca-1

and Oct3/4 in dental pulp, SP, and MP cells.

because of the limited numbers of cells available. We enriched
an SP cell population and established an SP cell line using a cell
sorting technique. mDP cells were obtained from mouse incisor
tooth germs and immortalized, as previously described (22).
The cells were then stained with Hoechst dye and sorted to
enrich the SP cell fraction. Cell sorting was repeated three times
and SP cells were enriched from about 0.9% to 82.3% in the
gated area (Fig. 14). This SP cell line showed high expression
levels of the stem cell markers Sca-1 and Oct3/4 when com-
pared with the majority population (MP) cells, which was com-
prised of a greater number dental papilla cells in various differ-
entiation stages (Fig. 1B).

Because the SP cells expressed a set of stem cell markers, we
examined their multipotency. Using an odontoblast differenti-
ation medium containing BMP2 or BMP4, the SP cells were
induced to express DSPP, a marker of odontoblasts, whereas
the expression of the undifferentiated cell marker Berpl was
decreased (Fig. 2A). In osteoblast differentiation medium, the
SP cells showed increased levels of ALP and von Kossa staining,
as well as expressions of the osteoblast marker genes osteocal-
cin, osteonectin, and Runx2, whereas the MP cells showed no
induction of expression of those genes (Fig. 2, B and C). When
SP cells were cultured in differentiation medium for adipogen-
esis or neurogenesis, they were Oil-Red-O positive or showed
neurite outgrowths, along with high levels of adipogenic
expression and protein expressions of neurogenic markers,
such as PPARy and Neurofilament-M, respectively (supple-
mental Fig. S1, A--D). These results suggest that the SP cell line
established in this study has a high level of multipotency.

Expressions of Runx2 and DSPP in SP Cells Cultured with SF2
Cells—We analyzed epithelial and mesenchymal stem cell
interactions by culturing SP cells with rat dental epithelial SF2
cells that had been engineered to express a GFP-myc-HA tag on
the cell membrane surface. This allowed us to distinguish
between SP and SF2 cell types (supplemental Fig. S2). SP cells
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were cultured with or without SF2 cells for 48 h, and total RNA
was isolated from the mixed cell cultures (Fig. 34). The expres-
sions of Runx2 and DSPP were increased in SP cells that had
been cultured with SF2 cells, as compared with those cultured
without SF2 cells (Fig. 3B). Because Runx2 and DSPP are
expressed by both odontoblasts and ameloblasts, co-cultured
SP and SF2 cells were separated into individual cell populations
using the anti-HA antibody, which specifically recognizes SF2
cells (Fig. 3C). We found a dramatic increase in the expression
level of Runx2 in SF2 cells as compared with SP cells (Fig. 3D).
No epithelial marker was detected in SP cells co-cultured with
SF2 cells, suggesting that the SP cells had differentiated into
odontoblasts (data not shown). Runx2 is expressed in enamel
matrix-secreting ameloblasts, but not in the pre-secretion stage
of ameloblasts (25). Our results suggest that the SF2 cells had
fully differentiated into enamel matrix-secreting ameloblasts
by co-culturing with SP cells. The expression of DSPP was up-
regulated in both cell types. However, in MP cells, which are
fully differentiated dental papilla cells, no expression of Runx2
or DSPP was induced by co-culturing with SF2 cells (data not
shown). These results indicate that epithelial and mesenchymal
stem cell interactions promote individual differential states in
SF2 and SP cells. ‘

Involvement of Exogenous Factors from Dental Epithelium in
DSPP Expression of SP Cells—We attempted to identify the fac-
tors in dental epithelial cells involved in SP cell differentiation
by treating SF2 cells with 4% PFA to inhibit extracellular signal-
ing, including the effects of growth factors (Fig. 44). Ammonia
treatment, through a process known as denudation, removes all
cell components except the extracellular matrices and is often
used for three-dimensional matrix cell culture experiments
(26). DSPP expression in SP cells was partially inhibited by PFA
treatment, while they retained the extracellular matrix net-
work. This result suggests that the extracellular environment
including extracellular matrices, growth factors, and cell-cell
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interaction produced by SF2 cells contributes to odontoblast rices from SF2 cells are required to induce SP cells to undergo
induction. Denuded SF2 cells were also incapable of inducing odontogenic differentiation.

DSPP expression in SP cells (Fig. 4B). Odontoblast induction of Next, we screened the factors secreted from SF2 cells that
SP cells was observed in co-cultures with living SF2 cells, indi- promote odontogenic cell differentiation from epithelial and
cating that some types of soluble secreted molecules and mat- mesenchymal cells using cell culture chambers, which allowed
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FIGURE 4. Co-culture conditions for screening of odontogenic cell differ-
entiation using in vitro cell-cell interaction system. A, SP cells were cul-
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or treated with ammonia (denudation). B, DSPP expression in SP cells co-
cultured under different conditions. C, four sets of co-culture conditions
using cell chambers were analyzed. D, DSPP expression in SF2 cells (blue)
and SP cells (red) cultured in lower dishes, with co-culture partner cells in
the upper chambers. The expression level of GAPDH was used an internal
control. *, p < 0.05.

the factors to be secreted into cell culture medium (Fig. 4C).
Heterologous combinations of SF2 and SP cells were important
for promotion of DSPP expression in both types of cells. We
found that co-cultures consisting of SF2 cells in the upper
chamber and SP cells in the lower chamber were most effective
for stimulation of DSPP gene expression in SP cells (Fig. 4D).
These results suggest that secreted factors are important for
induction of DSPP expression in SP cells co-cultured with den-
tal epithelial cells.

Regulation of DSPP Expression in SP Cells via BMP2-BMP4
Crosstalk—The involvement of several different types of
growth factors has been reported in epithelial-mesenchymal
interactions, for example, BMPs were shown to promote dental
mesenchymal cell differentiation (27). We examined the poten-
tial involvement of BMPs in SP cell differentiation by adding
soluble Noggin, which antagonizes BMP activity, to cell cham-
ber cultures that contained SP cells in the lower chambers (Fig.
5A). The presence of Noggin in culture medium resulted in
down-regulation of the expression of DSPP in SP cells as com-
pared with the control cells (Fig. 5B). Therefore, BMPs are
required for induction of DSPP expression in SP cells co-cul-
tured with dental epithelial cells. In tooth germ development,
BMP4 is involved in epithelial-mesenchymal interaction, and
also regulates the mesenchymal expression of Msx1 and Msx2,
which are important for tooth development, whereas BMP2
promotes dental mesenchymal differentiation (27). However,
details regarding crosstalk between BMP2 and BMP4 in dental
epithelial and mesenchymal stem cell interactions have not
been elucidated. We sought to clarify the role of BMPs in these
interactions by examining the expressions of BMP2 and BMP4
in SF2 and SP cells using a separated chamber assay (Fig. 5C).
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crosstalk BMP signaling is essential for odontogenic cell differentiation.
A, total RNA was isolated from SP cells co-cultured with SF2 cells in the pres-
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culture conditions using cell chambers were analyzed. D, BMP2 and BMP4
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The expression of BMP2 was higher in SP cells than SF2 cells
under the heterologous combination culture condition,
whereas BMP2 was not detected in homologous cultures (Fig.
5D). In contrast, the expression of BMP4 was higher in SF2 cells
than in SP cells in the heterologous combinations (Fig. 5D).
Taken together, these results suggest that the interactions
between dental epithelium and dental mesenchymal stem cells
induce BMP4 and BMP2, which, in turn, promote odontogenic
cell differentiation via paracrine and autocrine signaling.
Optimization of Co-culture Conditions for Differentiation of
iPS Cells into Ambn-expressing Dental Epithelial Cells—Fol-
lowing interaction with SF2 cells, SP cells differentiated into
DSPP expressing cells, but not ameloblasts (Figs. 3, 4, and 5).
This may be because SP cells are mesenchymal stem cells and
committed to differentiate into mesenchyme lineage cell types.
Therefore, we used mouse iPS cells to examine whether these
cells can be differentiated into ameloblasts when cultured with
SF2 cells. However, SF2 cells did not effectively promote their
differentiation (data not shown), which may be due to the
necessity of factors from differentiated dental epithelial cells for
differentiation of iPS cells into ameloblasts. To test this possi-
bility, we subcloned 25 different SF2 cell lines and examined the
expression levels of the Ambn gene. Of these lines, the SF2-24
cell line expressed Ambn at the highest level (supplemental Fig.
S3A). Dental epithelium SF2-24 cells grew tightly together in a
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FIGURE 6. Epithelial cell shapes of iPS cells after co-culturing with SF2-24 cells. A, phase micrographs of monolayer SF2-24 cells and iPS cells cultured with
SF2-24feeder cells for 4 days, followed by DAPI staining. Band C, low and high magnification phase micrographs of iPS cells on MMC-treated SF2-24 feeder cells
after 6 (6Day) and 10 days (10Day). Enlarged image shows a part of the iPS cells with epithelial cell shapes. C, epithelial cell cluster formed by iPS cell-derived

epithelial cells (area within yellow dashed line). Bar, 50 mm.

square or cuboidal shape (Fig. 64), and expressed Ambn and
cytokeratin-14 (CK14), but not the reprogrammed factors
Sox2, Klf4, and Oct3/4 (supplemental Fig. S3B). On the other
hand, iPS cells formed colonies that expressed Nanog promot-
er-driven GFP (data not shown) as well as KlIf4, Sox2, Oct3/4,
and Nanog, but not Ambn or CK14 (supplemental Fig. S3B).

We also examined the effects of differentiation by co-cultur-
ing iPS cells with MMC-treated non-proliferating SF2-24
feeder cells (Fig. 64). The shape of the co-cultured iPS cells was
clearly rounded along the boundary of the clusters after 6 days
(Fig. 6B). These cells had migrated and formed what appeared
to be epithelium after 10 days (area surrounded by yellow
dashed line, Fig. 6C).

The differentiation of iPS cells was then determined by RT-
PCR analysis. First, we examined the specificity of mouse Ambn
locked nucleic acid (LNA) primer sets (supplemental Fig. $4). A
mouse Ambn LNA primer set specifically detected the mouse
Ambn gene, but not the rat Ambn gene (supplemental Fig.
S4A). Using this primer set, Ambn expression was not detected
in mouse iPS cells or MEFs (supplemental Fig, S4B8). Next, we
examined co-culture conditions for the differentiation of iPS
cells into dental epithelium (Fig. 7A). iPS cells co-cultured with
MMC-treated SF2-24 cells showed a high expression of the
mouse Ambn gene, while those co-cultured with PFA-treated
or non-treated SF2-24 cells did not (Fig. 7B). SF2-24 feeder cells
expressed rat Ambn when co-cultured with iPS cells, while that
expression was reduced at 10 days (Fig. 7C).

Interestingly, expressions of the stem cell markers Sox2,
Oct3/4, Nanog, Fgf4, and Gdf3 were not changed throughout
the co-culture period, because of the existence of undifferenti-
ated iPS cells (Fig. 7C), while those of the endodermal markers
Cdx2 and Gata6 were also not increased. Furthermore, the
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mesodermal marker Brachyury was highly expressed in iPS
cells, because of technical contamination resulting RNA extrac-
tion from MEFs used for maintenance of the iPS cells, and then
gradually decreased over time. We also observed increased
expressions of the mouse ameloblast markers Ambn and Enam-
elin (Enam), as well as the epithelial markers CK14 and p63, in
iPS cells after 7 and 10 days (Fig. 7C). Furthermore, the expres-
sion of epiprofin/Spé, a transcription factor highly expressed in
dental epithelium (28), was increased in those cells (supple-
mental Fig. §5). A similar expression pattern was observed in
co-cultured iPS cells separated from SF2-24 cells using the
anti-HA antibody (data not shown).

Differentiation of iPS Cells into Ambn-expressing Dental Epi-
thelial Cells—We then examined the protein expression of
Ambn in iPS cells using immunostaining. Approximately 95%
of the epithelial-like cells were positive for Ambn (Fig, 84),
while the immunofluorescence intensity of Ambn was stronger
in iPS cells than in SF2-24 cells (Fig. 8B). Therefore, mouse iPS
cells differentiated into dental epithelium, but not into endo-
dermal or mesodermal cells.

We attempted to identify the factors involved in differentia-
tion of iPS cells into dental epithelium by culturing with MEFs
in medium conditioned by SF2-24 cell cultures (Fig. 94). Cul-
turing with SF2-24 condition medium induced the expression
of Ambn in iPS cells, indicating an involvement of soluble fac-
tors including growth factors, and extracellular matrices
derived from SF2-24 cells (Fig. 9B). Next, we examined the
effect of Ambn on differentiation of iPS cells into dental epithe-
lial cells. Expression vectors for the full-length (AB1), C-termi-
nal (AB2), and N-terminal (AB3) half of Ambn (Fig. 9C) were
separately transfected into Ambn low-expressing cells (SF2-7),
then conditioned media from those cells or recombinant Ambn
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proteins (AB1, -2, or -3) were added to cultures of iPS cells. (Fig. 9D), indicating that Ambn may be necessary for differen-
Conditioned media from SF2-24 cells and full-length AMBN- tiation of iPS cells into dental epithelium. Previously, we
expressing cells, but not from other transfectants or recombi-  showed that neurotrophic factor NT-4 is important for the dif-
nant Ambn proteins, induced Ambn expression in iPS cells ferentiation of ameloblasts (29). To examine the effect of NT-4
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on dental epithelial cell differentiation by iPS cells, we analyzed
the expressions of Ambn and CK14 in iPS cells cultured with
SF2-24-conditioned medium in the presence of K252a (inhibi-
tor of neurotrophic receptor Trk), PD98059 (MEK inhibitor),
anti-N'T-4 neutralizing antibody, or Noggin (BMP antagonist).
K252a, PD98059, anti-NT-4, and Noggin each inhibited the
expression of Ambn in iPS cells. Furthermore, CK14 expression
in iPS cells was not inhibited by K252a, anti-NT-4, or Noggin
(Fig. 9E). These results indicate that NT-4 and BMP signaling
are important for differentiation into dental epithelial cells, but
not CK14-positive epithelial cells.

DISCUSSION

Tooth development progresses through a number of stages,
and the differentiation of dentin matrix-secreting odontoblasts
and enamel matrix-producing ameloblasts results in formation
of the crown. Ameloblasts and odontoblasts are central cell
types involved in tooth development. In developing molars,
restricted dental mesenchymal cells interact with the inner
dental epithelium through the matrix and differentiate into
odontoblasts. In the present study, we established an SP cell line
from dental papilla mDP cells using cell sorting with Hoechst
staining. SP cells are known to retain multipotency character-
istics and can differentiate into various cell types, such as odon-
toblasts, osteoblasts, adipocytes, and neural cells. Our method
for obtaining multipotent SP cells from a single cell line may be
useful for development of novel therapeutic strategies that aim
at regeneration of oral tissues.

Our co-culture assay of SP cells with dental epithelial cells
showed that dental epithelial cells promote SP cell differentia-
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tion into DSPP-expressing cells via BMP2 and BMP4, which are
secreted from dental epithelial cells (Fig. 5B, 5D, and 10A).
Because BMP2 is not highly expressed in dental epithelium,
BMP4 may be the dominant signaling regulator during odon-
toblast differentiation. In the early stages of tooth development,
BMP4 is expressed in dental epithelium and induces the tran-
scription factor Msx1 (30). The expression of DSPP is induced
via the BMP signaling pathway in cooperation with Runx2,
DIx5, and Msx1 in undifferentiated mesenchymal cells (31).
Previously, a bead soak assay of mandibular organ culture
showed that BMP4 induced dental mesenchymal cell differen-
tiation (32). Also, a transgenic approach revealed that inhibi-
tion of BMP4 by Noggin overexpression, driven by a keratin 14
promoter (K14-Noggin), resulted in the absence of all molars in
the mandible. This indicates that BMP4 is essential for tooth
bud formation by inducing dental mesenchymal cells (33). As
demonstrated, in the present study odontoblastic differentia-
tion of SP cells is completely disturbed by the blocking of BMP
signaling. Thus, our finding strongly support the notion that
BMP4 signaling is a key factor in induction of dental mesenchy-
mal cells and their differentiation.

Differential synchronization between dental epithelial and
mesenchymal cells has been observed during tooth develop-
ment. Dental epithelial and mesenchymal cells are separated by
a basement membrane, which is an essential regulator for epi-
thelial-mesenchymal interaction (34). Both crown and root
odontoblasts are induced by interactions with epithelial cells,
such as those of the inner dental epithelium, epithelial rest, and
epithelial diaphragm (35). Similar to in vivo situations, physical

VOLUME 287 +NUMBER 13+MARCH 23, 2012

ZL0Z ‘G ABy U0 ‘JONIIOS 4O ALISHINAINN OAMOL e Bio-ogi-mmm woy pepeojumoq



Epithelial-Stem Cell Interactions during Dental Cell Differentiation

A dental pulp stem cell (SP)
BMP2,4

DSPP(+) cells

dental epithelial cell

B dental pulp cell (MP)

No change

Ambn(+) cells

dental epithefium

FIGURE 10. Proposed models of odontogenic induction from dental mes-
enchymal stem cells and iPS cells by co-culturing with dental epithelial
cells. A, dental epithelial cells induce DSPP-expressing odontoblasts from SP
cells. B, no odontogenic induction was observed in differentiated (MP) cells
co-cultured with dental epithelial cells. C, dental epithelial cells induce Ambn-
expressing ameloblasts from iPS cells.

cell attachment of dental epithelial cells was not required for
odontogenic induction of SP cells in our experiments, indicat-
ing that soluble factors including BMPs are important for odon-
togenic induction by dental epithelial cells in culture. We also
found that MP cells from dental papilla did not differentiate
into DSPP-expressing cells, indicating that epithelial-mesen-
chymal interactions are important for cell fate determination of
dental pulp stem cells, but not for differentiated dental pulp
cells (Fig. 10, A and B). It was recently reported that Ambn
protein, or a synthetic peptide based on the N-terminal region
of the Ambn protein, induced osteoblastic cell differentiation
(36). In addition to BMPs, Ambn may also be one of the factors
involved in the odontogenic induction process, because the
sharing of signaling pathways underlies the mechanism of
odontoblastic and osteoblastic induction.

Ameloblasts secrete enamel-specific extracellular matrices
including Ambn, which are lost upon tooth eruption. This
makes it impossible to repair or replace damaged enamel in an
erupted tooth. Therefore, identifying alternative sources of
these cells becomes important. Bone marrow-derived cells
can give rise to different types of epithelial cells. In mixed
cultures with c-Kit+-enriched bone marrow cells, embryonic
dental epithelial cells, and dental mesenchyme, bone marrow
cells might be reprogrammed to give rise to ameloblast-like
cells (37). Our strategy to create ameloblasts from mouse
iPS cells may have direct application in tooth regeneration. We
succeeded in establishing a co-culture system using cells
derived from two different species, mouse iPS cells and rat
derived enamel matrix secreting ameloblasts. This is the first
demonstration of differentiation of iPS cells into ameloblasts
through interactions with dental epithelium (Fig. 10C). How-
ever, a set of stem cell markers was continuously expressed in
iPS cells after 7 days of co-culturing (Fig. 7C), indicating that a
portion of the iPS cells had differentiated into enamel-secreting
ameloblasts and some still retained stem cell potential. Thus,
the efficacy of iPS cell differentiation into ameloblasts by enam-
el-secreting ameloblasts feeder cells must to be improved prior
to for clinical application.
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A number of factors are thought to give iPS cells the capacity
for direct or indirect differentiation into ameloblasts. Possible
direct effectors include gap junctions, intercellular binding
molecules, adhesion factors, and extracellular matrices
secreted by dental epithelium. Growth factors might also be
involved, because conditioned medium from SF2-24 cells
induced Ambn expression in iPS cells. Ambn is also a candidate
factor for dental cell differentiation of iPS cells, as SF2 cells
expressing low levels of Ambn did not induce differentiation of
iPS cells. Furthermore, overexpression of full-length Ambn in
cells expressing low levels of Ambn induced iPS cells into
ameloblast-like differentiation (Fig. 9D). Ambn has diverse
functions in various cellular physiologies, such as cell growth,
differentiation, cell polarization, and attachment, though the
detailed mechanisms of Ambn signaling require additional
investigation. Ambn-null mice display severe enamel hypopla-
sia due to impaired dental epithelial cell proliferation, polariza-
tion, and differentiation into ameloblasts, as well as loss of cell
attachment activity with immature enamel matrix (2). These
results suggest that Ambn, especially full-length, is necessary
for both i vivo and in vitro ameloblast differentiation.

There were differences in cell lineage determination of the
dental pulp stem cells and iPS cells when co-cultured with den-
tal epithelial cells. RT-PCR analysis showed that co-culturing
induced SP cells to form odontoblastic cells, whereas iPS cells
were induced to form ameloblastic cells. In addition, the
expression of Brachyury, a mesodermal marker, in iPS cells was
down-regulated by co-culturing with SF2-24 cells (Fig. 7C).
Conversely, expressions of the epithelial markers p63 and
CK14, as well as the dental epithelial marker epiprofin/Sp6
were up-regulated (Fig. 7C, supplemental Fig. $5) (28). These
results suggest that the cell lineage of the iPS cells in our co-cul-
turing system was effectively guided into an epithelial cell line-
age. It has been reported that the default cell lineage of ES cells
is the ectodermal cells, except when cultured in the presence of
BMP antagonists (38, 39). Because BMPs promote ectodermal
differentiation of ES cells, the expression of BMP observed in
SF2 cells (Fig. 5D) may also contribute to dental epithelial cell
differentiation of iPS cells. A previous our reported that NT-4
induced Ambn expression in dental epithelium, while NT-4
knock-out mice showed delayed expression of enamel matrices
in the early stage of ameloblast differentiation (29). In the pres-
ent study, the presence of the anti-NT-4 neutralizing antibody
or Noggin in conditioned medium from SF2-24 cells inhibited
Ambn expression, but not that of CK14 (Fig. 9E). On the other
hand, SP cells strongly expressed the endogenous Sox2 protein,
one of the reprogramming factors involved in generation of iPS
cells (data not shown). Recently, iPS cells were generated from
human dental pulp cells with a high level of efficiency in com-
parison to dermal fibroblasts, possibly due to a high expression
level of Sox2 in dental pulp stem cells. However, additional
reprogramming factors are required for creation of iPS cells
from dental pulp cells. Thus, SP cells themselves did not have
the same degree of multipotency as seen with ES and iPS cells.
SP cells are considered to be mesenchymal stem cells that orig-
inate from dental pulp cells, which are derived from cranial
neural crest cells. Neural crest cells can differentiate into sev-
eral different cell lineages, such as neuron, glia, melanocyte,
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osteoblast, chondrocyte, and odontoblast cells (40, 41). We
believe that SP cells are not able to gain multipotency beyond
the potential of neural crest cells. Thus, SP cells preserve some
degree of multipotency that is different in an undifferentiated
state as compared with ES and iPS cells. In co-cultures with
SF2-24 cells, SP cells did not differentiate into ameloblasts,
whereas iPS cells did (Fig. 10). Comparative analysis between
SP and iPS cells is essential to clarify the mechanisms involved
in directional cell fate determination.

In this study, we sought to clarify the role of dental epithe-
lium and stem cell interactions by culturing rat dental epithe-
lium with mouse iPS cells and SP cells. Rodent incisors grow
throughout the lifespan of the animal by maintaining stem cells
in the cervical loop, located at the end of incisor. A dental epi-
thelial cell niche also exists in the cervical loop of the incisor.
Analysis of gene knock-out mice for epiprofin/Sp6, an essential
transcription factor for dental epithelial cell differentiation and
ename] formation, has revealed that supernumerary teeth are
formed by interactions between dental mesenchyme and undif-
ferentiated dental epithelium (4, 42). In addition, those studies
showed continuous signals from dental epithelial cells of
mutant mice induced the continued differentiation of dental
mesenchymal cells into odontoblasts (4, 42). Together these
findings suggest that dental epithelial cells can induce dental
mesenchymal cells to differentiate into odontoblasts. There-
fore, rat dental epithelial cells may provide an in vitro niche
environment for surrounding mouse iPS cells and SP cells. Elu-
cidation of the mechanism of cell fate determination by dental
epithelial cells may facilitate development of novel therapeutic
approaches for regenerative dentistry.
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Introduction: The current strategies employed for the treatment of connective
tissue disease include the application of stem cells, the:t f functional mole-

ole in the development and regener-
te the signaling events that mediate
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1. Introduction

mforma,

~ hea thcare

Periodontal tissue is a tooth-supporting tissue comprising periodontal ligament
(PDL), cementum and alveolar bone. This tissue thereby plays an important role
in the maintenance of the occlusion system. Among the components of periodontal
tissue, the PDL consists mainly of an extracellular matrix (ECM) that provides the
physical properties to withstand mechanical stress in cooperation with the cemen-
tum and alveolar bone. Dysfunction of the PDL occurs as a result of periodontal
disease, an inflammatory disorder involving the irreversible destruction of periodon-
tal tissues and requiring the regeneration of PDL as a treatment for recovering
occlusion function (12). Periodontal disease is caused by pathogenic microflora
including Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola,
and the resulting inflammation extends deep into the periodontal tissue and causes
the loss of PDL, cementum and alveolar bone [31. Chronic periodontal disease is the
most common form of this disorder, showing a prevalence rate of > 90% in adults
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Extracellular matrix administration as a potential therapeutic strategy

Article highlights.

« Periodontal tissue regeneration aims to reconstruct the
ligament structures in the tooth-supporting connective
tissue.
Periodontal ligament (PDL) stem cells can be used to
reconstitute the PDL structure, including
extracellular components.
PDL stem cells (PDLSCs) express mesenchymal stem cell
markers STRO-1 and CD146/MUC18 and show a similar
phenotype to dental follicle stem cells (DFSCs).
PDL cell sheets may induce periodontal regeneration,
including reforming the PDL and cementum, and could
provide an in vivo treatment for periodontal disease.
The local application of human recombinant cytokines
such as fibroblast growth factor (FGF)-2, platelet-
derived growth factor (PDGF), bone morphogenetic
protein (BMP)-2 and TGF-§ stimulates and promotes the
regeneration of periodontal tissues in animal models.
Fibrillin-1 microfibril network is also important for PDL
function and maintaining connective tissue integrity.
. Targeting the extracellular matrix (ECM) and fibrillin-1
microfibrils may offer a new administration therapy for
periodontal disease.

.

This box summarizes key points contained in the article.

over 60 years of age (4]. Furthermore, this disorder is the
major cause of tooth loss in adults of over 40 years and its
more severe forms has a worldwide prevalence of up to 20%
according to the World Health Organization (5. Blocking
the progression of periodontal disease has been achieved by
mechanically removing bacterial biofilm with conventional
periodontal and/or surgical treatments. These treatments can
reduce the destruction of periodontal tissue and diminish
inflammation in the affected region. However, achieving ade-
quate periodontal tissue regeneration remains a problem, par-
ticularly in cases where the disease has caused large defects in
the periodontal tissue.

The current advances in future regenerative therapies have
been influenced by many previous studies of embryonic develop-
ment, stem cell biology and tissue engineering technologies [6-9.
To restore the partial loss of organ functions and to repair
damaged tissues, attractive concepts that have emerged in regen-
erative therapy is stem cell transplantation into various tissues
and organs [10] and cytokine therapy, which has the potential
toinduce the activation and differentiation of tissue stem/
progenitor cells {11}. Tooth tissue stem cells and the cytokine net-
work that regulates tooth development, and dental tissue cell
growth and differentiation, have been well characterized at the
molecular level [12,13]. The regeneration of periodontal tissues is
being made clinically possible by the transplantation of mesen-
chymal stem cells which can differentiate into PDL cells, cemen-
toblasts and osteoblasts, or through the local application of
cywokines to stimulate the proliferation and differentiation of
these stem cells 14171 Although these therapies are effective and
contribute to periodontal tissue repair, these interventions will
likely be improved by an enhanced understanding of the

development of periodontal tissues, particularly those involved
in the formation of PDL, cementum and alveolar bone.

The ECM is a biologically active molecule composed of a com-
plex mixture of macromolecules that, in addition to serving a
structural function, profoundly affect the cellular physiology of
an organism [18]. Previous findings have revealed that ECM com-
ponents including type I collagen, type III collagen, lumican,
decorin, periostin, f-spondin, tenascin-N and PLAP1/aspirin are
highly expressed during PDL formation [19.20.. Since the ECM
is regulated in a tissue-specific manner, these structures could
enhance periodontal regeneration by promoting the differentia-
tion of cells required for the synthesis of PDL, bone and cemen-
tum £21,221. Among the ECM formations in the PDL, fibrillin-1,
a major component of the microfibrils that regulate tissue integ-
rity and elasticity, has been shown to contribute to the formation
and maintenance of this ligament. An abnormal PDL structure in
association with the progressive destruction of microfibrils has
been observed in a Marfan’s syndrome (MES) mouse model
and has characteristics that are similar to those of fibrillin-1 dys-
function 123). These findings have strongly suggested that microfi-
bril formation through fibrillin-1 assembly plays an important
role in PDL formation and function. However, the molecular
mechanisms of fibrillin-1 microfibril assembly remain unclear as
the microfibril-associated molecule that regulates or stabilizes
fibrillin-1 microfibril formation has not yet been identified.
Recent findings have revealed that ADAMSLGJ is essential for
the development and regeneration of the PDL through the direct
interaction of fibrillin-1 to promote microfibril assembly (23241,
These findings have also suggested that the administration of
fibrillin-1 microfibrils provides a novel therapeutic strategy for
the treatment of periodontal disease.

We here review the present status of the periodontal
tissue regeneration technologies that focus on the molecu-
lar mechanisms underlying development, regeneration and
tissue engineering of periodontal tissue, and also discuss
the potential of ECM administration therapy through
the promotion of microfibril assembly as a novel therapeu-
tic strategy for the essential functional recovery of
periodontal tissue.

2. Development processes in periodontal tissue

The PDL has essential roles in tooth support, homeostasis and
repair, and is involved in the regulation of periodontal cellular
activities such as cell proliferation, apoptosis, the secretion of extra-
cellular matrices, resorption and repair of the root cementum and
remodeling of the alveolar bone (25271. To develop future methods
to regenerate damaged PDLs, it will be important to understand
the molecular basis of PDL development.

2.1 Molecular mechanisms underlying periodontal
tissue development

The PDL is derived from the dental follicle (DF), which is
located within the outer mesenchymal cells of the tooth
germ and can generate a range of periodontal tissues including
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the PDL, cementum and alveolar bone [21]. The DF is formed
during the cap stage of tooth germ development by an ecto-
mesenchymal progenitor cell population originating from
the cranial neural crest cells [28]. Given the critical role
that the progenitor cell population in the DF appears to
play in the development of periodontal tssue, the develop-
mental processes in this tissue are of considerable interest
in terms of further understanding the biology of these cells
(Figure 1). The differentiation of the DF proceeds as follows:
i) during the tooth root-forming stage, the Hertwig’s epithe-
lial root sheath (HERS) comprising the inner- and outer-den-
tal epithelia that initiate tooth root dentin formation is
fragmented into the Malassez epithelium resting on the tooth
root surface; ii) the DF migrates to the surface of the tooth
root and differentiates into cementoblasts to form the cemen-
tum matrix [29,30]; iii) at almost the same time, the DF differ-
entiates into the PDL on the cementoblasts in order to insert
collagen fibers, known as Sharpey’s fibers, into the cementum
matrix. Fiber insertion also takes place along the alveolar bone
and iv) both bone- and PDL-derived fibers finally coalesce in
the PDL to form the intermediate plexus, which resembles
tendinous tissue [31-33].

The DF has long been considered to be a source of multi-
potent stem cells (DESCs), since these cells have the ability
to migrate onto the tooth root surface to form periodontal tis-
sue including cementum, PDL and alveolar bone during the
tooth root-forming stage [32,34-37]. Previous studies have indi-
cated that DF cells can form PDL-like tissues and cementum/
bone-like structures after implantation into immunodeficient
mice [38,39], supporting the notion that stem cells which can
differentiate into PDL, cementoblast, osteoblast lineages are
present in the DF [3435]. To regenerate periodontal tissue,
functional molecules which promote the differendation of
DESCs into PDL need to be elucidated to enable a proper
understanding of the mechanisms underlying periodontal tis-
sue formation, including the pathways pertaining to PDL cell,
cementum and alveolar bone differentation.

2.2 Functional molecules involved in DF
differentiation

Although the molecular mechanisms of DF development and
differentiation remain to be determined, previous gene expres-
sion studies of mouse molar root development have suggested
that some growth factors, including bone morphogenetic protein
(BMP) 4, growth and differentiation factors (GDFs) 5, 6 and
7 [40-43], epidermal growth factors (44], Shh [45-47] and insulin-
like growth factor (IGF)-1 48], are involved in the growth or dif-
ferendation of the DF. Transcriptional factors such as Scleraxis,
Gli, Msx1, Msx2 and Runx2 have also been shown to be involved
in the differentiation of the DF into cementoblasts and in the
mineralization of cementum [39,43,46,49]. Among these factors,
GDFs and scleraxis are the most well characterized that are
involved in tendon/ligament morphogenesis, suggesting that
PDL development shares similar molecular mechanisms to
those of tendon/ligament morphogenesis. With regard to
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cementogenesis/osteogenesis of the DF, treatment of this tissue
with BMP-2 and BMP-7 has been found to induce mineraliza-
tion ability. In addition, previous findings suggest that PDL cells
harbor mineralization inhibitory mechanisms that enable them
to maintain a ligament structure across the mineralized dssue,
including the alveolar bone and cementum, during PDL
development [50-521. These observations strongly suggest that
the tendon/ligament-related cytokines, the BMPs, and inhibitors
of mineralization are linked to the restoration of the tendinous
structure of the PDL. The mechanisms involving these factors
may also have a role in preventing ankylosis of the PDL.

3. Regeneration therapies for PDL defects

A partial restoration of periodontal tissue has been achieved
previously using a guided tissue regeneration (GTR) tech-
nique which provides an adequate space and favorable niche
for the repair of periodontal defects using barrier mem-
brane (53). From the results of these GTR therapies, regenera-
tion of the PDL has been shown to be critical for recovering
the connection between the cementum on the root surface
and the alveolar bone.

To regenerate periodontal tissue that has been destroyed by
periodontal disease requires the recruitment of PDL stem cells
(PDLSCs) to properly reconstitute the PDL structure includ-
ing its extracellular components such as the collagen and elas-
tic fibril systems 152,33]. Recent studies of stem/progenitor cells
have provided considerable new insights that have furthered
our understanding of PDLSCs, which can differentiate into
periodontal tissue cell lineages such as PDL, cementum and
alveolar bone (14,54]. PDLSCs will have utility for the future
development of stem cell transplantation therapies and tissue
engineering applications to restore periodontal organ function
as they replace damaged areas with enriched and purified stem
cells and thereby achieve PDL repair (Figure 2) 114]. The bio-
logical potential of PDLSCs to stimulate the regeneration of
periodontal tissue can now be realized by the local application
of human recombinant cytokines.

3.1 Stem cell therapies

PDLSCs have been isolated from human PDL tissue by single-
colony selection and magnetic activated cell sorting. PDLSCs
express the mesenchymal stem cell markers STRO-1 and
CD146/MUCI18, and can differentiate into cementoblast-
like cells, adipocytes and fibroblasts (141 In addition, PDLSCs
show the capacity to generate a cementum/PDL-like structure
and contribute to periodontal tissue repair on transplantation
into immunocompromised rodents. Clonal PDLSC analysis
has further revealed that these cells show a similar phenotype to
DESCs since they also express RUNX-2, Col I, ALP, OPN,
OCN, RANKI, OPG, scleraxis, periostin, Col XII and alpha-
SMA mRNAs [54). Importantly, PDL tdssue collected from one
tooth can give rise to many stem cells because of their high prolif-
eration capacity ex vivo. Recently also, it has been shown that the
transplantation of autologous PDLSCs obtained from the
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papilla

Figure 1. Developmental processes in the PDL (upper panel). PDL development originates from the DF located on the
periphery of the tooth germ (arrows). The DF is generated from the dental mesenchyme during the cap stage of tooth
germ development in the embryo. Development of the DF progresses during the early- and late-bell stages of the
tooth germ, but no morphological changes are observed. Differentiation of the DF begins during the tooth root-
forming stage and the mature PDL is subsequently formed (lower panel). DF differentiation commences after the
tooth root dentin is formed by reciprocal interaction between the HERS and dental papilla. During tooth root dentin
formation, the HERS is fragmented into the Malassez epithelial rest and the DF is then capable of migrating onto the
root dentin to be differentiated into cementoblasts, PDL and alveolar bone to connect the tooth root and jaw bone

(adult tooth).

PDL: Periodontal ligament; DF: Dental follicle; HERS: Hertwig's epithelial root sheath.

extracted teeth of miniature pigs can regenerate and repair a sur-
gically created periodontal defect 155. This finding suggests that
PDLSCs obtained from an easily accessible tissue resource and
expanded ex vivo using wisdom teeth might represent a feasible
therapeutic approach to the reconstruction of tissues destroyed
by periodontal disease.

In addition to the clinical application of stem cell trans-
plantation, cell sheet engineering therapies for periodontal tis-
sue regeneration are now being developed for clinical
application (56,571 In this technology, temperature-responsive
dishes are used to harvest the cell sheets through a simple
decrease in the temperature, thus avoiding the use of proteo-
lytic enzymes (58]. The use of this method allows PDL cell
sheets to be easily harvested and transplanted into periodontal
defects in vivo 156,57,59,601. PDL cell sheets have the potential to
induce periodontal regeneration, including the reformation of
the PDL and cementum. The available data also suggest that
this technique has the appropriate efficacy for periodontal
regeneration in patients with periodontal disease.

3.2 Cytokine therapies

Some new treatments that accelerate the regeneration of peri-
odontal tissue by local application of human recombinant
cytokines have now been established. This approach stimu-
lates the proliferation and differentiation of stem cells/
progenitors from the PDL into hard tissue-forming cells,
The local application of human recombinant cytokines such
as platelet-derived growth factor (PDGF) and IGF-1 nse1,
BMP-2 (62,631, TGE-B [64], osteogenic protein (OP)-1 [65]
and brain-derived neurotrophic factor (BDINF) (66] stimulates
and promotes the regeneration of regional periodontal tissue
in animal models. The potency of PDGE-BB plus B-trical-
cium phosphate (B-TCP, an osteoconductive scaffold) in peri-
odontal tissue regeneration in human has also been recently
reported (67). In addition, a clinical Phase I study of fibroblast
growth factor (FGF)-2 has shown that it stimulates the regen-
eration of periodontal tissue lost due to periodontal disease
and demonstrated the safety of this treatment (15). The results
of this trial were clinically interpreted as a demonstration of
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