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Abstract

The periodontal ligament contains stem cells that can differentiate into osteoblasts, cementoblasts,
and fibroblasts. However, the characteristics and distribution of these cells remain unclear. Gli1,
an essential hedgehog signaling transcription factor, functions in undifferentiated cells during
embryogenesis. Therefore, in the present study, the localization pattern and the differentiation
ability of Gli1-positive (Gli1 + ) cells were examined using a lineage tracing system to characterize
the undifferentiated cells in the periodontal ligament.
Gli1-Cre ERT2 /ROSA26-loxP-stop-loxP-tdTomato (iGli1/Tomato) mice were generated and
administrated Tamoxifen for two days at four and eight weeks of age. At 0–28 days after the final
administration, the distribution of Gli1/Tomato + cells in periodontal tissues was determined. In
four-week-old mice, Gli1/Tomato + cells were barely detected in the periodontal ligament around
the Endomucin-expressing blood vessels. These cells proliferated over time, l ocalizing in the
periodontal ligament, as well as on the bone and cementum surfaces for 28 days. However, in
eight-week-old mice, Gli1/Tomato + cells were quiescent, as evidenced by the fact that most cells
did not show immunoreactivity for Ki-67.
Next, Gli1/Tomato + and Gli1/Tomato − ells were harvested from the periodontal ligament of
eight-week-old iGli1/Tomato mice. To analyze whether Gli1 + cells had clonogenic and
multilineage potentials, the cells were subjected to colony-forming unit fibroblast (CFU-F) and
differentiation assays for osteoblasts, chondrocytes, and adipocytes. Gli1/Tomato + cells in the
periodontal ligament exhibited high CFU-F activity and were capable of osteogenic, chondrogenic,
and adipogenic differentiation in vitro. In contrast, Gli1/Tomato − cells did not show differentiation
abilities.
Finally, to observe the differentiation ability of Gli1 + cells during alveolar bone
regeneration, the first maxillary molars of iGli1/Tomato mice, which had received Tamoxifen for
two days, were extracted and transplanted into the hypodermis of wild type mice. After 5 and 28
days, the teeth were excised with the surrounding connective tissues and processed histologically.
Five days post-transplantation, the tooth root was surrounded by connective tissue and
Gli1/Tomato + cells were observed only near the tooth root and exhibited Osterix - and
Ki67-immunoreactivity. At 28 days, the alveolar bone had been regenerated apart from the tooth

root. Tomato fluorescence indicating the progeny of Gli1 + cells was detected in the osteoblasts and
osteocytes of the regenerated bone.
Our results suggest that Gli1 + periodontal ligament cells are identified as mesenchymal
stem cells with a self-renewal ability and trilineage differentiation potential, contribute to the
formation of periodontal tissue, and can regenerate alveolar bone.
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1: Introduction

The regeneration of periodontal tissues is a key objective of recent dental treatment because
periodontal diseases are a major cause of tooth loss in adults. Although several surgical techniques
have been developed to achieve regeneration of periodontal tissues, including guided tissue
regeneration, bone grafting, and the use of an enamel matrix derivative (Emdogain), the efficacy
of these treatments is controversial (Siaili et al., 2018). Therefore, new periodontal regeneration
therapies may be directed toward cell replacement using undifferentiated cells.
Several studies have demonstrated that periodontal ligament cells differentiate into hard
tissue-forming cells. Periodontal ligament cells show high alkaline phosphatase activity (Ogata et
al., 1995; Giannopoulou et al., 1996) and produce mineralized nodules (Cho et al., 1992; Mukai et
al., 1993) and bone matrix proteins (Ramakrishnan et al., 1995; Nohutcu et al., 1997) under
osteoinductive culture conditions. In addition, the human periodontal ligament contains
undifferentiated cells expressing STRO-1 and CD146/MUC18 that differentiate into osteoblasts,
cementoblasts, and fibroblasts. These cells have been shown to induce periodontal regene ration
after transplantation with hydroxyapatite (Seo et al., 2004). O ur recent study using green
fluorescent protein (GFP)-transgenic rats showed that the periodontal ligament contains
undifferentiated cells that can regenerate alveolar bone after tooth t ransplantation (Hosoya et al.,
2008). However, because there is no useful marker for undifferentiated cells in the periodontal
ligament, the characteristics and distribution of these undifferentiated cells remains unknown.
Hedgehog (Hh) signaling is crucial for the development of many organs (Bai et al., 2004;
Long et al., 2001; Treier et al., 2001). There are three Hh ligands in mammals: Sonic hedgehog
(Shh), Indian hedgehog (Ihh) and Desert hedgehog (Dhh). Zinc finger protein Gli1, known as a
glioma-associated oncogene, is one of the effectors of Hh signaling (Kinzler et al., 1987; Ruiz et
al., 1999). The Gli transcription factors have DNA binding zinc finger domains that bind to
sequences on their target genes to initiate or inhibit transcription (Sasaki et al., 1997). In quiescent
conditions, when the Hh ligand is absent, Patched (Ptch) (the Hh receptor) represses Smoothened
(Smo). When the Hh ligand binds Ptch, it relieves the suppression of Smo. The accumulation of
Smo then leads to the activation of Gli transcription factors and the downstream Hh signaling
pathway (Briscoe et al., 2013). Zhao et al. (2014) reported that Gli1-positive (Gli1 + ) cells localize
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in the dental mesenchyme around the cervical loop in the mouse incisor. These cells proliferate
and expand toward the tip of the incisor and populate the entire dental pulp and periodontal
ligament. Therefore, Gli1 may be a suitable marker of stem cells in the dental mesenchyme.
In the present study, the localization pattern and the differentiation ability of Gli1 + cells
were examined using lineage tracing analysis to characterize the stem cells in the mature
periodontal ligament. Observations of the stem cell properties of Gli1 + cells were also made and
involved the use of colony-forming unit fibroblast (CFU-F) and multi-differentiation assays.
Alveolar bone regeneration by subcutaneous transplantation of Gli1 + cells was also analyzed
histologically and immunohistochemically.
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2: Materials and methods

2.1: Experimental procedures
All experiments were approved and performed according to guidelines set forth by the Animal
Ethics Committee of the Health Sciences University of Hokkaido. Gli1<Tm3 (cre/ERT2) ALj>/J
and

CG-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

Laboratory

(Maine,

USA).

Using

these

mice

mice,

were

purchased

iGli1/Tomato

from

mice

Jackson

with

the

Gli1-cre ERT2 /Rosa26-loxP-stop-loxP-tdTomato gene were generated in the animal center of the
Health Sciences University of Hokkaido.
2.2: Tamoxifen administration
Tamoxifen (Sigma-Aldrich, st. Louis, Missouri, USA) was suspended in corn oil at 20 mg/ml and
injected in four- and eight-week-old iGli1/Tomato mice intraperitoneally at a dose of 10 mg per
day for two days.
2.3: Lineage tracing analysis
At 0–28 days after the final administration of Tamoxifen, the upper jaws of the iGli1/Tomato mice
were removed and immediately frozen at 80°C. Each sample was embedded in 5%
carboxymethyl cellulose (CMC) gel (SECTION-LAB Co. Ltd. Tokyo, JAPAN) and frozen. Each
frozen CMC sample was then attached to the sample stage of a cryomicrotome (CM3050; Leica
Instruments, Wetzlar, Germany) in a cryo-chamber at 25°C. After sitting for 30 min, each sample
was covered with a polyvinylidene chloride film (9 µm thick; Cryofilm type IIC (9),
SECTION-LAB Co. Ltd.) and sagittally sectioned with the film, at a thickness of 5 µm using a
disposable tungsten carbide blade (Jung TC-65; Leica instruments).
These sections were stained with 0.1% toluidine blue (pH 7.0) or 1% alizarin red for 3 min,
after which they were washed in running water for 5 min. The sections with the film were placed
on the sectioned side on a glass slide coated with a mounting medium (VETCA SHIELD; Vector,
CA, USA). Tomato fluorescence was visualized using a light and fluorescence microscope (Nikon
Eclipse 80i; Nikon, Tokyo, Japan).
2.4: Immunofluorescence staining
Following cryo-sectioning of the specimens, the sections were treated with 10 % bovine serum
albumin (Sigma-Aldrich, MO, USA) in 0.01 M phosphate-buffered saline (PBS, pH 7.4) for 30

3

min at room temperature. Samples were then washed once with PBS and incubated for 12 hr at 4°C
with

rat

monoclonal

antibody

against

mouse

Endomucin

(Sc -65495;

SANTA CRUZ

BIOTECHNOLOGY, OR, USA), rabbit monoclonal antibody against human Ki67 (ab16667;
Abcam, Cambridge, UK), and rabbit polyclonal antibody against mouse Osterix (ab22552; Abcam).
The antibodies against Ki67, Endomucin, and Osterix were diluted to 1:50, 1:100, and 1:500,
respectively. After washing in PBS twice, the sections were reacted with Alexa Fluor 488
conjugated donkey anti-rat IgG antibody (A-21208; Thermofisher Scientific, MA, USA) or Alexa
Fluor 488 conjugated goat anti-rabbit IgG antibody (ab150077; abcam). The secondary antibodies
were diluted to 1:100 and incubated for 1 hr at room temperature. Samples were evaluated using a
fluorescent microscope with the appropriate filter combination. In place of the primary antibodies,
nonimmune rat or rabbit sera were diluted to the same strength and used as negative controls. The
staining controls did not show any specific immunoreactivity.
2.5: Colony-forming assay
Two days after tamoxifen administration to eight-week-old iGli1/Tomato mice, the maxillary first
molars were extracted using sterilized equipment and the extracted teeth were treated twice with
filter-sterilized Kanamycin sulfate at a concentration of 20 µl/ml (MEIJI, Tokyo, Japan) in PBS
for 2 hr at 4°C. The periodontal ligament cells were isolated from the surface of the tooth root by
digestion medium containing 2 mg/ml collagenase (032 -22364, Wako, Osaka, Japan), 100 µl/ml of
2.5% trypsin (15090, GIBCO, NY, USA), 10 µl/ml L-glutamine (25030-081; GIBCO), 10 µl/ml
antibiotic-antimycotic (15240-062; GIBCO, NY, USA), 5 ml MesenCult Basal Medium (#05514;
STEMCELL TECHNOLOGIES, Vancouver, Canada), 100 µl/ml MesenCult 10X Supplement
(#05515;

STEMCELL

TECHNOLOGIES),

1

µl/ml

MesenPure

(#05500;

STEMCELL

TECHNOLOGIES) for 1 hr at 37°C. The periodontal ligament cells were cultured in a stem cell
expansion medium containing MesenCult Basal Medium, 100 µl/ml MesenCult 10X Supplement,
1 µl/ml MesenPure, 10 µl/ml L-glutamine, and 10 µl/ml antibiotic-antimycotic into 6-well plates
(130184; Thermo SCIENTIFIC, Rochester, NY) at 37°C in a humidified atmosphere of 5% CO 2 in
air. To test the CFU-F capability of Gli1 + cells, the cells were incubated in a stem cell expansion
medium for 7-0 days. Tomato-positive and negative colonies were counted per dish using an
inverted fluorescence microscope (Nikon Eclipse TE2000 -S; Nikon, Tokyo, Japan). The
experiment was repeated three times, and the data were expressed as the mean ± SD. The
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statistical significance between groups was evaluated by performed a student’s t -test. Differences
at <0.05 were considered statistically significant.
2.6: Osteogenic differentiation
The Gli1 + and Gli1 − cells in the periodontal ligament were cultured in α-Minimum Essential
Medium Eagle (α-MEM, M042-500; Sigma-Aldrich) supplemented with 10 μl/ml ascorbic acid, 2
μl/ml hydrocortisone, and 20 μl/ml β-Glycerophosphate (Osteoblast-Inducer Reagent, MK430,
TaKaRa Bio; Shiga, Japan). The cells were stained with a mixture of 330 µg/ml Nitro blue
tetrazolium, 165 µg/ml Bromo-4-chloro-3-indolyl phosphate, 100 mM NaCl, 5 mM Mgcl 2 , and
100 mM Tris (pH 9.5).
2.7: Chondrogenic differentiation
A 10-μl drop of Gli1 + and Gli1 − cells (10 5 cells/drop) was plated in the center of a 24-well plate
for 2 hr and incubated in 1 ml α-MEM containing 100 ng/ml bone morphogenetic protein -2
(355-BM; R&D SYSTEM, MN, USA). Alcian blue solution was applied to the cells for 1 hr at
room temperature.
2.8: Adipogenic differentiation
Gli1 + and Gli1 − cells were cultured in α-MEM containing 0.5 mM 3-isobutyl-1-methylxanthine
solution, 1 µM Dexamethasone solution and 500 µg/ml insulin (AdipoInducer Reagent, MK429;
TaKaRa Bio) for two days. The samples were then cultured in α -MEM containing 500 µg/ml
insulin for two weeks and subjected to oil red O staining.
2.9: Tooth transplantation
Twenty wild type and twenty iGli1/Tomato mice of eight weeks of age were used in this
experiment. Following anesthesia, the first maxillary molars of the iGli1/Tomato mice were
extracted and immediately rinsed in sterilized physiological saline. They were then transplanted
into the abdominal subcutaneous connective tissues of the wild type mice. At intervals of 5 and 28
days after transplantation, the transplanted teeth were excis ed with the surrounding tissue and
fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C for 24 hr. The samples
were embedded in CMC and sectioned sagittally. Some sections were observed histologically and
immunohistochemically, as described above. As a control, the extracted teeth before
transplantation were processed in the same way.
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3: Results

The iGli1/Tomato mice with the Gli1-cre ERT2 /Rosa26-loxP-stop-loxP-tdTomato gene were
generated for use with the lineage tracing analysis. In these mice, Gli1 + cells express
Cre-recombinase mutated estrogen receptor (Cre ERT2 ). Since Cre ERT2 is active only in the presence
of Tamoxifen, Gli1 + cells start to express Tomato-red fluorescence after Tamoxifen administration
for two days. Tomato fluorescence also expresses in the daughter cells of Gli1 + cells after cell
division. Therefore, this system can chase Gli1 + cells and their daughter cells continuously Fig. 1).
3.1: Gli1 + cells were present in the periodontal ligament
Firstly, using four-week-old iGli1/Tomato mice, the localization of Gli1 + cells in the periodontal
ligament was examined immediately after the final administration of Tamoxifen (Fig. 2a). The
tooth root of four-week-old mouse molars was still developing, and the apex remained wide open.
In the periodontal ligament, Tomato fluorescence indicating Gli1 + cells was barely detected (Figs.
2b–c). Positive cells were observed, apart from in the alveolar bone and cementum (Figs. 2d –e).
Endomucin, one of the markers for vascular endothelial cells, was localized around the blood
vessels of the periodontal ligament (Fig. 3a). The merged image of Endomucin and Tomato
fluorescence

demonstrated

that

most

Gli1/Tomato +

cells

were

distributed

near

the

Endomucin-positive blood vessels (Figs. 3b–c).
Osterix is a marker of osteoblast- and cementoblast-lineage cells. These Osterix-positive
cells were observed on the surface of the alveolar bone and cementum, as well as the periphery of
these hard tissues (Fig. 4a). The merged picture with Tomato fluorescence demonstrated that
Gli1/Tomato + cells did not express Osterix (Figs. 4b–c). Ki-67 is a marker of proliferating cells. In
four-week-old mice, some cells in the periodontal ligament were positive for Ki -67 (Fig. 5a). As
some Gli1 + cells showed a positive reaction for Ki-67, Gli1 + cells were thought to proliferate
under normal conditions (Figs. 5b–c).
3.2: Four-week-Gli1 + cells gave rise to osteoblasts, cementoblasts, and fibroblasts
To examine the proliferation of Gli1 + cells, the distribution of Gli1/Tomato + cells in the
periodontal ligament was determined in four-week-old iGli1/Tomato mice at 0–28 days after the
final administration of Tamoxifen (Fig. 6a). At 0 days, few Gli1/Tomato + cells were observed in
the periodontal ligament (Figs. 6b–c; g–h). However, the number of Gli1/Tomato + cells gradually
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increased from 0 to 28 days (Figs. 6c–f; h–k). At 14 and 28 days, some Gli1/Tomato + cells were
seen on the surface of the alveolar bone and cementum (Figs. 6j –k). These Gli1/Tomato + cells
expressed Osterix on the surfaces of the alveolar bone and cementum (Figs. 7a –c), suggesting that
Gli1/Tomato + cells differentiated into osteoblasts and cementoblasts during the 28 days.
3.3: Eight-week-Gli1 + cells were quiescent
In four-week-old mice, Gli1 + cells were not quiescent and could differentiate into osteoblasts and
cementoblasts under normal conditions. Therefore, to test whether Gli1 + cells in the mature
periodontal ligament had stem cell properties, a lineage tracing ana lysis was performed using
eight-week-old mice. Immediately after the final administration of Tamoxifen, Gli1 + cells were
scarcely observed in the periodontal ligaments (Figs. 8b–c, g–h). Few differences were observed
in the distribution pattern and cell number of these positive cells from 0 to 28 days (Figs. 8c–f, h–
k). In eight-week-old mice, most Gli1/Tomato + cells did not show immunoreactivity for Ki-67
(Figs. 9a–c), indicating that Gli1 + cells were quiescent. At 28 days after the final administration of
Tamoxifen, Tomato + cells also did not express Osterix (Figs. 10a–c). This indicated that Gli1 +
cells in eight-weeks-old mice had not differentiated into hard tissue-forming cells.
3.4: Gli1 + cells possessed stem cell characteristics
Next, we sought to determine whether Gli1 + cells in the periodontal ligament had stem cell
characteristics, such as clonogenic potential. Gli1/Tomato + and Gli1/Tomato − cells were harvested
from the periodontal ligament of eight-week-old iGli1/Tomato mice, as mesenchymal stem cells
(MSCs) are thought to be quiescent in vivo. These cells were cultured in a stem cell expansion
medium for CFU-F assay (Fig. 11a). In this medium, Gli1 + cells proliferated and made a
round-shaped colony (Fig. 11b). The clonogenic frequency of th e Gli1 + cells was significantly
higher than Gli1 − cells (Fig. 11c).
Gli1 + and Gli1 − cells were also subjected to trilineage differentiation assay. Alkaline
phosphatase, alcian blue, and oil red O stainings were used for the differentiation markers of
osteoblasts, chondrocytes, and adipocytes,

respectively.

Positive areas of these

three

differentiation markers existed in each experimental group (Figs. 12a –c), and each positive area
corresponded with Tomato fluorescence (Figs. 12d–f). Tomato-expressing cells indicating Gli1 +
cell origin differentiated into these three cell types. On the contrary, areas of Gli1/Tomato − cells
did not merge with these differentiation markers (Figs. 12d–f). Therefore, Gli1-negative (Gli1 − )
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cells failed to differentiate into these three cell types.
3.5: Alveolar bone could be regenerated by Gli1 + cells
Finally, to observe the differentiation ability of Gli1 + cells during alveolar bone regeneration, the
first maxillary molars of iGli1/Tomato mice that received Tamoxifen for two days were extracted
and transplanted into the hypodermis of wild type mice (Fig. 13).
Before transplantation, the extracted molars had few Gli1 + cells in the periodontal
ligament (Figs. 14a–c). At five days after transplantation, the teeth were su rrounded by immature
connective tissue and there were no alveolar bone in the bifurcation (Fig. 15a). However, many
Gli1/Tomato + cells were seen around the tooth root (Figs. 15b–c). Ki-67 showing cell proliferation
was detected in most Gli1/Tomato + cells (Figs. 16a–c). Therefore, Gli1 + cells may proliferate and
migrate from the periphery of the tooth root after tooth transplantation. Osterix is a marker of
osteoblasts lineage cells, including osteoprogenitor cells. Although there was no bone formation
around the tooth root, Osterix-positive cells appeared around this area (Fig. 17a). These positive
reactions were observed in some Gli1/Tomato + cells (Figs. 17b–c).
At 28 days after tooth transplantation, the alveolar bone was regenerated at the bifurcation
(Fig. 18a), and Tomato + cells showing Gli1 + cells and their daughter cells expanded from the
periodontal ligament toward the regenerated bone (Fig. 18b). Some cells localized on the surface
of the regenerated bone, as well as in the bone matrix, clearly expre ssed Gli1/Tomato fluorescence
(Fig. 18c). Since osteoblasts and some osteocytes expressing Osterix were positive for
Gli1/Tomato fluorescence (Figs. 19a–c), Gli1 + cells in the periodontal ligament were confirmed to
differentiate into osteoblasts during alveolar bone regeneration.
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4: Discussion

Multipotent MSCs have been described in a variety of tissues with different developmental origins
and physiological functions (Friedenstein et al., 1968, 1976; Bianco et al., 2008). These MSCs are
identified based on in vitro defining characteristics and the expression of MSC surface markers
(Dominici et al., 2006). Different types of MSCs, such as SOX -2, CAR, CD105, and
CD146-positive cells have been discovered, along with their distribution patterns. These cells are
found to be characteristically specific markers of MSCs in the thymus, marginal cell layer of the
pituitary gland, and the parenchyma, cartilage, and periosteum (Anca et al., 2011; Mo Chen et al.,
2013; Ozbey et al., 2010; Kohya et al., 2013). Although human periodontal ligament and dental
pulp are known to contain MSCs (Gronthos et al., 2000; Miura et al., 2003; Seo et al., 2004), a
visualization of these cells is yet to be conducted. In the present study, our lineage tracing analysis
showed that Gli1 + cells were present around the blood vessels in the periodontal ligament. In
four-week-old mouse teeth at the root developing stage, these cells had proliferated and localized
in the periodontal ligament, as well as on the bone and cementum surfaces. These results
demonstrate that Gli1 + cells in developing teeth differentiate into fibroblasts, osteoblasts, and
cementoblasts to contribute the formation of periodontal tissues, such as the periodontal ligament,
alveolar bone, and cementum (Fig. 20a).
In eight-week-old mouse teeth after the completion of tooth development, Gli1 + cells were
quiescent, as evidenced by the fact that most cells did not show immunoreactivity for Ki -67.
Indeed, the number of Gli1/Tomato + cells did not increase in the periodontal ligaments of eight - to
twelve-week-old iGli1/Tomato mice (Fig. 20b). It is generally thought that stem cells hardly
proliferate under normal conditions in vivo (Matatall et al., 2018). Therefore, the stem cell
properties of Gli1 + cells in eight-week-old mice were analyzed by CFU-F and multi-differentiation
assays that are commonly used in the field of stem cell research ( Gronthos et al., 2006). These in
vitro assays demonstrated that Gli1 + cells in the periodontal ligament had strong colony-forming
and multi-differentiation abilities, including of osteoblasts, adipocytes, and chondrocytes (Fig. 21).
Therefore, Gli1 + cells may be periodontal ligament stem cells based on the ir colony-forming
potential and multipotency.
Our study group previously reported that alveolar bone regeneration could be induced in
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the bifurcation of rat molars after tooth transplantation into rat abdominal subcutaneously tissue
(Hosoya et al., 2003, 2008; Kawasaki et al., 2004; Hasan M R et al., 2017). The subcutaneous
tissues into which the teeth were transplanted showed no signs of infection. Therefore, this study
model is useful and reproducible because the process of alveolar bone regeneration cou ld be
investigated in the absence of any inflammation caused by infection. However, the cell origin of
the

bone-producing

osteoblasts

remained

unknown.

Therefore,

we

investigated

Gli1/Tomato-labeled cell localization to examine the origin of the osteoblast s that had formed the
regenerated alveolar bone. After tooth transplantation, Gli1/Tomato + cells indicating Gli1 + cell
origin had expanded gradually from the root surface to the surrounding connective tissue. In
addition, observations of Osterix expression showed that osteoblasts lining the newly formed
alveolar bone were positive for Tomato fluorescence. Therefore, this transplantation model
demonstrated that Gli1 + cells also differentiated into osteoblasts during alveolar bone regeneration
(Fig. 22).
Regenerative therapies using stem cells have been widely studied in a variety of organs
(Mimeault et al., 2007; Picinich et al., 2007). This approach is thought to be constructive as it
promotes healing in the original cells. It is possible to collect periodon tal ligament cells from teeth
extracted for orthodontic reasons or from nonfunctional third molars. For the practical use of
periodontal ligament cells, a large number of replacement cells are needed. However, stem cells in
the periodontal ligaments are present in a limited number, and an in vitro culture system to expand
stem cells while maintaining their stem cell characteristics has not yet been established. In this
study, Gli1 + cells were identified as periodontal ligament stem cells that can generate p eriodontal
tissues, including the periodontal ligament, cementum, and alveolar bone. Further research into
techniques of culturing Gli1 + cells that maintain their stemness, as well as transplantation methods
using scaffold for stem cell engraftment, are required. Once appropriate techniques are established,
periodontal ligament tissue may be a useful source for periodontal regenerative therapies.

10

5: Conclusion

Gli1 + cells are localized within the mature periodontal ligament in mouse molars. These cells
showed stem cell properties, including a colony-forming ability and multipotency in vitro. The
Gli1 + cells could also differentiate into osteoblasts during alveolar bon e regeneration. These
results collectively suggest that Gli1 + cells in the periodontal ligament may be a source of cells
that can contribute to periodontal tissue formation and regeneration.
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Figure legends

Figure 1: Schematic illustration of lineage tracing analysis
After Tamoxifen administration, Gli1 + cells and their daughter cells start to express red
Tomato fluorescence continuously.

Figure 2: Gli1 + cells exist in the periodontal ligament
(a) Schematic illustration of the experimental procedure. (b, d) Toluidine blue staining (c, e)
DAPI staining of a sagittal cryo-section of four-week-old iGli1/Tomato mouse. Two days after
Tamoxifen administration, few Gli1/Tomato + cells are localized in the periodontal ligament
(PDL). Boxed areas (b–c) are magnified (d–e). AB, alveolar bone; BV, blood vessel; C,
cementum; D, dentin; DP, dental pulp. Scale bars = (b –c) 100 µm, (d–e) 20 µm.

Figure 3: Gli1 + cells mainly localize around blood vessels in the periodontal ligament
(a) Blood vessels are stained with Endomucin antibodies (green). (b) tdTomato fluorescence in
the periodontal ligament. (c) The merged image shows Gli1/Tomato + cells were distributed
near the Endomucin-positive blood vessels. AB, alveolar bone; BV, blood vessel; D, dentin;
PDL, periodontal ligament. Arrow: Endomucin and Gli1 -derived Tomato double-positive cells.
Scale bars = 20 µm.

Figure 4: Gli1 + cells are negative for Osterix
(a) Osteoblast-lineage cells on the surface of the alveolar bone (arrows) and cementum
(arrowheads) stained with Osterix antibodies (Green). (b) tdTomato fluorescence in the
periodontal ligament (PDL). (c) Gli1/Tomato + cells do not show immunoreactivity for Osterix.
AB, alveolar bone; D, dentin; C, cementum. Scale bars = 20 µm.

Figure 5: Gli1 + cells barely proliferate in the periodontal ligament
(a) Proliferating cells in the periodontal ligament (PDL) stained with Ki67 antibodies (Green).
(b) tdTomato fluorescence in the periodontal ligament. (c) Few Gli1/Tomato + cells are
double-positive for Ki67 (arrows). AB, alveolar bone; BV, blood vessel; D, dentin. Scale bars
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= 20 µm.

Figure 6: Time course of Gli1 + cell lineage tracing in four-week-old mice
(a) Schematic illustration of the experimental procedure. (b –f) Gli1 + cells proliferate over
time in the periodontal ligaments of four-week-old iGli1/Tomato mice. Some Tomato + cells are
observed on the surface of the alveolar bone and cementum at 14 and 28 days after Tamoxifen
administration. Boxed areas (b–f) are magnified (g–k). PDL, periodontal ligament; BV, blood
vessel; D, dentin; DP, dental pulp; AB, alveolar bone; C, cementum. Scale bars = (b –f) 100µm,
(g–k) 20 µm.

Figure

7:

Gli1 +

cells

in

four-week-old

mice

differentiate

into

osteoblasts

and

cementoblasts
(a) Osteoblast-lineage cells stained with Osterix antibodies (Green). (b) Tomato + cells are
increased in the periodontal ligament (PDL). (c) Some Tomato + cells are double-positive with
osteoblasts (arrow) and cementoblasts (arrowhead). AB, alveolar bone; D, dentin; C,
cementum. Scale bars = 20 µm.

Figure 8: Time course of Gli1 + cell lineage tracing in eight-week-old mice
(a) Schematic diagram of the experimental procedure. (b –f) Gli1 + cells are barely seen in the
periodontal ligament (PDL) of eight-week-old iGli1/Tomato mice. The number and
localization of Tomato + cells are similar at 0 to 28 days after the final administration of
Tamoxifen. Boxed areas of (b–f) are shown magnified in (g–k). AB, alveolar bone; BV, blood
vessel; D, dentin; DP, dental pulp. Scale bars = (b –f) 100 µm, (g–k) 20 µm.

Figure 9: Gli1 + cells are restricted to proliferate in eight-week-old mice
(a) Proliferating cells in the periodontal ligament (PDL) stained with Ki67 antibodies (Green) .
(b) tdTomato fluorescence in the periodontal ligament. (c) Gli1/Tomato + cells do not merge on
Ki67. AB, alveolar bone; BV, blood vessel; D, dentin. Scale bars = 20 µm.
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Figure 10: Gli1 + cells do not differentiate into osteoblasts and cementoblasts in
eight-week-old mice
(a) Osteoblast-lineage cells stained with Osterix antibodies (Green). (b) Tomato + cells are
scarcely observed in the periodontal ligament (PDL). (c) Gli1/Tomato + cells are not
double-positive with Osterix. AB, alveolar bone; D, dentin; C, cementum. Scale bars = 20 µm.

Figure 11: Gli1 + cells in the periodontal ligament exhibit high CFU -F activity
(a) Tomato + and Tomato − cells from the periodontal ligament of eight -week-old mice are
harvested for CFU-F assay (schematic diagram). (b) G li1/Tomato + cells form a round-shaped
colony. (c) A quantification image of the CFU -U assay showing the high clonogenic potential
of Gli1 + cells. *p < 0.05. Data are represented as mean ± SEM.

Figure 12: Gli1 + cells have trilineage potential
(a) ALP, (b) Alcian blue, (c) oil red O staining of cultured cells at two weeks after the
inductions. (d–f) These three differentiation markers are overlapped with Gli1 + cells.

Figure 13: Schematic illustration of the experimental procedure of alveolar bone
regeneration
The upper first molars of iGli1/Tomato mice were extracted at two days after Tamoxifen
administration and transplanted into the hypodermis of wild type mice.

Figure 14: Gli1 + cells are observed in the periodontal ligament after tooth extraction
(a) Toluidine blue staining of the immediately extracted molar tooth. (b –c) Few Gli1/Tomato +
cells are seen in the remaining periodontal ligament (PDL) after tooth extraction. The boxed
area of (b) is shown magnified in (c). DP, dental pulp; D, dentin. Scale b ars = (a–b) 100µm, (c)
20 µm.

Figure 15: Gli1/Tomato + cells appear in the bifurcation at 0 days after tooth
transplantation
(a) Histological observations of alizarin red staining. There is no calcified bone formation in
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the bifurcation area. However, newly formed connective tissue is found around the tooth. (b –c)
Many Gli1/Tomato + populations expand toward the regenerated site. The boxed area of (b) is
magnified in (c). DP, dental pulp; D, dentin; ICT, immature connective tissue. Scale bars = (a –
b) 100 µm, (c) 20 µm.

Figure 16: Gli1 + cells proliferate and migrate from the periphery of the tooth root at 0
days after transplantation
(a) Proliferating cells in the immature connective tissue (ICT) stained with Ki67 antibodies
(Green). (b) tdTomato fluorescence in the regenerated area. (c) Many Gli1/Tomato + cells are
immunopositive for Ki67. D, dentin; ICT, immature connective tissue. Arrow: Gli1/Tomato +
and Ki67 double-positive cells. Scale bars = 20 µm.

Figure 17: Regenerated osteoblast progenito r cells expressing Osterix show Gli1/Tomato
fluorescence
(a) Osterix immunoreactivity in the newly formed connective tissue (green). (b) tdTomato
fluorescence in the regenerated area. (c) Some Tomato -expressing cells (arrowheads) in
immature connective tissue (ICT) near tooth root are positive for Osterix. D, dentin; ICT,
immature connective tissue. Scale bars = 20 µm.

Figure 18: Gli1 + cells in the periodontal ligament contribute to alveolar bone
regeneration
(a) Alizarin red staining show the regenerated alveolar bone at the bifurcation area. (b –c)
Tomato fluorescence indicating Gli1 + cells and their daughter cells are detected in the
osteoblasts and osteocytes (arrowheads) of the regenerated bone. The boxed area of (b) is
shown magnified in (c). DP, dental pulp; D, dentin; AB, alveolar bone; PDL, periodontal
ligament. Scale bars = (a–b) 100 µm, (c) 20 µm.

Figure 19: Gli1 + cells in the periodontal ligament differentiate into osteoblasts during
alveolar bone regeneration
(a) Immunohistochemical data of Osterix in the regenerated bone (green). (b) Gli1/Tomato +
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cells in the regenerated bone. (c) Osterix is localized in the osteoblasts (arrows) and the
regenerated osteocytes (arrowheads) are merged on Tomato fluorescence. D, dentin; AB,
alveolar bone; PDL, periodontal ligament. Scale bars = 20 µm.

Figure 20: Schematic illustration of the differentiation ability of Gli1 + cells
(a) In four-week-old mice, the cells proliferated and localized in the periodontal ligament, as
well as on the bone and cementum surfaces. (b) In eight-week-old mice, Gli1 + cells were
quiescent.

Figure 21: Schematic illustration of stem cell properties of Gli1 + cells in vitro
Gi1 + cells may be identified as periodontal ligament stem cells by their colony -forming
capacity and multipotency.

Figure 22: Schematic diagram of the bone regeneration ability of Gli1 + cells in vivo
Gli1 + cells could differentiate into osteoblasts during alveolar bone regeneration.
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Figure 1: Schematic illustration of lineage tracing analysis
After Tamoxifen administration, Gli1+ cells and their daughter cells start to express red
Tomato fluorescence continuously.
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Figure 2: Gli1+ cells exist in the periodontal ligament
(a) Schematic illustration of the experimental procedure. (b, d) Toluidine blue staining (c,
e) DAPI staining of a sagittal cryo-section of four-week-old iGli1/Tomato mouse. Two
days after Tamoxifen administration, few Gli1/Tomato+ cells are localized in the
periodontal ligament (PDL). Boxed areas (b–c) are magnified (d–e). AB, alveolar bone;
BV, blood vessel; C, cementum; D, dentin; DP, dental pulp. Scale bars = (b–c) 100 µm,
(d–e) 20 µm.
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Figure 3: Gli1+ cells mainly localize around blood vessels in the periodontal ligament
(a) Blood vessels are stained with Endomucin antibodies (green). (b) tdTomato fluorescence in the periodontal
ligament. (c) The merged image shows Gli1/Tomato+ cells were distributed near the Endomucin-positive blood
vessels. AB, alveolar bone; BV, blood vessel; D, dentin; PDL, periodontal ligament. Arrow: Endomucin and
Gli1-derived Tomato double-positive cells. Scale bars = 20 µm.
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Figure 4: Gli1+ cells are negative for Osterix
(a) Osteoblast-lineage cells on the surface of the alveolar bone (arrows) and cementum (arrowheads) stained with
Osterix antibodies (Green). (b) tdTomato fluorescence in the periodontal ligament (PDL). (c) Gli1/Tomato+ cells
do not show immunoreactivity for Osterix. AB, alveolar bone; D, dentin; C, cementum. Scale bars = 20 µm.
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Figure 5: Gli1+ cells barely proliferate in the periodontal ligament
(a) Proliferating cells in the periodontal ligament (PDL) stained with Ki67 antibodies (Green). (b) tdTomato
fluorescence in the periodontal ligament. (c) Few Gli1/Tomato+ cells are double-positive for Ki67 (arrows). AB,
alveolar bone; BV, blood vessel; D, dentin. Scale bars = 20 µm.
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Figure 6: Time course of Gli1+ cell lineage tracing in four-week-old mice
(a) Schematic illustration of the experimental procedure. (b–f) Gli1+ cells proliferate over time in the periodontal
ligaments of four-week-old iGli1/Tomato mice. Some Tomato+ cells are observed on the surface of the alveolar
bone and cementum at 14 and 28 days after Tamoxifen administration. Boxed areas (b–f) are magnified (g–k). PDL,
periodontal ligament; BV, blood vessel; D, dentin; DP, dental pulp; AB, alveolar bone; C, cementum. Scale bars =

(b–f) 100µm, (g–k) 20 µm.
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Figure 7: Gli1+ cells in four-week-old mice differentiate into osteoblasts and cementoblasts
(a) Osteoblast-lineage cells stained with Osterix antibodies (Green). (b) Tomato+ cells are increased in the
periodontal ligament (PDL). (c) Some Tomato+ cells are double-positive with osteoblasts (arrow) and
cementoblasts (arrowhead). AB, alveolar bone; D, dentin; C, cementum. Scale bars = 20 µm.
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Figure 8: Time course of Gli1+ cell lineage tracing in eight-week-old mice
(a) Schematic diagram of the experimental procedure. (b–f) Gli1+ cells are barely seen in the periodontal ligament
(PDL) of eight-week-old iGli1/Tomato mice. The number and localization of Tomato+ cells are similar at 0 to 28
days after the final administration of Tamoxifen. Boxed areas of (b–f) are shown magnified in (g–k). AB, alveolar
bone; BV, blood vessel; D, dentin; DP, dental pulp. Scale bars = (b–f) 100 µm, (g–k) 20 µm.
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Figure 9: Gli1+ cells are restricted to proliferate in eight-week-old mice
(a) Proliferating cells in the periodontal ligament (PDL) stained with Ki67 antibodies (Green). (b) tdTomato
fluorescence in the periodontal ligament. (c) Gli1/Tomato+ cells do not merge on Ki67. AB, alveolar bone; BV,
blood vessel; D, dentin. Scale bars = 20 µm.
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Figure 10: Gli1+ cells do not differentiate into osteoblasts and cementoblasts in eight-week-old mice
(a) Osteoblast-lineage cells stained with Osterix antibodies (Green). (b) Tomato+ cells are scarcely observed in the
periodontal ligament (PDL). (c) Gli1/Tomato+ cells are not double-positive with Osterix. AB, alveolar bone; D,
dentin; C, cementum. Scale bars = 20 µm.
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Figure 11: Gli1+ cells in the periodontal ligament exhibit high CFU-F activity
(a) Tomato+ and Tomato− cells from the periodontal ligament of eight-week-old mice are harvested for CFU-F
assay (schematic diagram). (b) Gli1/Tomato+ cells form a round-shaped colony. (c) A quantification image of
the CFU-U assay showing the high clonogenic potential of Gli1+ cells. *p < 0.05. Data are represented as mean
± SEM.
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Figure 12: Gli1+ cells have trilineage potential
(a) ALP, (b) Alcian blue, (c) oil red O staining of cultured cells at two weeks after the inductions. (d–f) These three
differentiation markers are overlapped with Gli1+ cells.
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Figure 13: Schematic illustration of the experimental procedure of alveolar bone regeneration
The upper first molars of iGli1/Tomato mice were extracted at two days after Tamoxifen administration and
transplanted into the hypodermis of wild type mice.
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Figure 14: Gli1+ cells are observed in the periodontal ligament after tooth extraction
(a) Toluidine blue staining of the immediately extracted molar tooth. (b–c) Few Gli1/Tomato+ cells are seen in
the remaining periodontal ligament (PDL) after tooth extraction. The boxed area of (b) is shown magnified in
(c). DP, dental pulp; D, dentin. Scale bars = (a–b) 100µm, (c) 20 µm.
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Figure 15: Gli1/Tomato+ cells appear in the bifurcation at 0 days after tooth transplantation
(a) Histological observations of alizarin red staining. There is no calcified bone formation in the bifurcation area.
However, newly formed connective tissue is found around the tooth. (b–c) Many Gli1/Tomato+ populations expand
toward the regenerated site. The boxed area of (b) is magnified in (c). DP, dental pulp; D, dentin; ICT, immature
connective tissue. Scale bars = (a–b) 100 µm, (c) 20 µm.
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Figure 16: Gli1+ cells proliferate and migrate from the periphery of the tooth root at 0 days after
transplantation
(a) Proliferating cells in the immature connective tissue (ICT) stained with Ki67 antibodies (Green). (b) tdTomato
fluorescence in the regenerated area. (c) Many Gli1/Tomato+ cells are immunopositive for Ki67. D, dentin; ICT,
immature connective tissue. Arrow: Gli1/Tomato+ and Ki67 double-positive cells. Scale bars = 20 µm.
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Figure 17: Regenerated osteoblast progenitor cells expressing Osterix show Gli1/Tomato fluorescence
(a) Osterix immunoreactivity in the newly formed connective tissue (green). (b) tdTomato fluorescence in the
regenerated area. (c) Some Tomato-expressing cells (arrowheads) in immature connective tissue (ICT) near tooth
root are positive for Osterix. D, dentin; ICT, immature connective tissue. Scale bars = 20 µm.
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Figure 18: Gli1+ cells in the periodontal ligament contribute to alveolar bone regeneration
(a) Alizarin red staining show the regenerated alveolar bone at the bifurcation area. (b–c) Tomato fluorescence
indicating Gli1+ cells and their daughter cells are detected in the osteoblasts and osteocytes (arrowheads) of the
regenerated bone. The boxed area of (b) is shown magnified in (c). DP, dental pulp; D, dentin; AB, alveolar bone;
PDL, periodontal ligament. Scale bars = (a–b) 100 µm, (c) 20 µm.
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Figure 19: Gli1+ cells in the periodontal ligament differentiate into osteoblasts during alveolar bone
regeneration
(a) Immunohistochemical data of Osterix in the regenerated bone (green). (b) Gli1/Tomato+ cells in the regenerated
bone. (c) Osterix is localized in the osteoblasts (arrows) and the regenerated osteocytes (arrowheads) are merged on
Tomato fluorescence. D, dentin; AB, alveolar bone; PDL, periodontal ligament. Scale bars = 20 µm.

39

Gli1-positive cells
fibroblast
Proliferation
4-week-old

a

Differentiation

Osteoblast
Cementoblast

Blood vessel

Gli1-positive cells
quiescent

8-week-old
b

Blood vessel

Figure 20: Schematic illustration of the differentiation ability of Gli1+ cells
(a) In four-week-old mice, the cells proliferated and localized in the periodontal ligament, as well as on the bone
and cementum surfaces. (b) In eight-week-old mice, Gli1+ cells were quiescent.
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Figure 21: Schematic illustration of stem cell properties of Gli1+ cells in vitro
Gi1+ cells may be identified as periodontal ligament stem cells by their colony-forming capacity and multipotency.

41

fibroblast

Gli1-positive cells

Osteoblast
Cementoblast
Figure 22: Schematic diagram of the bone regeneration ability of Gli1+ cells in vivo
Gli1+ cells could differentiate into osteoblasts during alveolar bone regeneration.
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