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Abstract The ultimate goal of periodontal treatment is not
only the stabilization of periodontal disease but also regener-
ation of the periodontal tissues destroyed by severe periodon-
titis. The tissue engineering triad of stem cells, biological sig-
nals, and cell-seeded scaffold provides a biological template
for tissue regeneration. Neural crest stem cells (NCSC) com-
prise a transient multipotent stem cell population that initially
emerges from the junction of the epidermal and neural ecto-
derm through reciprocal interactions between these tissues
and signals from the mesoderm during embryonic develop-
ment of vertebrates. The cells then migrate to their destination
in the embryo and differentiate into various dental mesenchy-
mal stem cells which give rise to most components of the
dental tissues, including periodontal ligament (PDL), alveolar
bone, cementum, dental pulp, and dentin. The crucial role that
NCSC play in embryonic development makes them a highly
promising stem cell population for use in the regeneration of
periodontal tissues. Here, we review the current understanding
of the features and functions of NCSC-derived cells in dental

tissues. We additionally discuss the possibility that NCSC
contribute to the regeneration of periodontal tissues.
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Introduction

Periodontitis is a chronic inflammatory condition of the peri-
odontium induced by a polymicrobial infection [1]. In its ad-
vanced form, disease progresses with the loss of collagen fi-
bers and attachment to the cementum surface, apical migration
of the pocket epithelium, formation of deepened periodontal
pockets, and resorption of alveolar bone, and finally, if left
untreated, may result in tooth loss [2]. The loss of one or more
teeth negatively affects individual’s oral health and quality of
life because it reduces a person’s facial esthetics and can ham-
per speech and mastication. Therefore, the regeneration of the
periodontal tissues destroyed by advanced periodontitis would
be important to maintain teeth in good function and improve
oral health-related quality of life.

Stem cells have the capacity to replicate to generate iden-
tical versions of themselves and to differentiate into multiple
cell types of various tissues or organs. These properties of
stem cells make them an ideally suited for use in the field of
cell-based regenerative therapy [3]. Neural crest stem cells
(NCSC) are a transient population of multipotent stem cells
that originate from the neural crest, the interface between the
non-neural ectoderm and the neural plate, during embryonic
development of vertebrates. NCSCmigrate into different parts
of the body where they contribute to the formation of diverse
cell lineages and structures, including sensory, autonomic, and
enteric ganglia within the peripheral nervous system, the ad-
renal medulla, melanocytes, and a range of skeletal,
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connective, and endocrine cells [4]. They also have the poten-
tial to differentiate into a variety of dental mesenchymal stem
cells and give rise to many dental tissues including dental
pulp, apical papilla, dental follicle, and PDL [5]. The role of
NCSC in tooth development has been demonstrated in chick
embryos, whereby transplantation of mouse NCSC induced
the generation of tooth germ structures [6].

The histological similarities between fetal development
and adult tissue repair were demonstrated; at the site of skel-
etal injury, repair starts from the formation of a cartilage scaf-
fold, which is gradually replaced by bone [7] and this healing
process closely recapitulates the steps involved in fetal endo-
chondral ossification. Therefore, stem cells are suggested to
recapitulate developmental processes during tissue regenera-
tion. Based on this concept, the involvement of NCSC in a
wide variety of tissue development offers the potential of
NCSC to be used in regenerative medicine. Recent reports
have demonstrated that NCSC are present not only in the
neural crest in the embryo but also in their target tissues in
fetal and adult tissues; human epidermal NCSC are
multipotent remnants in a postnatal location. For example,
NCSC can be found in the bulge of hair follicles where they
persist postnatally and into adulthood [8–10]. In addition,
many reports have identified the presence of stem cells in
NCSC-derived dental tissues such as dental follicle, apical
papilla, pulp, exfoliated deciduous teeth, and PDL, and nu-
merous in vitro and in vivo studies [16–22, 24–45, 49–69].

The aim of this review is to summarize the current status in
NCSC biology, the potential benefits of using NCSC to treat
damaged periodontal tissues, and future potential for NCSC-
based regenerative periodontal therapies.

Tooth Development

The tooth germ is an aggregation of cells that eventually
forms a tooth and tooth germ development proceeds through
a series of morphological stages, known as the bud, cap, and
bell stages [11]. A number of sequential and reciprocal in-
teractions between the epithelial and mesenchymal tissues
regulate both morphogenesis and cell differentiation through
these stages [12]. The involvement of NCSC in tooth devel-
opment has been studied in Wnt1-Cre/R26R transgenic mice
where it has been noted that dental mesenchyme is mainly
composed of NCSC-derived cells [5]; the first sign of tooth
germ development is identified as a thickening of the oral
epithelium, which subsequently buds into the underlying
mesenchyme. At this time, NCSC-derived cells condensed
around the epithelium to form the cell mass where cells
change their shape and size dynamically and begin to form
the tooth bud. At the cap stage, NCSC-derived cells are
present in the dental papilla that plays crucial roles in
epithelial-mesenchymal interactions responsible for tooth

morphogenesis. In addition, these cells are also present in
the dental follicle, a loose connective tissue sac that is the
origin of PDL, cementum, and alveolar bone. At the bell
stage, dental papilla cells directly underlying the inner dental
epithelium layer induced to form odontoblasts, which differ-
entiate and begin to synthesize dentin, and remaining dental
papilla cells give rise to dental pulp. Surprisingly, NCSC-
derived cells also have been detected in the dental epithelial
tissues including enamel organ, outer enamel epithelium,
stellate reticulum, stratum intermedium, and inner enamel
epithelium [13]. These results suggested that NCSC contrib-
ute to the tooth development through their potential to dif-
ferentiate into a various types of cells that form dental mes-
enchyme and a part of dental epithelium. On the other hand,
differentiated NCSC-derived cells would be lineage-
committed depending on the position of their distribution
in the tooth germ.

Dental Follicle Cells

The dental follicle is a NCSC-derived ectomesenchymal
structure that surrounds the enamel organ and the dental pa-
pilla of the developing tooth germ before tooth eruption [14].
When a tooth erupts, the dental follicle cells (DFC) differen-
tiate into periodontal ligament (PDL) cells to form periodontal
ligament which serves to anchor a tooth in its socket to the
surrounding alveolar bone [15]. DFC near the newly forming
root also differentiates into cementum forming cementoblasts.
The cells towards the alveolar bone differentiate into osteo-
blasts responsible for the formation of bone matrix [15]. From
these observations, it has been proposed that dental follicle
harbors stem/progenitor cells for the periodontium [16].
When DFC were implanted with hydroxyapatite (HA) scaf-
folds into the dorsal surfaces of immunodeficient mice, they
formed PDL-like fibrous and cementum-like mineralized tis-
sues and expressed cementum attachment protein, bone
sialoprotein (BSP), osteocalcin (OCN), osteopontin (OPN),
and type I collagen (COLI) [17]. This suggests that DFC have
the potential to regenerate the structures comprising the
periodonium. In addition, the osteogenic potential of bone
marrow-derived mesenchymal stem cells (BMMSC), skin-
derived mesenchymal stem cells, and DFC has been investi-
gated using an in vivo mouse model [18]. The cells were
mixed with demineralized bone matrix and fibrin gel scaffolds
and transplanted into the subcutaneous tissues. Four weeks
after implantation, all groups had produced new bone-like
tissues with high OCN expression and radio-opacity [18].
Interestingly, the DFC-grafted group exhibited higher OCN
expression and calcium content compared with BMMSC
and skin-derivedmesenchymal stem cells, suggesting the high
potential of DFC to regenerate the mineralized tissues.
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Apical Papilla Stem Cells

The apical papilla, a soft tissue which is loosely attached to the
apex of the developing tooth root, is derived from the neural
crest [19]. A population of stem cells has been identified in the
root apical papilla of human teeth and termed stem cells from
the apical papilla (SCAP) [20]. SCAP express mesenchymal
stem cells (MSC)-related cell surface markers, CD29, CD73,
CD90, CD105, CD106, CD146, CD166, and STRO-1. SCAP
also express periostin and S100A4, and this expression pattern
is similar to that of periodontal ligament stem cells [19]. In
addition, SCAP express neural crest markers including nestin,
musashi-1, p75NTR, snail-1, −2, slug, and Sox9 [21].
Previous reports have demonstrated the ability of SCAP to
differentiate into osteoblasts. Furthermore, SCAP have a
higher population doubling capacity and produce significantly
greater amounts of mineralized matrices compared to peri-
odontal ligament stem cells (PDLSC) [22]. A bioengineered
tooth root has been developed which was composed a root-
shaped HA/tricalcium phosphate (TCP) scaffold loaded with
SCAP and PDLSC [18]. Three months after transplantation
into an extraction socket, a layer of dentin-like tissue formed
on the bioengineered tooth root surface and a PDL-like tissue
that had a natural relationship with the surrounding bone was
generated [20]. These results demonstrated that SCAP is a
highly promising cell source that has the potential to generate
dentin and PDL tissues in vivo.

Dental Pulp Stem Cells

Dental pulp is a highly vascularized connective tissue in the
center of the tooth that originates from neural crest [23].
Dental pulp stem cells (DPSC) were first identified in the
dental pulps of human third molars [22]. DPSC have a higher
proliferation rate and colony-forming ability than BMMSC
[24]. DPSC were reported to express MSC-related cell surface
markers, CD9, CD13, CD29, CD44, CD49a, CD49b, CD49c,
CD49d, CD49e, CD51/61, CD54, CD62E, CD71, CD73,
CD90, CD102, CD105, CD106, CD119, CD146, CD120a,
CD166, CD271, and CD318 [25] as well as neural crest mark-
er genes,Gsc,GATA6, TrkC, PDGFRA, p75NTR, Twist, Snail,
Slug, Sox10, NCAM, and Musashi1 [26]. DPSC have the ca-
pacity to differentiate into osteoblasts as evidenced by the
formation of mineralized nodules; however, the pattern of
forming mineralized nodules in DPSC was different from that
in BMMSC; DPSC produced only sporadic but densely min-
eralized nodules, whereas BMSC formed extensive sheets of
mineralized deposits [24]. DPSC have also been shown to
differentiate into adipocytes, chondrocytes, hepatocytes, me-
lanocytes, and neural cells [27–30]. In addition, DPSC pro-
moted the formation of mature blood vessels in endothelial
cells by secreting VEGF [31]. The potential of DPSCs to

generate the dentin-pulp complex in vivo was demonstrated;
DPSCs transplanted into the dorsal surface of immunocom-
promised mice using HA/TCP scaffolds generated dentin-like
structures on the surfaces of the scaffolds [32]. The
odontoblast-like cells elongated their processes into the dentin
matrix, which interacted with pulp-like interstitial tissue-
containing blood vessels. Subsequent investigations
transplanted DPSCs seeded in various types of scaffolds to
determine the optimal scaffold for dentin/pulp tissue engineer-
ing [33–35]. The capacity of DPSC to induce periodontal
regeneration has been investigated following DPSC transplan-
tation into periodontal defects that were surgically developed
on the mesial surfaces of dog first molars [36]. The amount of
newly-formed cementum and PDL formation in the DPSC
transplantation groups was significantly larger than that of
the control groups. In addition, a 3D root shape scaffold that
was composed of a root-shaped HA/TCP scaffold containing
DPSC and PDLSC was transplanted into the socket of an
extracted tooth in minipigs [35]. At 6-month posttransplanta-
tion, this cell-scaffold complex induced the formation of bone-
like tissue in the tooth socket. The PDL-like tissue that was
inserted into bone-like tissue and positive for COLI and von
Willebrand factor was also generated along a dentin-like ma-
trix structure. Furthermore, when a pre-fabricated porcelain
crown was attached to the bioengineered tooth root, this
crown/root complex revealed high compressive strength.
Together, these findings demonstrate that DPSC have the great
capacity to generate a complete dentin-pulp-PDL complex
that resists the occlusal force.

Exfoliated Deciduous Teeth

In 2003, Miura et al. were the first to report that exfoliated
human deciduous teeth contained stem cell populations,
which they termed stem cells from human exfoliated decidu-
ous teeth (SHED) [37]. SHED are particularly attractive
sources of stem cells because they can be isolated noninva-
sively from naturally exfoliated deciduous teeth. SHED have
been shown to express the MSC-related cell surface markers,
CD13, CD29, CD44, CD73, CD90, CD105, CD146, CD166,
and STRO-1 [37–39]. SHED expressed high levels of the
growth factors, basic fibroblast growth factor (bFGF), connec-
tive tissue growth factor (CTGF), transforming growth factor
(TGF)-β2, and TGF-β3, compared with DPSC [40]. These
growth factors and known to regulate the biological activities
of many types of cells, and thus, may be secreted from SHED
and function in an autocrine manner to stimulate their prolif-
eration. The osteoblastic, chondrocytic, adipocytic, and neural
cell differentiation potential of SHED was determined after
culturing in each induction medium [19, 37, 41, 42]. SHED
constitutively expressed vascular endothelial growth factor
(VEGF) receptor (VEGFR)-1 and its co-receptor neuropilin-
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1, and moreover, could differentiate into endothelial cells via
exogenous VEGF addition, as identified by the up-regulation
of endothelium-related marker expression and the formation
of capillary-like sprouts [43]. Surprisingly, a recent study
demonstrated that SHED also secreted soluble proangiogenic
factors that promoted the formation of capillary-like sprouts in
endothelial cells [44]. These results suggested that SHED pos-
sessed the potential not only to differentiate into endothelial
cells but also to induce the differentiation of endothelial cells
that were located around them. When subcutaneously
transplanted into immunocompromised mice, SHED showed
the capacity to produce bone-like structures on the surface of
ceramic bovine bone scaffolds [39]. SHED also exhibited the
potential to differentiate into odontoblasts and endothelial
cells and, consequently, promoted the formation of dentin
and microvessels; SHED cultured in tooth root complexes that
were composed of the roots of human premolars within nano-
fiber hydrogel or collagen scaffolds upregulated the expres-
sion of dentin-related genes in vitro [45]. After implantation of
these complexes into the dorsum of immunocompromised
mice, SHED-derived connective tissues occupied the full ex-
tension of the root canal. Moreover, the tooth root complexes
containing SHED demonstrated new dentin and microvessel
development throughout the length of the root. SHED would
be a good candidate for the stem cell-based therapy; however,
their effects on PDL tissue regeneration are still unclear.

Periodontal Ligament Stem Cells

The PDL is a highly specialized connective tissue that
anchors the tooth root to the tooth socket bone, is derived
from dental follicle, and originates from the neural crest
[ 46 ] . PDL has been demons t r a t ed to con t a i n
stem/progenitor cell populations that migrate from endos-
teal spaces and differentiate into critical PDL cell popula-
tions, fibroblasts, osteoblasts, and cementoblasts in re-
sponse to their microenvironment [47, 48]. PDLSC were
first isolated from the PDL tissue of extracted human third
molar teeth [49]. PDLSC expressed MSC-related cell sur-
face markers, CD10, CD13, CD26, CD29, CD44, CD71,
CD73, CD90, CD105, CD106, CD146, CD166, CD349,
STRO-1, STRO-3, and TNAP/MSCA-1 [50–52], as well
as neural crest cell-related marker genes Snail, Slug,
Twist, SOX9, SOX10, Nestin, p75NTR, CD49d, and Tuj1
[53, 54]. PDLSC cultured in osteogenic medium can form
mineralized nodules and demonstrate an increase in bone-
related gene expression [49] and in vivo transplantation of
PDLSC into calvarial defects revealed the new bone for-
mation within the defects [55, 56], suggesting that
PDLSC can differentiate into osteoblasts. Additionally,
several factors regulate the osteoblastic differentiation ca-
pacity of PDLSC. For example, cyclic tension forces

enhance collagen synthesis, mineral deposit formation,
and bone-related marker expression in PDLSC [57].
Furthermore, estrogen-related receptor α which is
expressed throughout osteoblastic differentiation in
PDLSC regulates their ALP activity, mineralized nodule
formation, and bone-related marker expression [58]. The
differentiation capacity of PDLSC into adipocytes and
chondrocytes has been demonstrated by the development
of Oil red O-positive lipid droplets and Safranin O-
positive glycosaminoglycans, respectively [49, 59].
PDLSC can also differentiate into endothelial cells that
have the potential to form capillary-like sprouts with lu-
mens in vitro. In addition, PI3K inhibitor suppresses pro-
liferation and endothelial cell-related marker expression in
PDLSC, suggesting that PI3K activation plays a crucial
role in endothelial cell differentiation of PDLSC [60].
PDLSC have the capacity, when cultured in serum-free
neural induction media, to differentiate into various types
of neural cells and generate free-floating neurospheres
[61]. Interestingly, injection of PDLSC-derived neural
cells into the hippocampus of immunesuppressed mice
showed that not only did these cells survive but they mi-
grated and integrated into the hippocampus of adult
mouse brain [54], suggesting that PDLSC would be a
powerful tool in the regenerative medicine for naural dis-
ease. Moreover, recent studies have demonstrated that
PDLSC can generate retinal progenitors and pancreatic
β-cells using three-dimensional culture methods [62].

The presence of NCSC was demonstrated not only in the
embryo but also in the adult tissues [8–10], and our group
investigated the presence of NCSC in the adult PDL tissue
using two immortalized clonal PDL cell lines with
multipotency [63]. One of these, cell line 1–11, had the capac-
ity to differentiate into osteoblasts and adipocyte, whereas the
other clone, cell line 1–17, could differentiate into osteoblasts,
chondrocytes, adipocytes, and neural cell. Both cell lines
strongly expressed MSC-related cell surface markers; howev-
er, their characteristic was partly different from BMMSC; cell
line 1–17 and 1–11 definitely expressed PDL cell-related
markers, Periostin and Scleraxis, whereas BMMSC did not
express them. Interestingly, cell line 1–17 and 1–11 also re-
vealed several different properties in addition to multipotency;
cell line 1–17 strongly expressed OCT4 and Nanog mRNA,
whereas their expression level was very low in cell line 1–11
[64]. Furthermore, cell line 1–17 included more p75NTR pos-
itive cells and showed stronger expression of p75NTRmRNA
than cell line 1–11. These results suggest that NSCS would be
present in the adult PDL tissue and cell line 1–17 may be a
good tool to clarify the roles and functions of NCSC in PDL
tissue. Many studies have demonstrated the potential of
PDLSC to regenerate periodontal structures using in vivo
models [65]. The PDL tissue is primary composed of bundles
of collagen fibrils [66] and the PDLSC in a hyaluronic acid-
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based scaffold transplanted into a subcutaneous pocket in im-
munocompromised mice induced a greater deal of collagen
synthesis than adipose-derived stem cells [67], suggesting that
PDLSC would have a greater potential to form the PDL tissue
than adipose-derived stem cells. Transplantation of PDLSC
into the dorsal surfaces of immunocompromised mice with
HA or β-TCP scaffolds, led to the formation of various types
of dental tissues, such as bone, cementum, dentin, pulp, and
PDL tissues have been identified around the scaffolds [49].
PDLSC sheet combined with a dentin block scaffold has also
been shown to develop cementum-like mineralized tissues
and PDL-like collagen fibers [68]. In another study, fenestra-
tion defects were surgically created in nude rats, and then
architectural scaffolds were designed to correspond with the
defects containing perpendicular and oblique orientation of
the PDL [69]. These constructs were implanted into the de-
fects and resulted in the generation of new bone, cementum,
and specific oriented fibrous bundles that were attached and
anchored in a manner similar to mature, healthy periodontal
complexes. Moreover, transplantation of autologous PDLSC
into deep infrabony defects in three periodontitis patients re-
sulted in significant improvement in probing depth, gingival
recession, and attachment gain, which persisted for up to
72 months without immune rejection and tumorigenesis [50].

Future Perspectives

As reviewed in this article, it has been revealed that NCSC are
involved in the development and regeneration of dental tissues
including PDL. Our understanding of the cellular and molec-
ular biology of NCSC-derived dental stem cells has
progressed. It is now necessary to obtain a better understand-
ing of the capacity of these cells for driving periodontal regen-
eration. Adult dental tissues retain populations of NCSC that
show pluripotency and neural crest marker expression; how-
ever, it is extremely difficult to isolate these cells because of
their low numbers in vivo. Induced pluripotent stem cells
(iPSC) are amongst the most promising cell sources for tissue
engineering because iPSC show highmulti-differentiation and
self-renewal capabilities [70, 71]. Recently, several studies
have reported the successful generation of NCSC from iPSC
[72–76]. Interestingly, iPSC-derived NCSC showed no tumor
formation after their transplantation into nude mice and could
differentiated into odontoblast-like cells that expressed odon-
toblast markers, DSP, Pax9, Msx1, and Lhx6 [76]. Since
NCSC generated from iPSC would overcome the rarity of
NCSC, suppress the risk of iPSC-related tumorigenesis, and
differentiate into dental cells, it is therefore possible that these
cells could become the substitute of NCSC in adult tissues and
the promising cells for the realization of dental tissue engi-
neering. Further work is now needed to confirm their safety

and to evaluate their potential to regenerate dental tissues in-
cluding the periodontium.
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