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Stem cells are capable of renewing themselves through cell division and have the
remarkable ability to differentiate into many different types of cells. They therefore
have the potential to become a central tool in regenerative medicine. During the last
decade, advances in tissue engineering and stem cell-based tooth regeneration have
provided realistic and attractive means of replacing lost or damaged teeth. Investigation
of embryonic and adult (tissue) stem cells as potential cell sources for tooth regeneration
has led to many promising results. However, technical and ethical issues have hindered the
availability of these cells for clinical application. The recent discovery of induced pluripotent
stem (iPS) cells has provided the possibility to revolutionize the field of regenerative
medicine (dentistry) by offering the option of autologous transplantation. In this article,
we review the current progress in the field of stem cell-based tooth regeneration and
discuss the possibility of using iPS cells for this purpose.
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INTRODUCTION
Teeth consist of multiple hard tissues, including enamel, dentin,
and cementum, and have an integrated attachment complex
with alveolar bone through the periodontal ligament. After
completion of tooth formation, the only vascularized tis-
sue containing nerves is the dental pulp, which is encased
in mineralized dentin. Because teeth have multiple func-
tions, including feeding, articulation, and esthetics, their loss
can cause not only physical but also psychological suffering
that compromises an individual’s self-esteem and quality of
life (Pihlstrom et al., 2005; Polzer et al., 2010; Jung et al.,
2011).

With aging, the number of people who lose their teeth
increases. Furthermore, the number of people who have more
than five congenitally missing adult teeth has increased (Mayama
et al., 2001). Thus, tooth loss is a major challenge in contem-
porary dentistry and accounts for a large part of daily dental
practice. Currently, missing teeth are restored using dentures
or dental implants prepared from synthetic materials. Although
these prostheses serve the purpose, denture therapy is associ-
ated with complications such as denture-induced stomatitis and
traumatic ulcers (Holm-Pedersen et al., 2008). The use of dental
implants may also lead to surgery failure because of many fac-
tors that interfere with osseointegration (Esposito et al., 1998). To
overcome these shortcomings, the novel approach of stem cell-
based tooth regeneration has been suggested as an alternative,

considering the advances in tissue engineering and stem cell
biology.

Recent progress in tissue engineering techniques and stem cell
research has provided important insights for improving tooth
regeneration. The main concept in current tooth regeneration is
to mimic the natural tooth development process either in vitro or
in vivo using stem cells. Because tooth development is character-
ized by a sequential reciprocal epithelial–mesenchymal interac-
tion between oral epithelial and neural crest (NC)-derived dental
ectomesenchymal cells (Thesleff and Sharpe, 1997), numerous
studies have attempted to find an optimal source of stem cells
that have the potential to differentiate into these cells or their
progeny. In particular, the recent discovery of induced pluripotent
stem (iPS) cells, which have been genetically reprogrammed to
an embryonic stem cell (ESC)-like state, has had a major impact
in this field (Takahashi and Yamanaka, 2006). In this review, we
focus on the important previous findings in the study of tooth
regeneration using stem cells and discuss the potential of iPS cells
for tooth regeneration in light of recent results obtained by our
group.

CURRENT STEM CELL-BASED TOOTH REGENERATION
Stem cells are unspecialized cells defined as clonogenic cells that
have the capacity for self-renewal and the potential to differentiate
into one or more specialized cell types. (Weissman, 2000; Slack,
2008). Their microenvironment, composed of heterologous cell
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types, extracellular matrix, and soluble factors, enables them to
maintain their stemness (Watt and Hogan, 2000; Spradling et al.,
2001; Scadden, 2006). Because of their unique properties, stem
cells have the potential to be important in tissue engineering
strategies for the regeneration of diseased, damaged, and missing
tissues and even organs. In general, stem cells can be divided into
three main types: ESCs that are derived from embryos; adult stem
cells that are derived from adult tissue; and iPS cells that are gen-
erated artificially by reprogramming adult somatic cells so that
they behave like ESCs. In this section, we outline recent results
obtained using ESCs and adult stem cells for tooth regeneration.

ESCs
The isolation and expansion of murine ESCs in the 1980s ignited
interest in regenerative medicine research (Evans and Kaufman,
1981). ESCs are pluripotent stem cells derived from the undif-
ferentiated inner cell mass of the blastocyst (an early stage of
embryonic development) and they continue to grow indefinitely
in an undifferentiated diploid state when cultured in optimal con-
ditions in the presence of a feeder layer and leukemia inhibitory
factor (LIF). The study of ESCs has gained further interest
with the successful establishment of primate and human ESCs
(Thomson et al., 1995, 1998; Shamblott et al., 1998; Reubinoff et
al., 2000), which can differentiate into derivatives of all three pri-
mary germ layers: ectoderm, endoderm, and mesoderm (Evans
and Kaufman, 1981; Thomson et al., 1998). Because of the
pluripotency of ESCs, several attempts have been made to use
them to functionally regenerate cardiomyocytes, dopaminergic
neurons, and pancreatic islets in animal models, keeping in view
future clinical applications (Lumelsky et al., 2001; Kim et al.,
2002; Laflamme et al., 2007; Van Laake et al., 2008). In den-
tistry, ESCs have been used for oral and craniofacial regeneration,
including mucosa, alveolar bone, and periodontal tissue regener-
ation (Roh et al., 2008; Inanç et al., 2009; Ning et al., 2010; Shamis
et al., 2011). Ohazama et al. (2004) demonstrated that after
recombination with embryonic day (E)10 oral epithelium, ESCs
expressed the unique set of genes for odontogenic mesenchymal
cells, such as Lhx7, Msx1, and Pax9, suggesting that ESCs can
respond to inductive signals from embryonic dental epithelium.
Although these approaches have the potential to be useful for
tooth regeneration and for understanding basic tooth develop-
ment, it will be necessary to address several major issues before
they can be implemented in clinical practice, including possible
tumorigenesis (teratoma formation) when transplanted, ethical
issues regarding the use of embryos, and allogeneic immune
rejection.

ADULT STEM CELLS IN DENTAL TISSUES
Adult stem cells have been identified in many tissues and organs
and have been shown to undergo self-renewal, to differentiate
for the maintenance of normal tissue, and to repair injured tis-
sues. The first adult stem cells isolated from dental tissues were
dental pulp stem cells (DPSCs) (Gronthos et al., 2000). These
cells have a typical fibroblast shape and express markers similar
to those of mesenchymal stem cells (MSCs). When transplanted
with hydroxyapatite/tricalcium phosphate (HA/TCP) powder in
immunocompromised mice, they formed a dentin-like structure

lined with odontoblast-like cells that surrounded a pulp-like
interstitial tissue (Gronthos et al., 2000). DPSCs could differ-
entiate in vitro into other mesenchymal cell derivatives such
as odontoblasts (D’Aquino et al., 2008), adipocytes, chondro-
cytes, and osteoblasts (D’Aquino et al., 2007; Koyama et al.,
2009; Yu et al., 2010) and could also differentiate into function-
ally active neurons (Arthur et al., 2008, 2009). MSC-like cells
have also been isolated from the dental pulp of human decid-
uous teeth [stem cells from human exfoliated deciduous teeth
(SHEDs)] (Miura et al., 2003). They have the ability to differen-
tiate in vitro to neuron-like cells, odontoblasts, osteoblasts, and
adipocytes, show higher proliferation rates and increased num-
bers of population doublings compared with DPSCs, and can
form spherical aggregations. When these cells are transplanted
mixed with HA/TCP in vivo, they can form dentin and bone but
not dentin–pulp complexes. Comparison of the gene expression
profiles of DPSCs and SHEDs demonstrated that 4386 genes were
differentially expressed by two-fold or more (Nakamura et al.,
2009). In addition to genes that participate in pathways related to
cell proliferation and extracellular matrix formation, FGF, trans-
forming growth factor (TGF)-β, and collagen I and III showed a
higher level of gene expression in SHEDs than in DPSCs. Cordeiro
et al. (2008) suggested that SHEDs could be the ideal source of
stem cells for repairing damaged teeth or for induction of bone
formation.

Stem cells from the apical papilla (SCAPs) are found in the
papilla tissue in the apical part of the roots of developing teeth.
The third molars and teeth with open apices are an important
source of SCAPs. These cells have the potential to differentiate
into osteoblasts, odontoblasts, and adipocytes and show higher
rates of proliferation in vitro compared with DPSCs (Sonoyama
et al., 2006, 2008; Huang et al., 2008). Transplantation of SCAPs
and periodontal ligament stem cells (PDLSCs) into tooth sock-
ets of minipigs allowed the formation of dentin and periodon-
tal ligament (Sonoyama et al., 2006). Dental follicle stem cells
(DFSCs) have also been isolated from the follicles of developing
third molars (Morsczeck et al., 2005). They can differentiate into
osteoblasts, adipocytes, and nerve-like cells in vitro (Kémoun et
al., 2007; Coura et al., 2008; Yao et al., 2008) and form cementum
and periodontal ligament in vivo (Handa et al., 2002; Yokoi et al.,
2007).

Future therapeutic approaches for the restoration of damaged
dentin, pulp, cementum, and periodontal ligaments may make
use of autologous stem cells such as DPSCs, SHEDs, SCAPs, and
DFSCs that have been stored after removal from the patient.

Dental epithelial stem cells were identified in the continu-
ously growing rodent incisor (Harada et al., 1999). These cells
are maintained in the stem cell niche located at the apical end
of the incisor, named the “apical bud” region, and they con-
stantly produce enamel-secreting ameloblasts through interaction
with mesenchymal cells (Harada et al., 1999). FGF10, Notch,
and Sprouty have been suggested to play a role in the contin-
uous growth of rodent incisors and the maintenance of dental
epithelial stem cells (Harada et al., 1999; Tummers and Thesleff,
2003; Klein et al., 2006; Yokohama-Tamaki et al., 2006). Although
dental epithelial stem cells appear to be attractive for the regen-
eration of enamel-forming ameloblasts in rodents, this stem cell
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niche may be specific to rodent incisors; these cells differ from
all human teeth, in which dental epithelial stem cells and their
progeny are lost after eruption of the tooth.

The epithelial rests of Malassez (ERMs) are quiescent epithe-
lial remnants of Hertwig’s root sheath (HERS) that remain in
the adult tooth and play a role in cementum repair and regen-
eration (Rincon et al., 2006). A recent study demonstrated that
ERMs contain a unique population of stem cells that are capable
of undergoing epithelial–mesenchymal transition and differenti-
ate into diverse lineages indicative of mesodermal and ectodermal
origin, including bone, fat, and cartilage as well as neuron-like
cells (Xiong et al., 2013). In addition, ERMs can be induced to
form enamel-like tissues after transplantation into athymic rat
omentum with primary dental pulp cells (Shinmura et al., 2008),
suggesting that the stem cells in ERMs may be able to regenerate
enamel.

ADULT STEM CELLS IN NON-DENTAL TISSUES
Although most adult stem cells in non-dental tissues have gen-
erally been considered to be limited to specific cell fates, recent
studies have demonstrated that they have plasticity and can dif-
ferentiate into cell types derived from different germ layers. In
particular, bone marrow-derived adult stem cells have shown
considerable capacity to differentiate into diverse cell types such
as endothelium, neural tissue, liver, and heart (Asahara et al.,
1997; Lagasse et al., 2000; Mezey et al., 2000; Orlic et al., 2001).
Notably, MSCs derived from bone marrow can respond to induc-
tive stimulation from dental epithelium and contribute to tooth
regeneration (Ohazama et al., 2004). Recombination between
odontogenic-inducing epithelium and bone marrow-derived cells
has been demonstrated to involve the expression of odonto-
genic genes such as Pax9, Msx1, and Lhx7 and the formation
of a tooth crown with organized enamel, dentin, and pulp sur-
rounded by bone after transplantation under the mouse kidney
capsule (Ohazama et al., 2004). Furthermore, c-kit-enriched bone
marrow-derived cells were shown to be able to differentiate into
ameloblast-like cells (Hu et al., 2006b).

The prospective stem cells described above have shown
remarkable capability for tooth regeneration. However, with
regard to clinical application, they share the common obstacles
of ethical concern arising from their embryonic origin, the risk
of tumorigenesis, and the possibility of immune rejection after
allogeneic transplantation. The development of iPS cells may
overcome many of these issues because of their properties, and
iPS cell-derived odontogenic cells can be expected to play signifi-
cant roles in future strategies for clinical translational research on
tooth regeneration.

iPS CELLS
Generating patient-specific pluripotent stem cells with properties
similar to those of ESCs has long been a central aim in research on
stem cell-based regenerative medicine. Through global changes
in the epigenetic and transcriptional environment, nuclear repro-
gramming reverses cell fate, converting differentiated cells back
to the undifferentiated state (Jaenisch and Young, 2008). In
somatic cell nuclear transfer (SCNT), also referred to as thera-
peutic cloning, the nucleolus of a somatic cell is transferred to

the cytoplasm of an enucleated egg to create a blastocyst genet-
ically identical to the parental source and to derive pluripotent
ESC-like stem cells (Hochedlinger and Jaenisch, 2006). However,
SCNT still needs the donor oocyte to direct the reprogramming of
the somatic cell, and most cloned animals exhibit severe pheno-
typic and gene expression abnormalities (Humpherys et al., 2002;
Ogonuki et al., 2002; Tamashiro et al., 2002). Therefore, SCNT is
not a feasible option for cell-based transplantation. Although the
mechanism by which transformation occurs and the mediators of
nuclear reprogramming are largely undefined, the search for fac-
tors that are able to induce complete nuclear reprogramming has
provided recent breakthroughs in the development of successful
iPS technologies.

In 2006, Takahashi and Yamanaka reported the successful
derivation of iPS cells from embryonic and adult mouse fibrob-
lasts through the ectopic co-expression of only four genes: Oct4,
Sox2, Klf4, and c-Myc (Takahashi and Yamanaka, 2006). The
expression of these genes was sufficient to reprogram somatic cells
to an ESC-like pluripotent state. Tissues from different species
such as mice (Takahashi and Yamanaka, 2006), rats (Liao et al.,
2009), rhesus monkeys (Liu et al., 2008), and humans (Takahashi
et al., 2007) have been used as source materials for iPS cell line
generation. Successful reprogramming also quickly translated to
a wide variety of other cell types, including pancreatic β-cells
(Stadtfeld et al., 2008), neural stem cells (Eminli et al., 2008)
mature B cells (Hanna et al., 2008), stomach and liver cells (Aoi
et al., 2008), melanocytes (Utikal et al., 2009), adipose stem cells
(Sun et al., 2009), and keratinocytes (Maherali and Hochedlinger,
2008), demonstrating a universal capacity to alter cellular iden-
tity. In dentistry, iPS cells have been generated from many types
of dental tissues/cells, including SHEDs, SCAPs, DPSCs, tooth
germ progenitor cells (TGPCs), buccal mucosa fibroblasts, gin-
gival fibroblasts, and periodontal ligament fibroblasts (Egusa et
al., 2010; Miyoshi et al., 2010; Oda et al., 2010; Tamaoki et al.,
2010; Yan et al., 2010; Wada et al., 2011). DPSCs show much
higher reprogramming efficiency than the conventionally used
dermal fibroblasts and high expression of endogenous repro-
gramming factors such as c-Myc and KLF4 and/or ESC marker
genes (Tamaoki et al., 2010). Because these cells are easily accessi-
ble by dentist, iPS cells generated from dental tissues are expected
to be a promising cell source for tissue regeneration.

iPS cells have shown pluripotency similar to that of ESCs. They
can produce cells from all three germ layers in vitro and form
teratomas when injected into immunodeficient mice and can con-
tribute to chimera formation (Takahashi and Yamanaka, 2006).
Murine iPS cells also fulfill the strict pluripotency criteria for
contribution to the germline (Okita et al., 2007) and tetraploid
embryo complementation (Woltjen et al., 2009). Moreover, they
can maintain self-renewal when cultured under conditions simi-
lar to those used for ESCs. Hence, iPS cells are often described as
indistinguishable from ESCs. However, the question of whether
iPS cells and ESCs are molecularly and functionally equivalent
is raised by the artificial nature of induced pluripotency. Recent
analyses have shown a high degree of similarity between ESCs and
iPS cells in terms of global gene expression and histone methyla-
tion (Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007;
Mikkelsen et al., 2008). However, substantial differences between
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them have also been reported. In addition, other studies have
indicated that iPS cells retain an epigenetic memory of their for-
mer phenotype that can limit their differentiation potential (Kim
et al., 2010; Polo et al., 2010). Therefore, further study of iPS cells
and ESCs is required to determine whether differences between
them may affect their differentiation potential and their overall
safety and efficiency after transplantation.

There are several advantages of using iPS cells for regener-
ative medicine. Their use can overcome the ethical and politi-
cal issues associated with the use of embryonic cells. They can
be used as autologous and patient-specific cells, which elimi-
nates issues related to the immune rejection of grafts, and can
thus be expected to become the major tool in the advancement
of personalized medicine (Ferreira and Mostajo-Radji, 2013).
Furthermore, iPS cell production can easily be scaled up, which
essentially provides an unlimited source of cells for clinical appli-
cations, in contrast with adult stem cells.

In addition to regenerative medicine, newly emerging appli-
cations of iPS cells are related to in vitro disease modeling and
drug screening (Ebert et al., 2012). Tissue-specific iPS-derived
cells generated from patients with complex genetic defects can be
used to model diseases in studies to elucidate the complex mech-
anisms underlying various diseases and to search for new drugs.
Primary human cells carrying the disease of interest are usually
difficult or impossible to isolate, and even if it is possible to iso-
late them, in most cases, the cells do not proliferate adequately to
produce sufficient numbers of cells for analysis. In contrast, iPS
cells derived from the patient can proliferate abundantly and dif-
ferentiate into cells that represent the pathological character of the
disease. Numerous groups have reported the creation of iPS cells
specific for various diseases, including Parkinson’s disease, amy-
otrophic lateral sclerosis, and familial dysautonomia, in studies to
elucidate the mechanism of their development and progression
and to search for suitable drugs (Dimos et al., 2008; Park et al.,
2008; Lee et al., 2009).

Another therapeutic potential of iPS cells has been demon-
strated in proof-of-principle studies. Hanna et al. (2007) used
a humanized mouse model of sickle cell anemia to determine
the repair potential of progenitor cells derived from autologous
iPS cells. Fibroblasts from the diseased mice were reprogrammed
into an iPS clone and the mutant gene was corrected by homolo-
gous recombination; the pluripotent cells then differentiated into
hematopoietic progenitors and were transplanted back into the
mice. This therapy resulted in substantial improvement of symp-
toms. In another milestone study, healthy iPS-derived dopamin-
ergic neurons were implanted into the brain of a rat model of
Parkinson’s disease. The implanted cells were functionally inte-
grated and the disease condition was improved (Wernig et al.,
2008).

DIFFERENTIATION OF iPS CELLS INTO EPITHELIAL
STEM/PROGENITOR CELLS DURING TERATOMA FORMATION
Teratomas that occur naturally in the ovaries are a useful tool
for studying the development of tissues and organs because they
consist of a variety of tissue elements derived from two or more
embryonic germ layers (Linder et al., 1975). They have been
shown to contain ectodermal appendages, such as teeth and

hair, and are a unique material for investigating the mechanisms
involved in morphogenesis. Therefore, although tumorigenesis
may be a critical issue in the clinical application of iPS cells, these
teratomas should provide an excellent model for investigating
tooth formation and organogenesis and lead to novel bioengi-
neering approaches in regenerative medicine (Gerecht-Nir et al.,
2004; Nussbaum et al., 2007). We therefore examined the pro-
cesses of epithelial histogenesis and the properties of epithelial
tissues and whether or not epithelial stem/progenitor cells, which
have the capacity to induce tooth organogenesis, were found in
iPS-derived teratomas (Kishigami et al., 2012). After mouse iPS
cells were transplanted subcutaneously, iPS cell-derived teratomas
(days 7, 14, and 21) were evaluated histologically. In terms of the
histomorphological features of the epithelium, compact epithelial
mass structures composed of non-polarized cells were dominant
during early teratoma growth (day 7), whereas mature struc-
tures, such as pseudostratified ciliated epithelium and keratinized
stratified squamous epithelium, increased as the teratomas devel-
oped (days 14–21) (Kishigami et al., 2012). Furthermore, other
mature tissues, such as bone and cartilage, became evident in late
teratomas (day 21) (Kishigami et al., 2012). These results sug-
gest that the processes observed during epithelial histogenesis in
iPS cell-derived teratomas may mimic those occurring in normal
embryonic development and provide a useful model for studying
the formation of tissue structures during early development.

To study the presence of epithelial stem/progenitor cells in iPS
cell-derived teratomas, immunohistochemical analysis was per-
formed using antibodies for the epithelial stem/progenitor cell
markers p63 and CD49f and dental epithelial cell marker keratin
14 (K14) (Salmivirta et al., 1996; Pellegrini et al., 2001; Kawano
et al., 2004; Laurikkala et al., 2006). K14 and p63 were detected
in epithelial masses, basal layer of stratified epithelium, and pseu-
dostratified epithelium. CD49f was detectable in all epithelium
types from day 7; in particular, it was strongly expressed in epithe-
lial masses and basal layer of stratified epithelium (Kishigami et
al., 2012). These results provide important insights into the devel-
opment of epithelial tissues during spontaneous differentiation of
iPS cells in vivo.

However, regardless of the presence of putative epithelial
stem/progenitor cells, iPS cell-derived teratomas that formed in
these conditions did not contain teeth, and no tooth germ-like
structures could be found (n = 10, unpublished data). This sug-
gests that a specific signaling network for tooth organogenesis is
missing.

APPROACHES TO TOOTH REGENERATION USING iPS CELLS
Because of recent advances in tissue engineering technology,
functional teeth can be formed from dissociated tooth germ cells.
Several groups have demonstrated that it is possible to produce
biological teeth similar in appearance to natural teeth on the basis
of tissue–cell or cell–cell recombination using embryonic tooth
germ cells (Hu et al., 2005, 2006a; Nakao et al., 2007; Honda et
al., 2008; Nait Lechguer et al., 2008, 2011). In addition, using
tissue/cell recombination techniques, non-dental stem cells such
as ESCs, neural stem cells, and bone marrow-derived cells have
been shown to respond to inductive signals from embryonic den-
tal epithelium (Ohazama et al., 2004). Depending on the stage,
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dental epithelium or mesenchyme from the tooth germ has an
inductive potential for differentiating even non-dental stem cells
into odontogenic cells.

To investigate whether dental mesenchymal cells in the tooth
germ could induce undifferentiated mouse iPS cells to form
dental epithelial cells, DsRed-expressing iPS cells were com-
bined with E14.5 dental mesenchyme and transplanted together
with collagen sponges under the kidney capsule in immun-
odeficient mice. Four weeks after transplantation, tooth germ-
like structures in iPS cell-derived teratomas were observed,
and iPS cells expressed an ameloblast marker, amelogenin,
indicating that iPS cells had differentiated into ameloblasts
(Figure 1). However, the results of these transplantation exper-
iments had poor reproducibility (<10%) and the numbers
of tooth germ-like structures in the teratomas were very
small (<2 per teratoma). Therefore, it appeared that more
specific and suitable exogenous signals would be necessary
to induce undifferentiated iPS cells to acquire odontogenic
characteristics.

Tooth development is controlled by reciprocal interactions
between dental mesenchymal cells derived from NC and den-
tal epithelial cells derived from ectodermal epithelium (Thesleff
and Sharpe, 1997; Jernvall and Thesleff, 2000). Epithelial–
mesenchymal interactions also control the terminal differentia-
tion of odontoblasts and ameloblasts (Ruch et al., 1995; Imai et
al., 1996). Thus, as a new strategy for tooth regeneration, we spec-
ulated that ectodermal epithelial cells and NC cells induced from
iPS cells could be the optimal cell source for the regeneration of
whole teeth (Figure 2).

A protocol for differentiation to NC (Figure 3), originally
developed for human ES cells (Lee et al., 2007; Bajpai et al.,
2009), efficiently induced mouse iPS cells to differentiate into
neural crest-like cells (NCLCs) (Otsu et al., 2012b). These
NCLCs expressed several NC cell markers, including AP-2α,
Wnt-1, and p75NTR, and an MSC marker (Stro-1). Pax3, Snail,
and Slug (NC-specific transcription factors), as well as human
natural killer-1 (HNK-1, also known as CD57 and LEU7; a
marker for migrating NC cells) showed higher expression in
derived cells than in undifferentiated iPS cells (Otsu et al.,
2012b).

Importantly, NCLCs did not form teratomas when they were
injected subcutaneously together with collagen gel into immun-
odeficient mice, possibly because of the disappearance of Nanog,
which is a marker of undifferentiated iPS cells (Okita et al., 2007)
and subtly linked to tumorigenesis (Chiou et al., 2008). This result
suggests that NCLCs derived from iPS cells can overcome the crit-
ical problem of tumorigenesis in the clinical application of iPS cell
transplantation in vivo (Ben-David and Benvenisty, 2011).

When NCLCs were cultured in dental epithelial cell-
conditioned medium, the expression of DSPP, a precursor pro-
tein of dentin sialoprotein (DSP), was significantly increased.
Recombinant culture between NCLC and E14.5 dental epithe-
lium in a collagen gel (Otsu et al., 2012a) or an agar-containing
semi-solid medium (Hu et al., 2005; Keller et al., 2011) showed
that NCLCs expressed the odontoblast marker DSP (Otsu et al.,
2012b). Moreover, after transplantation under the kidney capsule
in immunodeficient mice, the recombinant demonstrated calci-
fied tooth germ-like structures with bone (Figure 4), indicating
that iPS cell-derived NCLCs have the capacity to differentiate
into odontoblasts via their reciprocal interaction with dental
epithelium.

In addition to our recent results, several reports have demon-
strated the potential of iPS cells for odontogenic differentiation.
The hanging drop method on a collagen type-I scaffold combined
with BMP-4 induced mouse iPS cells to form odontoblast-like
cells without epithelial–mesenchymal interaction (Ozeki et al.,
2013). These authors further demonstrated that integrin α2 in iPS
cells mediated their differentiation into odontoblasts. BMP-4 was
also shown to induce iPS cells to form both ameloblast-like and
odontoblast-like cells when used with ameloblast serum-free con-
ditioned medium (Liu et al., 2013). Moreover, co-culture with an
ameloblastin-expressing dental epithelial cell line led to efficient
induction of iPS cells into ameloblasts via neurotrophic factor
NT-4 and BMP-4 signaling (Arakaki et al., 2012). These results
strongly suggest that BMP-4 is a key molecule for odontogenic
differentiation from iPS cells.

The ability of iPS cells to form tooth-like structures in vivo
has also been confirmed by using recombination with tooth germ
cells following transplantation under the kidney capsule (Wen
et al., 2012; Cai et al., 2013). Furthermore, combination of iPS

FIGURE 1 | Odontogenic response of undifferentiated iPS cells.

DsRed-expressing iPS cells were subcutaneously transplanted
together with E14.5 mouse first molar mesenchyme cells. (A) H-E
staining showing tooth like structures formed in iPS cell-derived

teratoma. Bar = 100 μm. (B) Immunostaining for DsRed in the
area shown by a rectangle in (A). Bar = 10 μm. (C)

Immunostaining for amelogenin in the serial section shown in (B).
Bar = 10 μm.
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FIGURE 2 | General schematic representation of the current strategy for

whole tooth regeneration using iPS cells. The patient’s somatic cells are
harvested. Reprogramming conditions/factors are introduced to induce
self-renewal and pluripotency, and patient-specific iPS cells are established.
iPS cells are induced to form ectodermal epithelial cells and neural

crest-derived mesenchymal cells, and they are further induced to form
odontogenic cells in vitro. The two cell populations are combined by direct
contact, mimicking the in vivo arrangement. Interaction of these cells leads to
formation of an early-stage tooth germ. Once transplanted into the mouth,
the recombinants develop and lead to functional recovery from tooth loss.

FIGURE 3 | Protocol for induction of iPS cells into NC cells. iPS cells were
differentiated in suspension to form neural spheres. The spheres
spontaneously attached and formed rosette-like structures. The cells

migrated away from the rosette. The migratory cells formed a uniform
population of NCLCs. These images are reproduced with permission from a
study reported in Stem Cells and Development (Otsu et al., 2012b).
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FIGURE 4 | Odontogenic response of NCLCs derived from iPS cells

to dental epithelium. (A) Image showing appearance of the
recombinant between NCLCs and dental epithelium 2 weeks after
transplantation under the kidney capsule. Bar = 500 μm. (B)

Histological section of the recombinant showing tooth-like structure.
Bar = 200 μm. Cells inside the dentin-like structure were positive for
odontoblast markers DSP (C, Bar = 10 μm) and nestin (D, Bar =
25 μm).

cells with enamel matrix derivatives was shown to greatly enhance
periodontal tissue regeneration by promoting the formation of
cementum, alveolar bone, and periodontal ligaments (Duan et
al., 2011), indicating the possibility of iPS cell-based periodontal
tissue regeneration.

CONCLUDING REMARKS
In this review, we discuss the potential of stem cell-based tooth
regeneration, including the use of iPS cells. This field of research
provides an attractive alternative to traditional and current prac-
tices for the replacement of missing teeth, such as implants
and classic procedures based on synthetic materials. Because of
rapidly increasing research efforts and progress, it is anticipated
that clinically satisfactory functional tooth regeneration will be
available in the near future. In particular, as part of a new technol-
ogy, patient-specific iPS cells are a highly promising cell source for
personalized regenerative dental medicine because of their poten-
tial to overcome the shortcomings of adult (tissue) stem cells and
embryonic cells. The future establishment of this technique may
considerably change therapeutic approaches to dental syndromes
and diseases.

However, some challenges remain to be addressed before suc-
cessful tooth regeneration can be achieved. For example, natural
tooth development generally takes several years to complete in
humans, which is too long to wait for a patient who needs regen-
erated teeth. Therefore, we should address this issue carefully
when considering clinical applications. In addition, because mor-
phology and size differ depending on the tooth type, these aspects
need to be addressed. We also need to further develop efficient
protocols to induce stem cells to form cell types in vitro that are
relevant to the tissues and organs targeted for regeneration. To
succeed in these challenges, further basic studies to elucidate the
regulatory mechanisms of stem cells and tooth development are
needed.

ACKNOWLEDGMENTS
This work was supported by KAKENHI (19562128) and an
Open Research Project grant (2007–2011) from the Ministry

of Education, Culture, Sports, Science and Technology of
Japan.

REFERENCES
Aoi, T., Yae, K., Nakagawa, M., Ichisaka, T., Okita, K., Takahashi, K., et al. (2008).

Generation of pluripotent stem cells from adult mouse liver and stomach cells.
Science 321, 699–702. doi: 10.1126/science.1154884

Arakaki, M., Ishikawa, M., Nakamura, T., Iwamoto, T., Yamada, A., Fukumoto,
E., et al. (2012). Role of epithelial-stem cell interactions during dental cell
differentiation. J. Biol. Chem. 287, 10590–10601. doi: 10.1074/jbc.M111.285874

Arthur, A., Rychkov, G., Shi, S., Koblar, S. A., and Gronthos, S. (2008). Adult
human dental pulp stem cells differentiate toward functionally active neu-
rons under appropriate environmental cues. Stem Cells 26, 1787–1795. doi:
10.1634/stemcells.2007-0979

Arthur, A., Shi, S., Zannettino, A. C., Fujii, N., Gronthos, S., and Koblar, S. A.
(2009). Implanted adult human dental pulp stem cells induce endogenous axon
guidance. Stem Cells 27, 2229–2237. doi: 10.1002/stem.138

Asahara, T., Murohara, T., Sullivan, A., Silver, M., Van Der Zee, R., Li,
T., et al. (1997). Isolation of putative progenitor endothelial cells
for angiogenesis. Science 275, 964–966. doi: 10.1126/science.275.530
2.964

Bajpai, R., Coppola, G., Kaul, M., Talantova, M., Cimadamore, F., Nilbratt, M.,
et al. (2009). Molecular stages of rapid and uniform neuralization of human
embryonic stem cells. Cell Death Differ. 16, 807–825. doi: 10.1038/cdd.2009.18

Ben-David, U., and Benvenisty, N. (2011). The tumorigenicity of human embry-
onic and induced pluripotent stem cells. Nat. Rev. Cancer 11, 268–277. doi:
10.1038/nrc3034

Cai, J., Zhang, Y., Liu, P., Chen, S., Wu, X., Sun, Y., et al. (2013). Generation of
tooth-like structures from integration-free human urine induced pluripotent
stem cells. Cell Regen. 2, 6. doi: 10.1186/2045-9769-2-6

Chiou, S.-H., Yu, C.-C., Huang, C.-Y., Lin, S.-C., Liu, C.-J., Tsai, T.-H., et al. (2008).
Positive correlations of Oct-4 and nanog in oral cancer stem-like cells and
high-grade oral squamous cell carcinoma. Clin. Cancer Res. 14, 4085–4095. doi:
10.1158/1078-0432.CCR-07-4404

Cordeiro, M. M., Dong, Z., Kaneko, T., Zhang, Z., Miyazawa, M., Shi, S., et al.
(2008). Dental pulp tissue engineering with stem cells from exfoliated deciduous
teeth. J. Endod. 34, 962–969. doi: 10.1016/j.joen.2008.04.009

Coura, G. S., Garcez, R. C., De Aguiar, C. B., Alvarez-Silva, M., Magini, R. S., and
Trentin, A. G. (2008). Human periodontal ligament: a niche of neural crest stem
cells. J. Periodont. Res. 43, 531–536. doi: 10.1111/j.1600-0765.2007.01065.x

D’Aquino, R., Papaccio, G., Laino, G., and Graziano, A. (2008). Dental pulp stem
cells: a promising tool for bone regeneration. Stem Cell Rev. 4, 21–26. doi:
10.1007/s12015-008-9013-5

D’Aquino, R., Graziano, A., Sampaolesi, M., Laino, G., Pirozzi, G., De Rosa, A., et
al. (2007). Human postnatal dental pulp cells co-differentiate into osteoblasts

www.frontiersin.org February 2014 | Volume 5 | Article 36 | 7

http://www.frontiersin.org
http://www.frontiersin.org/Craniofacial_Biology/archive


Otsu et al. Cell sources for tooth regeneration

and endotheliocytes: a pivotal synergy leading to adult bone tissue formation.
Cell Death Differ. 14, 1162–1171. doi: 10.1038/sj.cdd.4402121

Dimos, J. T., Rodolfa, K. T., Niakan, K. K., Weisenthal, L. M., Mitsumoto, H.,
Chung, W., et al. (2008). Induced pluripotent stem cells generated from patients
with ALS can be differentiated into motor neurons. Science 321, 1218–1221. doi:
10.1126/science.1158799

Duan, X., Tu, Q., Zhang, J., Ye, J., Sommer, C., Mostoslavsky, G., et al. (2011).
Application of induced pluripotent stem (iPS) cells in periodontal tissue regen-
eration. J. Cell. Physiol. 226, 150–157. doi: 10.1002/jcp.22316

Ebert, A. D., Liang, P., and Wu, J. C. (2012). Induced pluripotent stem cells as a
disease modeling and drug screening platform. J. Cardiovasc. Pharmacol. 60,
408–416. doi: 10.1097/FJC.0b013e318247f642

Egusa, H., Okita, K., Kayashima, H., Yu, G., Fukuyasu, S., Saeki, M., et al. (2010).
Gingival fibroblasts as a promising source of induced pluripotent stem cells.
PLoS ONE 5:e12743. doi: 10.1371/journal.pone.0012743

Eminli, S., Utikal, J., Arnold, K., Jaenisch, R., and Hochedlinger, K. (2008).
Reprogramming of neural progenitor cells into induced pluripotent stem cells
in the absence of exogenous Sox2 expression. Stem Cells 26, 2467–2474. doi:
10.1634/stemcells.2008-0317

Esposito, M., Hirsch, J. M., Lekholm, U., and Thomsen, P. (1998). Biological factors
contributing to failures of osseointegrated oral implants,(II). Etiopathogenesis.
Eur. J. Oral Sci. 106, 721–764. doi: 10.1046/j.0909-8836..t01-6-.x

Evans, M. J., and Kaufman, M. H. (1981). Establishment in culture of pluripotential
cells from mouse embryos. Nature 292, 154–156. doi: 10.1038/292154a0

Ferreira, L. M. R., and Mostajo-Radji, M. A. (2013). How induced pluripotent stem
cells are redefining personalized medicine. Gene 520, 1–6. doi: 10.1016/j.gene.
2013.02.037

Gerecht-Nir, S., Osenberg, S., Nevo, O., Ziskind, A., Coleman, R., and Itskovitz-
Eldor, J. (2004). Vascular development in early human embryos and in ter-
atomas derived from human embryonic stem cells. Biol. Reprod. 71, 2029–2036.
doi: 10.1095/biolreprod.104.031930

Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., and Shi, S. (2000). Postnatal
human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci.
U.S.A. 97, 13625–13630. doi: 10.1073/pnas.240309797

Handa, K., Saito, M., Tsunoda, A., Yamauchi, M., Hattori, S., Sato, S., et al. (2002).
Progenitor cells from dental follicle are able to form cementum matrix in vivo.
Connect. Tissue Res. 43, 406–408. doi: 10.1080/03008200290001023

Hanna, J., Markoulaki, S., Schorderet, P., Carey, B. W., Beard, C., Wernig, M.,
et al. (2008). Direct reprogramming of terminally differentiated mature B
lymphocytes to pluripotency. Cell 133, 250–264. doi: 10.1016/j.cell.2008.03.028

Hanna, J., Wernig, M., Markoulaki, S., Sun, C. W., Meissner, A., Cassady, J. P., et al.
(2007). Treatment of sickle cell anemia mouse model with iPS cells generated
from autologous skin. Science 318, 1920–1923. doi: 10.1126/science.1152092

Harada, H., Kettunen, P., Jung, H. S., Mustonen, T., Wang, Y. A., and Thesleff,
I. (1999). Localization of putative stem cells in dental epithelium and their
association with Notch and FGF signaling. J. Cell Biol. 147, 105–120. doi:
10.1083/jcb.147.1.105

Hochedlinger, K., and Jaenisch, R. (2006). Nuclear reprogramming and pluripo-
tency. Nature 441, 1061–1067. doi: 10.1038/nature04955

Holm-Pedersen, P., Schultz-Larsen, K., Christiansen, N., and Avlund, K. (2008).
Tooth loss and subsequent disability and mortality in old age. J. Am. Geriatr.
Soc. 56, 429–435. doi: 10.1111/j.1532-5415.2007.01602.x

Honda, M. J., Fong, H., Iwatsuki, S., Sumita, Y., and Sarikaya, M. (2008). Tooth-
forming potential in embryonic and postnatal tooth bud cells. Med. Mol.
Morphol. 41, 183–192. doi: 10.1007/s00795-008-0416-9

Hu, B., Nadiri, A., Bopp-Kuchler, S., Perrin-Schmitt, F., and Lesot, H. (2005).
Dental epithelial histomorphogenesis in vitro. J. Dent. Res. 84, 521–525. doi:
10.1177/154405910508400607

Hu, B., Nadiri, A., Kuchler-Bopp, S., Perrin-Schmitt, F., Peters, H., and Lesot, H.
(2006a). Tissue engineering of tooth crown, root, and periodontium. Tissue Eng.
12, 2069–2075. doi: 10.1089/ten.2006.12.2069

Hu, B., Unda, F., Bopp-Kuchler, S., Jimenez, L., Wang, X., Haikel, Y., et al. (2006b).
Bone marrow cells can give rise to ameloblast-like cells. J. Dent. Res. 85, 416–421.
doi: 10.1177/154405910608500504

Huang, G. T.-J., Sonoyama, W., Liu, Y., Liu, H., Wang, S., and Shi, S. (2008). The
hidden treasure in apical papilla: the potential role in pulp/dentin regeneration
and bioroot engineering. J. Endod. 34, 645–651. doi: 10.1016/j.joen.2008.03.001

Humpherys, D., Eggan, K., Akutsu, H., Friedman, A., Hochedlinger, K.,
Yanagimachi, R., et al. (2002). Abnormal gene expression in cloned mice derived

from embryonic stem cell and cumulus cell nuclei. Proc. Natl. Acad. Sci. U.S.A.
99, 12889–12894. doi: 10.1073/pnas.192433399

Imai, H., Osumi-Yamashita, N., Ninomiya, Y., and Eto, K. (1996). Contribution
of early-emigrating midbrain crest cells to the dental mesenchyme of
mandibular molar teeth in rat embryos. Dev. Biol. 176, 151–165. doi:
10.1006/dbio.1996.9985

Inanç, B., Elçin, A. E., and Elçin, Y. M. (2009). In vitro differentiation and attach-
ment of human embryonic stem cells on periodontal tooth root surfaces. Tissue
Eng. A 15, 3427–3435. doi: 10.1089/ten.tea.2008.0380

Jaenisch, R., and Young, R. (2008). Stem cells, the molecular circuitry
of pluripotency and nuclear reprogramming. Cell 132, 567–582. doi:
10.1016/j.cell.2008.01.015

Jernvall, J., and Thesleff, I. (2000). Reiterative signaling and patterning during
mammalian tooth morphogenesis. Mech. Dev. 92, 19–29. doi: 10.1016/S0925-
4773(99)00322-6

Jung, S. H., Ryu, J. I., and Jung, D. B. (2011). Association of total tooth loss
with socio-behavioural health indicators in Korean elderly. J. Oral Rehabil. 38,
517–524. doi: 10.1111/j.1365-2842.2010.02178.x

Kawano, S., Saito, M., Handa, K., Morotomi, T., Toyono, T., Seta, Y., et al.
(2004). Characterization of dental epithelial progenitor cells derived from
cervical-loop epithelium in a rat lower incisor. J. Dent. Res. 83, 129–133. doi:
10.1177/154405910408300209

Keller, L., Kuchler-Bopp, S., Acuna Mendoza, S., Poliard, A., and Lesot, H. (2011).
Tooth engineering: searching for dental mesenchymal cells sources. Front.
Physiol. 2:7. doi: 10.3389/fphys.2011.00007

Kémoun, P., Laurencin-Dalicieux, S., Rue, J., Farges, J.-C., Gennero, I., Conte-
Auriol, F., et al. (2007). Human dental follicle cells acquire cementoblast features
under stimulation by BMP-2/-7 and enamel matrix derivatives (EMD) in vitro.
Cell Tissue Res. 329, 283–294. doi: 10.1007/s00441-007-0397-3

Kim, J.-H., Auerbach, J. M., Rodríguez-Gómez, J. A., Velasco, I., Gavin, D.,
Lumelsky, N., et al. (2002). Dopamine neurons derived from embryonic stem
cells function in an animal model of Parkinson’s disease. Nature 418, 50–56.
doi: 10.1038/nature00900

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., et al. (2010).
Epigenetic memory in induced pluripotent stem cells. Nature 467, 285–290. doi:
10.1038/nature09342

Kishigami, R., Otsu, K., Oikawa-Sasaki, A., Fujiwara, N., Ishizeki, K., Tabata, Y., et
al. (2012). Histological analysis of epithelial stem cells during induced pluripo-
tent stem cell-derived teratoma development. J. Oral Biosci. 54, 58–65. doi:
10.1016/j.job.2012.01.006

Klein, O. D., Minowada, G., Peterkova, R., Kangas, A., Yu, B. D., Lesot, H., et al.
(2006). Sprouty genes control diastema tooth development via bidirectional
antagonism of epithelial-mesenchymal FGF signaling. Dev. Cell 11, 181–190.
doi: 10.1016/j.devcel.2006.05.014

Koyama, N., Okubo, Y., Nakao, K., and Bessho, K. (2009). Evaluation of pluripo-
tency in human dental pulp cells. J. Oral Maxillofac. Surg. 67, 501–506. doi:
10.1016/j.joms.2008.09.011

Laflamme, M. A., Chen, K. Y., Naumova, A. V., Muskheli, V., Fugate, J. A., Dupras,
S. K., et al. (2007). Cardiomyocytes derived from human embryonic stem cells
in pro-survival factors enhance function of infarcted rat hearts. Nat. Biotechnol.
25, 1015–1024. doi: 10.1038/nbt1327

Lagasse, E., Connors, H., Al-Dhalimy, M., Reitsma, M., Dohse, M., Osborne, L., et
al. (2000). Purified hematopoietic stem cells can differentiate into hepatocytes
in vivo. Nat. Med. 6, 1229–1234. doi: 10.1038/81326

Laurikkala, J., Mikkola, M. L., James, M., Tummers, M., Mills, A. A., and
Thesleff, I. (2006). p63 regulates multiple signalling pathways required for ecto-
dermal organogenesis and differentiation. Development 133, 1553–1563. doi:
10.1242/dev.02325

Lee, G., Kim, H., Elkabetz, Y., Al Shamy, G., Panagiotakos, G., Barberi, T., et
al. (2007). Isolation and directed differentiation of neural crest stem cells
derived from human embryonic stem cells. Nat. Biotechnol. 25, 1468–1475. doi:
10.1038/nbt1365

Lee, G., Papapetrou, E. P., Kim, H., Chambers, S. M., Tomishima, M. J.,
Fasano, C. A., et al. (2009). Modelling pathogenesis and treatment of famil-
ial dysautonomia using patient-specific iPSCs. Nature 461, 402–406. doi:
10.1038/nature08320

Liao, J., Cui, C., Chen, S., Ren, J., Chen, J., Gao, Y., et al. (2009). Generation of
induced pluripotent stem cell lines from adult rat cells. Cell Stem Cell 4, 11–15.
doi: 10.1016/j.stem.2008.11.013

Frontiers in Physiology | Craniofacial Biology February 2014 | Volume 5 | Article 36 | 8

http://www.frontiersin.org/Craniofacial_Biology
http://www.frontiersin.org/Craniofacial_Biology
http://www.frontiersin.org/Craniofacial_Biology/archive


Otsu et al. Cell sources for tooth regeneration

Linder, D., McCaw, B. K., and Hecht, F. (1975). Parthenogenic ori-
gin of benign ovarian teratomas. N. Engl. J. Med. 292, 63–66. doi:
10.1056/NEJM197501092920202

Liu, H., Zhu, F., Yong, J., Zhang, P., Hou, P., Li, H., et al. (2008). Generation of
induced pluripotent stem cells from adult rhesus monkey fibroblasts. Cell Stem
Cell 3, 587–590. doi: 10.1016/j.stem.2008.10.014

Liu, L., Liu, Y. F., Zhang, J., Duan, Y. Z., and Jin, Y. (2013). Ameloblasts serum-
free conditioned medium: bone morphogenic protein 4-induced odontogenic
differentiation of mouse induced pluripotent stem cells. J. Tissue Eng. Regen.
Med. doi: 10.1002/term.1742. [Epub ahead of print].

Lumelsky, N., Blondel, O., Laeng, P., Velasco, I., Ravin, R., and McKay, R. (2001).
Differentiation of embryonic stem cells to insulin-secreting structures similar to
pancreatic islets. Science 292, 1389–1394. doi: 10.1126/science.1058866

Maherali, N., and Hochedlinger, K. (2008). Guidelines and techniques for the
generation of induced pluripotent stem cells. Cell Stem Cell 3, 595–605. doi:
10.1016/j.stem.2008.11.008

Maherali, N., Sridharan, R., Xie, W., Utikal, J., Eminli, S., Arnold, K., et al.
(2007). Directly reprogrammed fibroblasts show global epigenetic remod-
eling and widespread tissue contribution. Cell Stem Cell 1, 55–70. doi:
10.1016/j.stem.2007.05.014

Mayama, H., Miura, H., Jin, T., Chida, M., Kudoh, N., and Seino, Y. (2001). The
formation of mandibular permanent molars in children with a small number of
congenitally missing teeth. Orthod. Waves 60, 381–385.

Mezey, E., Chandross, K. J., Harta, G., Maki, R. A., and McKercher, S. R. (2000).
Turning blood into brain: cells bearing neuronal antigens generated in vivo from
bone marrow. Science 290, 1779–1782. doi: 10.1126/science.290.5497.1779

Mikkelsen, T. S., Hanna, J., Zhang, X., Ku, M., Wernig, M., Schorderet, P., et al.
(2008). Dissecting direct reprogramming through integrative genomic analysis.
Nature 454, 49–55. doi: 10.1038/nature07056

Miura, M., Gronthos, S., Zhao, M., Lu, B., Fisher, L. W., Robey, P. G., et al. (2003).
SHED: stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci.
U.S.A. 100, 5807–5812. doi: 10.1073/pnas.0937635100

Miyoshi, K., Tsuji, D., Kudoh, K., Satomura, K., Muto, T., Itoh, K., et al. (2010).
Generation of human induced pluripotent stem cells from oral mucosa. J. Biosci.
Bioeng. 110, 345–350. doi: 10.1016/j.jbiosc.2010.03.004

Morsczeck, C., Götz, W., Schierholz, J., Zeilhofer, F., Kühn, U., Möhl, C., et al.
(2005). Isolation of precursor cells (PCs) from human dental follicle of wisdom
teeth. Matrix Biol. 24, 155–165. doi: 10.1016/j.matbio.2004.12.004

Nait Lechguer, A., Couble, M. L., Labert, N., Kuchler-Bopp, S., Keller, L., Magloire,
H., et al. (2011). Cell differentiation and matrix organization in engineered
teeth. J. Dent. Res. 90, 583–589. doi: 10.1177/0022034510391796

Nait Lechguer, A., Kuchler-Bopp, S., Hu, B., Haikel, Y., and Lesot, H. (2008).
Vascularization of engineered teeth. J. Dent. Res. 87, 1138–1143. doi:
10.1177/154405910808701216

Nakamura, S., Yamada, Y., Katagiri, W., Sugito, T., Ito, K., and Ueda, M. (2009).
Stem cell proliferation pathways comparison between human exfoliated decid-
uous teeth and dental pulp stem cells by gene expression profile from promising
dental pulp. J. Endod. 35, 1536–1542. doi: 10.1016/j.joen.2009.07.024

Nakao, K., Morita, R., Saji, Y., Ishida, K., Tomita, Y., Ogawa, M., et al. (2007). The
development of a bioengineered organ germ method. Nat. Methods 4, 227–230.
doi: 10.1038/nmeth1012

Ning, F., Guo, Y., Tang, J., Zhou, J., Zhang, H., Lu, W., et al. (2010). Differentiation
of mouse embryonic stem cells into dental epithelial-like cells induced by
ameloblasts serum-free conditioned medium. Biochem. Biophys. Res. Commun.
394, 342–347. doi: 10.1016/j.bbrc.2010.03.007

Nussbaum, J., Minami, E., Laflamme, M. A., Virag, J. A., Ware, C. B., Masino, A., et
al. (2007). Transplantation of undifferentiated murine embryonic stem cells in
the heart: teratoma formation and immune response. FASEB J. 21, 1345–1357.
doi: 10.1096/fj.06-6769com

Oda, Y., Yoshimura, Y., Ohnishi, H., Tadokoro, M., Katsube, Y., Sasao, M.,
et al. (2010). Induction of pluripotent stem cells from human third
molar mesenchymal stromal cells. J. Biol. Chem. 285, 29270–29278. doi:
10.1074/jbc.M109.055889

Ogonuki, N., Inoue, K., Yamamoto, Y., Noguchi, Y., Tanemura, K., Suzuki, O., et al.
(2002). Early death of mice cloned from somatic cells. Nat. Genet. 30, 253–254.
doi: 10.1038/ng841

Ohazama, A., Modino, S. A., Miletich, I., and Sharpe, P. T. (2004). Stem-cell-
based tissue engineering of murine teeth. J. Dent. Res. 83, 518–522. doi:
10.1177/154405910408300702

Okita, K., Ichisaka, T., and Yamanaka, S. (2007). Generation of germline-competent
induced pluripotent stem cells. Nature 448, 313–317. doi: 10.1038/nature05934

Orlic, D., Kajstura, J., Chimenti, S., Jakoniuk, I., Anderson, S. M., Li, B., et
al. (2001). Bone marrow cells regenerate infarcted myocardium. Nature 410,
701–705. doi: 10.1038/35070587

Otsu, K., Fujiwara, N., and Harada, H. (2012a). “Organ cultures and kidney-
capsule grafting of tooth germs,” in Odontogenesis, ed C. Kioussi (New York,
NY: Springer), 59–67. doi: 10.1007/978-1-61779-860-3_7

Otsu, K., Kishigami, R., Oikawa-Sasaki, A., Fukumoto, S., Yamada, A., Fujiwara,
N., et al. (2012b). Differentiation of induced pluripotent stem cells into dental
mesenchymal cells. Stem Cells Dev. 21, 1156–1164. doi: 10.1089/scd.2011.0210

Ozeki, N., Mogi, M., Kawai, R., Yamaguchi, H., Hiyama, T., Nakata, K.,
et al. (2013). Mouse-induced pluripotent stem cells differentiate into
odontoblast-like cells with induction of altered adhesive and migratory
phenotype of integrin. PLoS ONE 8:e80026. doi: 10.1371/journal.pone.00
80026

Park, I. H., Arora, N., Huo, H., Maherali, N., Ahfeldt, T., Shimamura, A., et al.
(2008). Disease-specific induced pluripotent stem cells. Cell 134, 877–886. doi:
10.1016/j.cell.2008.07.041

Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., Bondanza, S.,
et al. (2001). p63 identifies keratinocyte stem cells. Proc. Natl. Acad. Sci. U.S.A.
98, 3156–3161. doi: 10.1073/pnas.061032098

Pihlstrom, B. L., Michalowicz, B. S., and Johnson, N. W. (2005). Periodontal
diseases. Lancet 366, 1809–1820. doi: 10.1016/S0140-6736(05)67728-8

Polo, J. M., Liu, S., Figueroa, M. E., Kulalert, W., Eminli, S., Tan, K. Y., et al.
(2010). Cell type of origin influences the molecular and functional properties
of mouse induced pluripotent stem cells. Nat. Biotechnol. 28, 848–855. doi:
10.1038/nbt.1667

Polzer, I., Schimmel, M., Muller, F., and Biffar, R. (2010). Edentulism as part of
the general health problems of elderly adults. Int. Dent. J. 60, 143–155. doi:
10.1922/IDJ_2184Polzer13

Reubinoff, B. E., Pera, M. F., Fong, C.-Y., Trounson, A., and Bongso, A. (2000).
Embryonic stem cell lines from human blastocysts: somatic differentiation
in vitro. Nat. Biotechnol. 18, 399–404. doi: 10.1038/74447

Rincon, J. C., Young, W. G., and Bartold, P. M. (2006). The epithelial cell rests of
Malassez–a role in periodontal regeneration? J. Periodont. Res. 41, 245–252. doi:
10.1111/j.1600-0765.2006.00880.x

Roh, S., Lee, G., Hong, S.-D., Kang, H., and Min, B.-M. (2008). Osteogenic
potential of embryonic stem cells in tooth sockets. Int. J. Mol. Med. 21, 539.

Ruch, J., Lesot, H., and Begue-Kirn, C. (1995). Odontoblast differentiation. Int. J.
Dev. Biol. 39, 51–68.

Salmivirta, K., Gullberg, D., Hirsch, E., Altruda, F., and Ekblom, P. (1996). Integrin
subunit expression associated with epithelial-mesenchymal interactions during
murine tooth development. Dev. Dyn. 205, 104–113. doi: 10.1002/(SICI)1097-
0177(199602)205:2<104::AID-AJA2>3.0.CO;2-M

Scadden, D. T. (2006). The stem-cell niche as an entity of action. Nature 441,
1075–1079. doi: 10.1038/nature04957

Shamblott, M. J., Axelman, J., Wang, S., Bugg, E. M., Littlefield, J. W., Donovan,
P. J., et al. (1998). Derivation of pluripotent stem cells from cultured human
primordial germ cells. Proc. Natl. Acad. Sci. U.S.A. 95, 13726–13731. doi:
10.1073/pnas.95.23.13726

Shamis, Y., Hewitt, K. J., Carlson, M. W., Margvelashvilli, M., Dong, S., Kuo, C.
K., et al. (2011). Fibroblasts derived from human embryonic stem cells direct
development and repair of 3D human skin equivalents. Stem Cell Res. Ther. 2.
doi: 10.1186/scrt51

Shinmura, Y., Tsuchiya, S., Hata, K. I., and Honda, M. J. (2008). Quiescent epithelial
cell rests of Malassez can differentiate into ameloblast-like cells. J. Cell. Physiol.
217, 728–738. doi: 10.1002/jcp.21546

Slack, J. (2008). Origin of stem cells in organogenesis. Science 322, 1498–1501. doi:
10.1126/science.1162782

Sonoyama, W., Liu, Y., Fang, D., Yamaza, T., Seo, B. M., Zhang, C., et al. (2006).
Mesenchymal stem cell-mediated functional tooth regeneration in swine. PLoS
ONE 1:e79. doi: 10.1371/journal.pone.0000079

Sonoyama, W., Liu, Y., Yamaza, T., Tuan, R. S., Wang, S., Shi, S., et al.
(2008). Characterization of the apical papilla and its residing stem cells from
human immature permanent teeth: a pilot study. J. Endod. 34, 166–171. doi:
10.1016/j.joen.2007.11.021

Spradling, A., Drummond-Barbosa, D., and Kai, T. (2001). Stem cells find their
niche. Nature 414, 98–104. doi: 10.1038/35102160

www.frontiersin.org February 2014 | Volume 5 | Article 36 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Craniofacial_Biology/archive


Otsu et al. Cell sources for tooth regeneration

Stadtfeld, M., Brennand, K., and Hochedlinger, K. (2008). Reprogramming of pan-
creatic β cells into induced pluripotent stem cells. Curr. Biol. 18, 890–894. doi:
10.1016/j.cub.2008.05.010

Sun, N., Panetta, N. J., Gupta, D. M., Wilson, K. D., Lee, A., Jia, F., et al.
(2009). Feeder-free derivation of induced pluripotent stem cells from adult
human adipose stem cells. Proc. Natl. Acad. Sci. U.S.A. 106, 15720–15725. doi:
10.1073/pnas.0908450106

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 131, 861–872. doi: 10.1016/j.cell.2007.11.019

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024

Tamaoki, N., Takahashi, K., Tanaka, T., Ichisaka, T., Aoki, H., Takeda-Kawaguchi,
T., et al. (2010). Dental pulp cells for induced pluripotent stem cell banking.
J. Dent. Res. 89, 773–778. doi: 10.1177/0022034510366846

Tamashiro, K. L. K., Wakayama, T., Akutsu, H., Yamazaki, Y., Lachey, J. L.,
Wortman, M. D., et al. (2002). Cloned mice have an obese phenotype not
transmitted to their offspring. Nat. Med. 8, 262–267. doi: 10.1038/nm0302-262

Thesleff, I., and Sharpe, P. (1997). Signalling networks regulating dental develop-
ment. Mech. Dev. 67, 111–123. doi: 10.1016/S0925-4773(97)00115-9

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J.,
Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human
blastocysts. Science 282, 1145–1147. doi: 10.1126/science.282.5391.1145

Thomson, J. A., Kalishman, J., Golos, T. G., Durning, M., Harris, C. P., Becker, R.
A., et al. (1995). Isolation of a primate embryonic stem cell line. Proc. Natl. Acad.
Sci. U.S.A. 92, 7844–7848.

Tummers, M., and Thesleff, I. (2003). Root or crown: a developmental choice
orchestrated by the differential regulation of the epithelial stem cell niche
in the tooth of two rodent species. Development 130, 1049–1057. doi:
10.1242/dev.00332

Utikal, J., Maherali, N., Kulalert, W., and Hochedlinger, K. (2009). Sox2 is dispens-
able for the reprogramming of melanocytes and melanoma cells into induced
pluripotent stem cells. J. Cell Sci. 122, 3502–3510. doi: 10.1242/jcs.054783

Van Laake, L. W., Passier, R., Doevendans, P. A., and Mummery, C. L. (2008).
Human embryonic stem cell–derived cardiomyocytes and cardiac repair in
rodents. Circ. Res. 102, 1008–1010. doi: 10.1161/CIRCRESAHA.108.175505

Wada, N., Wang, B., Lin, N. H., Laslett, A. L., Gronthos, S., and Bartold, P. M.
(2011). Induced pluripotent stem cell lines derived from human gingival fibrob-
lasts and periodontal ligament fibroblasts. J. Periodont. Res. 46, 438–447. doi:
10.1111/j.1600-0765.2011.01358.x

Watt, F. M., and Hogan, B. (2000). Out of Eden: stem cells and their niches. Science
287, 1427–1430. doi: 10.1126/science.287.5457.1427

Weissman, I. L. (2000). Stem cells: units of development, units of regeneration, and
units in evolution. Cell 100, 157–168. doi: 10.1016/S0092-8674(00)81692-X

Wen, Y., Wang, F., Zhang, W., Li, Y., Yu, M., Nan, X., et al. (2012). Application of
induced pluripotent stem cells in generation of a tissue-engineered tooth-like
structure. Tissue Eng. A 18, 1677–1685. doi: 10.1089/ten.tea.2011.0220

Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger, K., et
al. (2007). In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like
state. Nature 448, 318–324. doi: 10.1038/nature05944

Wernig, M., Zhao, J. P., Pruszak, J., Hedlund, E., Fu, D., Soldner, F., et al.
(2008). Neurons derived from reprogrammed fibroblasts functionally inte-
grate into the fetal brain and improve symptoms of rats with Parkinson’s
disease. Proc. Natl. Acad. Sci. U.S.A. 105, 5856–5861. doi: 10.1073/pnas.08016
77105

Woltjen, K., Michael, I. P., Mohseni, P., Desai, R., Mileikovsky, M., Hämäläinen,
R., et al. (2009). piggyBac transposition reprograms fibroblasts to induced
pluripotent stem cells. Nature 458, 766–770. doi: 10.1038/nature07863

Xiong, J., Gronthos, S., and Bartold, P. M. (2013). Role of the epithelial cell rests
of Malassez in the development, maintenance and regeneration of periodontal
ligament tissues. Periodontology 2000 63, 217–233. doi: 10.1111/prd.12023

Yan, X., Qin, H., Qu, C., Tuan, R. S., Shi, S., and Huang, G. T.-J. (2010). iPS cells
reprogrammed from human mesenchymal-like stem/progenitor cells of dental
tissue origin. Stem Cells Dev. 19, 469–480. doi: 10.1089/scd.2009.0314

Yao, S., Pan, F., Prpic, V., and Wise, G. (2008). Differentiation of stem cells in the
dental follicle. J. Dent. Res. 87, 767–771. doi: 10.1177/154405910808700801

Yokohama-Tamaki, T., Ohshima, H., Fujiwara, N., Takada, Y., Ichimori, Y.,
Wakisaka, S., et al. (2006). Cessation of Fgf10 signaling, resulting in a defec-
tive dental epithelial stem cell compartment, leads to the transition from crown
to root formation. Development 133, 1359–1366. doi: 10.1242/dev.02307

Yokoi, T., Saito, M., Kiyono, T., Iseki, S., Kosaka, K., Nishida, E., et al. (2007).
Establishment of immortalized dental follicle cells for generating periodontal
ligament in vivo. Cell Tissue Res. 327, 301–311. doi: 10.1007/s00441-006-0257-6

Yu, J., He, H., Tang, C., Zhang, G., Li, Y., Wang, R., et al. (2010). Differentiation
potential of STRO-1+ dental pulp stem cells changes during cell passaging.
BMC Cell Biol. 11:32. doi: 10.1186/1471-2121-11-32

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 10 October 2013; accepted: 17 January 2014; published online: 04 February
2014.
Citation: Otsu K, Kumakami-Sakano M, Fujiwara N, Kikuchi K, Keller L, Lesot H and
Harada H (2014) Stem cell sources for tooth regeneration: current status and future
prospects. Front. Physiol. 5:36. doi: 10.3389/fphys.2014.00036
This article was submitted to Craniofacial Biology, a section of the journal Frontiers in
Physiology.
Copyright © 2014 Otsu, Kumakami-Sakano, Fujiwara, Kikuchi, Keller, Lesot and
Harada. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | Craniofacial Biology February 2014 | Volume 5 | Article 36 | 10

http://dx.doi.org/10.3389/fphys.2014.00036
http://dx.doi.org/10.3389/fphys.2014.00036
http://dx.doi.org/10.3389/fphys.2014.00036
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Craniofacial_Biology
http://www.frontiersin.org/Craniofacial_Biology
http://www.frontiersin.org/Craniofacial_Biology/archive

	Stem cell sources for tooth regeneration: current status and future prospects
	Introduction
	Current Stem Cell-Based Tooth Regeneration
	ESCs
	Adult Stem Cells in Dental Tissues
	Adult Stem Cells in Non-Dental Tissues

	iPS Cells
	Differentiation of iPS Cells into Epithelial Stem/Progenitor Cells During Teratoma Formation
	Approaches to Tooth Regeneration using iPS Cells
	Concluding Remarks
	Acknowledgments
	References


