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Cellular heterogeneity refers to the genetic and phenotypic differences among cells, which
reflect their various fate choices, including viability, proliferation, self-renewal probability,
and differentiation into different lineages. In recent years, research on the heterogeneity of
mesenchymal stem cells has made some progress. Odontogenic mesenchymal stem cells
share the characteristics of mesenchymal stem cells, namely, good accessibility, low
immunogenicity and high stemness. In addition, they also exhibit the characteristics of
vasculogenesis and neurogenesis, making them attractive for tissue engineering and
regenerative medicine. However, the usage of mesenchymal stem cell subgroups differs in
different diseases. Furthermore, because of the heterogeneity of odontogenic
mesenchymal stem cells, their application in tissue regeneration and disease
management is restricted. Findings related to the heterogeneity of odontogenic
mesenchymal stem cells urgently need to be summarized, thus, we reviewed studies
on odontogenic mesenchymal stem cells and their specific subpopulations, in order to
provide indications for further research on the stem cell regenerative therapy.
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INTRODUCTION

Cellular heterogeneity was first discovered in tumor cells, and the term is used to describe the
differences in genes and phenotypes between different tumor cells (Ono et al., 2021; Pe’er et al.,
2021). In terms of pluripotency, self-renewal ability, and other traits, mesenchymal stem cells
(MSCs), as undifferentiated cells, show similar behaviors to tumor cells, as mentioned in many
studies; in contrast, the heterogeneity of MSCs has rarely been reported (Hayashi et al., 2019).
Initially, it was found that alkaline phosphatase (ALP) is highly expressed in somes but not other
individual colony cultures of MSCs, and there is also a third type that has intermediate expression; in
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addition, this factor is not expressed in the periphery
(Friedenstein et al., 1982). Further research showed that the
expression patterns of markers such as CD90 and CD45 in
several types and subpopulations of MSCs are quite different
(Abe et al., 2008; Li et al., 2012; Mabuchi et al., 2021). With the
help of new technologies, such as single-cell RNA sequencing
(scRNA-seq) and its derivative technologies, a better approach for
studying cell heterogeneity has been developed (Chen S et al.,
2020; Lei et al., 2021). Using single-cell sequencing, it was found
that even within an MSC subpopulation, due to changes in the
internal and the external factors, the gene expression also differs
among cells (Bianco et al., 2001; Mabuchi et al., 2021). Overall,
heterogeneity of the MSC phenotype is likely to exist among cell
lines, among cells within a line, and among temporal states of a
single cell.

Odontogenic MSCs have been isolated from dental tissue,
including dental pulp (Gronthos et al., 2000), exfoliated
deciduous teeth (Miura et al., 2003), periodontal ligaments
(Seo et al., 2004), dental follicles (Morsczeck et al., 2005),
apical papillae (Sonoyama et al., 2006), papillae (Tziafas and
Kodonas, 2010) and periapical cysts (Marrelli et al., 2013).
Odontogenic MSCs have become an attractive source of
autologous MSCs because they exhibit the characteristics of
vasculogenesis and neurogenesis (Liu et al., 2015), along with
their good accessibility, low immunogenicity and high stemness
(Merimi et al., 2021). There has been some clinical evidence
verifying the therapeutic effect of odontogenic MSCs in tissue
regeneration. For example, implantation of human deciduous
pulp stem cells (hDPSCs) into injuried incisors can promote pulp
regeneration and partial tooth recovery (Xuan et al., 2018).
However, the effect of odontogenic MSCs on tissue
regeneration and disease management remains unclear (Levy
et al., 2020). It is generally accepted that the extracellular
environment affects the therapeutic efficacy of engrafted
odontogenic MSCs. A chronic inflammatory environment
interferes with odontogenic MSC osteogenesis, resulting in
osteolysis (Bressan et al., 2019).

Recently, the heterogeneity of odontogenicMSCs has attracted
attention. To date, the sudy and application of human MSCs are
mostly based on the hybrid effect, and only a small part of the
hybrid may play a pivotal role in regeneration and
immunoregulation (Huang et al., 2019). In this review, the
characteristics and application prospects of odontogenic MSCs
are summarized according to their specific subpopulations, with
the aim of obtaining a better understanding the opportunities and
challenges generated by the heterogeneity of stem cells in the
context of regenerative medicine and providing ideas for further
research on the stem cell regenerative therapy.

MSC HETEROGENEITY DURING
DEVELOPMENT AND REGENERATION

MSCs, which can alternatively be defined as multipotent MSCs,
are a series of premature stromal cells with multilineage
differentiation potential. They can be amplified in vitro and
differentiate into specific tissues (such as bone, cartilage,

adipose tissue, etc.) under diverse conditions (Uccelli et al.,
2008). From almost every type of connective tissue, specific
MSCs can be isolated, which explains the importance of MSCs
in tissue regeneration research. However, researchers have
suggested that there are differences within a single type of
MSCs derived from different individuals (Lv et al., 2014);
either different cultivation conditions or different numbers of
cell passages can determine gene or protein expression profiles,
which directly reflects the phenotype of the colony. This is
currently called MSC heterogeneity.

For example, in skin tissue, there are many specialized
mesenchymal cells called dermal papillae (DPs) located at the
base of the hair follicles, which are essential for hair regeneration
(Driskell et al., 2011; Morgan, 2014). Freshly isolated DPs or in
vitro-cultured DP cells can induce de novo hair follicle formation
when implanted elsewhere, with the hair type determined by the
source of the DPs (Jahoda et al., 1984). This indicates that DP cells
are intrinsically heterogeneous and contain hard-wired positional
memory that in turn instructs the overlaying epithelial cell
activity. Furthermore, the same holds for bone marrow MSCs;
only a fraction of colony-forming units from plastic adherence
isolated MSCs(PA-MSCs) exhibited multipotency, indicating
that PA-MSCs comprise a heterogeneous population of cells
with different lineage commitments, which may be relate to
their in vivo environments (Lv et al., 2014). This is reflected in
the differences in the protein expression profiles, cytokine
profiles, and differentiation potency of MSCs from various
source. In addition, the oral cavity is a source of MSCs, but
the heterogeneity of these MSCs has not been systematically
reviewed.

ODONTOGENIC MSC HETEROGENEITY

Themesoderm and neural crest are currently considered to be the
main sources of MSCs (Takashima et al., 2007). Mesoderm-
derived MSCs mainly give rise to bone and connective tissue.
When cultured in vitro, they show potential for chondrogenic,
osteogenic and adipogenic differentiation (Vodyanik et al., 2010).
Neural crest-derived MSCs are considered to generate the
craniofacial bones. Notably, they show neurogenic potential
compared to mesoderm-derived MSCs (Isern et al., 2014).

Odontogenic MSCs are considered to be derived from the
neural crest (Thesleff and Nieminen, 1996) and have become a
remarkable source of autologous MSCs. They have been isolated
and identified from various sites in dental tissues, including apical
papillae, exfoliated deciduous teeth, dental follicles, periodontal
ligaments, dental pulp, dental papillae and periapical cysts. In
2000, Gronthos et al. isolated a clonogenic group of dental pulp
cells that have similar capabilities as bone marrow stromal cells
(BMSCs), including self-renewal ability and multidirectional
differentiation potential (Gronthos et al., 2000). Since then, an
increasing number of MSCs have been isolated from dental pulp,
apical papillae, dental follicles, periodontal ligaments, periapical
cysts and even the gingiva (Zhang et al., 2009). These odontogenic
MSCs have been widely used in various tissue regeneration
studies, including studies of bone, nerve and liver
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regeneration. Several studies have found that in animal calvarial
bone defect models, odontogenic MSCs promote new bone
formation and play an important role in bone regeneration
(Yang H et al., 2019). In the context of neural restoration,
odontogenic MSCs can differentiate into neuron-like cells and
achieve neuro-regeneration, and their effectiveness in the
treatment of ischemic vascular diseases has been validated
(Zhang et al., 2018; Gonmanee et al., 2020). Moreover,
odontogenic MSCs have the potential to differentiate into
hepatocyte-like cells. Transplantation of stem cells from
exfoliated deciduous teeth (SHED) has been reported to
significantly reduce rat liver fibrosis and normalize the
disordered liver structure (Yokoyama et al., 2019). Notably,
compared with MSCs from other sources, odontogenic MSCs
exhibit several unique advantages.

Interestingly, there seem to be location-related differences in
the regenerative potential of these cells. For example, stem cells
from periodontal ligaments can differentiate into cementoblasts
(J. W. Yang et al., 2020) and concentrate collagen fibers similar to
Sharpey fibers (Hasegawa et al., 2005), whereas stem cells from
dental pulp show the ability to produce calcified nodules, the
components of which are similar to dentin (Zhang et al., 2005;
Feng et al., 2011). In this regard, the functional heterogeneity of
MSCs makes the application of MSCs more challenging, as
different cells may show different therapeutic effects for
different therapeutic purposes. However, this heterogeneity

also raises the opportunity that dividing MSCs into different
subgroups according to their different functions may improve the
outcomes of stem cell therapy (Figure 1). A study proved that
after the transplantation of dental pulp stem cells (DPSCs) in situ,
the vascularized pulp tissue of canine teeth was successfully
repaired (Iohara et al., 2013). Similarly, stem cells of the apical
papillae (SCAPs) have been shown to exhibit the ability to
support tooth root formation (Abe et al., 2008). On the other
hand, gingival mesenchymal stem cells (GMSCs) injected
through the tail vein could accurately locate periodontal injury
sites and participate in periodontal tissue regeneration (Sun et al.,
2019), whereas DPSCs could hardly repair periodontal tissue
defects (Park et al., 2011). Nevertheless, some studies suggested
that DPSCs might be able to accomplish periodontal tissue repair
and regeneration (Liu et al., 2011). These results suggest that
investigations of the role of different odontogenic MSC
subpopulations in tissue repair and regeneration should be
carried out more systematically.

The cellular environment required for growth and
development is highly dynamic and heterogeneous. The
cellular origin of the tooth can be shown by using lineage
tracking, which helps to better explore the cellular
environment required for tooth development. In mouse
incisors, the population of peripheral glial MSCs originates
trom the teeth, and these cells can differentiate into
odontoblasts and dental pulp cells (Kaukua et al., 2014;

FIGURE 1 | Strategies for utilizing the odontogenic MSC heterogeneity in tissue regeneration. Odontogenic MSCswere isolated from dental tissue, including dental
pulp, periodontal ligaments, dental follicles, apical papillae, and the gingiva, and they showed heterogeneity in terms of their pluripotency in vitro culture. They could be
sorted into several cell subpopulations according to their characteristics, with enhanced vasculogenic, neurogenic and osteogenic differentiation abilities. In the
regeneration of teeth or other tissues, such as bone, liver, nerves and blood vessels, the selection of one or more cell subpopulations according to different needs
might improve the outcomes of regenerative medicine.
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Krivanek et al., 2020). In addition, non-glial-derived dental MSCs
have been reported in mouse incisors, and these cells are found in
the neurovascular bundle and responsive to Shh (Zhao et al.,
2014). Lineage tracing of these cells using Ng2-Cre showed that
they are derived from pericytes and mainly act on the vascular
system. They are also responsible for the continuous generation
of odontoblasts, especially after odontoblasts are damaged (Feng
et al., 2011; Zhao et al., 2014; Pang et al., 2016). Taken together,
these findings indicate that more than one type of MSC is
involved in tooth development, and different cells perform
different functions.

ADVANTAGES OF ODONTOGENIC MSCS
IN TISSUE REGENERATION

Better Accessibility
Although MSCs can be isolated from connective tissue
throughout the body, the invasiveness of the collection process
often limits their clinical application. In contrast, odontogenic
MSCs, which can be isolated from discarded teeth and
periodontal tissue, are easier to obtain from the body (J. Yang
et al., 2020). Teeth extracted due to impaction, trauma or severe
periodontitis and exfoliated deciduous teeth that have fallen out
naturally, which are often abandoned, can be a rich source of
odontogenic MSCs (Chen et al., 2012). In addition, gingiva that
was removed for aesthetic or pathological reasons can also be an
attractive source of MSCs. In comparison to the difficulty of
obtaining stem cells from other organs or tissues in the human
body, not only is it easy to access to the collection site of
odontogenic MSCs but also the extraction of stem cells from
dental tissue is highly efficient.

Lower Immunogenicity
Low immunogenicity has been reported to be a common
characteristic among different MSC populations, including
odontogenic MSCs (Laing et al., 2018). This is mainly because
they do not express immune costimulatory factors, such as major
histocompatibility complex class II antigen, as well as CD40,
CD80 and CD86 (Wada et al., 2013). In this regard, the low
immunogenicity of odontogenic MSCs solves the problem of
transplant rejection caused by immune incompatibility between
the donor and the recipient. Transplant rejection usually occurs
after transplantation of allogeneic cells, tissues or organs, which is
one of the critical issues in tissue engineering. Of note,
odontogenic MSCs have immunomodulatory properties that
inhibit immune responses and make them suitable for the
treatment of autoimmune and inflammation-related diseases
(Le Blanc, 2006). For example, PDLSCs can induce
macrophages to polarize toward the M2 phenotype that
supports tissue repair, thereby changing the immune
microenvironment and promoting periodontal regeneration
(Liu et al., 2019). In vitro experiments showd that DPSCs
could reduce the viability of natural killer cells and inhibit
their cytotoxic activity. Moreover, SHEDs increase the ratio of
regulatory T cells (Tregs) to T helper 17 (Th17) cells in vivo by
restraining the differentiation of Th17 cells (Yamaza et al., 2010).

In conclusion, the immunomodulatory properties of odontogenic
MSCs allow them to support allotransplantation for tissue-
engineering applications, addressing the problem of failure to
generate sufficient cells from a single donor for cell
transplantation therapy.

Higher Stemness
Odontogenic MSCs show higher stemness because tooth
development continues until the permanent teeth replace the
deciduous teeth after birth. DPSCs and SHEDs have been
reported to have superior proliferative capability to BMSCs
and to express some pluripotent markers, such as Sox-2,
Nanog and Oct-3/4 (Monterubbianesi et al., 2019; Yang X
et al., 2019). GMSCs have also been shown to maintain long-
term proliferation with a faster population doubling time than
BMSCs (Al Bahrawy et al., 2020). In terms of osteogenic
differentiation, DPSCs showed higher odontogenic capacity
than BMSCs (Monterubbianesi et al., 2019). After tooth
damage occurs, DPSCs are quickly activated, and then
proliferate, migrate and differentiate into odontoblasts,
replacing apoptotic odontoblasts (Chen et al., 2016).
Moreover, from a developmental point of view, teeth and
periodontal tissue are produced by the continuous interaction
between ectodermal epithelial cells and ectodermal mesenchymal
cells from the neural crest and mesoderm (Kota et al., 2016). All
subpopulations of odontogenic MSCs not only have the general
characteristics of other MSCs but also have neurogenic abilities
similar to those of neural crest-derived stem cells (Liu et al., 2015).
Several odontogenic MSC subpopulations have been shown to be
able to differentiate into nerve cells, including SHEDs (Rosa et al.,
2016), dental follicle stem cells (DFSCs) and SCAPs (De Berdt
et al., 2015) and human periapical cyst-mesenchymal stem cells
(hPCy-MSCs) (Tatullo et al., 2020). Notably, SCAPs can express
nestin, GAD, βIII tubulin and neurofilament M and other
neuronal cell-associated markers, as well as some neurotrophic
factors or neuroprotective factors, to promote neurogenesis and
regeneration (de Almeida et al., 2014). Overall, odontogenic
MSCs show higher stemness than BMSCs, suggesting that they
might play key roles in periodontal regeneration and tooth
homeostasis.

Although odontogenic MSCs exhibit many advantages, as
described above, they are heterogeneous. The phenotype and
genotype of each cell determine its functions. Therefore, studying
cell heterogeneity will enable accurate targeting and improved
effects on tissue regeneration.

CHARACTERISTICS OF SEVERAL
ODONTOGENIC MSC SUBPOPULATIONS

Odontogenic MSC Subpopulations
With the improving understanding of the heterogeneity of MSCs,
an increasing number of odontogenic MSC subpopulations have
been isolated (Figure 2). CD24+ cells were isolated from apical
papilla and identified as undifferentiated SCAPs with greater
dentine regeneration capacity (Sonoyama et al., 2006). A group of
Gli1+ MSCs were also isolated from the periodontal ligaments of
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mouse molars, surrounding the neurovascular bundle and
forming the PDL, cementum, and alveolar bone (Men et al.,
2020). In addition, cell lineage tracing studies have shown that the
rapid proliferation of Axin2+ MSCs and their progeny can
directly contribute to the cellular cementum and the postnatal

acellular cementum (Xie et al., 2019). Overall, these subgroups
have distinct characteristics and biological activity and enhance
the regenerative potential of certain tooth structures. Therefore, it
is necessary to further subdivide odontogenic stem cells, clarify
their differences in differentiation potential, proliferation rate,

FIGURE 2 | Odontogenic MSCs and their subpopulations. Various types of stem cells, such as dental pulp stem cells (DPSCs), periodontal ligament stem cells
(PDLSCs) and stem cells from the root apical papilla (SCAPs), can be found in the dental pulp and periodontal ligament around the tooth root. Gli1+ MSCs surround the
vasculature exclusively. Axin2+ MSCs were identified in the periodontal ligament (PDL). CD24a + MSCs were present in human dental papilla tissues.

TABLE 1 | Summary of main characteristics and therapeutic efficacy of MSC subpopulations.

MSC
Subpopulations

Tissue Sources Primary
Function

Main characteristics Therapeutic Efficacy

Gli1+ MSC Mouse incisor Tooth support Strong mobilization in response to tissue injury Periodontal bone
regeneration ↑

Dentin formation Generating bone matrix in vivo Fracture repair ↑
Axin2+ MSC Periodontal ligament Tooth support Give rise to cementoblasts and cementocytes in vivo Cementum regeneration ↑

Cementum
formation

Express transcription factors for controlling cementum
formation

CD24a+ MSC Apical papilla Tooth support Higher proliferation capacity than BM-MSCs Dental pulp regeneration ↑
Wound healing Enhanced osteogenic/odontogenic differentiation

capabilities
CD146+ MSC Periodontium and pulpal tissue of

deciduous teeth
Dentin formation Express neurogenic markers Periodontal bone

regeneration ↑
Form dentin-like structures in vivo Dental pulp regeneration ↑
Higher proliferation capacity than DPSCs and BM-
MSCs

Stro-1+ MSC Dental pulp of permanent teeth Dentin formation Generate the cementum-PDL structure in vivo Periodontal tissue
regeneration ↑

Higher proliferation capacity than DPSCs and BM-
MSCs

Alveolar bone
regeneration ↑

CD105+ MSC Dental pulp of permanent teeth Dentin formation Express neurogenic markers Dental tissue
inflammation ↓

Higher proliferation capacity and odontogenic
capacity than BM-MSCs

Dentin regeneration ↑

Dental pulp regeneration ↑
Alveolar bone
regeneration ↑
Osteogenic potential ↑
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immunosuppression ability and other biological functions, and
conduct comparative studies to standardize treatment methods
(Table 1).

Gli1+ MSCs and Their Role in Odontogenic
Regeneration
Gli1 is one of three GLI family transcription effectors at the
terminal end of the hedgehog signaling (Hh) pathway, which
participate in the progression of cell differentiation and
development. Gli1 was first identified in human glioblastoma
(Kinzler et al., 1987). Later, in the heart, lung, kidney and other
tissues, it was found to have different functions and to participate
in injury repair (Kramann et al., 2015). Gli1+ cells surround the
vasculature exclusively and are negative for the expression
markers of neural or glial cells (b3-tubulin, S100),
endothelium (GS-IB4), smooth muscle cells (aSMA), or
pericytes (NG2, LepR) (Zhao et al., 2014; Men et al., 2020).
Therefore, Gli1+ cell sorting can improve the purity of MSCs and
reduce the impact of impurities on clinical applications.

Gli1+ cells have been identified as the stem cells of the mouse
long bone, craniofacial bones, and incisor (Pang et al., 2015; Zhao
et al., 2015; Shi et al., 2017). It was found that inhibition of Gli1+

cells in the mouse incisor can result in alveolar bone resorption
and wider PDL gaps in the periodontium of mice (Chen S et al.,
2020), suggesting that the activation of Gli1+ cells may be related
to periodontal development and repair in mice.

A large body of work has indicated that Hh critically regulates
osteoblast differentiation and is implicated in alveolar bone
development and remodeling. As a transcription effector at the
terminal end of the Hh signaling pathway, Gli1 may be a marker
of a specific MSC subpopulation with enhanced osteogenic
capacity (Shi et al., 2017). Several studies have investigated the
distribution characteristics and physiological functions of Gli1+

cells in vivo. Gli1 expression was detected by using Gli1-LacZ
mice, and it was found that there was a large number of stem cells
in the periodontal membrane of young mice, especially in 1/3 of
the root tip. Gli1+ cells differentiate and mature during the
development of the periodontal membrane, and some fusiform
or polygonal fibroblasts develop into long fusiform cells, which
account for a large proportion of the total number of periodontal
ligament cells (Men et al., 2020). Of note, Gli1+ cells in the
periodontal membrane can gradually differentiate and proliferate
into osteocytes around alveolar bone, and their numbers increase
gradually, with the secretion of bone matrix and the formation
bone (Hosoya et al., 2020; Liu et al., 2020). Taken together, these
findings indicate that Gli1+ cells may be the main cell source for
the periodontal membrane and alveolar bone and participate in
growth and development during the peak period.

Gli1+ cells exhibit strong mobilization in response to tissue
injury. These cells proliferated massively and migrated to the
damaged area 24 h after tooth injury and formed repaired dentin
later (Zhao et al., 2014). Consistently, 10 days after fracture, Gli1+

cells were detected in the whole fracture callus, indicating that
Gli1+ cells, as progenitors of osteoblasts, are responsible for
normal bone formation as well as fracture repair (Shi et al.,
2017). The ability of Gli1+ cells to respond quickly to injury of

multiple tissues and organs suggests that they are a specific MSC
subpopulation with potential for morphologic development and
repair and regeneration.

Although Gli1+ cells are negative for markers of neural or glial
cells (b3-tubulin, S100), endothelium (GS-IB4), smooth muscle
cells (aSMA), and pericytes (NG2, LepR) and surround the
vasculature (Zhao et al., 2014; Men et al., 2020), they are also
heterogeneous, which reflects the complex functions of MSCs in
promoting tissue repair and maintaining tissue homeostasis.
ScRNA-seq analysis of mouse incisors showed that Gli1+ cells
consisted of nine distinct clusters (Chen S et al., 2020). Runx2+

cells in the Gli1+ MSC subpopulation are not MSCs, and they
have been identified as niche cells. These niche cells can regulate
the proliferation and differentiation of TACs through IGF
signaling (Chen S et al., 2020). In this regard, the role of
heterogeneous MSCs in tissue regeneration needs to be
reconsidered.

Axin2+ MSCs and Their Role in Odontogenic
Regeneration
Axin2, which is expressed in the periosteum and osteogenic
Frontier of developing sutures, is a negative regulator of the
canonical Wnt pathway (Yu et al., 2005; Di Pietro et al., 2020).
Targeted destruction of Axin2 in mice leads to structural
malformations of the skull (Yu et al., 2005), suggesting that
Axin2 may influence osteoblast proliferation and differentiation.

Axin2+ cells were identified in the mouse PDL (Yuan et al.,
2018). Severe cementum hypoplasia appeared after the cell
ablation of Axin2+ cells in vivo (Xie et al., 2019), indicating
that Axin2+ mesenchymal PDL cells may be related to cementum
growth.

During the development of alveolar bone, Axin2+ cells are
activated to form the cementum. After tracing the fate of Axin2+

PDL cells in transgenic mice, these cells were found to give rise to
the majority of cementoblasts and cementocytes, and the
expression of Axin2 in PDL cells was consistent with postnatal
cementum growth (Xie et al., 2019; Zhao et al., 2021).
Consistently, cell ablation assays showed a significant decrease
in the cellular cementum area and acellular cementum thickness
of the mandibular molar distal roots after Axin2+ cell
ablation. In addition, immunostaining revealed that
Axin2+ cells expressed OSX, a transcription factor in
MSCs essential for controlling cementum formation (Cao
et al., 2012). Taken together, these findings indicate that
Axin2+ PDL cells are the major progenitor cell source for
both cellular and acellular cementum growth.

Axin2+ cells respond to Wnt signaling to promote cementum
regeneration. Several studies have suggested that Axin2 is a key
target of Wnt/β-catenin signaling, which is a fundamental
pathway in many stem cell/regenerative/repair contexts (Lohi
et al., 2010; Babb et al., 2017). During the development of the
periodontium, both cellular and acellular cementum expanded
rapidly, while the level of Wnt signaling decreased gradually (Xie
et al., 2019; Men et al., 2020). When roots are fully formed,
appropriate Wnt signaling activates Axin2+ cells to form
cementoblasts to replenish those lost through apoptosis. Thus,
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maintaining the characteristics of acellular cementum requires
low Wnt activity in Axin2+ cells.

However, Axin2+ cells did not exhibit strong regenerative
function after physical injury or infection of periodontal tissue.
A likely explanation is that in normally occurring periodontitis
the bacteria inhibit the remobilization of Axin2+ cells. Moreover,
the heterogeneity of Axin2+ cells is not well understood. Further
research should focus on the mechanism by which Axin2+ cells
are activated and repressed and the heterogeneity of this specific
MSC population to improve clinical treatment outcomes.

CD24a+ MSCs and Their Role in
Odontogenic Regeneration
CD24a, also known as heat-stable antigen, is a highly glycosylated
molecule with a protein core of only 27 amino acids and is
expressed mainly in hamatopoietic and neural cells (Sammar
et al., 1997). During development, the expression of CD24a in
progenitor cells and metabolically active cells is higher than that
in terminally differentiated cells, which reveals that CD24a+ cells
show cellular pluripotency and have a strong correlation with the
self-renewal state (Shakiba et al., 2015). In cancer-related
research, it has been proven that CD24a is associated with
aggressive tumor behavior, can enhance the tendency of cells
to renew, differentiate and metastasize, and can increase the
expression levels of enriched Sox2 and Oct4 (Lee et al., 2011).

CD24a + cells were present in both mouse tooth germs and
human dental papilla tissues. The CD24a+ cell population in
human dental papillae is an undifferentiated SCAP population. In
response to osteogenic induction conditions in vitro culture, the
number of CD24a+ cells decreased gradually, while the expression
of ALP was observed, indicating that CD24a+ stem cells may be
related to osteogenic differentiation (Sonoyama et al., 2006).

To further study the osteogenic differentiation ability of
CD24a+ cells, Chen et al. developed a 3D spheroid culture
system for tooth-derived stem cells to dissect their lineage
commitment and characterize their tissue regenerative
potential, which can make up for the deficiency of the
traditional two-dimensional (2D) adherent culture system. The
results showed that 3D spheroid cultured CD24a+ cells
maintained their self-renewal state over multiple passages and
exhibited enhanced osteogenic/odontogenic differentiation
capabilities (Chen H et al., 2020). When transplanted into the
renal capsule, these cells could further develop to form
regenerative dentin and neurovascular-like structures that
mimicked those of native teeth. Therefore, the CD24a+ cell
population is an excellent alternative cell source for potential
translational use in the clinical management of pulpitis and pulp
necrosis.

There have been several studies on the mechanisms by which
CD24a improves cell proliferation. CD24a has been shown to
trigger downstream SRC-family tyrosine kinases, mediating self-
renewal and epithelial-to-mesenchymal transition (Sammar et al.,
1997; Lee et al., 2011; Lee et al., 2012). Notably, overexpression of
CD24a may cause functional inactivation of the tumor-
suppressor genes TP53 and ARF, thereby promoting cell
proliferation, which provides a link between CD24a and cell

growth (Wang et al., 2015). In addition, knockdown of Sp7 was
found to strongly abolish the proliferation of CD24a+ cells. In this
regard, Sp7 may be the key transcription factor driving the self-
renewal of CD24a+ cells.

However, there have been no in vivo trails using the CD24a+

cell subpopulation for pulp regeneration to verify its potential for
therapy, which was only observed in the renal capsule. In the
future, single-cell sequencing will be required to further clarify the
composition of the CD24a+ cell population and verify its ability to
regenerate dental pulp in vivo.

CD146+ MSCs and Their Role in
Odontogenic Regeneration
CD146, also known as Mel-CAM, MUC18, A32 antigen, and
S-Endo-1, is a membrane glycoprotein that functions as a Ca2+-
independent cell adhesion molecule involved in heterophilic
cell–cell interactions (Shih, 1999). CD146 is usually
coexpressed with CD73, CD90, CD105, and CD44 on
pericytes located outside of capillaries and microvessels in
various tissues, such as the muscles, adipose tissue, BM and
placenta (Crisan et al., 2008). Several studies suggest that
CD146 identifies MSCs with multidirectional differentiation
potential (Ma et al., 2021). Compared with CD146- cells,
CD146+ cells showed the potential to differentiate into
adipocytes, chondrocytes, and osteoblasts, while CD146- cells
did not (Baksh et al., 2007).

CD146+ cells from dental pulp have the ability to generate
dentin/pulp-like structures. The coexpression of CD146 and
STRO-1 has been shown to be a prerequisite for enhanced
stem cell phenotypes, including higher CFU efficiency,
expression of embryonic SC markers and enhanced
odontogenic differentiation potential (Bakopoulou et al., 2013).
In human dental pulp tissue, CD146 and STRO-1 are coexpressed
on the cellular membranes of blood vessels (Shi & Gronthos,
2003; Tavangar et al., 2017), indicating that these cells may be a
population with enhanced stem cell phenotypes. In vitro alizarin
red staining and qRT-PCR showed that CD146+ cells from dental
pulp presented higher mineralization ability than nonseparated
cells (Xuan et al., 2018). CD146+ cells transplanted into
immunocompromised mice also demonstrated their ability to
generate dentin/pulp-like structures, compared with CD146- cells
and CD146+/− cells (Matsui et al., 2018). Therefore, CD146+ cells
from dental pulp have the ability to perform mineralization
in vitro, and to form dentin-like structures in vivo. Notably,
this characteristic of the CD146+ cell subpopulation may be
related to the microenvironment required for pulp
regeneration. CD146 is a membrane glycoprotein that
functions as a Ca2+-independent cell adhesion molecule
involved in heterophilic cell–cell interactions (Shih, 1999).
Several studies have indicated that CD146+ cells maintain the
hematopoietic microenvironment through the release of
paracrine factors, such as vascular endothelial growth factor
(VEGF), stem cell factor (SCF), Ang-1 and stromal cell-
derived factor (SDF)-1 (Sorrentino et al., 2008), and through
cell-to-cell contact mechanisms, such as Notch signaling (Corselli
et al., 2013). However, it is not clear whether all or only some
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CD146+ cells are involved in the maintenance of
microenvironmental homeostasis. Further subdivision of
CD146+ cells is needed to clarify their role in pulp regeneration.

In addition, CD146+ cells in the PDL also have the capacity to
generate a cementum/PDL-like structure and contribute to
periodontal tissue repair. Seo et al. isolated STRO-1+/CD146+

cells from PDLSCs for the first time, showing their capacity to
develop into cementoblast-like cells, adipocytes in vitro, and
cementum/PDL-like tissue in vivo (Seo et al., 2004).
Impressively, PDLSCs also showed the capacity to form
collagen fibers, similar to Sharpey’s fibers, connected to the
cementum-like tissue, suggesting their potential to regenerate
PDL attachment. However, the limited number of the PDLSCs in
extracted teeth limits their application in periodontal tissue
regeneration. To obtain sufficient cell numbers, expansion of
PDLSCs by cell culture with growth factors such as FGF-2 is
essential (Hidaka et al., 2012).

Taken together, these findings reflect the fact that CD146+

cells exhibit a remarkable capacity for regeneration. However,
in vitro culture for amplification may increase the heterogeneity
of the CD146+ cell population, which may affect clinical
application. Further research needs to be done to investigate
the respective roles of different subpopulations of CD146+ cells in
tissue regeneration, and to explore how to increase the number of
cells on a large scale without affecting their functions.

STRO-1+ MSCs and Their Role in
Odontogenic Regeneration
STRO-1 is considered the best-known marker used to identify
MSCs (Kolf et al., 2007). STRO-1 is a 75 kDa endothelial antigen
that is localized to the endothelium of some arterioles and
capillaries in some tested tissues, such as adipose tissue,
muscle, liver, lungs and kidneys (Lin et al., 2011; Ning et al.,
2011). STRO-1-negative cell populations have been reported to be
unable to form colonies (Simmons and Torok-Storb, 1991). Only
cells expressing the STRO-1 antigen are capable of becoming
hematopoiesis-supportive stromal cells with a vascular smooth
muscle-like phenotype, adipocytes, osteoblasts and chondrocytes
(Dennis et al., 2002), which is consistent with the functional role
of MSCs.

STRO-1+ cells isolated from human adult dental pulp were
located in the perivascular region (Shi and Gronthos, 2003). It
was reported that sorted STRO-1+ dental pulp cells demonstrated
the capacity to form multiple layers and mineralized nodules
when cultured in conditioned medium, whereas the STRO-1-

population showed a lack of the capability to form mineralized
nodules in vitro (Yang et al., 2007). Thus, STRO-1+ cells might
represent a better source of cells for therapeutic purposes than
unsorted heterogeneous cells.

STRO-1+ cells exhibit greater clonogenicity, proliferative
capacity and multilineage differentiation potential than STRO-
1- or the nonsorted cell population (Simmons and Torok-Storb,
1991; Gronthos et al., 2001; Psaltis et al., 2010). STRO-1+ cells
were observed to achieve approximately 20% more population
doublings than nonsorted cell populations in vitro culture,
ultimately resulting in higher cumulative population expansion

in vitro (Gronthos et al., 2003; Psaltis et al., 2010). In addition,
STRO-1+ cells consistently exhibited higher mRNA transcript
levels, which have been associated with early mesenchymal
development and/or proliferative capacity (Psaltis et al., 2010).
This may explain the high cloning efficiency of STRO-1+ cells.
Notably, it was suggested that the telomerase activity of STRO-1+

cells was greatly enhanced (Simonsen et al., 2002), whereas the
telomerase activity of normal somatic cells was lost during
proliferation and differentiation (Fuchs and Segre, 2000).
Telomerase activity is a key factor oin the proliferative lifespan
and osteogenic potential of human BM mesenchymal cells in
culture. Therefore, the enhanced telomerase activity of STRO-1+

cells also greatly enhanced their proliferative and osteogenic
potential.

STRO-1+ cell sorting improves the purity of MSCs, which may
affect their odontogenic differentiation capacity. However, it was
recently found that although the proportion of STRO-1+ cells
expanded during osteogenic differentiation (Perczel-Kovach
et al., 2021), they did not show a better performance than
STRO-1- or unsorted heterogeneous cells in osteogenesis
(Gurel Pekozer et al., 2018). This is probably because STRO-1
simply distinguishes a subpopulation of MSCs that are unique in
terms of adherence, proliferation and multilineage differentiation
potential, but these cells are still heterogeneous. Therefore,
further studies are needed to determine the composition of
STRO-1+ cells and to determine which subpopulation has
stronger odontogenic differentiation ability.

CD105+ MSCs and Their Role in
Odontogenic Regeneration
CD105 (Endoglin, SH2), a 180 kDa homodimeric glycoprotein, is
a component of the TGF-β receptor complex and is mainly found
on circulating vascular endothelial cells in regenerating, inflamed
tissues or tumors with active angiogenesis (Cheifetz et al., 1992).
Nakashima et al. isolated a CD105+ cell population from human
adult dental pulp tissue for the first time by flow cytometry and
demonstrated colony formation activity of these cells (Nakashima
et al., 2009).

Compared with total pulp cells, CD105+ pulp cells showed
high proliferation and migration activities and expressed higher
levels of glial cell line-derived neurotrophic factor (GDNF) and
VEGF-A in vitro, suggesting that they appear to have good cell
properties for pulp regeneration.

The CD105+ cell subpopulation may be involved in nerve and
vascular development. CD105 has been associated with active
angiogenesis (Cheifetz et al., 1992). CD105+ cells showed
multilineage differentiation potential, including adipogenesis,
dentinogenesis, angiogenesis and neurogenesis potential,
in vitro (Iohara et al., 2011). In an experimental model of
tooth autogenous transplantation of CD105+ cells together
with type I and type III collagen as a scaffold, pulp tissue
achieved complete regeneration of capillaries and neuronal
processes, whereas unsorted DPSCs were preferable for
differentiation into odontoblasts to mineralize and form dentin
in the pulp chamber and root canal (Nakashima et al., 2009).
Thus, compared with total pulp cells, the pulp CD105+ cell

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8274708

Chen et al. Heterogeneity of Odontogenic MSCs

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


subpopulation may be a candidate cell resource for the induction
of pulp regeneration by cell therapy.

Moreover, CD105+ cells are capable of trophic effects on
endothelial cells. It was reported that the transplanted CD105+

cells were likely to be located near the newly formed vasculature
and expressed proangiogenic factors, implying their nutritional
effect on the formation of new blood vessels (Iohara et al., 2011).

However, the CD105+ cell subpopulation is inherently
heterogeneous, and some fractions, such as the CD105+/
STRO-1- population, may have a negative effect on the
differentiation potential of the whole population (Gothard
et al., 2014). Further subdivision of the CD105+ cell
population is needed in the future to achieve a stable
therapeutic effect in the context of pulp regeneration.

CONCLUSION AND PERSPECTIVE

The body of work outlined in this review highlights the biological
characteristics of several odontogenic MSC subpopulations.
Recent studies suggest that odontogenic MSCs have enormous
potential in the regeneration of pulp, periodontium and alveolar
bone. However, the phenotypic and genetic differences among
cell subpopulations affect the function of MSCs. There are also
differences in proliferation and differentiation potential among
stem cells isolated from the same site, which makes their role in
tissue regeneration and disease management unclear, posing a
challenge for the development of regenerative medicine. In
addition, different cell subpopulations also provide different

treatment approaches for diseases. It is essential to further
clarify the biological differences between odontogenic MSC
subpopulations and evaluate their therapeutic benefits in
specific tissue regeneration contexts in the field of regenerative
medicine. It may be important to improve the outcomes of
regenerative therapy via cell sorting, which aims to divide cells
into subpopulations according to their functional characteristics,
and subsequent application of one or more subpopulation for
different needs. To achieve this, larger patient-donor cohorts
need to be included, and lineages of MSC subsets with different
proliferation and differentiation characteristics need to be studied
more extensively using extensive genomic and proteomic
sequencing to explore more reliable gene, protein and
metabolic markers.

AUTHOR CONTRIBUTIONS

YC, ZZ, AL and KX contributed to the design, review, and
proofreading of the manuscript. XY and JF contributed to the
material collections and analysis. YC and SL contributed to the
design of the figures. All authors agreed with the submission of
the final version of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos. 82071075, 8210031832).

REFERENCES

Abe, S., Yamaguchi, S., Watanabe, A., Hamada, K., and Amagasa, T. (2008). Hard
Tissue Regeneration Capacity of Apical Pulp Derived Cells (APDCs) from
Human Tooth with Immature apex. Biochem. biophysical Res. Commun. 371
(1), 90–93. doi:10.1016/j.bbrc.2008.04.016

Al Bahrawy, M., Ghaffar, K., Gamal, A., El-Sayed, K., and Iacono, V. (2020). Effect
of Inflammation on Gingival Mesenchymal Stem/Progenitor Cells’
Proliferation and Migration through Microperforated Membranes: An In
Vitro Study. Stem Cell Int. 2020, 1–10. doi:10.1155/2020/5373418

Babb, R., Chandrasekaran, D., Carvalho Moreno Neves, V., and Sharpe, P. T.
(2017). Axin2-expressing Cells Differentiate into Reparative Odontoblasts via
Autocrine Wnt/β-Catenin Signaling in Response to Tooth Damage. Sci. Rep. 7
(1), 3102. doi:10.1038/s41598-017-03145-6

Bakopoulou, A., Leyhausen, G., Volk, J., Koidis, P., and Geurtsen, W. (2013).
Comparative Characterization of STRO-1(neg)/CD146(pos) and STRO-
1(pos)/CD146(pos) Apical Papilla Stem Cells Enriched with Flow
Cytometry. Arch. Oral Biol. 58 (10), 1556–1568. doi:10.1016/j.archoralbio.
2013.06.018

Baksh, D., Yao, R., and Tuan, R. S. (2007). Comparison of Proliferative and
Multilineage Differentiation Potential of Human Mesenchymal Stem Cells
Derived from Umbilical Cord and Bone Marrow. Stem Cells 25 (6),
1384–1392. doi:10.1634/stemcells.2006-0709

Bianco, P., Riminucci, M., Gronthos, S., and Robey, P. G. (2001). Bone Marrow
Stromal Stem Cells: Nature, Biology, and Potential Applications. Stem Cells 19
(3), 180–192. doi:10.1634/stemcells.19-3-180

Bressan, E., Ferroni, L., Gardin, C., Bellin, G., Sbricoli, L., Sivolella, S., et al. (2019).
Metal Nanoparticles Released from Dental Implant Surfaces: Potential
Contribution to Chronic Inflammation and Peri-Implant Bone Loss.
Materials 12 (12), 2036. doi:10.3390/ma12122036

Cao, Z., Zhang, H., Zhou, X., Han, X., Ren, Y., Gao, T., et al. (2012). Genetic
Evidence for the Vital Function of Osterix in Cementogenesis. J. Bone Miner
Res. 27 (5), 1080–1092. doi:10.1002/jbmr.1552

Cheifetz, S., Bellón, T., Calés, C., Vera, S., Bernabeu, C., Massagué, J., et al. (1992).
Endoglin Is a Component of the Transforming Growth Factor-Beta Receptor
System in Human Endothelial Cells. J. Biol. Chem. 267, 19027–19030. doi:10.
1016/s0021-9258(18)41732-2

Chen, F.-M., Sun, H.-H., Lu, H., and Yu, Q. (2012). Stem Cell-Delivery
Therapeutics for Periodontal Tissue Regeneration. Biomaterials 33 (27),
6320–6344. doi:10.1016/j.biomaterials.2012.05.048

Chen, H., Fu, H., Wu, X., Duan, Y., Zhang, S., Hu, H., et al. (2020). Regeneration of
Pulpo-dentinal-like Complex by a Group of Unique Multipotent CD24a + Stem
Cells. Sci. Adv. 6 (15), eaay1514. doi:10.1126/sciadv.aay1514

Chen, S., Jing, J., Yuan, Y., Feng, J., Han, X., Wen, Q., et al. (2020). Runx2+ Niche
Cells Maintain Incisor Mesenchymal Tissue Homeostasis through IGF
Signaling. Cel Rep. 32 (6), 108007. doi:10.1016/j.celrep.2020.108007

Chen, Y.-Y., He, S.-T., Yan, F.-H., Zhou, P.-F., Luo, K., Zhang, Y.-D., et al. (2016).
Dental Pulp Stem Cells Express Tendon Markers under Mechanical Loading
and Are a Potential Cell Source for Tissue Engineering of Tendon-like Tissue.
Int. J. Oral Sci. 8 (4), 213–222. doi:10.1038/ijos.2016.33

Corselli, M., Chin, C. J., Parekh, C., Sahaghian, A., Wang, W., Ge, S., et al. (2013).
Perivascular Support of Human Hematopoietic Stem/progenitor Cells. Blood
121 (15), 2891–2901. doi:10.1182/blood-2012-08-451864

Crisan, M., Yap, S., Casteilla, L., Chen, C.-W., Corselli, M., Park, T. S., et al.
(2008). A Perivascular Origin for Mesenchymal Stem Cells in Multiple
Human Organs. Cell Stem Cell 3 (3), 301–313. doi:10.1016/j.stem.2008.
07.003

de Almeida, J. F. A., Chen, P., Henry, M. A., and Diogenes, A. (2014). Stem Cells of
the Apical Papilla Regulate Trigeminal Neurite Outgrowth and Targeting
through a BDNF-dependent Mechanism. Tissue Engineering. Part. A. 20,
3089–3100. doi:10.1089/ten.TEA.2013.0347

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 8274709

Chen et al. Heterogeneity of Odontogenic MSCs

https://doi.org/10.1016/j.bbrc.2008.04.016
https://doi.org/10.1155/2020/5373418
https://doi.org/10.1038/s41598-017-03145-6
https://doi.org/10.1016/j.archoralbio.2013.06.018
https://doi.org/10.1016/j.archoralbio.2013.06.018
https://doi.org/10.1634/stemcells.2006-0709
https://doi.org/10.1634/stemcells.19-3-180
https://doi.org/10.3390/ma12122036
https://doi.org/10.1002/jbmr.1552
https://doi.org/10.1016/s0021-9258(18)41732-2
https://doi.org/10.1016/s0021-9258(18)41732-2
https://doi.org/10.1016/j.biomaterials.2012.05.048
https://doi.org/10.1126/sciadv.aay1514
https://doi.org/10.1016/j.celrep.2020.108007
https://doi.org/10.1038/ijos.2016.33
https://doi.org/10.1182/blood-2012-08-451864
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1089/ten.TEA.2013.0347
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


De Berdt, P., Vanacker, J., Ucakar, B., Elens, L., Diogenes, A., Leprince, J. G., et al.
(2015). Dental Apical Papilla as Therapy for Spinal Cord Injury. J. Dent Res. 94
(11), 1575–1581. doi:10.1177/0022034515604612

Dennis, J. E., Carbillet, J.-P., Caplan, A. I., and Charbord, P. (2002). The STRO-1+
Marrow Cell Population Is Multipotential. Cells Tissues Organs 170, 73–82.
doi:10.1159/000046182

Di Pietro, L., Barba, M., Prampolini, C., Ceccariglia, S., Frassanito, P., Vita, A., et al.
(2020). GLI1 and AXIN2 Are Distinctive Markers of Human Calvarial
Mesenchymal Stromal Cells in Nonsyndromic Craniosynostosis. Ijms 21
(12), 4356. doi:10.3390/ijms21124356

Driskell, R. R., Clavel, C., Rendl, M., and Watt, F. M. (2011). Hair Follicle Dermal
Papilla Cells at a Glance. J. Cel. Sci. 124, 1179–1182. doi:10.1242/jcs.082446

Feng, J., Mantesso, A., De Bari, C., Nishiyama, A., and Sharpe, P. T. (2011). Dual
Origin of Mesenchymal Stem Cells Contributing to Organ Growth and Repair.
Proc. Natl. Acad. Sci. U.S.A. 108 (16), 6503–6508. doi:10.1073/pnas.1015449108

Friedenstein, A. J., Latzinik, N. W., Grosheva, A. G., and Gorskaya, U. F. (1982).
Marrow Microenvironment Transfer by Heterotopic Transplantation of
Freshly Isolated and Cultured Cells in Porous Sponges. Exp. Hematol. 10,
217–227.

Fuchs, E., and Segre, J. A. (2000). Stem Cells: a New Lease on Life. Cell 100 (1),
143–155. doi:10.1016/s0092-8674(00)81691-8

Gonmanee, T., Sritanaudomchai, H., Vongsavan, K., Faisaikarm, T., Songsaad, A.,
White, K. L., et al. (2020). Neuronal Differentiation of Dental Pulp Stem Cells
from Human Permanent and Deciduous Teeth Following Coculture with Rat
Auditory Brainstem Slices. Anatomical Rec. 303 (11), 2931–2946. doi:10.1002/
ar.24368

Gothard, D., Greenhough, J., Ralph, E., and Oreffo, R. O. (2014). Prospective
Isolation of Human Bone Marrow Stromal Cell Subsets: A Comparative Study
between Stro-1-, CD146- and CD105-Enriched Populations. J. Tissue Eng. 5,
204173141455176. doi:10.1177/2041731414551763

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 (25), 13625–13630. doi:10.1073/pnas.240309797

Gronthos, S., Simmons, P. J., Graves, S. E., and G. Robey, P. (2001). Integrin-
mediated Interactions between Human Bone Marrow Stromal Precursor Cells
and the Extracellular Matrix. Bone 28 (2), 174–181. doi:10.1016/s8756-3282(00)
00424-5

Gronthos, S., Zannettino, A. C. W., Hay, S. J., Shi, S., Graves, S. E., Kortesidis, A.,
et al. (2003). Molecular and Cellular Characterisation of Highly Purified
Stromal Stem Cells Derived from Human Bone Marrow. J. Cel Sci 116 (Pt
9), 1827–1835. doi:10.1242/jcs.00369

Gurel Pekozer, G., Ramazanoglu, M., Schlegel, K. A., Kok, F. N., and Torun Kose,
G. (2018). Role of STRO-1 Sorting of Porcine Dental Germ Stem Cells in Dental
Stem Cell-Mediated Bone Tissue Engineering. Artif. Cell Nanomedicine,
Biotechnol. 46 (3), 607–618. doi:10.1080/21691401.2017.1332637

Hasegawa, M., Yamato, M., Kikuchi, A., Okano, T., and Ishikawa, I. (2005). Human
Periodontal Ligament Cell Sheets Can Regenerate Periodontal Ligament Tissue
in an Athymic Rat Model. Tissue Eng. 11, 469–478. doi:10.1089/ten.2005.11.469

Hayashi, Y., Ohnuma, K., and Furue, M. K. (2019). Pluripotent Stem Cell
Heterogeneity. Adv. Exp. Med. Biol. 1123, 71–94. doi:10.1007/978-3-030-
11096-3_6

Hidaka, T., Nagasawa, T., Shirai, K., Kado, T., and Furuichi, Y. (2012). FGF-2
Induces Proliferation of Human Periodontal Ligament Cells and Maintains
Differentiation Potentials of STRO-1(+)/CD146(+) Periodontal Ligament Cells.
Arch. Oral Biol. 57 (6), 830–840. doi:10.1016/j.archoralbio.2011.12.003

Hosoya, A., Shalehin, N., Takebe, H., Shimo, T., and Irie, K. (2020). Sonic
Hedgehog Signaling and Tooth Development. Ijms 21 (5), 1587. doi:10.
3390/ijms21051587

Huang, Y., Li, Q., Zhang, K., Hu, M., Wang, Y., Du, L., et al. (2019). Single Cell
Transcriptomic Analysis of Human Mesenchymal Stem Cells Reveals Limited
Heterogeneity. Cell Death Dis 10 (5), 368. doi:10.1038/s41419-019-1583-4

Iohara, K., Imabayashi, K., Ishizaka, R., Watanabe, A., Nabekura, J., Ito, M., et al.
(2011). Complete Pulp Regeneration after Pulpectomy by Transplantation of
CD105+ Stem Cells with Stromal Cell-Derived Factor-1. Tissue Eng. A 17 (15-
16), 1911–1920. doi:10.1089/ten.TEA.2010.0615

Iohara, K., Murakami, M., Takeuchi, N., Osako, Y., Ito, M., Ishizaka, R., et al.
(2013). A Novel Combinatorial Therapy with Pulp Stem Cells and Granulocyte

colony-stimulating Factor for Total Pulp Regeneration. Stem Cell translational
Med. 2 (7), 521–533. doi:10.5966/sctm.2012-0132

Isern, J., García-García, A., Martín, A. M., Arranz, L., Martín-Pérez, D., Torroja, C.,
et al. (2014). The Neural Crest Is a Source of Mesenchymal Stem Cells with
Specialized Hematopoietic Stem Cell Niche Function. Elife 3, e03696. doi:10.
7554/eLife.03696

Jahoda, C. A. B., Horne, K. A., and Oliver, R. F. (1984). Induction of Hair Growth
by Implantation of Cultured Dermal Papilla Cells. Nature 311 (5986), 560–562.
doi:10.1038/311560a0

Kaukua, N., Shahidi, M. K., Konstantinidou, C., Dyachuk, V., Kaucka, M., Furlan,
A., et al. (2014). Glial Origin of Mesenchymal Stem Cells in a Tooth Model
System. Nature 513 (7519), 551–554. doi:10.1038/nature13536

Kinzler, K. W., Bigner, S. H., Bigner, D. D., Trent, J. M., Law, M. L., O’Brien, S. J.,
et al. (1987). Identification of an Amplified, Highly Expressed Gene in a Human
Glioma. Science 236 (4797), 70–73. doi:10.1126/science.3563490

Kolf, C. M., Cho, E., and Tuan, R. S. (2007). Mesenchymal Stromal Cells. Biology of
Adult Mesenchymal Stem Cells: Regulation of Niche, Self-Renewal and
Differentiation. Arthritis Res. Ther. 9 (1), 204. doi:10.1186/ar2116

Kota, K., Kota, K., Chakkarayan, R., Chakkarayan, J., and Thodiyil, A. (2016).
Epithelial - Mesenchymal Interactions in Tooth Development and the
Significant Role of Growth Factors and Genes with Emphasis on
Mesenchyme - A Review. Jcdr 10 (9), ZE05–ZE09. doi:10.7860/jcdr/2016/
21719.8502

Kramann, R., Schneider, R. K., DiRocco, D. P., Machado, F., Fleig, S., Bondzie, P.
A., et al. (2015). Perivascular Gli1+ Progenitors Are Key Contributors to Injury-
Induced Organ Fibrosis. Cell Stem Cell 16 (1), 51–66. doi:10.1016/j.stem.2014.
11.004

Krivanek, J., Soldatov, R. A., Kastriti, M. E., Chontorotzea, T., Herdina, A. N.,
Petersen, J., et al. (2020). Dental Cell Type Atlas Reveals Stem and
Differentiated Cell Types in Mouse and Human Teeth. Nat. Commun. 11
(1), 4816. doi:10.1038/s41467-020-18512-7

Laing, A. G., Riffo-Vasquez, Y., Sharif-Paghaleh, E., Lombardi, G., and Sharpe, P. T.
(2018). Immune Modulation by Apoptotic Dental Pulp Stem Cells In Vivo.
Immunotherapy 10 (3), 201–211. doi:10.2217/imt-2017-0117

Le Blanc, K. (2006). Mesenchymal Stromal Cells: Tissue Repair and Immune
Modulation. Cytotherapy 8 (6), 559–561. doi:10.1080/
14653240601045399

Lee, K.-m., Ju, J.-h., Jang, K., Yang, W., Yi, J. Y., Noh, D. Y., et al. (2012). CD24
Regulates Cell Proliferation and Transforming Growth Factor β-induced
Epithelial to Mesenchymal Transition through Modulation of Integrin β1
Stability. Cell Signal. 24 (11), 2132–2142. doi:10.1016/j.cellsig.2012.07.005

Lee, T. K. W., Castilho, A., Cheung, V. C. H., Tang, K. H., Ma, S., and Ng, I. O. L.
(2011). CD24(+) Liver Tumor-Initiating Cells Drive Self-Renewal and Tumor
Initiation through STAT3-Mediated NANOG Regulation. Cell Stem Cell 9 (1),
50–63. doi:10.1016/j.stem.2011.06.005

Lei, Y., Tang, R., Xu, J., Wang, W., Zhang, B., Liu, J., et al. (2021). Applications of
Single-Cell Sequencing in Cancer Research: Progress and Perspectives.
J. Hematol. Oncol. 14 (1), 91. doi:10.1186/s13045-021-01105-2

Levy, O., Kuai, R., Siren, E. M. J., Bhere, D., Milton, Y., Nissar, N., et al. (2020).
Shattering Barriers toward Clinically Meaningful MSC Therapies. Sci. Adv. 6
(30), eaba6884. doi:10.1126/sciadv.aba6884

Li, T.-S., Cheng, K., Malliaras, K., Smith, R. R., Zhang, Y., Sun, B., et al. (2012).
Direct Comparison of Different Stem Cell Types and Subpopulations Reveals
superior Paracrine Potency and Myocardial Repair Efficacy with Cardiosphere-
Derived Cells. J. Am. Coll. Cardiol. 59 (10), 942–953. doi:10.1016/j.jacc.2011.
11.029

Lin, G., Liu, G., Banie, L., Wang, G., Ning, H., Lue, T. F., et al. (2011). Tissue
Distribution of Mesenchymal Stem Cell Marker Stro-1. Stem Cell Dev. 20 (10),
1747–1752. doi:10.1089/scd.2010.0564

Liu, A. Q., Zhang, L. S., Chen, J., Sui, B. D., Liu, J., Zhai, Q. M., et al. (2020).
Mechanosensing by Gli1 + Cells Contributes to the Orthodontic Force-induced
Bone Remodelling. Cell Prolif 53 (5), e12810. doi:10.1111/cpr.12810

Liu, H.-C., E, L.-L., Wang, D.-S., Su, F., Wu, X., Shi, Z.-P., et al. (2011).
Reconstruction of Alveolar Bone Defects Using Bone Morphogenetic
Protein 2 Mediated Rabbit Dental Pulp Stem Cells Seeded on Nano-
hydroxyapatite/collagen/poly(L-Lactide). Tissue Engineering. Part. A. 17,
2417–2433. doi:10.1089/ten.TEA.2010.0620

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 82747010

Chen et al. Heterogeneity of Odontogenic MSCs

https://doi.org/10.1177/0022034515604612
https://doi.org/10.1159/000046182
https://doi.org/10.3390/ijms21124356
https://doi.org/10.1242/jcs.082446
https://doi.org/10.1073/pnas.1015449108
https://doi.org/10.1016/s0092-8674(00)81691-8
https://doi.org/10.1002/ar.24368
https://doi.org/10.1002/ar.24368
https://doi.org/10.1177/2041731414551763
https://doi.org/10.1073/pnas.240309797
https://doi.org/10.1016/s8756-3282(00)00424-5
https://doi.org/10.1016/s8756-3282(00)00424-5
https://doi.org/10.1242/jcs.00369
https://doi.org/10.1080/21691401.2017.1332637
https://doi.org/10.1089/ten.2005.11.469
https://doi.org/10.1007/978-3-030-11096-3_6
https://doi.org/10.1007/978-3-030-11096-3_6
https://doi.org/10.1016/j.archoralbio.2011.12.003
https://doi.org/10.3390/ijms21051587
https://doi.org/10.3390/ijms21051587
https://doi.org/10.1038/s41419-019-1583-4
https://doi.org/10.1089/ten.TEA.2010.0615
https://doi.org/10.5966/sctm.2012-0132
https://doi.org/10.7554/eLife.03696
https://doi.org/10.7554/eLife.03696
https://doi.org/10.1038/311560a0
https://doi.org/10.1038/nature13536
https://doi.org/10.1126/science.3563490
https://doi.org/10.1186/ar2116
https://doi.org/10.7860/jcdr/2016/21719.8502
https://doi.org/10.7860/jcdr/2016/21719.8502
https://doi.org/10.1016/j.stem.2014.11.004
https://doi.org/10.1016/j.stem.2014.11.004
https://doi.org/10.1038/s41467-020-18512-7
https://doi.org/10.2217/imt-2017-0117
https://doi.org/10.1080/14653240601045399
https://doi.org/10.1080/14653240601045399
https://doi.org/10.1016/j.cellsig.2012.07.005
https://doi.org/10.1016/j.stem.2011.06.005
https://doi.org/10.1186/s13045-021-01105-2
https://doi.org/10.1126/sciadv.aba6884
https://doi.org/10.1016/j.jacc.2011.11.029
https://doi.org/10.1016/j.jacc.2011.11.029
https://doi.org/10.1089/scd.2010.0564
https://doi.org/10.1111/cpr.12810
https://doi.org/10.1089/ten.TEA.2010.0620
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Liu, J., Chen, B., Bao, J., Zhang, Y., Lei, L., and Yan, F. (2019). Macrophage
Polarization in Periodontal Ligament Stem Cells Enhanced Periodontal
Regeneration. Stem Cel Res Ther 10 (1), 320. doi:10.1186/s13287-019-1409-4

Liu, J., Yu, F., Sun, Y., Jiang, B., Zhang, W., Yang, J., et al. (2015). Concise Reviews:
Characteristics and Potential Applications of Human Dental Tissue-Derived
Mesenchymal Stem Cells. Stem cells (Dayton, Ohio) 33 (3), 627–638. doi:10.
1002/stem.1909

Lohi, M., Tucker, A. S., and Sharpe, P. T. (2009). Expression of Axin2 Indicates a
Role for Canonical Wnt Signaling in Development of the crown and Root
during Pre- and Postnatal Tooth Development. Dev. Dyn. 239 (1), NA. doi:10.
1002/dvdy.22047

Lv, F.-J., Tuan, R. S., Cheung, K. M. C., and Leung, V. Y. L. (2014). Concise Review:
the SurfaceMarkers and Identity of HumanMesenchymal Stem Cells. Stem cells
(Dayton, Ohio) 32 (6), 1408–1419. doi:10.1002/stem.1681

Ma, L., Huang, Z., Wu, D., Kou, X., Mao, X., and Shi, S. (2021). CD146 Controls the
Quality of Clinical Grade Mesenchymal Stem Cells from Human Dental Pulp.
Stem Cel Res Ther 12 (1), 488. doi:10.1186/s13287-021-02559-4

Mabuchi, Y., Okawara, C., Méndez-Ferrer, S., and Akazawa, C. (2021). Cellular
Heterogeneity of Mesenchymal Stem/Stromal Cells in the Bone Marrow. Front.
Cel Dev. Biol. 9, 689366. doi:10.3389/fcell.2021.689366

Marrelli, M., Paduano, F., and Tatullo, M. (2013). Cells Isolated from Human
Periapical Cysts Express Mesenchymal Stem Cell-like Properties. Int. J. Biol. Sci.
9 (10), 1070–1078. doi:10.7150/ijbs.6662

Matsui, M., Kobayashi, T., and Tsutsui, T. W. (2018). CD146 Positive Human
Dental Pulp Stem Cells Promote Regeneration of Dentin/pulp-like Structures.
Hum. Cel 31 (2), 127–138. doi:10.1007/s13577-017-0198-2

Men, Y., Wang, Y., Yi, Y., Jing, D., Luo, W., Shen, B., et al. (2020). Gli1+
Periodontium Stem Cells Are Regulated by Osteocytes and Occlusal Force.
Dev. Cel 54 (5), 639–654. doi:10.1016/j.devcel.2020.06.006

Merimi, M., El-Majzoub, R., Lagneaux, L., Moussa Agha, D., Bouhtit, F.,
Meuleman, N., et al. (2021). The Therapeutic Potential of Mesenchymal
Stromal Cells for Regenerative Medicine: Current Knowledge and Future
Understandings. Front. Cel Dev. Biol. 9, 661532. doi:10.3389/fcell.2021.661532

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 (10), 5807–5812. doi:10.1073/pnas.0937635100

Monterubbianesi, R., Bencun, M., Pagella, P., Woloszyk, A., Orsini, G., and
Mitsiadis, T. A. (2019). A Comparative In Vitro Study of the Osteogenic
and Adipogenic Potential of Human Dental Pulp Stem Cells, Gingival
Fibroblasts and Foreskin Fibroblasts. Sci. Rep. 9 (1), 1761. doi:10.1038/
s41598-018-37981-x

Morgan, B. A. (2014). The Dermal Papilla: an Instructive Niche for Epithelial Stem
and Progenitor Cells in Development and Regeneration of the Hair Follicle.
Cold Spring Harbor Perspect. Med. 4 (7), a015180. doi:10.1101/cshperspect.
a015180

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 (2), 155–165. doi:10.1016/j.matbio.2004.12.004

Nakashima, M., Iohara, K., and Sugiyama, M. (2009). Human Dental Pulp Stem
Cells with Highly Angiogenic and Neurogenic Potential for Possible Use in Pulp
Regeneration. Cytokine Growth Factor. Rev. 20 (5-6), 435–440. doi:10.1016/j.
cytogfr.2009.10.012

Ning, H., Lin, G., Lue, T. F., and Lin, C.-S. (2011). Mesenchymal Stem Cell Marker
Stro-1 Is a 75kd Endothelial Antigen. Biochem. Biophysical Res. Commun. 413
(2), 353–357. doi:10.1016/j.bbrc.2011.08.104

Ono, H., Arai, Y., Furukawa, E., Narushima, D., Matsuura, T., Nakamura, H., et al.
(2021). Single-cell DNA and RNA Sequencing Reveals the Dynamics of Intra-
tumor Heterogeneity in a Colorectal Cancer Model. BMC Biol. 19 (1), 207.
doi:10.1186/s12915-021-01147-5

Pang, P., Shimo, T., Takada, H., Matsumoto, K., Yoshioka, N., Ibaragi, S.,
et al. (2015). Expression Pattern of Sonic Hedgehog Signaling and
Calcitonin Gene-Related Peptide in the Socket Healing Process after
Tooth Extraction. Biochem. Biophysical Res. Commun. 467 (1), 21–26.
doi:10.1016/j.bbrc.2015.09.139

Pang, Y. W., Feng, J., Daltoe, F., Fatscher, R., Gentleman, E., Gentleman, M. M.,
et al. (2016). Perivascular Stem Cells at the Tip of Mouse Incisors Regulate
Tissue Regeneration. J. Bone Miner Res. 31 (3), 514–523. doi:10.1002/jbmr.2717

Park, J.-Y., Jeon, S. H., and Choung, P.-H. (2011). Efficacy of Periodontal Stem Cell
Transplantation in the Treatment of Advanced Periodontitis. Cel Transpl. 20
(2), 271–286. doi:10.3727/096368910x519292

Pe’er, D., Ogawa, S., Elhanani, O., Keren, L., Oliver, T. G., and Wedge, D. (2021).
Tumor Heterogeneity. Cancer cell 39 (8), 1015–1017. doi:10.1016/j.ccell.2021.
07.009

Perczel-Kovách, K., Hegedűs, O., Földes, A., Sangngoen, T., Kálló, K., Steward, M.
C., et al. (2021). STRO-1 Positive Cell Expansion during Osteogenic
Differentiation: A Comparative Study of Three Mesenchymal Stem Cell
Types of Dental Origin. Arch. Oral Biol. 122, 104995. doi:10.1016/j.
archoralbio.2020.104995

Psaltis, P. J., Paton, S., See, F., Arthur, A., Martin, S., Itescu, S., et al. (2010).
Enrichment for STRO-1 Expression Enhances the Cardiovascular Paracrine
Activity of Human Bone Marrow-Derived Mesenchymal Cell Populations.
J. Cel. Physiol. 223 (2), 530. doi:10.1002/jcp.22081

Rosa, V., Dubey, N., Islam, I., Min, K.-S., and Nör, J. E. (2016). Pluripotency of
Stem Cells from Human Exfoliated Deciduous Teeth for Tissue Engineering.
Stem Cell Int. 2016, 1–6. doi:10.1155/2016/5957806

Sammar, M., Gulbins, E., Hilbert, K., Lang, F., and Altevogt, P. (1997). Mouse
CD24 as a Signaling Molecule for Integrin-Mediated Cell Binding: Functional
and Physical Association with Src-Kinases. Biochem. biophysical Res. Commun.
234 (2), 330–334. doi:10.1006/bbrc.1997.6639

Seo, B.-M., Miura, M., Gronthos, S., Mark Bartold, P., Batouli, S., Brahim, J., et al.
(2004). Investigation of Multipotent Postnatal Stem Cells from Human
Periodontal Ligament. The Lancet 364 (9429), 149–155. doi:10.1016/s0140-
6736(04)16627-0

Shakiba, N., White, C. A., Lipsitz, Y. Y., Yachie-Kinoshita, A., Tonge, P. D.,
Hussein, S. M. I., et al. (2015). CD24 Tracks Divergent Pluripotent States in
Mouse and Human Cells. Nat. Commun. 6, 7329. doi:10.1038/ncomms8329

Shi, S., and Gronthos, S. (2003). Perivascular Niche of Postnatal Mesenchymal
Stem Cells in Human Bone Marrow and Dental Pulp. J. Bone Miner Res. 18 (4),
696–704. doi:10.1359/jbmr.2003.18.4.696

Shi, Y., He, G., Lee, W.-C., McKenzie, J. A., Silva, M. J., and Long, F. (2017). Gli1
Identifies Osteogenic Progenitors for Bone Formation and Fracture Repair.Nat.
Commun. 8 (1), 2043. doi:10.1038/s41467-017-02171-2

Shih, I.-M. (1999). The Role of CD146 (Mel-CAM) in Biology and Pathology.
J. Pathol. 189 (1), 4–11. doi:10.1002/(sici)1096-9896(199909)189:1<4::aid-
path332>3.0.co;2-p

Simmons, P., and Torok-Storb, B. (1991). Identification of Stromal Cell Precursors
in Human Bone Marrow by a Novel Monoclonal Antibody, STRO-1. Blood 78
(1), 55–62. doi:10.1182/blood.v78.1.55.bloodjournal78155

Simonsen, J. L., Rosada, C., Serakinci, N., Justesen, J., Stenderup, K., Rattan, S. I. S.,
et al. (2002). Telomerase Expression Extends the Proliferative Life-Span and
Maintains the Osteogenic Potential of Human BoneMarrow Stromal Cells.Nat.
Biotechnol. 20 (6), 592–596. doi:10.1038/nbt0602-592

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

Sorrentino, A., Ferracin, M., Castelli, G., Biffoni, M., Tomaselli, G., Baiocchi, M.,
et al. (2008). Isolation and Characterization of CD146+ Multipotent
Mesenchymal Stromal Cells. Exp. Hematol. 36 (8), 1035–1046. doi:10.1016/j.
exphem.2008.03.004

Sun, W., Wang, Z., Xu, Q., Sun, H., Liu, X., Yang, J., et al. (2019). The Treatment of
Systematically Transplanted Gingival Mesenchymal Stem Cells in Periodontitis
in Mice. Exp. Ther. Med. 17 (3), 2199–2205. doi:10.3892/etm.2019.7165

Takashima, Y., Era, T., Nakao, K., Kondo, S., Kasuga, M., Smith, A. G., et al. (2007).
Neuroepithelial Cells Supply an Initial Transient Wave of MSC Differentiation.
Cell 129 (7), 1377–1388. doi:10.1016/j.cell.2007.04.028

Tatullo, M., Marrelli, B., Zullo, M. J., Codispoti, B., Paduano, F., Benincasa, C., et al.
(2020). Exosomes fromHuman Periapical Cyst-MSCs: Theranostic Application
in Parkinson’s Disease. Int. J. Med. Sci. 17 (5), 657–663. doi:10.7150/ijms.41515

Tavangar, M. S., Hosseini, S. M., Dehghani-Nazhvani, A., andMonabati, A. (2017).
Role of CD146 Enrichment in Purification of Stem Cells Derived from Dental
Pulp Polyp. Iran Endod. J. 12 (1), 92–97. doi:10.22037/iej.2017.19

Thesleff, I., and Nieminen, P. (1996). Tooth Morphogenesis and Cell
Differentiation. Curr. Opin. Cel. Biol. 8 (6), 844–850. doi:10.1016/s0955-
0674(96)80086-x

Frontiers in Physiology | www.frontiersin.org April 2022 | Volume 13 | Article 82747011

Chen et al. Heterogeneity of Odontogenic MSCs

https://doi.org/10.1186/s13287-019-1409-4
https://doi.org/10.1002/stem.1909
https://doi.org/10.1002/stem.1909
https://doi.org/10.1002/dvdy.22047
https://doi.org/10.1002/dvdy.22047
https://doi.org/10.1002/stem.1681
https://doi.org/10.1186/s13287-021-02559-4
https://doi.org/10.3389/fcell.2021.689366
https://doi.org/10.7150/ijbs.6662
https://doi.org/10.1007/s13577-017-0198-2
https://doi.org/10.1016/j.devcel.2020.06.006
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.1073/pnas.0937635100
https://doi.org/10.1038/s41598-018-37981-x
https://doi.org/10.1038/s41598-018-37981-x
https://doi.org/10.1101/cshperspect.a015180
https://doi.org/10.1101/cshperspect.a015180
https://doi.org/10.1016/j.matbio.2004.12.004
https://doi.org/10.1016/j.cytogfr.2009.10.012
https://doi.org/10.1016/j.cytogfr.2009.10.012
https://doi.org/10.1016/j.bbrc.2011.08.104
https://doi.org/10.1186/s12915-021-01147-5
https://doi.org/10.1016/j.bbrc.2015.09.139
https://doi.org/10.1002/jbmr.2717
https://doi.org/10.3727/096368910x519292
https://doi.org/10.1016/j.ccell.2021.07.009
https://doi.org/10.1016/j.ccell.2021.07.009
https://doi.org/10.1016/j.archoralbio.2020.104995
https://doi.org/10.1016/j.archoralbio.2020.104995
https://doi.org/10.1002/jcp.22081
https://doi.org/10.1155/2016/5957806
https://doi.org/10.1006/bbrc.1997.6639
https://doi.org/10.1016/s0140-6736(04)16627-0
https://doi.org/10.1016/s0140-6736(04)16627-0
https://doi.org/10.1038/ncomms8329
https://doi.org/10.1359/jbmr.2003.18.4.696
https://doi.org/10.1038/s41467-017-02171-2
https://doi.org/10.1002/(sici)1096-9896(199909)189:1<4::aid-path332>3.0.co;2-p
https://doi.org/10.1002/(sici)1096-9896(199909)189:1<4::aid-path332>3.0.co;2-p
https://doi.org/10.1182/blood.v78.1.55.bloodjournal78155
https://doi.org/10.1038/nbt0602-592
https://doi.org/10.1371/journal.pone.0000079
https://doi.org/10.1016/j.exphem.2008.03.004
https://doi.org/10.1016/j.exphem.2008.03.004
https://doi.org/10.3892/etm.2019.7165
https://doi.org/10.1016/j.cell.2007.04.028
https://doi.org/10.7150/ijms.41515
https://doi.org/10.22037/iej.2017.19
https://doi.org/10.1016/s0955-0674(96)80086-x
https://doi.org/10.1016/s0955-0674(96)80086-x
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Tziafas, D., and Kodonas, K. (2010). Differentiation Potential of Dental Papilla,
Dental Pulp, and Apical Papilla Progenitor Cells. J. Endodontics 36 (5),
781–789. doi:10.1016/j.joen.2010.02.006

Uccelli, A., Moretta, L., and Pistoia, V. (2008). Mesenchymal Stem Cells in Health
and Disease. Nat. Rev. Immunol. 8 (9), 726–736. doi:10.1038/nri2395

Vodyanik, M. A., Yu, J., Zhang, X., Tian, S., Stewart, R., Thomson, J. A., et al.
(2010). A Mesoderm-Derived Precursor for Mesenchymal Stem and
Endothelial Cells. Cell Stem Cell 7 (6), 718–729. doi:10.1016/j.stem.2010.11.011

Wada, N., Gronthos, S., and Bartold, P. M. (2013). Immunomodulatory Effects of
Stem Cells. Periodontol. 2000 63 (1), 198–216. doi:10.1111/prd.12024

Wang, L., Liu, R., Ye, P., Wong, C., Chen, G.-Y., Zhou, P., et al. (2015). Intracellular
CD24 Disrupts the ARF-NPM Interaction and Enables Mutational and Viral
Oncogene-Mediated P53 Inactivation. Nat. Commun. 6, 5909. doi:10.1038/
ncomms6909

Xie, X., Wang, J., Wang, K., Li, C., Zhang, S., Jing, D., et al. (2019). Axin2+-
Mesenchymal PDL Cells, Instead of K14+ Epithelial Cells, Play a Key Role in
Rapid Cementum Growth. J. Dent Res. 98 (11), 1262–1270. doi:10.1177/
0022034519871021

Xuan, K., Li, B., Guo, H., Sun, W., Kou, X., He, X., et al. (2018). Deciduous
Autologous Tooth Stem Cells Regenerate Dental Pulp after Implantation into
Injured Teeth. Sci. Transl. Med. 10 (455), eaaf3227. doi:10.1126/scitranslmed.
aaf3227

Yamaza, T., Kentaro, A., Chen, C., Liu, Y., Shi, Y., Gronthos, S., et al. (2010).
Immunomodulatory Properties of Stem Cells from Human Exfoliated
Deciduous Teeth. Stem Cel Res Ther 1 (1), 5. doi:10.1186/scrt5

Yang, H., Li, J., Hu, Y., Sun, J., Guo, W., Li, H., et al. (2019). Treated Dentin Matrix
Particles Combined with Dental Follicle Cell Sheet Stimulate Periodontal
Regeneration. Dental Mater. 35 (9), 1238–1253. doi:10.1016/j.dental.2019.
05.016

Yang, J. W., Shin, Y. Y., Seo, Y., and Kim, H.-S. (2020). Therapeutic Functions of
Stem Cells from Oral Cavity: An Update. Ijms 21 (12), 4389. doi:10.3390/
ijms21124389

Yang, X., Ma, Y., Guo, W., Yang, B., and Tian, W. (2019). Stem Cells from Human
Exfoliated Deciduous Teeth as an Alternative Cell Source in Bio-Root
Regeneration. Theranostics 9 (9), 2694–2711. doi:10.7150/thno.31801

Yang, X., van den Dolder, J., Walboomers, X. F., Zhang, W., Bian, Z., Fan, M., et al.
(2007). The Odontogenic Potential of STRO-1 Sorted Rat Dental Pulp Stem
Cellsin Vitro. J. Tissue Eng. Regen. Med. 1 (1), 66–73. doi:10.1002/term.16

Yokoyama, T., Yagi Mendoza, H., Tanaka, T., Ii, H., Takano, R., Yaegaki, K., et al.
(2019). Regulation of CCl4-Induced Liver Cirrhosis by Hepatically
Differentiated Human Dental Pulp Stem Cells. Hum. Cel. 32 (2), 125–140.
doi:10.1007/s13577-018-00234-0

Yu, H.-M. I., Jerchow, B., Sheu, T.-J., Liu, B., Costantini, F., Puzas, J. E., et al. (2005).
The Role of Axin2 in Calvarial Morphogenesis and Craniosynostosis.
Development 132 (8), 1995–2005. doi:10.1242/dev.01786

Yuan, X., Pei, X., Zhao, Y., Tulu, U. S., Liu, B., and Helms, J. A. (2018). A Wnt-
Responsive PDL Population Effectuates Extraction Socket Healing. J. Dent Res.
97 (7), 803–809. doi:10.1177/0022034518755719

Zhang, Q., Nguyen, P. D., Shi, S., Burrell, J. C., Xu, Q., Cullen, K. D., et al.
(2018). Neural Crest Stem-like Cells Non-genetically Induced from
Human Gingiva-Derived Mesenchymal Stem Cells Promote Facial
Nerve Regeneration in Rats. Mol. Neurobiol. 55 (8), 6965–6983.
doi:10.1007/s12035-018-0913-3

Zhang, Q., Shi, S., Liu, Y., Uyanne, J., Shi, Y., Shi, S., et al. (2009). Mesenchymal
Stem Cells Derived from Human Gingiva Are Capable of Immunomodulatory
Functions and Ameliorate Inflammation-Related Tissue Destruction in
Experimental Colitis. J. Immunol. 183 (12), 7787–7798. doi:10.4049/
jimmunol.0902318

Zhang, W., Walboomers, X. F., Wolke, J. G. C., Bian, Z., Fan, M. W., and Jansen,
J. A. (2005). Differentiation Ability of Rat Postnatal Dental Pulp Cellsin Vitro.
Tissue Eng. 11, 357–368. doi:10.1089/ten.2005.11.357

Zhao, H., Feng, J., Ho, T.-V., Grimes, W., Urata, M., and Chai, Y. (2015). The
Suture Provides a Niche for Mesenchymal Stem Cells of Craniofacial Bones.
Nat. Cel Biol 17 (4), 386–396. doi:10.1038/ncb3139

Zhao, H., Feng, J., Seidel, K., Shi, S., Klein, O., Sharpe, P., et al. (2014). Secretion of
Shh by a Neurovascular Bundle Niche Supports Mesenchymal Stem Cell
Homeostasis in the Adult Mouse Incisor. Cell Stem Cell 14 (2), 160–173.
doi:10.1016/j.stem.2013.12.013

Zhao, J., Faure, L., Adameyko, I., and Sharpe, P. T. (2021). Stem Cell
Contributions to Cementoblast Differentiation in Healthy Periodontal
Ligament and Periodontitis. Stem Cells 39 (1), 92–102. doi:10.1002/stem.
3288

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Zhang, Yang, Liu, Liu, Feng and Xuan. 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) and the copyright owner(s) 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 | www.frontiersin.org April 2022 | Volume 13 | Article 82747012

Chen et al. Heterogeneity of Odontogenic MSCs

https://doi.org/10.1016/j.joen.2010.02.006
https://doi.org/10.1038/nri2395
https://doi.org/10.1016/j.stem.2010.11.011
https://doi.org/10.1111/prd.12024
https://doi.org/10.1038/ncomms6909
https://doi.org/10.1038/ncomms6909
https://doi.org/10.1177/0022034519871021
https://doi.org/10.1177/0022034519871021
https://doi.org/10.1126/scitranslmed.aaf3227
https://doi.org/10.1126/scitranslmed.aaf3227
https://doi.org/10.1186/scrt5
https://doi.org/10.1016/j.dental.2019.05.016
https://doi.org/10.1016/j.dental.2019.05.016
https://doi.org/10.3390/ijms21124389
https://doi.org/10.3390/ijms21124389
https://doi.org/10.7150/thno.31801
https://doi.org/10.1002/term.16
https://doi.org/10.1007/s13577-018-00234-0
https://doi.org/10.1242/dev.01786
https://doi.org/10.1177/0022034518755719
https://doi.org/10.1007/s12035-018-0913-3
https://doi.org/10.4049/jimmunol.0902318
https://doi.org/10.4049/jimmunol.0902318
https://doi.org/10.1089/ten.2005.11.357
https://doi.org/10.1038/ncb3139
https://doi.org/10.1016/j.stem.2013.12.013
https://doi.org/10.1002/stem.3288
https://doi.org/10.1002/stem.3288
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Odontogenic MSC Heterogeneity: Challenges and Opportunities for Regenerative Medicine
	Introduction
	MSC Heterogeneity During Development and Regeneration
	Odontogenic MSC Heterogeneity
	Advantages of Odontogenic MSCs in Tissue Regeneration
	Better Accessibility
	Lower Immunogenicity
	Higher Stemness

	Characteristics of Several Odontogenic MSC Subpopulations
	Odontogenic MSC Subpopulations
	Gli1+ MSCs and Their Role in Odontogenic Regeneration
	Axin2+ MSCs and Their Role in Odontogenic Regeneration
	CD24a+ MSCs and Their Role in Odontogenic Regeneration
	CD146+ MSCs and Their Role in Odontogenic Regeneration
	STRO-1+ MSCs and Their Role in Odontogenic Regeneration
	CD105+ MSCs and Their Role in Odontogenic Regeneration

	Conclusion and Perspective
	Author Contributions
	Funding
	References


