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Spatiotemporal cellular dynamics and molecular regulation of

tooth root ontogeny

Pengcheng Rao', Junjun jing', Yi Fan@®"? and Chenchen Zhou'>*™

Tooth root development involves intricate spatiotemporal cellular dynamics and molecular regulation. The initiation of Hertwig's
epithelial root sheath (HERS) induces odontoblast differentiation and the subsequent radicular dentin deposition. Precisely
controlled signaling pathways modulate the behaviors of HERS and the fates of dental mesenchymal stem cells (DMSCs).
Disruptions in these pathways lead to defects in root development, such as shortened roots and furcation abnormalities. Advances
in dental stem cells, biomaterials, and bioprinting show immense promise for bioengineered tooth root regeneration. However,
replicating the developmental intricacies of odontogenesis has not been resolved in clinical treatment and remains a major
challenge in this field. Ongoing research focusing on the mechanisms of root development, advanced biomaterials, and
manufacturing techniques will enable next-generation biological root regeneration that restores the physiological structure and
function of the tooth root. This review summarizes recent discoveries in the underlying mechanisms governing root ontogeny and

discusses some recent key findings in developing of new biologically based dental therapies.
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INTRODUCTION

Dental integrity stands as an essential cornerstone of overall
physiological well-being, given that teeth assume pivotal func-
tions in processes such as mastication, digestion, phonation, and
self-perception.' The foundational essence of tooth anatomy is
embodied within its root structure, which confers vital attributes
of support, stability, and mechanosensory proficiency, thereby
facilitating effective masticatory performance and upholding
equilibrium within the alveolar bone milieu. Consequently, the
loss of teeth instigates multifaceted detriments to both oral and
systemic health, underscoring the exigency for swift and
efficacious remedial interventions.

Presently, osseointegrated dental implants emerge as the
prevailing clinical benchmark for ameliorating tooth absence.
However, it is noteworthy that certain limitations are attendant,
encompassing elevated prerequisites for bone volume and an
absence of sensory biofeedback mechanisms.>™ In this context,
nascent paradigms rooted in biological tooth regeneration have
surfaced, leveraging the tenets of stem cell-based bioengineer-
ing. These innovative approaches portend outcomes that are
more congruent with the innate physiology, durability, and
bioresponsive dynamics of natural tooth structure, thereby
heralding a promising and forward-looking therapeutic avenue.’

A pivotal prerequisite for advancing the therapeutic trajectory is
the elucidation of ontogenetic processes that underpin the
morphogenesis of tooth roots. This pursuit holds the promise of
unveiling novel focal points for inciting intrinsic dental repair
mechanisms and the orchestrated construction of tooth organ
substitutes. The orchestration of tooth organogenesis ensues

; https://doi.org/10.1038/541368-023-00258-9

through a sequence of orchestrated, reciprocal molecular inter-
plays between distinct specialized cell populations-the dental
epithelial cohort and the cranial neural crest (CNC)-derived
mesenchymal contingent.'® This intricate collaboration of mole-
cular dialogs advances through discrete phases, beginning with
the development of the tooth crown and terminating with the
formation of the tooth root.

A strip of oral epithelium that has thickened marks the
beginning of the creation of the crown, giving rise to the dental
lamina."" Following the accomplishment of crown development,
the root morphogenesis commences, spearheaded by the
inception of Hertwig's epithelial root sheath (HERS). The orches-
tration of the signaling cascades in the HERS serves as the
conductor directing odontoblast differentiation, ultimately leading
to the deposition of radicular dentin. Concurrently, the dental
follicle takes on the role of generating cementoblasts, which
oversee the deposition of acellular and cellular cementum onto
the nascent root surface, subsequent to the dissolution of HERS.

Throughout the trajectory of root ontogeny, the precise
orchestration of spatiotemporally regulated signaling pathways
assumes a nonpareil significance, serving as the compass directing
HERS dynamics and the interplay between epithelial and
mesenchymal compartments. Key protagonists in this narrative
include signaling pathways entities, including Bone Morphoge-
netic Protein (BMP), Wnt, Transforming growth factor-f3 (TGF-B),
Ectodysplasin A (EDA), and Sonic hedgehog (SHH), alongside a
constellation of Mitogen-activated protein kinase (MAPK) cas-
cades.? It is worth acknowledging that deviations from the norm
within these signaling pathways choreographies underlie a
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panoply of root anomalies, spanning from abridged root
dimensions to anomalies at the furcation junctures. Thoroughly
deciphering the molecular mechanisms underlying the morpho-
genetic processes of tooth roots promises to unveil innovative
perspectives for biotherapeutic interventions that activate intrinsic
tooth repair and regeneration cascades.

SPATIOTEMPORAL MORPHOGENESIS AND CELL SOURCE OF
DENTAL ROOT

Tooth development involves the lineage development of CNC
cells, complex mutual interactions between dental epithelium and
dental mesenchymal stem cells (DMSCs), and a precise sequence
of morphological stages.'®'* The crown develops first, marked by
the thickened oral epithelium proliferates and penetrates into the
beneath CNC-derived mesenchyme and then give rise to the
dental lamina structure.'® The dental lamina undergoes rapid cell
proliferation, morphological expansion, and elongation, eventually
developing into the enamel organ.'®'” Simultaneously, the CNC-
derived mesenchyme condenses surrounding the dental lamina,
serves as the major source of DMSCs. The dental lamina, together
with the condensed mesenchyme around it, forms the tooth
germ. The dental lamina develops into the enamel organ, and
meanwhile the condensed mesenchyme diverges into the dental
papilla and the dental follicle at the cap stage.'”'® The enamel
organ produces enamel, while the dental papilla and the dental
follicle subsequently form pulp-dentin complex and periodontal
tissues, respectively.'®?'

The tooth germ experiences three stages in sequence during
development: bud, cap, and bell stage. During mouse molar
development, CNC-derived DMSCs separate into various cell
populations and domains, which is a crucial phase in DMSCs
differentiation and functional specialization (Fig. 1). At the bud
stage, a homogenous population of Cranial neural crest-derived
cells (CNCCs) marked by Tfap2b™/Lhx6%/Pax9™ in the condensed
CNC-derived mesenchyme is identified as the progenitor cell
population contributing to tooth formation. During the cap stage,
the homogenous CNCCs segregate into dental papilla and dental
follicle lineages, marked by specific genes like Crym/Egr3/Fgf3 and
Epha3/Foxf1/Fxyd7 respectively.®'”'®2! The dental papilla and
follicle undergo further segregation at the bell stage. The dental
papilla divides into distinct coronal and apical domains, marked by
expression of Lmo1/Fgf3/Smpd3 and Lhx6/Fst/Gldn respectively.
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Concurrently, the dental follicle divides into Lepr/Foxf1/Bmp3
marked lateral domain and Aldh1a2/Rasl11a/Sgk1 marked apical
domains. For instance, Lepr™ lateral follicle cells mainly form
periodontal tissues. At the postnatal stage, dental papilla contains
four distinct cell populations, including mature Phex™/Ifitm5*
odontoblasts, Enpp6/Fabp7* coronal papilla, Nnat*/Rab3b™ mid-
dle papilla, and Aox3/Taci™ apical papilla cells. The latter was
identified as bipotent progenitors for odontoblasts and pulp. In
the follicle, Pthrp*/Bmp3*/Tnmd" lateral and Pthrp™/Smoc2*/
Slc1a3* apical domains resemble those present at the bell stage
and Pthrp™ dental follicle progenitors generate periodontal
ligament (PDL) and cementum at the root-forming area and the
furcation region.'”?? Particularly, a population of Slc1a3™ cells
from the dental follicle’s apical area control cell lineages and aid in
the formation of periodontal tissues at the root furcation. In
addition, a range of other cells, such as glial cell derivatives, and
pericytes can also serve as stem cell resources for dental
mesenchyme.'?™2*> The perivascular niche contains NG2',
Gli1*, and Acta2™ cells that can differentiate into odontoblasts.
The perineural niche is derived from Schwann cell precursors.
Throughout the formation and regeneration following tooth
damage, dental pulp cells and odontoblasts can be differentiated
from PLP1" and Sox10" Schwann cells.?®

Once the crown has formed during the late bell stage, the root
development commences, marked by the formation of HERS.?” As
the crown nears completion, the inner and outer enamel
epithelium at the edge cervical loop continues to proliferate and
elongate towards the future apical foramen from the cervical loop,
which is located at the enamel organ’s cervical margin and is the
region where the future crown and root of the tooth meet, also
known as cementoenamel junction. This elongation gives rise to
HERS, which is vital for the root development?® Gli1" cells,
residing in HERS, apical dental papilla, and dental follicle, have
been identified as progenitor cells in the root and play a crucial
role during root development.”. Moreover, Sox2" stem cells that
resides in dental epithelial contribute to all epithelial cell lineages
at the bell stage, while Osx* progenitor cells that distributes in
dental papilla and dental follicle, especially in the area adjacent to
HERS, differentiate into odontoblasts, dental pulp cells, cemento-
blasts, and PDL cells.?>°32 Sox2™" cells located at the cervical loop
continue to exist in mouse incisors, while they disappear in mouse
molars after birth.3>*** The cells from cervical loop and HERS,
respectively, have their own different gene expression patterns.
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HERS cells have a relative higher level of BMP2 and BMP4, but a
lower level the genes involved in enamel formation and
mineralization, such as amelogenin (AMGN), ameloblastin (AMBN),
osteopontin (OPN), bone sialoprotein (BSP), Osteocalcin (OCN) and
dentin sialophosphoprotein (DSPP).3> HERS cells also express both
Cytokeratin 14 (Ck14) and Epithelial cadherin (E-cadherin), while
detached cells from HERS are only Ck14 positive with reduced
E-cadherin expression.>®>’

At the initial phase of HERS development, the ends of the
double-layered enamel epithelium of HERS curve toward the
dental papilla, forming an epithelial diaphragm structure, histolo-
gically encapsulating the dental papilla and surrounded by the
dental follicle. This diaphragm has a determinantal role in root
morphology, including shape, number, and length of the root.*® If
the entire epithelial diaphragm boundary develops equally and
ultimately merges, a normal single root will be formed. In the
development of multirooted teeth, when the root is going to
divide, several tongue-shaped epithelial diaphragms formed from
HERS protrude toward each other and subsequently fuse to form
continuous bridges, which will be the root furcation. The dental
papilla is then divided into equivalent parts, ultimately resulting in
the formation of equivalent roots.>®

When the outermost mesenchymal cells of the apical papilla
establish connections with the innermost cells of the HERS, they
are induced to differentiate into odontoblasts and gradually
retreat to the center of the dental papilla, secreting radicular
dentin.">#%*" As dentin formation progresses, the dental papilla
becomes confined to a smaller space and eventually forms the
dental pulp. Once the very first coat of radicular dentin is formed
and the tooth root begins to elongate, HERS loses its integrity but
remains a network of connections during root development
through localized apoptosis or epithelial-to-mesenchymal transi-
tion (EMT), and the remaining HERS cells in the PDL are called
‘epithelial rests of Malassez (ERM)’, which contribute to cementum
regeneration.'>#>~4*

Following the disintegration of the HERS, the lateral mesench-
ymal cells of the dental follicle acquire interaction with the
radicular dentin and then differentiate into cementoblasts,
forming acellular cementum and cellular cementum.*®** In the
region of the cervical root, cementoblasts first deposit cementum
on the dentin and withdraw from the progressing mineralization
front so that they do not incorporate themselves into the
cementum, termed acellular cementum, also known as primary
cementum. In more apical and inter-radicular areas, unlike
acellular cementum formation, cellular cementum, also known
as secondary cementum, is secreted by cementoblasts when the
tooth reaches the occlusal plane, mineralizing rapidly and
occasionally embedding some cementoblasts as cemento-
cytes.*** The dental follicle also contributes osteoblasts and
periodontal ligament cells to form the PDL and alveolar bone.*® In
addition to dental follicle resources, some researchers have
suggested that cementoblasts and PDL fibroblasts can also be
derived from HERS cells through EMT and can be directly engaged
in the deposition of cementum and PDL fibers during the
development of periodontal tissues.>>>'

The HERS serves as a critical regulator in the proper formation of
the tooth root. One primary role of it in tooth root formation is to
induce odontoblast differentiation and subsequent dentinogen-
esis.*”> HERS development seems to be an especially solid
procedure at the shift from the crown to the root morphological
formation, whereas apical HERS development related to root
elongation and the establishment of the root furcation appears to
be more vulnerable to a variety of intrinsic as well as extrinsic
negative effects.>>>*, Developmental abnormalities in HERS can
cause defects in tooth root formation.

When the continuity of HERS is compromised, stem cells from
apical papilla (SCAPs) failed to differentiate into odontoblasts,
leading to radicular dentin defects at that site and the formation
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of lateral accessory canals. Conversely, if HERS does not
disintegrate after the first layer of dentin is formed and remains
adhered to the dentin, it will block the engagement between
dental follicle stem cells (DFSCs) and radicular dentin, preventing
them from differentiating into cementoblasts and forming
cementum. In some cases, delayed formation of the epithelial
diaphragm in the multirooted teeth can result in taurodontism or
single-rooted teeth. Following the completion of the bridges,
future interradicular dentinogenesis and cementogenesis can be
unaffected.”® Another phenomenon associated with failed HERS
disintegration is the formation of enamel pearls. This occurs when
HERS cells keep attached to the dentin and differentiate into
ameloblasts, enamel pearls are formed.>

MOLECULAR REGULATION OF HERS BEHAVIORS AND
EPITHELIAL-MESENCHYMAL INTERACTIONS

Root formation is susceptible to various effects that can influence
molecular processes. The underlying molecular mechanisms
tightly coordinate morphogenic events, cytodifferentiation, miner-
alization, and maturation during tooth root development in a
precise spatial and temporal way. Any disruptions of the involved
regulatory mechanisms could lead to root malformations. The
interaction and regulation among the signaling pathways and a
range of molecular factors contribute to various processes during
tooth root development (Fig. 2). Normal development of the tooth
root requires a complex sequence and interaction between HERS
and CNC-derived mesenchymal cell populations.' Proper spatio-
temporal coordination of these cell-cell interactions is mediated
by several evolutionarily conserved signaling pathways.

The BMP signaling cascade, particularly BMP2 was crucial in
determining root patterning and elongation.”® Simultaneous
conditional deletion of Bmp2 and Bmp4 in dental epithelium
resulted in persistent HERS with reduced apoptosis and down-
regulation of BMP/SMAD and MAPK (ERK, JNK) signaling pathways
in HERS cells. The impaired BMP/SMAD signaling pathway further
caused decreased expression of SHH in HERS and downregulated
expression of GLI family zinc finger 1 (GLI1) in root mesenchyme
cells, leading to downregulation of the downstream target gene
Nuclear Factor | C (NIFC). Reduced NIFC ultimately resulted in
defective differentiation and maturation of root odontoblasts,
decreased Osterix (OSX) and DSPP expression, and impaired
dentin formation, resulting in short root anomaly. Dspp transgenic
expression partially alleviated the short root phenotype.®® There-
fore, optimal spatiotemporal expression levels of epithelial BMP
ligands were required to properly coordinate HERS dissolution and
odontogenesis  through intricate  reciprocal  epithelial-
mesenchymal molecular interactions over the entire course of
root development.*® However, one study suggested BMP4 ligand
was secreted by surrounding DPSCs and bound to BMPR-IB and
BMPR-II expressed on HERS epithelial cells. Organ culture studies
employing developing mouse molars demonstrated that BMP4
derived from mesenchyme bound to BMPR-IB/Il dimers on HERS
cells, thereby providing negative feedback to inhibit further HERS
elongation while simultaneously promoting odontoblast differ-
entiation.>” Mice harboring an epithelial-specific deletion of
Smad4, a pivotal intracellular BMP effector, exhibited arrested
root developmental owing to failed HERS elongation and
stratification, confirming SMAD4's indispensable role.”® Specifical
deletion of Smad4 downregulated SHH expression within HERS
and the surrounding inner enamel epithelium. Ectopic SHH
expression in mutant mice partially rescued the root defects by
restoring NFIC expression and normal dentin formation by newly
differentiated odontoblasts.>® Epithelial SMAD4-SHH signaling
pathway triggered mesenchymal NFIC expression to enable HERS
morphogenesis and subsequent root formation. In contrast,
conditional ablation of Smad4 specifically in dental epithelium
led to prolonged molar crown morphogenesis associated with
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Fig. 2 Signaling pathway cascades involved in HERS epithelial cells and the epithelial-mesenchymal interactions during tooth root

development

maintained cervical loop structures harboring proliferative Sox2*
epithelial stem cells. Additional deletion of Shh in the epithelium
in these compound mutant mice partially rescued this aberrant
phenotype and eliminated Sox2" epithelial stem cells. Hence,
BMP-SMAD4 signaling pathway in the mesenchyme provided
crucial negative feedback to restrict dental epithelial stem cell
expansion during the later phase of root formation by suppressing
the SHH-GLI1 signaling pathway in the epithelium.3*

The canonical Wnt/B-catenin signaling pathway was also
indispensable for proper differentiation of functional odontoblast
lineage cells and root dentin formation. During root development,
B-catenin was essential for preserving the proliferation, polarity,
and adhesion of HERS cells. HERS-specific deletion or over-
expression of B-catenin severely disrupted root morphogenesis
and HERS dissociation. Studies suggested that suppressing
B-catenin in HERS led to earlier disruption and thinner HERS,
while stabilizing B-catenin in HERS prevented HERS dissociation
after root dentin formation.® Conditional deletion of B-catenin
permitted molar tooth eruption accompanied by HERS elongation
but completely abrogated root formation.°' Yet, odontoblast-
specific deletion of B-catenin likewise caused premature patholo-
gical dissociation of HERS via upregulating BMP7, downregulating
Noggin and Follistatin in odontoblasts, and accompanied by
increased phosphorylation of SMAD1/5/8 in HERS cells."* During
molar furcation morphogenesis, canonical Wnt signaling pathway
induced by epithelial WNT10A ligand critically patterned orga-
nized cell division and differentiation behaviors by modulating
mesenchymal WNT4 expression and localized Wnt/B-catenin
activity. In the furcation area, epithelial deletion of Wnt10a caused
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a decrease in epithelial cell proliferation but an increase in dental
papilla mesenchymal cell proliferation, resulting in pathological
taurodontism phenotype. Wnt10a deletion in dental epithelium
causes compensatory upregulation of other Wnt ligands like
WNT4, resulting in excessive B-catenin activation and overgrowth
of dental papilla mesenchyme. Silencing of aberrant WNT4
partially rescued this abnormal furcation phenotype, validating
that epithelial WNT10A precisely orchestrated dental epithelial
and papilla mesenchymal cell proliferation by modulating the
activation of mesenchymal WNT4 to guide root furcation
morphogenesis.®

During the progression of tooth root maturation, HERS cells
experienced EMT and relocated into the emerging periodontium.
This EMT process could be induced in vitro by exogenous
stimulation with either TGF-81 or FGF2 growth factors, which
activated MAPK/ERK intracellular signaling cascades.®®> During
EMT, HERS cells must precisely balance antagonistic Sema-RhoA
and TGF-f signaling pathways, whereby the Sema-RhoA signaling
pathway promoted the maintenance of epithelial polarity and
adhesion while TGF-( signaling pathway drove the acquisition of
mesenchymal attributes and enhanced migratory capacity.®
Furthermore, mesenchymal TGF-B signaling pathway indirectly
help sustain the residual dental epithelial stem cell population by
modulating Wnt signaling pathway activity in cervical loop
through the induction of key ligands like WNT5a and FGF3/10%.

Moreover, DFSCs and cementoblasts could trigger apoptosis of
both inner enamel epithelial-derived ameloblasts and HERS cells
by upregulating FAS ligand (FASL) expression, which binds to and
activates FAS-mediated extrinsic apoptotic signaling cascades.®®
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Fig. 3 Molecular regulation of SCAPs for tooth root formation

Eda-Edar signaling pathway represents another critical signaling
pathway that directly participates in proper root formation and
elongation. Both Ectodysplasin A (Eda) and Ectodysplasin A receptor
(Edar) knockout mice exhibited substantially increased HERS
proliferation and subsequent root developmental defects includ-
ing shortened root length and taurodontism.®®

In summary, intricate molecular signaling networks centered
upon BMP, canonical Wnt/B-catenin, TGF-B, Fas/FasL, and Eda
pathways precisely directed HERS behaviors and epithelial-
mesenchymal interactions at distinct developmental stage of
tooth root morphogenesis. Comprehensive elucidation of these
intersecting regulatory mechanisms using advanced genetic
models will uncover novel therapeutic targets to enhance
endogenous tooth root repair and inform sophisticated bioengi-
neering strategies for whole tooth regeneration.

MOLECULAR REGULATION OF STEM CELLS FROM APICAL
PAPILLA BEHAVIORS DURING TOOTH ROOT DEVELOPMENT
Stem cells from apical papilla (SCAPs) express classic mesenchy-
mal markers and have multi-differentiation potential.’” SCAPs
have a considerably greater proliferation and mineralization
capacity than dental pulp stem cells (DPSCs).°®%° During tooth
development, a substantial number of SCAPs reside in the apical
papilla. Through complex molecular signaling pathways, the apical
papilla provides a niche regulating the organized differentiation of
SCAPs. To promote further root elongation and dentin formation,
SCAPs can differentiate into odontoblasts.”® The regulation of
biological behaviors of SCAPs, such as differentiation, maturation,
and mineralization, is tightly controlled by a cascade of signaling
pathways, including TGF-B, WNT, and MAPK pathways (Fig. 3).”
TGF-B1 inhibited SCAPs proliferation and osteogenic differen-
tiation by downregulating osteogenic genes like Alp and Ocn in a
SMAD3-dependent manner. The TGF-B1's inhibitory effect on
SCAPs differentiation was enhanced by NFIC knockdown, whereas
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overexpression of NFIC antagonized these effects.”? Another study
yielded the contrary results that TGF-f1 increased SCAPs
proliferation and collagen production, which could be inhibited
by blocking ALK5/SMAD2 and MEK/ERK pathways. Moreover, TGF-
B1 had dual effects on regulation of Alkaline phosphatase (ALP)
activity in SCAPs. For instance, low doses of TGF-31 stimulated ALP
activity which could be blocked by inhibiting ALK5/SMAD2 and
MEK/ERK pathways, while higher doses inhibited ALP which could
be rescued only by ALK5/Smad2 inhibition.”

The proper development of roots and deposition of dentin and
cementum rely heavily on the precisely spatiotemporal manage-
ment of the Wnt signaling pathway. In the mice with specifically
deleted B-catenin in odontoblasts, it was observed that odonto-
blast differentiation was impeded and the expression of DSPP,
OCN, and Type | collagen (COL |) in regions anticipated to form the
root was significantly diminished. The loss of differentiated
odontoblasts prevented root dentin formation, mineralization,
and periodontal attachment, though the epithelial root sheath
developed normally but failed to induce odontoblast differentia-
tion in the absence of B-catenin signaling pathway.”* Low-dose
Wnt agonist LiCl inhibited Glycogen synthase kinase 3 beta
(GSK3B) and P-catenin degradation in nuclear, leading to
B-catenin accumulation and stimulating cell cycle genes, thereby
enhancing SCAPs proliferation and differentiation.””> WNT3a and
BMP9 were reported to synergistically promote the osteogenic/
odontogenic differentiation of SCAPs, which required functional
B-catenin.”® Apurinic/Apyrimidinic (AP) endonuclease 1 (APE1)
expression decreased during tooth development. APE1 inhibition
promoted osteogenic differentiation of DPSCs via stimulating the
canonical Wnt signaling pathway.”” Similar results were obtained
that Secreted frizzled-related protein 2 (SFRP2) blocked Wnt
signaling pathway activation by competing with Frizzled receptor
for Wnt, increasing p-catenin phosphorylation and nuclear
exclusion and thus downregulating Wnt target genes. Sfrp2
overexpression enhanced while its knockdown inhibited
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osteogenic/odontogenic differentiation of SCAPs.”®”® LIM homeo-
box 6 (LHX6) coordinated Wnt activity and SCAPs differentiation to
ensure correct root patterning and furcation development. LHX6
maintained active canonical Wnt signaling by inhibiting SFRP2
which physically interacted with WNT10A and suppressed
WNT10A-induced odontoblast differentiation in the furcation
area, resulting in defective dentin bridge formation. Moreover,
LHX6 negatively regulated Cyclin-dependent kinase inhibitor 1C
(CDKN1C) to maintain SCAPs proliferation.2® One recent study
unraveled the tissue-specific role and molecular mechanisms of
the non-canonical Wnt receptor, Receptor tyrosine kinase like
orphan receptor 2 (ROR2), during molar root development. ROR2
was highly expressed in root-forming apical dental mesenchymal
cells. Conditional deletion of Ror2 in Glit DMSCs impaired root
elongation and furcation formation, inhibited dental mesenchy-
mal cell proliferation, disrupted HERS invagination, and decreased
odontoblast differentiation through epithelial-mesenchymal inter-
actions, but without affecting crown morphogenesis. Mechan-
istically, ROR2 regulated dental mesenchymal cell proliferation
and root patterning likely by modulating the activity of Cell
division cycle 42 (CDC42).8" However, Wnt inhibition might be
required for normal development, as -catenin overexpression in
dental mesenchyme resulted in upregulated SMAD4 in odonto-
blasts while downregulation of Ectonucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1) in cementoblasts, causing hypomi-
neralized dentin and excessive cementum deposition respec-
tively.82%3 Deletion of Runt-related transcription factor 2 (Runx2) in
Gli1" DMSCs resulted in impaired odontoblast differentiation,
downregulation of NOTUM and upregulation of WNT/(3-catenin
signaling. RUNX2 directly upregulated the NOTUM expression,
which was specifically expressed in pre-odontoblasts and inhib-
ited HERS-secreted WNT ligands, WNT3a as well as WNT4, and thus
regulated WNT/B-catenin signaling in the dental mesenchyme®*

At-rich interaction domain 1 A (ARID1A) was also expressed in
Gli1T™ DMSCs during root development. Arid1a deletion in Gli1™
DMSCs resulted in shortened roots and impaired dentin and
periodontal tissues. ARID1A interacted with transcription co-Factor
Pleomorphic adenoma gene-like 1 (PLAGL1) and directly regu-
lated the transcription of GLI1, thereby controlling the switch from
proliferation to differentiation.®> Enhancer of zeste 2 polycomb
repressive complex 2 subunit (EZH2) and ARID1A antagonistically
regulated the expression of Cyclin dependent kinase inhibitor 2 A
(CDKN2A) to control cell proliferation in the root-forming region,
thereby coordinating furcation development and determining
molar root number. Loss of EZH2 led to upregulation of CDKN2A,
resulting in reduced cell proliferation and defective furcation
formation. In contrast, monoallelic deletion of Arid1a rescued the
root defects caused by loss of £zh2.%°

Furthermore, growth factors played crucial roles in apical papilla
development. SCAPs expressed all four fibroblast growth factor
(FGF) receptors. Basic FGF (bFGF) can activate Extracellular signal
regulated kinase (ERK) and Transforming growth factor beta-
activated kinase 1 (TAK1) phosphorylation in SCAPs. The MEK/ERK
inhibitor U0126 and the TAK1 inhibitor 5Z-7-oxozeaenol compro-
mise bFGF-induced upregulation of Plasminogen Activator Inhibitor-
1 (PAI-1), Urokinase-type Plasminogen Activator (uPA), Urokinase
Plasminogen Activator Receptor (UPAR), and Tissue Inhibitor of
MetalloProteinase-1 (TIMP-1) expression. They also partially reversed
bFGF-mediated inhibition of OCN expression in SCAPs. This suggests
bFGF may regulate SCAPs proliferation, migration, and matrix
turnover while suppressing differentiation through MEK/ERK and
TAK1 signaling pathways.®” One study showed bFGF enhances
stemness in SCAPs and decreases osteogenic/dentinogenic differ-
entiation and related gene expression. Meanwhile, bFGF pretreat-
ment enhanced the subsequent osteogenic differentiation potential
of SCAPs88 Epiregulin (EREG), an epidermal growth factor family
member, stimulated the MEK/ERK and JNK signaling cascades,
resulting in increased SCAPs proliferation.®’
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Additionally, IncRNA H19 promoted SCAPs osteogenic/odonto-
genic differentiation by binding to miR-141 and upregulating
Sperm associated antigen 9 (SPAG9), which activated MAPK
pathway by regulating the phosphorylation of p38 and JNK.*°
17beta-estradiol (E2) enhanced SCAPs osteogenic/odontogenic
differentiation without affecting proliferation, by upregulating
ALP, DSPP, Dentin matrix acidic phosphoprotein 1 (DMP1), and
matrix mineralization and activating JNK, p38 MAPK pathways and
downstream nuclear factors like c-Jun and c-Fos.”' Estrogen
receptor a (Era) also enhanced SCAPs osteogenic/odontogenic
differentiation via the same mechanism.*?

In addition to the previously delineated signaling pathways
orchestrating the regulatory landscape of SCAPs, an array of
noteworthy molecular factors also contributes to its behavior.
Researchers found HERS cells secrete SHH ligand, and it
antagonized NFIC which activated Hedgehog-interacting protein
(HHIP) (a Hh inhibitor) to ensure normal Hh signaling pathway
activity pattern in apical papilla, promoting proper apical papilla
growth and root formation. Intriguingly, Lysine-specific
demethylase 1A (KDM1A) had different regulatory roles at distinct
stages during osteogenic/dentinogenesis. Inhibiting KDM1A
reduced the activity of early osteogenic/dentinogenic markers
and mineralization in SCAPs, but increased the expression of
middle and late stage osteogenic/dentinogenic genes like Bsp,
Dspp, and Dmpl. KDM1A can bind to Procollagen-lysine2-
oxoglutarate 5-dioxygenase 2 (PLOD2) to form a protein complex.
Inhibition of PLOD2 had similar effects as inhibition of KDM.>
Additionally, there was a study suggested inhibition of PI3K/Akt/
mTOR signaling pathway enhanced osteogenic/dentinogenic
differentiation and calcification of SCAPs and SCAPs spheroids.”*
Discoidin domain receptor family member 2 (DDR2) expressed in
dental papilla, odontoblasts, dental follicle, as well as PDL during
tooth development. Mice lacking the Ddr2 gene exhibited short
tooth roots, abnormal root/crown ratios, PDL defects, and
progressive alveolar bone loss with impaired differentiation of
cultured dental pulp and PDL cells.”> Moreover, Epigallocatechin-
3-gallate (EGCG) facilitated osteogenic/odontogenic differentia-
tion and mineralization of SCAPs by activating BMP2 expression
and SMAD1/5/9 phosphorylation.”® Furthermore, the immune
checkpoint molecule Programmed cell death 1 (PD1) that was
expressed on SCAPs suppressed osteogenic differentiation by
activating Src homology-2-containing protein tyrosine phospha-
tase 2 (SHP2) which inhibited its downstream NF-kB signaling
pathway.”” Protein arginine methyltransferase 6 (PRMT6), a
member of type-l enzymes, inhibited osteogenic/odontogenic
differentiation of SCAPs by downregulating C-X-C motif chemo-
kine ligand 12 (CXCL12) expression through increasing H3R2
methylation and forming a complex with Lamin A/C (LMNA)
inhibiting its nuclear entry.®

Further insights into the regulatory network revealed that
immune cells make up 83% of all tooth germ cells, demonstrating
their regulatory responsibilities. They could directly modulate
multiple processes during tooth development via secreted
cytokines and acted on specific receptors, providing evidence
for the novel roles of the immune system in tooth development.”

MOLECULAR REGULATION OF DENTAL FOLLICLE STEM CELL
BEHAVIORS DURING ROOT FORMATION

DFSCs and DPSCs are both originated from dental mesenchyme,
expressing classic markers of mesench1ymal stem cells, including
STRO-1, CD29, CD44, and CD146."°"°" Under specific induction
conditions, when DFSCs and DPSCs were transplanted in vivo and
simultaneously treated with dentin matrix, both cells could
differentiate into odontoblast-like cells, express dentin-related
markers and facilitate the dentin-pulp as well as the cementum-
periodontium complex regeneration. However, DFSCs possess
greater proliferation potential, osteogenic differentiation capacity,
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Fig. 4 Signaling pathway regulation within DFSCs during tooth root development

and mineralization ability compared to DPSCs. In contrast, DPSCs
exhibit stronger angiogenic and dentinogenic potential.'® DFSCs
are primarily responsible for the formation of cementum, PDL, and
alveolar bone, which is governed by a number of signaling
pathways (Fig. 4).

The precise balance of Wnt and BMP signaling pathways is
critical for determining DFSCs fate. Canonical Wnt signaling
pathway was required for DFSCs differentiation. Researchers co-
cultured HERS cells and DFSCs of rat molars and observed
increased mineralized nodule formation by DFSCs. The results
suggested that HERS cells triggered the Wnt/B-catenin pathway in
DFSCs through tight junctions with DFSCs, which in turn secreted
extracellular matrix containing vesicles that promoted osteogenic
differentiation of DFSCs and matrix mineralization.'” As a
secreted Wnt inhibitor, Dickkopf-3 (DKK3), down-regulates the
Wnt/B-catenin signaling pathway, leading to suppressed osteo-
blast differentiation of DFSCs. The expression of DKK3 was
decreased during osteogenic differentiation of DFSCs. Dkk3
knockdown enhanced the osteogenic potential of DFSCs, as
evidenced by increased calcified nodules, and expression of
osteogenic markers. Dkk3-deficient DFSCs also formed more
osteoid matrix when implanted in vivo. These findings implied
that DKK3 knockdown induced {3-catenin accumulation in nuclear
and activated canonical Wnt signaling pathway.'®* Despite its role
as a Wnt antagonist in other cell types, Naked cuticle homolog 2
(NKD2), an inhibitor of Wnt signaling pathway, enhanced the Wnt/
-catenin signaling pathway, thus promoted osteogenic differ-
entiation of DFSCs.'®

WNT3a was strongly expressed in HERS and crucial for the
formation of dental roots by interacting with the BMP signaling
pathway. BMP2 could activate the AKT signaling pathway and
induce Early growth response factor 1 (EGR1) expression during
osteogenic differentiation of DFSCs. Inhibition of AKT prevented
EGR1 expression and osteogenic differentiation of DFSCs.'% An
in vivo study showed BMP2 could induce cementoblast/osteoblast
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differentiation of DFSCs by intricate interaction between BMP and
Wnt pathways to balance DFSCs fate. Exogenous WNT3a, a
member of canonical Wnt signaling pathway, inhibited BMP2-
induced differentiation, suggesting BMP-induced differentiation
was suppressed by the Wnt/B-catenin signaling pathway. This was
due to Wnt3a enhancing Lymphoid enhancer-binding factor 1
(LEF1), expression, which could inhibit RUNX2-dependent Ocn
promoter activation. However, the f-catenin knockdown
decreased BMP2-induced expression of RUNX2, ALP, and OCN,
indicating endogenous Wnt/B-catenin signaling pathway was
essential for BMP2 to induce DFSCs differentiation. BMP2 strongly
induced Wnt inhibitor factor 1 (WIF1) expression, suggesting it
initiated a negative feedback loop to control DFSCs maturation by
inhibiting Wnt signaling pathway.'®” Furthermore, the BMP2/PKA/
[-catenin/DLX3 signaling pathway enhanced DFSCs osteogenic
differentiation. BMP2 enhanced B-catenin transcriptional activity
by activating PKA, which induced phosphorylation of 3-catenin at
Ser675. Activated B-catenin combined with LEF1 and SMAD4 to
form a complex that promoted Distal-less homeobox 3 (DLX3)
expression. Overexpression of DIx3 further activated the Wnt/
B-catenin signaling pathway. In contrast, WNT3a suppressed
BMP2-induced osteogenic differentiation of DFSCs by suppressing
PKA activity.'® However, WNT3a was reported to initiate
osteogenic commitment, promote the early cementoblast/osteo-
blast differentiation of DFSCs due to it activating the canonical
Wnt signaling pathway and inducing the expression of osteogenic
regulators. However, it was insufficient to drive terminal differ-
entiation and mineralization which might be due to WNT3a
inducing the expression of WNT5a to negatively regulate WNT3a-
induced ALP and OSX expression.'®®'"° Similarly, a study revealed
that WNT3a protein administration caused OSX overexpression,
which could be blocked by p38 MAPK inhibitors but not by ERK or
JNK inhibitors, indicating p38 MAPK activation was indispensable
for WNT3a-mediated OSX induction. P38 MAPK activation was not
affected by Dickkopf-1 (DKK1), suggesting WNT3a activated p38

SPRINGER NATURE



Spatiotemporal cellular dynamics and molecular regulation of tooth root...
Rao et al.

MAPK independently of the Wnt/B-catenin pathway. Additional
studies demonstrated inhibition of p38 MAPK did not impact
WNT3a-induced phosphorylation of GSK3B or the levels and
nuclear localization of B-catenin. However, p38 MAPK inhibition
impaired Wnt3a-stimulated B-catenin transcriptional activity.'"
Expression of Secreted frizzled-related protein 1 (SFRP1), a Wnt
signaling pathway inhibitor, was significantly more prevalent in
PDL cells than in dental follicle, cementoblasts, and alveolar bone
cells. Inhibiting SFRP1 raised the active Trimethylation of histone
H3 lysine 4 (H3K4me3) histone marked on the promoters of the
Runx2 and Sp7 genes, boosting their expression and stabilizing
[-catenin levels in DFSCs-derived PDL cells, enhancing 3-catenin
transcriptional activity.''? A study found that Long non-coding
RNA maternally expressed gene 3 (IncRNA MEG3) combined with
EZH2 inhibited the osteogenic differentiation of human DFSCs via
blocking the Wnt signaling pathway. EZH2 was a histone
methyltransferase that mediated Trimethylation at lysine 27 of
histone H3 (H3K27me3). During osteogenic differentiation, EZH2
and H3K27me3 levels decreased while Wnt ligands and {3-catenin
increased in human DFSCs. Knockdown of IncRNA MEG3 or EZH2
promoted osteogenesis and Wnt pathway gene expression in
human DFSCs. Chromatin immunoprecipitation showed EZH2
enrichment on Wnt gene promoters along with H3K27me3
accumulation, indicating epigenetic suppression. Inhibition of
EZH2 reduced H3K27me3 occupancy on Wnt gene promoters,
thus activating the Wnt/B-catenin signaling pathway to facilitate
osteogenic differentiation.’ '

During cementogenesis, Parathyroid hormone-related peptide
(PTHrP) was mainly produced by cells in the dental follicle. These
Pthrp™ progenitor cells differentiated into PDL fibroblasts, acellular
cementoblasts, as well as alveolar crypt bone osteoblasts.?’
Parathyroid hormone receptor-1 (PTH1R) was a receptor for PTHrP
and is expressed in Osx", Pthrp™ and Prx1™ progenitor cells.
PTHrP-PTH1R autocrine signaling pathway was required to
maintain their physiological cell fates. In Osx* dental mesench-
ymal progenitors, PTH1R deletion resulted in defects in cellular
survival, proliferation, and aberrant differentiation, which caused
shorter dental roots, PDL loss, and ankylosis. The PTH1R signaling
pathway likely acts through Histone deacetylase 4 (HDAC4), as the
PTH1R-deficient root condition was partially recapitulated by
HDAC4 deletion.?” PTH1R also likely suppressed Myocyte enhan-
cer factor 2C (MEF2C) and bone matrix proteins to prevent
precocious differentiation of Pthrp* progenitors.''* Prx1™ cells
were craniofacial mesenchymal progenitors expressing the
transcription factor PRX1. When PTH1R was conditionally deleted
in Prx17 cells, it resulted in arrested incisor eruption and delayed
molar eruption. PTH1R ablation caused decreased expression of
osteogenic genes like Runx2 and Osx, resulting in reduced alveolar
bone formation. In vitro, PTH1R deletion suppressed osteogenic
differentiation of DMSCs. The balance of bone remodeling was
disrupted due to decreased bone formation when PTH1R was
knocked out in Prx1% cells. Reduced alveolar bone growth failed to
provide sufficient eruptive force for tooth eruption. PTHIR
deletion also led to aberrant PDL development with decreased
Periostin expression. Therefore, the PTH1R signaling pathway in
Prx1* progenitors was indispensable for osteogenesis, bone
remodeling, and PDL function during tooth eruption.'"
Chromodomain-helicase-DNA binding protein 7 (CHD7) promoted
osteogenic potential of human DFSCs by increasing PTH1R
expression and enhancing PTH/PTH1R signaling pathway. PTH1R
also was a key mediator of CHD7 regulation of osteogenic
differentiation in human DFSCs as it was the direct transcriptional
target of CHD7.""®

Gene expression profiling reveals activation of BMP and TGF-3
pathways during early osteogenic differentiation.""” In DFSCs,
BMP9 transfection significantly elevated ALP activity, calcium
deposition as well as osteogenic markers expression via activating
non-canonical MAPK pathways, including increased p38 MAPK
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phosphorylation and decreased ERK1/2 phosphorylation.''®.
Interleukin-1alpha (IL-1a) bound to Interleukin-1 (IL-1) receptor
on DFSCs and activated the downstream JNK and p38 MAPK
pathways. Osteoclastogenesis was boosted and osteoblast differ-
entiation was reduced when JNK and p38 MAPK were activated.
These altered bone remodeling activities in dental follicle facilitate
bone resorption around the erupting tooth and allow tooth
eruption to proceed.'"®

RUNX2 played important roles in regulating osteogenic
differentiation, matrix remodeling, and osteoclast induction in
DFSCs. Runx2 mutation in Cleidocranial dysplasia (CCD) patient
DFSCs impaired matrix remodeling and osteoclast induction in
patient DFSCs, which may cause delayed tooth eruption.'?*'?" But
cellular senescence in the dental follicles was reduced in CCD
patients compared to healthy controls. Isolated DFSCs from the
patient showed increased proliferation, accelerated cell cycle, and
downregulated senescence-associated genes and proteins. The
patient’s DFSCs had decreased ERK phosphorylation, indicating a
suppressed MAPK/ERK signaling pathway. Inhibition of ERK
reduced senescence in control DFSCs, while ERK activation
increased senescence in patient DFSCs. Therefore, the presence
of the Runx2 mutation in CCD prevents the cellular senescence
process of DFSCs by blocking the ERK signaling pathway.'??

Activated Notch1 signaling pathway was required in the
osteogenic differentiation of DFSCs. Activation of the NOTCH1
inhibited osteogenic differentiation via BMP2/DLX3 pathway in
DFSCs.'*® Laminin inhibited early but promoted late osteogenic
differentiation in human DFSCs through integrin-a2/B1 and FAK/
ERK pathway.'* Laminin also induced mineralization and cemen-
togenic gene expression while suppressing ALP activity in
DFSCs.'** Transient receptor potential melastatin 4 (TRPM4)
knockdown enhanced osteogenesis but inhibited adipogenesis
of DFSCs by modulating calcium signaling pathway and related
gene expression, suggesting a regulatory function for TRPM4
played in the differentiation of DFSCs.'*

Heterogeneity was crucial for maintaining the properties of
DFSCs. Subclones showed decreased osteogenic ability compared
to heterogenous DFSCs. Selecting subclones disrupted the
heterogeneity of DFSCs and altered their gene expression. The
TGF-B signaling pathway had a significant impact on subclones’
ability to differentiate due to its cross-talk with the Hippo, Wnt,
and stemness pathways.'?

THERAPEUTIC IMPLICATIONS AND FUTURE DIRECTIONS
Strategies to modulate key developmental pathways could help
stimulate innate dental repair mechanisms. For instance, local
delivery of BMP ligands or agonists may promote HERS remodel-
ing and odontoblast differentiation to treat root defects or
stimulate reparative dentin formation. Modulating Wnt, Eda,
PTH1R and FGF signalings could also direct dental stem cell
behaviors. Further research should explore controlled, sustained
delivery systems and optimize dosages for clinical translation.'?’

Tissue engineering approaches leveraging dental stem cells
offer an attractive bio-inspired therapeutic avenue.'”® However,
recreating the complex microenvironmental dynamics of the
native dental stem cell niche remains challenging.'®® Smart
biomaterial scaffolds that mimic key cues like signaling pathway
molecules and architecture could guide dental stem cell
organization into dental tissues.'** Emerging bioprinting techni-
ques allow precise spatial control over the distribution of cells,
signals, and materials to mimic native tissue architecture and
function.”®' Future efforts should uncover developmental
mechanisms to inform scaffold and bioink design for precision
engineering of the dentin-pulp complex.'*> Combined innova-
tions in dental stem cells, biomaterials, and bioprinting have
immense potential to transform restorative dentistry through
bioinspired tooth regeneration.
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Patient-specific induced pluripotent stem cells (iPSCs) is a
prospective cell source that can be applied in tooth regeneration
and personalized dentistry.'*® Recent studies have developed
protocols to acquire iPSCs-derived dental epithelial and DMSCs
using precisely orchestrated signaling pathways molecules like
FGFs, BMPs, and WNTs."** For example, Kim et al. generated
dental epithelial-like stem cells from human ESCs and iPSCs
through a stepwise procedure involving embryoid body forma-
tion, induction with retinoic acid, and keratinocyte serum-free
medium.'*> The iPSC-derived epithelial cells exhibited odonto-
genic capacity when recombined with mouse dental mesench-
yme. Other research groups have guided iPSCs to form cranial
neural crest-like cells, the odontogenic precursor tissue, which was
further induced into functional odontoblast-like cells secreting
dentin matrix upon FGF and BMP stimulation.”®'3” Advanced 3D
culture systems like peptide hydrogels have also been harnessed
to enable the CNC-like cells to reproduce dental pulp-like tissue
with embedded odontoblasts and vascularization in vivo.'*®
Overall, iPSCs offer an exciting platform for personalized biological
tooth restoration, but further optimization of tooth organogenesis
and maturation protocols will be critical for clinical translation.

The application of dental stem cell-derived stem cell aggregates
has successfully emulated the intricate developmental processes
of odontogenic mesenchymal cell condensation, culminating in
the regeneration of damaged dental pulp in murine models and
the restoration of pulp-like structures and functions reminiscent of
normal dental pulp.?’'3#"*! Recent clinical trials have reinforced
the translational promise of this approach in human subjects,
promoting the regeneration of compromised dental pulp and
periodontal tissues, thus enabling the repair of traumatized or
avulsed teeth.'*? This achievement in tooth tissue regeneration
stands as a pivotal milestone in regenerative dentistry. To realize
its full potential, it is imperative to optimize manufacturing
processes, enhance regenerative efficacy, and ensure the stability
of cell aggregates. In-depth explorations of interactions with host
cells and tissues are essential to bolster biocompatibility. Further
investigations into their performance in pathological microenvir-
onments and the integration of biomaterials and bioactive
molecules hold the potential for increased regenerative success.

In recent decades, enormous advancement has been made in
dental tissue engineering, but the clinical translation of whole-
tooth regeneration remains unsolved. Several key obstacles need
to be addressed, including recapitulating the intricate spatiotem-
poral signaling pathway dynamics during odontogenesis, optimiz-
ing vascularization and innervation of bioengineered teeth, and
ensuring proper integration with surrounding hard and soft
tissues. Continued interdisciplinary research on innovative bioma-
terials, dental stem cells, growth factors, and advanced manu-
facturing techniques like bioprinting will be critical to unlock the
full potential of biological tooth regeneration. Seamless integra-
tion of these emerging tools and technologies will usher in a new
era of next-generation, bioinspired dental treatments that far
surpass traditional prosthetic tooth replacements.

CONCLUSION

Elucidating the intricate developmental mechanisms directing tooth
root morphogenesis is critical to advance biological tooth restoration.
Spatiotemporal orchestration of signaling pathways precisely reg-
ulates dental epithelial and mesenchymal stem cell behaviors during
root formation. Thoroughly decoding these complex regulatory
networks promises to uncover novel therapeutic targets to incite
endogenous tooth repair mechanisms. Emerging tissue engineering
that based on dental stem cells has enabled the engineering of
biological tooth root replacements. However, recreating the native
stem cell niche environments with proper biomaterials, growth
factors, and architectural cues remains a key challenge for clinical
translation. Advances in these areas that accurately recapitulate
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developmental dynamics will be instrumental to guide organized
differentiation and functional integration of dental stem cells into
bioengineered root structures. Moving forward, seamless integration
of interdisciplinary innovations in developmental biology, stem cells,
biomaterials, and advanced manufacturing techniques is imperative
to realize the immense promise of transforming regenerative
technologies into biologically based tooth root regeneration therapies
that restore native physiological structure and function.
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