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ABSTRACT

Tooth dentin, secreted by odontoblasts, constitutes most of the tooth structure and provides support and
sensory function. However, dentin defects are common and irreparable once they exceed a critical
threshold. Human dentin develops from dental papilla (DP) cells under the guidance of the dental epithelium
(DE). Here, we present a human tooth development atlas from initiation to erupted stage using single-cell
RNA sequencing and spatial transcriptomics, focusing on epithelial-mesenchymal interactions. This atlas
reveals that DE orchestrates DP differentiation in a WNT-NOTCH sequential activation model and identifies

the key signaling molecules. DLX6-AS1* DP cells respond to dental epithelial signals and can be isolated



from adult dental pulp stem cells (DPSCs). Notably, DLX6-AS1" DPSCs successfully generate tubular
dentin in an in vivo disease model of dentin defects. This research provides valuable information on human

tooth development and establishes a basis for repairing regenerative dental tissue.
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INTRODUCTION

Dental hard tissues comprise enamel, dentin, and cementum, with dentin forming the primary structural
component of teeth. Produced by odontoblasts, dentin provides mechanical support and sensory function
essential for tooth integrity?. Pathological conditions such as dental caries trigger odontoblast apoptosis?,
prompting the pulp to form reparative dentin as a protective barrier. However, aging or chronic inflammation
impair this regenerative capacity®. Understanding the cellular origin and molecular mechanisms underlying
dentin development and regeneration remains a critical challenge.

During organogenesis, the orchestrated regulation of conserved signaling pathways governs cell fate
determination, proliferation, and differentiation. Tooth development, a paradigm of ectoderm-derived
organogenesis, exemplifies such complexity. Congenital genetic diseases such as dentinogenesis
imperfecta can lead to dentin loss, along with injuries and damage®. Additionally, patients with ectodermal
dysplasia frequently exhibit dentin loss and deformities due to epithelial cell dysfunction®. The development
and homeostasis of dental tissues depend on reciprocal interactions between dental epithelium (DE) and
dental mesenchyme derived tissues, such as dental papilla (DP), which collectively determine tooth
morphology, dimensions, and functional integrity® 7 8. Within this interaction network, dental epithelial
signals guide some DP cells to differentiate into odontoblasts, while others remain undifferentiated in adult
pulp, serving as a reservoir for reparative dentin formation upon pulp exposure. This highlights the
importance of DE signaling in determining DP cell fate. Our recent research has shown the crucial role of
DE in early human tooth development®, but further studies are needed to understand how DE guides
odontoblast differentiation throughout tooth development from initiation to erupted stage and whether these
signals could be utilized in tooth regeneration.

Molecular studies have revealed that multiple signaling cascades, including WNT® 11 NOTCH?*2, BMP**
¥ TGF-B®, and FGF'% 17, orchestrate epithelial-mesenchymal interactions during tooth development.
However, the precise mechanisms governing these interactions in human odontogenesis remain to be fully
elucidated. In particular, DE-derived WNT signals initiate mesenchymal cell proliferation and differentiation,
as demonstrated in mouse models where disruption of epithelial WNT secretion impairs odontoblast

differentiation®® 1°, The NOTCH signaling system, through its classical roles in cell fate determination via



ligand-receptor interactions between adjacent cells, contributes to tooth development?® 21, These molecular
networks work together rather than separately, creating a complex regulatory system, yet the
spatiotemporal regulation network of these crucial signaling pathways still needs to be explored??. The
WNT-NOTCH signaling axis has emerged as a critical regulator of progenitor cell maintenance, terminal
differentiation, and regeneration in human tissues?® 24, However, its precise operational mode in human
tooth development and regeneration requires further elucidation. This understanding is particularly crucial
given that odontogenic stem cells in monophyodont rodents exhibit distinct functional characteristics from
their human counterparts?®, necessitating human-specific investigations into tooth development and
regeneration mechanisms.

To advance our understanding of human tooth structures, we established a comprehensive
developmental atlas of human teeth from initiation to erupted stage using integrated single-cell RNA
sequencing (scRNA-seq) and spatial transcriptomics (ST). By mapping the interactions between ligands
and receptors of tooth-related signaling molecules, we identified key DE-derived molecules that play a
crucial role in directing DP differentiation. Functional validation revealed their dentinogenic superiority over
controls. Moreover, we identified previously unknown subgroups of dental pulp stem cells (DPSCs); notably,
these subgroups can regenerate dentin to repair dentin defects, as demonstrated in a relevant animal model.
These results not only progress our insights into human development, but also present a blueprint for

regenerative solutions.

RESULTS

Spatiotemporal cellular dynamics and molecular regulation in tooth development

To construct a comprehensive developmental timeline of human tooth formation, we collected and analyzed
scRNA-seq and ST data spanning multiple developmental stages, from initiation to erupted stage® 2% 26 27,
28 (Fig. 1a). Following quality control and integration of scRNA-seq data, we performed systematic cell type
classification and marker gene identification to establish a tooth developmental atlas. Uniform Manifold
Approximation and Projection (UMAP) analysis revealed 11 cell clusters and their temporal distribution
patterns (Fig. 1b and Supplementary Fig. 1a). Cell populations were identified based on canonical marker
gene expression: DE (KRT19, KRT5, KRT14), DP lineage (DPL) (FGF3, RSPO4, DLX6-AS1), and dental
follicle (DF) (COL12A1, POSTN, OGN). Endothelial cells (ESAM, CLDN5, VWEF), fibroblasts (PDGFRB,
RGS5, BGN), monocytes (TYROBP, AlIF1, CD14), lymphocytes (TRBC2, CD3E, CDA48), erythroblasts
(ALAS2, HBG1, HBA1), vascular smooth muscle cells (ACTC1, SGCA, TNNT1), and neuronal cells (S100B,
MPZ, PLP1) were defined according to their specific markers® 25 2° (Fig. 1c). The consistent expression
patterns of key markers were observed across all batches, as depicted in both FeaturePlots and violin plots

(VInPlots) (Supplementary Fig. 1b). A detailed list of the top 10 differentially expressed genes defining each



major cell lineage can be found in Supplementary Fig. 2a. Integration of scRNA-seq and ST analyses
provided detailed insights into the spatial distribution and gene expression profiles of two key cell
populations: DE and DPL (Fig. 1d). Spatial heatmap analysis and immunofluorescence (IF) staining further
validated our cell clustering approach (Fig. 1e). KRT14 specifically labeled the DE, while FGF3 was
localized to the DPL, as illustrated in Fig. 1e. To confirm the specificity of these signals, co-staining was
performed with the differentiation markers AMELX (for DE) and DSPP (for DPL). Isotype negative controls
demonstrated the absence of non-specific signals (Supplementary Fig. 2b).

To understand the molecular mechanisms involved in human tooth development, we analyzed the
expression patterns of key developmental signaling pathways in DE and DPL. We isolated DE and DPL
cell populations and identified genes related to ligands and receptors from signaling pathways crucial for
tooth development, such as WNT, NOTCH, BMP/TGF-B, FGF, SHH, and EDA signaling pathways®. We
examined the expression levels of these genes in the two cell populations, calculated the total expression
of each signaling pathway, and represented the data in pie charts to show the expression proportions of
each pathway in DE and DPL (Fig. 1f). Our analysis revealed that WNT
(WNT1/3A/4/5A/5B/6/7A/7B/8B/10A/10B/11), NOTCH (JAG1/2, DLL1/3/4), SHH (SHH, IHH, DHH), and
EDA ligands were predominantly expressed in DE, while their corresponding receptors were mainly
expressed in DPL. Conversely, BMP (BMP2/3/4/5/6/7/10/15), TGF-B (TGF-B1/2/3), and FGF (FGF2/3/8/10)
ligands showed higher expression levels in DPL. Detailed gene-level statistics and absolute expression
values are provided in Supplementary Data 1. Moreover, to evaluate the functional significance of these
pathways, pathway activity scoring was conducted. The results indicated increased activity in the EDA
pathway in DE and in the BMP, TGF-B, and FGF pathways in DPL, suggesting their specific roles within
each lineage (Supplementary Fig. 2c).

ScRNA-seq data revealed that WNT and NOTCH ligands were main signals secreted by the DE
throughout all developmental stages. However, their relative abundance varied at different stages. In early
stages, WNT ligand expression was predominant while NOTCH ligand expression was low. As
development progressed, there was a shift towards increased NOTCH expression and decreased WNT
expression (Fig. 1g). The overall activity of key signaling pathways was further assessed across various
time points (Supplementary Fig. 2d). Consistent with the trend shown in Fig. 1g, the WNT and NOTCH
pathways exhibited a relay-like dynamic during development, whereas the SHH pathway maintained activity
throughout the 12-24 (post-conception week, PCW) period. The BMP and TGF-B pathways displayed
sustained expression throughout all stages of development. To investigate interaction details at specific
time points, we focused on the 15-17 PCW window, utilizing CellChat to predict signaling communication
between DE and DPL cells. At 17 PCW, the NOTCH pathway showed robust interaction, predominantly

initiated by DE cells and directed towards DPL cells, suggesting a mechanism of epithelial-to-mesenchymal



NOTCH signaling (Supplementary Fig. 2e-g). The integrated analysis of sScRNA-seq and ST data indicated
that the human DE orchestrated DPL development by regulating multiple developmental pathways in a
coordinated manner. This initial analysis laid the groundwork for our subsequent hypothesis, which was

then substantiated through further validation.

Temporal and spatial orchestration of WNT and NOTCH signaling during tooth development
Analysis of scRNA-seq data revealed that WNT and NOTCH pathways components were not only
predominantly expressed by DE but also exhibited distinct temporal expression patterns during tooth
development. To delineate the relationship between these pathways, we performed comprehensive
analyses using scatter plots and pie charts. Notably, the gene expression of WNT family ligands showed
tissue specificity. Ligands associated with the canonical WNT/B-catenin pathway®°, such as WNT1, WNT3A,
WNT4, WNT8B, WNT10A, and WNT10B were predominantly expressed in the DE. In the non-canonical
WNT pathway3!, WNT5A, WNT5B, WNT6, WNT7A, WNT7B, and WNT11 exhibited distinct distribution
patterns. Specifically, WNT6, WNT7A, and WNT7B were predominantly expressed in the DE, while WNT5A,
WNT5B, and WNT11 showed higher levels of expression in the DPL. The sequencing data revealed that
the DE was the primary source of NOTCH pathway components JAG1 and JAG2 (Fig. 2a).

Temporal analysis using bubble heatmap visualization uncovered a unigue "relay" mechanism between
the WNT and NOTCH signaling pathways in tooth development. In the early stages (7-15 PCW), the DE
exhibited high expression of WNT ligands, while the DPL displayed elevated expression of WNT receptors.
However, post 15 PCW, WNT ligand expression declined, accompanied by a rise in NOTCH ligand
expression in DE, NOTCH receptor expression in DPL, and WNT antagonist expression in DPL (Fig. 2b).
To gain a deeper insight into the possible cellular crosstalk, we analyzed the temporal dynamics of ligands
in DPL and their corresponding receptors in DE (Supplementary Fig. 3a). Our analysis suggested a
potential autocrine/paracrine regulatory loops within the DE. Fig. 2c displayed the most prominently
expressed WNT and NOTCH ligands in DE based on previous sequencing data. To distinguish the potential
activities of canonical versus non-canonical WNT signaling, we plotted the expression profile for each ligand
individually (Supplementary Fig. 3b). This analysis revealed dynamic expression patterns for each ligand,
suggesting a spatiotemporal regulation of different signaling activities during DE development. To
investigate the heterogeneity within the DE, we performed a detailed sub-clustering analysis, identifying
several subpopulations (Supplementary Fig. 3c). Each subpopulation was characterized by a distinct
molecular signature based on its top differentially expressed genes® (Supplementary Fig. 3d). Notably,
FeaturePlots revealed highly specific expression patterns of key signaling ligands: WNT6, WNT7B and
JAG1 were predominantly expressed in the outer enamel epithelium (OEE), cervical loop (CL), inner

enamel epithelium (IEE), and enamel knot (EK). WNT10B expression was specifically localized to the EK



(Fig. 2d and Supplementary Fig. 3e). We conducted ST mapping of the key molecules identified in Fig. 2c
to spatially validate the findings, offering detailed insights into their tissue distribution patterns
(Supplementary Fig. 3f). To validate our transcriptomic findings at the protein level, we performed IF
staining. This analysis not only verified the precise protein localization (Fig. 2d) but also illustrated the
activation of pathways by showing robust expression of the downstream targets LEF132 and HEY 1%, The
subsequent quantification of these signals further emphasized the complex spatiotemporal coordination of

WNT and NOTCH signaling during human tooth development (Supplementary Fig. 3g).

DLX6-AS1* DP cells exhibit a specific expression pattern in human fetal teeth and potentially receive
WNT-NOTCH signaling from the DE

In our recent study, we classified DP cells in the early stage into two subpopulations according to their
location®. By incorporating late-stage data, we further subclustered DPL cells into three clusters: DLX6-
AS1* DP, odontoblasts and NR2F1*TWIST1* DP based on their markers and developmental trajectory
analysis® (Fig. 3a-b). Histograms were generated to assess the temporal stability of distinct fates by
categorizing cells according to their developmental stage and key marker genes (Supplementary Fig. 4a).
DLX6-AS1* DP cells, characterized by high DLX6-AS1 expression, were located in close proximity to DE
cells (Fig. 3c-d). In mice, the expression of DIx6os1, the murine homolog of human DLX6-AS1, showed
minimal expression in the mouse molar at E16.5, a stage coinciding with the emergence of CDP in mice35,
suggesting distinctive developmental markers and patterns in human tooth development (Supplementary
Fig. 4b-c).

Based on the analysis of their location and trajectory analysis, we proposed that DLX6-AS1* DP cells
may be responsive to DE signals and act as potential progenitors for odontoblasts (Fig. 3d). To investigate
this hypothesis, differential gene expression analysis was conducted to characterize the molecular
signatures of DLX6-AS1 *and NR2F1 *TWIST1 “DP cells, revealing different transcriptomic profiles for each
subpopulation (Fig. 3e). Pathway enrichment analysis on the upregulated genes in each group was
performed to computationally investigate potential functional consequences, supporting the hypothesis of
a functional divergence between the two subpopulations (Supplementary Fig. 4d). We found increased
expression of LEF1 and HEY1, which are target genes of the WNT and NOTCH signaling pathways
respectively, in the DLX6-AS1* DP cells (Fig. 3e). Key receptors and target genes of WNT and NOTCH
signaling pathways were confirmed through scRNA-seq and ST data (Fig. 3f and Supplementary Fig. 4e).

The temporal gene expression profile of DLX6-AS1* DP cells indicated distinct gene expression patterns
at different time points. Early-stage genes such as MEIS2 and TFAP2B were linked to the WNT signaling
pathway, while late-stage genes like ZBTB16 were associated with the NOTCH signaling pathway (Fig. 3g).

A comparison of scRNA-seq data from 15 PCW and 17 PCW further illustrated this transition via volcano



plot. DLX6-AS1* DP cells of 15 PCW exhibited upregulated EGR1 and FOXO1 expression, which are
related to the WNT signaling pathway, while DLX6-AS1* DP cells of 17 PCW showed increased expression
of HEY1 and IFITM5, which are associated with the NOTCH signaling pathway (Fig. 3g). Furthermore, the
expression patterns of WNT, NOTCH, and odontogenesis-related genes were compared between DLX6-
AS1* DP cells and NR2F1*TWIST1* DP cells using ST data (Supplementary Fig. 4f). Correlation analysis
revealed a positive co-expression between DLX6-AS1 and odontogenesis-related molecules®® %7, including
DLX1, BMP4, RUNX2, DSPP and DMP1, and WNT/NOTCH pathway components, such as LEF1, LRP5,
NOTCH2 and HEY1 (Fig. 3h). The role of DLX6-AS1 in odontogenesis was indicated in our recent study=®

as well as in other research®.

Application of WNT-NOTCH signaling in odontogenic differentiation of DLX6-AS1* cells

DLX6-AS1" DMSCs and DPSCs, representing different differentiation statuses of DP cells, were isolated
using a lentiviral reporter system with the DLX6-AS1 promoter-driven EGFP to investigate their odontogenic
potential and suitability as seed cells for dentin regeneration. A negative control group was included by
transducing cells with an empty lentiviral vector (Supplementary Fig. 5a-d). Both experimental and control
groups underwent puromycin selection in vitro. DLX6-AS1* DMSCs exhibited elevated expression of the
odontoblast differentiation marker DSPP, as well as the WNT/NOTCH target genes LEF1 and HEY1, after
a 21-day odontogenic induction (Fig. 4a), consistent with the gene signatures identified in precious analysis.
Alkaline phosphatase (ALP) and Alizarin red S (ARS) staining confirmed our observations, showing
enhanced odontogenic differentiation in DLX6-AS1* DMSCs (Fig. 4b). Next, we assessed whether a WNT-
NOTCH sequential treatment could enhance the odontogenic potential of DLX6-AS1* DMSCs and DLX6-
AS1* DPSCs. Using scRNA-seq and ST data, we developed a protocol for odontoblast differentiation.
DLX6-AS1* DMSCs were initially cultured in a medium supplemented with WNTs (WNT6, WNT7B, and
WNT10B at a concentration of 10 ng/ml) from day 1 to day 7. Subsequently, on day 8, the culture medium
was changed to one containing JAG1 (at 10 ng/ml), which was maintained until day 14. The growth factor-
supplemented medium was refreshed every two days throughout the induction period to ensure continuous
stimulation, as indicated by increased expression of target genes for both pathways in the western blot
analysis (Fig. 4c). By day 21, an enhancement in odontogenic differentiation was observed in the group
subjected to sequential WNT-NOTCH stimulation, as evidenced by ALP and ARS staining (Fig. 4d). Our
findings, detailed in Supplementary Fig. 5e, show that the sequential WNT-NOTCH stimulation leads to a
significantly higher level of mineralization compared to the conventional odontogenic induction protocol. IF
staining showed increased expression of odontogenic markers DSPP and KI67 in this group (Fig. 4e).
Additionally,  WNT-NOTCH sequential  stimulation upregulated DLX6-AS1 expression in DMSC
(Supplementary Fig. 5f). To confirm our analysis that epithelial-derived WNT-NOTCH signaling directed DP



odontogenic differentiation, we established a co-culture system with DE and DLX6-AS1* DMSCs. When
we inhibited WNT and NOTCH signaling from DE cells, we observed decreased expression of odontogenic
markers DMP1 and DSPP in the DLX6-AS1* DMSCs (Fig. 4f). These findings underscored the importance
of DE-derived WNT-NOTCH signaling in DP differentiation.

DPSCs, a type of mesenchymal stem cells, are easily obtained from extracted third molars or exfoliated
deciduous teeth. Their low immunogenicity makes them suitable candidates for both autologous and
allogeneic therapeutic applications. Our group has conducted extensive research on DPSC-based
therapies*® 41, leading to their advancement to phase | clinical trial and investigator-initiated trial. DPSCs
have the potential to differentiate into odontoblasts for pulp-dentin complex regeneration*?, but enhancing
their dentinogenic inducing ability is a key challenge that needs to be addressed. Advances in differentiation
and selection protocols could contribute to making DPSCs more effective in clinical applications. We applied
the same WNT-NOTCH sequential stimulation on DLX6-AS1* DPSCs and observed significantly enhanced
odontogenic differentiation effects in the WNT-NOTCH sequential stimulation group (Fig. 49-j).

Utilizing sequential WNT-NOTCH signaling in a recombinant model promotes dentinogenesis

To validate the odontogenic differentiation of DLX6-AS1* cells mediated by WNT-NOTCH signal in vivo,
we utilized a tissue recombinant strategy. DMSCs or DLX6-AS1* DMSCs were combined with non-dental
human keratinocytes and transplanted beneath the renal capsule. In the Pre-WNTs+JAG1 treatment group,
DLX6-AS1" DMSCs were pre-treated with WNTs (WNT6, WNT7B and WNT10B) before being combined
with keratinocytes to replicate the developmental signaling milieu. JAG1-soaked beads, as pre-established
protocols*3, were transplanted in close proximity to the recombinants (Fig. 5a).

Histological analysis was conducted to evaluate the recombinants under different treatment conditions.
Hematoxylin and Eosin (H&E) staining revealed the overall tissue organization and morphological features
(Supplementary Fig. 6a). Masson's Trichrome staining was employed to assess extracellular matrix
composition, tissue fibrosis, and collagen fiber arrangement (Fig. 5b). Among all experimental groups, only
the recombinants from the DLX6-AS1* DMSCs with Pre-WNTs+JAGL1 treatment group generated tooth-like
structures, characterized by finely deposited pre-dentin and dentin of tubular structure arranged parallel to
each other. DSPP, a marker for odontoblast differentiation, was employed to evaluate differentiation in the
recombinants (Fig. 5c). The expression of these proteins indicated functional and structural maturation of
odontoblasts. Notably, the recombinants from DLX6-AS1* DMSCs with Pre-WNTs+JAG1 treatment group
showed significantly upregulated expression of the odontogenic marker DSPP, as confirmed by quantitative
analysis (Fig. 5c and Supplementary Fig. 6b). The specificity of this staining was confirmed with an isotype
control, which showed only negligible background fluorescence (Supplementary Fig. 6¢). To confirm that

the transplanted cells were responsible for this new tissue formation, we tracked GFP-labeled DLX6-AS1*



DMSCs. Indeed, these GFP-positive cells (green) were observed to be actively secreting DSPP (red),
directly linking our target cell population to the process of dentinogenesis (Fig. 5e). We also assessed
Micro-CT analysis of the recombinants by evaluating its mineralization. Micro-CT analysis revealed the
formation of robust mineralized tissue in the recombinants from the DLX6-AS1* DMSCs with Pre-
WNTs+JAG1 treatment group (Fig. 5d).

In conclusion, only the WNT-NOTCH sequential stimulation was capable of directing DLX6-AS1* DMSCs
towards generating dentin-like structures ex vivo, showing the therapeutic potential of DLX6-AS1* DMSCs
under WNT-NOTCH sequential stimulation for applications in dental tissue and other ectodermal-derived

organ engineering.

Repair of dentin defects by DLX6-AS1* DPSCs using the sequential application of WNT-NOTCH
signaling

With the ongoing clinical trials of DPSC as a promising cell type for clinical applications, we next investigate
the dentin regeneration capacity of DLX6-AS1* DPSCs by establishing a nude mouse molar tooth injury
model. DLX6-AS1* DPSCs were isolated from extracted third molars and were pre-treated with WNTs
(WNT6, WNT7B and WNT10B), then injected into the pulp exposure site along with JAG1 (Fig. 6a). This
intervention showed no adverse effects on vital organs, including the liver, spleen, and kidneys
(Supplementary Fig. 7a-c). With the assistance of micro-CT analysis, it was clearly demonstrated that the
DLX6-AS1" DPSCs treated with WNT-NOTCH sequential stimulation could promote dentin regeneration
(Fig. 6b). Quantitative analysis verified a notable increase in mineralized tissue volume fraction (BV/TV)
and tissue mineral density (TMD) at the damage sites compared to the controls (Fig. 6¢). 28 days post-
injury, histological assessment was performed using Masson's Trichrome staining and IF analysis. The
results showed that in the group treated with DLX6-AS1* DPSCs receiving WNT-NOTCH sequential
stimulation, a dentine bridge was formed at the damaged site of the mouse molar (Fig. 6d). In contrast to
the disorganized pattern typically seen in reparative dentin, our regenerated dentin exhibited a well-
arranged tubular structure, as indicated by the arrows in the zoomed-in image. Expression of DSPP was
detected beneath the dentine bridge in the group treated with DLX6-AS1* DPSCs receiving WNT-NOTCH
sequential stimulation (Fig. 6d). SEM analyses showed that the tissue developed in the DLX6-AS1* DPSCs
with  WNT-NOTCH sequential stimulation group exhibited a well-organized, tubular ultrastructure
resembling natural dentin (Fig. 6d). gPCR results indicated that the molars treated with DLX6-AS1* DPSCs
receiving WNT-NOTCH sequential stimulation highly expressed DMP1, ALP, and MEPE (Fig. 6e). Notably,
using the co-labeling of human DLX6-AS1 and DSPP proteins with RNA scope technology, it was shown
that human DLX6-AS1* DPSCs (red-stained) were arranged in a single row on the side close to the

regenerated dentin. Strong DSPP expression was observed in these well-arranged DLX6-AS1* DPSCs,



indicating their ability to differentiate into regenerative odontoblasts (Fig. 6f). IF analysis confirmed the origin
of the reparative dentin from the transplanted progenitors, demonstrating GFP-labeled DLX6-AS1* DPSCs
co-expressing the odontoblast marker DSPP within the newly formed matrix (Supplementary Fig. 7d).
These findings demonstrate the potential of developmentally-guided DLX6-AS1* DPSCs for therapeutic
dentin regeneration, offering a strategy for utilizing discarded dental pulp tissue. A model for odontoblast
differentiation and regeneration was established based on previous analysis and studies. During tooth
development, undifferentiated ectomesenchymal cells in the dental pulp divide under the influence of WNT
signals from the DE to become DLX6-AS1* DP cells. One daughter cell differentiates into an odontoblast
in response to NOTCH signals from the DE, while the other daughter cell remains as a subodontoblast cell.
DLX6-AS1* DPSCs can be isolated and, when exposed to sequential WNT-NOTCH signaling, can generate

human dentin in dentin defects (Fig. 69).

DISCUSSION

During organogenesis, the meticulous coordination of signaling pathways plays a crucial role in tissue
morphogenesis and functional specialization. The compartmentalized expression of signaling ligands and
receptors between the DE and DM underscores the significance of epithelial-mesenchymal interactions in
tooth development?® 44, Our findings demonstrated that WNT and NOTCH ligands were predominantly
expressed in the DE, whereas their receptors were localized in the DP. This spatial distribution pattern
aligned with previous reports that have emphasized the instructive role of epithelial-derived signals in
mesenchymal differentiation during organogenesis*® 46.47:48_ Furthermore, our temporal analysis delineated
a "relay" mechanism: WNT signaling predominated in the early stages, initiating mesenchymal proliferation
and differentiation. Subsequently, NOTCH signaling became prominent after 15 PCW, potentially
optimizing cell fate determination and maintaining odontoblast lineage commitment. Notably, the
expression of WNT antagonists in the DP during later stages may function as a feedback loop to attenuate
WNT activity*® %, thereby facilitating the transition to NOTCH-dependent regulation. This dynamic
regulation ensures precise control over differentiation timing and prevents premature or ectopic
mineralization - a critical feature given the spatial constraints of tooth morphogenesis. Although the precise
molecular mechanisms governing this transition require further investigation, this sequential activation
pattern appears to be essential for normal odontogenic differentiation.

Our analyses suggested DLX6-AS1* cells as key responders to epithelial WNT-NOTCH signaling.
These cells were strategically positioned in the coronal papilla adjacent to the epithelium, facilitating the
reception of spatial signals. Trajectory analysis demonstrated that DLX6-AS1* cells exhibited
characteristics of odontoblast priming. Pathway enrichment and co-expression analyses revealed that

DLX6-AS1* cells displayed a distinctive response to WNT-NOTCH signaling. This molecular signature



correlated with enhanced mineralization capacity in vitro and the formation of dentin-like structures in vivo.
The sequential activation pattern, whereby WNT signaling (mediating proliferation/priming)®' 2 preceded
NOTCH signaling (governing differentiation/specification)®> 53, aligned with their established roles in
orchestrating odontoblast maturation. We observed that this initial proliferative phase occurred concurrently
with the upregulation of DSPP, suggesting that the expansion of the progenitor pool could be a prerequisite
for generating a sufficient cell population for functional maturation. Importantly, our co-culture experiments
demonstrated that epithelial-derived signals were essential for this process, as WNT-NOTCH signaling
inhibition abolished their odontogenic potential. While our previous study suggested the functional necessity
of DLX6-AS1 for odontogenic differentiation®®, the current study helps to bridge a gap by suggesting that
DLX6-AS1 may be a component for integrating the WNT-NOTCH signaling axis. Our preliminary
transcriptomic analysis revealed that the cellular response to WNT/NOTCH stimulation was impaired in the
absence of DLX6-AS1, and molecular docking simulations further suggested a potential binding interface
with LEF1, collectively positioning DLX6-AS1 as a target for promoting dentin-pulp complex regeneration.

While the epithelium predominantly secretes WNT and NOTCH ligands, the signaling landscape of
epithelial-mesenchymal axis during tooth development is far more complex. Our data also showed WNT
and NOTCH receptor expression within the DE itself, consistent with reported roles for intra-epithelial WNT
signaling in maintaining stemness® and NOTCH signaling in cell fate specification?. Furthermore, our
findings suggested the presence of other regulatory mechanisms, such as BMP signaling®® %6, which we
observed in the reparative zone (Supplementary Fig. 7e).

The mechanisms explored in this study may hold translational potential for regenerative dentistry. The
translational potential of DLX6-AS1* cells resides in their capacity for lineage-specific differentiation. We
employed a complementary validation strategy, using primitive, multipotent DLX6-AS1" DMSCs to test the
instructive capacity of WNT-NOTCH signaling, and conversely, using the physiologically relevant DLX6-
AS1" DPSCs to confirm the pathway's functional role in odontogenic differentiation. Through the
recapitulation of developmental signals in vitro (WNT-NOTCH sequential stimulation), our studies
demonstrated enhanced mineralization efficiency, establishing a framework for dental pulp-derived
therapeutic interventions. The efficacy of DLX6-AS1* dental pulp stem cells in promoting dentin bridge
formation in murine injury models underscored their therapeutic potential.

As we consider the path from these findings to potential clinical application, it is prudent to also address
the complexities and assumptions inherent in our model. First, our reductionist approach, using sequentially
delivered recombinant ligands, helped to isolate pathway-specific contributions but does not fully replicate
the complex spatio-temporal gradients of a physiological niche. Second, while the soluble JAG1-Fc
protein®”: 58 was sufficient to explore the biological principle®® €, its clinical translation faces challenges in

localization and controlled release. The development of next-generation biologics, such as Atrtificially



Intelligent-designed soluble NOTCH agonists®!, may offer a path forward. Finally, future investigations
should address the development of biomaterial scaffolds that simulate extracellular matrix signals and
maintain signaling gradients in situ2. Additionally, subsequent studies must account for the biomechanical
and biochemical complexities inherent to the dental pulp microenvironment. Furthermore, the intricate
interplay between WNT-NOTCH and other signaling cascades warrants comprehensive investigation.

In conclusion, our study delineated the spatiotemporal dynamics of WNT-NOTCH signaling during
human tooth development and identified DLX6-AS1* DP cells as potentially odontoblast progenitors.
Through the integration of omics-driven discoveries with functional validation, our investigations established
a developmental framework for utilizing DPSCs in regenerative dentistry. While challenges remain in
translating these mechanistic insights into clinical applications, this work demonstrated the therapeutic
potential of signaling pathway modulation and cell-based approaches in addressing the current limitations

of dental tissue repair and regeneration.

Limitations of the study

In this study, scRNA-seq and ST data from human tooth tissues at multiple time points were analyzed with
a limited number of samples. Considering the complexity of odontoblast differentiation as a result of
epithelial-mesenchymal interaction process, only significantly changed signaling pathways were considered
when developing the regeneration strategy. In future studies, lineage tracing models could be developed
for DLX6-AS1* DP cells, and DLX6-AS1* DPSCs might be isolated based on a membrane marker for cell
sorting. Also, the functional difference between DLX6-AS1* and NR2F1*TWIST1* DP cells needs to be

further elucidated.

METHODS

Ethical approval and consent

This study was conducted under approval from the Ethics Commissions of Beijing Friendship Hospital
(2021-P2-198-02), Beijing Laboratory of Oral Health (Z2022SY064), and Beijing Obstetrics and Gynecology
Hospital (2023-KY-082-01), all affiliated with Capital Medical University (CMU). All research involving
human biological materials was performed in accordance with the Declaration of Helsinki and the 2021
ISSCR Guidelines for Stem Cell Research and Clinical Translation. Written informed consent was obtained
from all donors for the use of human embryonic tissues, and no financial compensation was provided. All
animal experiments were performed in accordance with relevant guidelines and regulations and were

approved by the Ethics Committee of Capital Medical University (AEEI-2023-087).

Tissue collection



Human embryonic tissues were obtained from the Beijing Obstetrics and Gynecology Hospital following
legally and ethically approved protocols. A total of eight embryos were analyzed. Specifically, ScCRNA-seq
was performed on two replicates per stage across 7-8, 9-10, 12, and 15 PCW, while ST was performed on
two replicates per stage across 9-10, 12, and 15 PCW. In all cases, each replicate (n=2 per stage)
comprised one incisor and one molar from a distinct embryo. Due to the early developmental stage of the
tissues, the sex of the embryos was not determined. All collected human embryonic tooth germ samples
were entirely consumed during the single-cell and spatial transcriptomic experimental procedures and were
therefore destroyed. Sample processing followed previously established protocols® 2. In brief, incisor and
molar tooth germs were dissected in DEPC-treated ice-cold phosphate buffered saline (PBS) (Gibco,
10010023; Invitrogen, AM9906). The isolated specimens were washed in cold PBS and processed for
scRNA-seq. For ST analysis, dissected mandibles were immersed in pre-cooled isopentane (Sigma Aldrich,
4583) at -80°C and embedded in O.C.T. compounds (Sakura, 4583). Single-cell transcriptomic data for
stages 17-24 PCW were obtained from Shi et al.?s (available at:

https://data.mendeley.com/datasets/v3wgx8pmb5y/1). The sex of the embryos was not reported in the

original study. Young pulp single-cell data were accessed from Gene Expression Omnibus (GEO) datasets.
This included dataset GSE202476%, derived from an immature third molar of a 13-year-old male donor,
and dataset GSM43656092°, from a tooth apical papilla with approximately two-thirds root completion where
the donor's sex was not reported. ST data at 20 PCW were acquired from Shi et al?6. Consistent with the
SAGER guidelines, we report that sex was not considered as a biological variable in our study design
because it was either not determined for early-stage embryonic samples or not reported in the integrated
external datasets. Consequently, no sex-based analyses were performed, and data could not be

disaggregated by sex.

Cell culture
Primary DE and mesenchymal cells were isolated from 12 PCW tooth germs. Tooth germs were
enzymatically dissociated using 1.2 U/ml dispase Il (Gibco, 17105041) and 20 U/ml DNase | (Gibco,
10104159001) for 10 minutes at room temperature. Epithelial and mesenchymal tissues were mechanically
separated using fine needles. The DE tissues were dissociated and cultured in calcium chloride-free
Keratinocyte Serum-free Medium (Gibco, A15170-01) supplemented with 15% FBS (Gibco, A5670401).
According to previous method® 63, DMSCs were enzymatically isolated using 3 mg/ml collagenase type |
(Sigma-Aldrich, C0130) and 4 mg/ml dispase |l for 1 hour at 37°C. Cells were maintained in a-MEM medium
(Gibco, 12561072) supplemented with 15% FBS and antimicrobial agents (100 units/ml penicillin, 100
mg/ml streptomycin, 25 pg/ml Amphotericin B; Gibco, 15070063) at 37°C in 5% CO,.



DPSCs were isolated following established protocols®. The pulp chamber was exposed after surface
cleaning, and pulp tissue was enzymatically dissociated with collagenase at 37°C for 1 hour. Dissociated
cells were filtered through a 70-uym mesh and cultured in supplemented a-MEM medium under standard
conditions.

Human keratinocytes were obtained from Shanghai Jinyuan Biotechnology Co., Ltd (JY-J068) and
cultured in Keratinocyte Serum-free Medium (Gibco, A15170-01) according to established protocols®®. Cells

were cultured for 36 hours prior to tissue recombination experiments.

SscRNA-seq

Data preprocessing and integration. SCRNA-seq was performed at CapitalBio Technology (Beijing) using
the Single Cell 3' GEM, Library & Gel Bead Kit V3.1 and Chromium Single Cell B Chip Kit. Cell suspensions
were loaded onto a Chromium controller for single-cell gel bead generation. Each channel was loaded with
approximately 6,000 cells, yielding ~3,000 target cells for amplification. Library quality was assessed using
an Agilent 2400 bioanalyzer. Libraries were constructed according to manufacturer's protocols and
sequenced on an lllumina Novaseq 6000 platform with paired-end 150 bp reads, targeting =100,000 reads
per cell. lllumina NovaSeq 6000 software (v1.7) was used for sequencing data collection.

To ensure robust and unbiased comparison, all datasets underwent a standardized pre-processing and
integration workflow using the Seurat R package (v4.4.0). For each dataset independently, the raw gene
expression matrix was used to create a Seurat object. Low-quality cells were filtered out based on the
following criteria: cells with fewer than 200 detected genes, more than 2500 detected genes, or a
mitochondrial gene content exceeding 5% were removed. Following quality control, data was normalized
using the NormalizeData function with a "LogNormalize" method and a scale factor of 10,000. The top 2000
most highly variable genes (HVGs) were identified for each dataset using the FindVariableFeatures function.

For integration, the pre-processed Seurat objects were merged. The merged data was then scaled using
the ScaleData function. To correct for technical batch effects arising from different sequencing platforms,
sample preparations, and laboratories, we utilized the Harmony algorithm (v0.1.1)%¢. Principal Component
Analysis (PCA) was performed on the scaled data, and the RunHarmony function was executed on the

resulting PCA embeddings, using the dataset of origin (orig.ident) as the batch variable.

Dimensionality reduction, clustering, and cell type annotation. All subsequent downstream analyses
were performed on the Harmony-corrected embeddings. Uniform Manifold Approximation and Projection
(UMAP) was run on the top 30 Harmony dimensions for 2D visualization. Cell clustering was performed by
first running FindNeighbors on the same Harmony dimensions, followed by FindClusters with a resolution

of 0.4. Cluster-specific markers were identified using the FindMarkers function (Wilcoxon rank-sum test).



Cell type annotation was manually curated based on the expression of known canonical markers, tooth-
specific genes, and published reference data. The quality of data integration was visually validated by
coloring the UMAP by developmental stage to confirm proper mixing of cells, and by generating VInPlots

and FeaturePlots for key markers to verify consistent expression patterns across original batches.

Differential expression and functional enrichment analysis. Differentially expressed genes (DEGS)
between clusters were identified using the FindMarkers function on the original, uncorrected normalized
counts. DEG selection criteria included a Bonferroni-adjusted P-value < 0.05 and an average logz(Fold
Change) > 0.25. Functional annotation of significant genes was performed using the clusterProfiler package
(v4.2.2) for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses. To analyze specific populations, DE and DP cells were subset using the WhichCells function.
Following the identification of pathway-specific ligands and receptors, gene expression data were retrieved
using Seurat's FetchData function. Expression patterns were visualized through dot plots, pie charts, violin
plots, and Sankey diagrams using Seurat's DotPlot, VInPlot, and R's ggplot functions. To quantify the
relative contribution of signaling pathways, we selected only the ligand and receptor genes that were stably
detected in our single-cell data for the DE or DPL. Genes not detected in either population were excluded
from the calculation and display. For a given gene set, we first extracted the normalized expression values
for each gene in all individual cells within the DE and DPL. We then calculated a total expression score for
each population by summing the expression values of all genes in the set across all cells of that population.

Finally, the proportions shown in the pie charts were calculated.

Developmental trajectory analysis. Cell developmental trajectories were analyzed using VECTOR

methodology as described by Zhang et al.3*. Code is available at: https://github.com/jumphone/Vector. The

analysis pipeline comprised: (1) dimensionality reduction through principal component analysis (PCA), with
component selection based on explained variance; (2) identification of starting cells (SCs) using quantile
polarization (QP) scores; (3) data visualization via UMAP; and (4) inference of RNA dynamics directions
based on UMAP positioning and network distances from SCs. The UMAP space was segmented into pixels,
and developmental trajectories were reconstructed by integrating positional information, QP scores, and

inter-pixel distances.

Branching trajectory analysis. Branching trajectory analysis of DP cells was performed using Monocle 2
software (v2.18.0). Branch-specific gene expression programs were identified through Branched
Expression Analysis Modeling (BEAM). This approach enabled the detection of genes with branch-

dependent regulation patterns along the DP cell developmental trajectory.



ST analysis

ST data generation. ST analysis was conducted at CapitalBio Technology (Beijing). Tissue cryosections
(10- » m) were mounted on GEX arrays and processed through sequential steps: incubation at 37°C, fixation
at -20°C, and H&E staining. Sample wells were prepared using a Slide Cassette. Permeabilization was
performed with 70 yL enzyme solution, followed by SSC washing and reverse transcription. After first-strand
synthesis, samples underwent KOH treatment and second-strand synthesis. cDNA amplification was
performed on a S1000TM Touch Thermal Cycler. Visium spatial libraries were prepared according to
standard protocols and sequenced on an lllumina NovaSeq6000 with paired-end 150 bp reads, targeting

=100,000 reads per spot. lllumina NovaSeq 6000 software (v1.7) was used for sequencing data collection.

Integration of scRNA-seq and ST data. To overcome the multi-cellular resolution and accurately map cell
populations in a spatial context, we implemented an integrative analysis strategy combining our high-
resolution scRNA-seq data with the spatial transcriptomics data® ¢”. Using the FindTransferAnchors and
TransferData functions within the Seurat toolkit, we projected the cell type annotations derived from our
scRNA-seq atlas (the 'reference’) onto each spatial spot of the ST data (the 'query'). This process calculates
a prediction score for each cell type at every spot, effectively deconvoluting the mixed cellular
transcriptomes. The dominant cell type with the highest score was then used to assign an identity to each
spot, enabling the visualization of cell population distributions. Gene expression patterns were visualized

using the SpatialFeaturePlot function.

RNA scope in situ hybridization

RNAscope Multiplex Fluorescent Assay (Advanced Cell Diagnostics, 320850) was performed on 5-um
cryosections of tissues fixed overnight in 4% paraformaldehyde at room temperature. Sections underwent
target retrieval at 95-100°C for 5 minutes, followed by protease treatment (Advanced Cell Diagnostics, 310-
100) at 40°C for 7 minutes. DLX6-AS1 probe (Advanced Cell Diagnostics, 569491-C2) hybridization was
conducted at 40°C for 2 hours. Signal amplification was performed using RNAscope Multiplex Fluorescent
Reagent Kit, with detection via TSA Plus Cyanine 3 (PerkinElmer, NEL751A). Nuclei were counterstained

with 4',6 - diamidino - 2 - phenylindole (DAPI). Nikon NIS-Elements (v5.4) was used for image acquisition.

DLX6-AS1* DMSCs and DLX6-AS1* DPSCs

A lentiviral vector was constructed by replacing the CMV promoter in GV814 vector (CMV-EGFP-MCS-
SV40-Puromycin) with the DLX6-AS1 promoter sequence (NR_015448-promoter, positions 4836-6835).
The construction and packaging of the resultant lentiviral vector (NR_015448-promoter-EGFP-SV40-



Puromycin) were performed by GeneChem. The full nucleotide sequence of the constructed vector and the
inserted promoter region are provided in Supplementary Data 2. The viral particles were produced by co-
transfecting the lentiviral construct with packaging plasmids into 293T cells. The target cells were infected
with the lentivirus, and the cells positive for the reporter gene were screened to identify the cell population
with an active promoter of the target gene. Under endogenous conditions, when the promoter is active in
cells, it drives the expression of the reporter gene. As a corresponding control, the empty vector pLenti-
Ubi-MCS-EGFP-IRES-Puromycin was used. DMSCs or DPSCs were seeded at 1x10° cells/well in 12-well
plates and infected at 30% confluence using an MOI of 50. After 16 hours, medium was replaced and cells
were cultured for 72 hours. Stable transformants were selected using puromycin (1 pg/ml, Sigma Aldrich,
P8833) for 6 days, with medium changes every 2 days. Infection efficiency was confirmed by fluorescence

microscopy.

WNT-NOTCH sequential stimulation

DLX6-AS1* cells were cultured in the a-MEM medium (Gibco, 12561072) supplemented with either WNT
proteins (WNT6, OriGene, TP762653; WNT7B, CUSABIO, CSB-EP026142HU; WNT10B, CUSABIO, CSB-
EP026130HU; all at 10 ng/ml) or JAG1 (10 ng/ml, MCE, HY-P70399). Sequential stimulation consisted of
7 days WNT treatment followed by 7 days JAGL1 treatment, with medium changes every 2 days.

Co-culture system
To ensure the robustness of our knockdown experiments, we initially designed three distinct SiRNA
sequences for each target gene (WLS and JAG1). We then tested all three in vitro to screen for the one
that demonstrated the highest knockdown efficiency (Supplementary Fig. 5g). DE cells were transfected
with 40 nmol/L WLS or JAG1 siRNAs (Sangon Biotech) using Lipofectamine RNAIMAX (Invitrogen,
13778030) in Opti-MEM (Invitrogen, 31985070). After 12 hours, medium was replaced with a-MEM (Gibco,
12561072). DLX6-AS1* DMSCs (2.5x10* cells/well) were seeded in transwell upper chambers and co-
cultured with transfected epithelial cells for 7 days. The 'pre+ and post+' condition specifically involved a
transfer of the upper chamber: Days 0-3.5 (‘pre+' phase): The transwell upper chambers containing DLX6-
AS1* DMSCs were first co-cultured for 3.5 days with the DE cells that had been pre-treated with SIRNA-
WLS. Days 3.5-7 (‘post+' phase): Subsequently, these same upper chambers were physically transferred
to new wells containing DE cells that had been pre-treated with sSiRNA-JAG1 and were co-cultured for the
remaining 3.5 days.

All siRNA oligonucleotides were chemically synthesized and purified by Sangon Biotech. The sequences
were as follows:

si-WLS-1: 5-UCAUGUUUUCUAUAAUUGCCC-3'



Si-WLS-2: 5'-ACAUUUCACCGACAUGUAGGA-3'
si-WLS-3: 5'-ACCAUUUUGUCUUGUGAUGGU-3'
si-JAG1-1: 5-UUGAACAAGCUCACAUACCUG-3'
si-JAG1-2: 5'-UAAUUGAUAACUUUCCAGCUG-3'
si-JAG1-3: 5'-UAAAGUCGUAGUUAACACCAG-3'
SiIRNA-NC: 5'-ACGUGACACGUUCGGAGAA-3'

Western blot

Protein samples were separated on Mini-PROTEAN TGX Gels (Bio-Rad, 4561093) and transferred to
membranes using the Trans-Blot Turbo system (Bio-Rad, 1704156). After blocking, membranes were
probed with primary antibodies against DSPP (1:1,000, Proteintech, 55396-1-AP), LEF1 (1:1,000,
Proteintech, 14972-1-AP), HEY1 (1:1,000, Proteintech, 19929-1-AP), and GAPDH (Proteintech, 60004-1-
Ig, Clone 1E6D9). Following HRP-conjugated secondary antibody incubation, signals were detected using
the ChemiDoc MP Imaging System (Bio-Rad Image Lab software v6.1). Unprocessed scans of all blots are

provided in the Source Data file.

Alkaline phosphatase (ALP) staining and Alizarin red S staining

For ALP activity assessment, cells were fixed in 4% paraformaldehyde after 14 days of induction and
stained using an ALP Assay Kit (Sigma Aldrich, MAK530). Mineralization was evaluated after 21 days of
induction using 2% Alizarin red S solution (Sigma Aldrich, A5533). Leica Application Suite X (LAS X)
software (v3.7) was used for brightfield image acquisition. For quantification, stained minerals were
dissolved in 10% cetylpyridinium chloride (Sigma Aldrich, C5911) and measured spectrophotometrically at
562 nm.

IF staining

Samples were processed through sequential steps of trypsin treatment, permeabilization (0.5% PBST),
hydrogen peroxide treatment, and goat serum blocking. Primary antibodies were used at a dilution of 1:200.
Primary antibodies were applied against: DSPP (Abcam, ab216892), Ki67 (Cell Signaling Technology, 9129,
Clone D3B5), KRT14 (Abcam, ab119695, Clone LL002), WNT6 (Abcam, ab50030), WNT7B (Proteintech,
10605-1-AP), WNT10B (Abcam, ab70816), LRP6 (Santa Cruz, sc-25317, Clone C-10), JAG1 (Abcam,
ab300561, Clone EPR26388-51), NOTCH2 (Abcam, ab313453, Clone EPR28701-38), DKK1 (Abcam,
ab61034, Clone EPR4759), SFRP1 (Proteintech, 26460-1-AP), HEY1 (Proteintech, 19929-1-AP), LEF1
(Abcam, ab137872, Clone EPR2029Y), BMP2 (Abcam,ab214821), BMP4 (Abcam, ab39973), GFP(CST,
2956, Clone D5.1) and rabbit IgG isotype control (CST, 3900, Clone DALE) were added. Sections were



subsequently incubated with appropriate secondary antibodies and counterstained with DAPI. Regions of
interest (ROIs) were delineated based on tissue architecture visualized by DAPI staining. For
Supplementary Fig. 3g, the Mean Fluorescence Intensity (MFI) of WNT6, WNT7B, WNT10B, and JAG1
was measured within the DE, while the MFI of LRP6, NOTCH2, DKK1, SFRP1, HEY1, and LEF1 was
measured within the DPL. Data are presented as mean + SEM. Nikon NIS-Elements (v5.4) was used for

image acquisition.

gRT-PCR analysis
RNA was isolated using the RNeasy Kit (Qiagen, 74104) and reverse transcribed using the Transcriptor
First Strand cDNA Synthesis Kit (Roche, 04379012001). Quantitative PCR was performed using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 172-5270). Bio-Rad CFX Maestro software (v2.0)
was used for data collection.
The primers used for RT-gPCR were synthesized by Sangon Biotech and as follows:
GAPDH:
Forward: 5-GCACCGTCAAGGCTGAGAAC-3'
Reverse: 5-ATGGTGGTGAAGACGCCAGT-3'
DMP1:
Forward: 5'-GCAGAGTGATGACCCAGAG-3'
Reverse: 5'-GCTCGCTTCTGTCATCTTCC-3'
DSPP:
Forward: 5-GGGATGTTGGCGATGCA-3'
Reverse: 5-CCAGCTACTTGAGGTCCATCTTC-3'
DLX6-AS1:
Forward: 5'-AGTTTCTCTCTAGATTGCCTT-3'
Reverse: 5-ATTGACATGTTAGTGCCCTT-3'
MEPE:
Forward: 5'-GGCCAGTGACTGCGATTAAAC-3'
Forward: 5'-CCTTCGAGTGTGCTTTAGCAT-3'
ALP:
Forward: 5-AACATCAGGGACATTGACGTG-3'
Reverse: 5'-GTATCTCGGTTTGAAGCTCTTCC-3'

Animals



Male BALB/c nude mice (Mus musculus), 8 weeks of age, were obtained from Charles River Laboratories.
These mice possess a BALB/c genetic background carrying the Foxn1™ mutation The mice were housed
in a specific pathogen-free facility at Capital Medical University under controlled environmental conditions.
Specifically, housing conditions included a 12-hour light/12-hour dark cycle, a constant ambient
temperature of 22 + 2°C, and a relative humidity of 55 £+ 10%. The animals were housed in individually
ventilated cages with free access to standard sterilized rodent chow and water. For all in vivo experiments,
mice were randomly assigned to experimental groups (n = 5 mice per group). Only male mice were used
in this study to avoid potential confounding effects from hormonal fluctuations associated with the female

estrous cycle, which could influence tissue regeneration and inflammatory responses.

Recombination and subrenal culture

Human keratinocyte cells and mesenchymal cells (DMSCs, DLX6-AS1* DMSCs, or WNTs-pretreated
DLX6-AS1" DMSCs) were pelleted separately at 150x g for 5 minutes. Cell pellets (1x10° cells/0.25 pL
each) were sequentially injected into Cellmatrix Type I-A (5 pL, Nitta Gelatin Inc, 631-00651) and incubated
at 37°C for 30 minutes for gelation®®. Recombinants were cultured in supplemented DMEM (20% FBS, 100
U/mL penicillin/streptomycin, 0.18 mg/mL L-ascorbic acid) for 3 days before transplantation under the
kidney capsule of adult male nude mice. WNTs or JAG1-loaded PLGA (75:25) (MCE, HY-B2247A) was co-
transplanted. For the control group, PLGA microspheres loaded with Bovine Serum Albumin (BSA) were

used®®. Recombinants were harvested after 3 months for histological analysis.

H&E staining and Masson’s trichrome staining
Paraffin-embedded samples were processed for H&E staining (Servicebio, G1076) and Masson's trichrome

staining (Servicebio, G1006) following manufacturers' protocols.

Tooth damage model

Under anesthesia, cavities were created in the maxillary first molars of adult male nude mice until pulp
visibility. Pulp exposure was achieved using a 27G 3/4 gauge needle™. After pulp exposure, different
treatment interventions were applied according to experimental groups, with one group receiving WNTs-
pretreated DLX6-AS1* DPSCs combined with JAGL1 injection at the exposure site. Cavities were sealed

with glass ionomer cement (3M ESPE, 56906). Samples were collected 21 days post-operation.

MicroCT analysis
Samples were scanned using a high-resolution micro-computed tomography (UCT) system (SkyScan 1276,

Bruker, Kontich, Belgium) located at the Core Facility Center, Capital Medical University. The scans were



performed with an isotropic voxel size of 7 ym. Two- and three-dimensional reconstructions were generated

for dental defect analysis.

Scanning Electron Microscopy (SEM) Analysis

Mouse tooth samples were fixed in 2.5% glutaraldehyde. Dried samples were mounted on aluminum stubs,
sputter-coated with a 15 nm gold-palladium layer and imaged using a scanning electron microscope. image
were acquired using a Thermo Scientific Apreo 2C SEM controlled by Thermo Scientific microscope control

software.

Combined detection by RNAscope® multiplex fluorescent assay and IF

A combined RNAscope® and immunofluorescence (IF) protocol was performed following the
manufacturer's guidelines for the RNAscope® Multiplex Fluorescent v2 Assay kit (Advanced Cell
Diagnostics, 323100). Briefly, after tissue preparation and target retrieval, the IF portion of the protocol was
initiated. Sections were blocked and then incubated with primary antibodies overnight. Following primary
antibody incubation, sections were treated with Protease Plus. The RNAscope® portion was then continued
with probe hybridization, signal amplification, and signal development using the TSA detection system

(PerkinElmer, NEL751A). Finally, nuclei were counterstained with DAPI.

Statistical analysis

ImageJ (v1.53) was used for quantification and processing of confocal, widefield, and SEM images.
GraphPad Prism (v9.0) was used for statistical analysis and graphing. Results were expressed as mean +
SEM. Statistical significance for two-group comparisons was determined by a two-sided unpaired Student’s
t-test. For multiple-group comparisons, a one-way ANOVA followed by Tukey’s multiple comparisons test

was used. A P-value < 0.05 was considered statistically significant.

DATA AVAILABILITY

The single-cell RNA sequencing and spatial transcriptomics data for developmental stages 7-8, 9-10, 12,
and 15 PCW have been deposited in the Genome Sequence Archive (Genomics, Proteomics &
Bioinformatics 2025) in the National Genomics Data Center (Nucleic Acids Res 2025), China National
Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of Sciences, under accession
number HRA013557 [https://ngdc.cncb.ac.cn/gsa-human/browse/HRA013557]. The single-cell and spatial
transcriptomics data of human embryonic tooth development (stages 17-24 PCW) are available in the

Mendeley Data repository under DOl 10.17632/v3wgx8pmb5y.1%¢

(https://data.mendeley.com/datasets/v3wgx8pmb5y/1). The young dental pulp single-cell data are available



in the Gene Expression Omnibus (GEO) database under accession numbers GSE202476
[https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE202476] and GSM4365609
[https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSM4365609]. Source data are provided with this

paper.

CODE AVAILABILITY
The code in this study is available on GitHub at https://github.com/weiwei2012/NCOMMS-2538526, and

the pipelines are detailed in the Methods.
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Fig. 1. Single-cell and spatial transcriptomic insights into tooth developmental progression.



(a) Experimental workflow schematic.

(b) UMAP (Uniform Manifold Approximation and Projection) of all cells from human tooth germs (n=2
biological replicates per stage; 7-8 post-conception weeks (PCW) to 13-15 years (Y)). Cells are colored by
identity; smaller plots show stage-specific compositions.

(c) Dot plot of marker gene expression. Dot size indicates the percentage of cells expressing a gene; color
reflects average expression level. Markers were identified using a two-sided Wilcoxon Rank Sum test with
Bonferroni correction for multiple comparisons (adjusted P < 0.05, log: fold change (FC) > 0.25, expressed
in >25% of cells). DE, dental epithelium; DPL, DP lineage.

(d) Spatial deconvolution mapping scRNA-seq-defined cell types onto ST sections from late bud to late bell
stages. Each colored circle represents a data-capturing spot, with its color indicating the predominant cell
type inferred by integrating scRNA-seq data. Images are representative of n=2 biological replicates
analyzed for each stage.

(e) UMAP and spatial plots for DE marker KRT14 and DPL marker FGF3. Validation on 17 PCW sections
by RNAscope and immunofluorescence (IF). Top right: KRT14 (red, IF) co-localizes with AMELX (green,
RNAscope). Bottom right: FGF3 (red, RNAscope) is adjacent to DSPP (green, RNAscope). Scale bars, 50
pm. Staining images are representative of three independent biological replicates with similar results.

(f) Relative proportions of developmental pathway ligands and receptors in DE and DPL, based on the total
expression of each gene set within the respective populations. The pie charts of the BMP/TGF-§ pathways
depict information from two functionally distinct branches. Left: BMP pathway. Right: TGF-$ pathway.

(g) Sankey diagram tracking the proportional expression of ligands (left) and receptors (right) for key

pathways across development.
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Fig. 2.

Spatiotemporal dynamics of WNT and NOTCH signaling during tooth development.



(a) Split violin plots showing the expression distribution of WNT and NOTCH pathway components in DE
(red) and DPL (blue). Each dot represents a single cell. Adjacent pie charts quantify the percentage of cells
within the DE population expressing specific WNT and NOTCH ligands.

(b) Dot plots illustrating the dynamic expression of WNT and NOTCH pathway genes in DE (left panel, red
color scale) and DPL (right panel, blue color scale) across developmental stages. Dot size is proportional
to the percentage of cells expressing the gene, and color intensity reflects the average z-score normalized
expression level. PCW, post-conception weeks; Y, years.

(c) Line graphs tracking the average expression of key WNT (WNT6, WNT7B, WNT10B) and NOTCH
(JAG1) ligands within the DE population over time.

(d) IF validation of the spatial localization of key WNT and NOTCH pathway proteins across different
developmental stages. Target proteins (WNT6, WNT7B, WNT10B, DKK1, SFRP1, LRP6, LEF1, JAG],
NOTCH2, HEY1) are shown in green or red, with nuclei counterstained with DAPI (blue). Dotted lines
outline the epithelial-mesenchymal boundary. Insets show magnified views of the indicated regions. Images
are representative of experiments that were independently repeated three times with similar results (n=3
biological replicates). PT, permanent tooth. Scale bars: 100 um.

Data in (a-c) are derived from scRNA-seq analysis of n=2 biological replicates per developmental stage.



a
NR2F1" YVWSYV
TR
wlPoess S¥es.2" . =
g e [—
3| « NS 2
5 )
(Odontoblasts [ =
UMAP1

C_ . DLX6-AS1'DP Odontoblasts NR2F1 TWIST1' DP

S § {“
WsT! &

MAPT
@OLGAST ,Oﬂ;’“mss S

o
0% s 12 15 17 241315
— PCW Y

e DLX6-AST Late bud stage (10 PCW) Cap stage (12 PCW) Bell stage (24 PCW) Erupted stage (13 Y)
3 FGF3
Y KIFSC
ki ‘ PTCH1
S5 ~— == S10046
E‘ | N NR2F1
5 Py ) <> | wsTt
g+ e <> | soxn
g4 i i &> | connz
83 Jg A CCent
5 MT-RNR2
4 - DSTN
4 | 1 GPX3
5 1 DSPP
B | === | I cypigs
e
o & 6 e 4 Downregulated
: : Not significant
300
.+ Upreguiated
L F’gﬁ 1 1% e o
2 pITXY, | E¥ o
= Xl L
s I §Fle
a 200 ° >
k-1 1 s DLXB-AS1
b7 o 1 ( fnd . y
E s o HEY1 2
g % o * ‘ " . . T .
s e U R ‘ . ) . % . 4 .
S Xk . | - pE e =
AN : o u
e 3| w Mo oMo @ Has s 139
& g - g - $ 20 » 20 ¢
) 4 Yo 18 . 15 d 15| 9
of ——— P - — — — — — — % : 1 10 10 ! 1] 14
-5 [) 5 10 UMAP1
g log, (fold change)
MEIS2 GRID2 TFAP2B EGR2 SFRP4 cone 287816 e greessnen
OSR1 CNTNAP2 FAP2A EGR1 FZD10-AS1 CCN3 ccL3
NR2F1 NRG3 MPzL2 FOS LAMC3 ERBIN ccLd
MEIST TENW4 INHBA JUND MAGI2 GMFG
En % PITX1 NPAS3 EGR3 cent ADGRB2 HGF CTNND2
£ cae o » & 5
2
g o —dan PPV
K- .
VW e TR e v W
5 ¥ el » . . - - - - °
> = L o Up —
2 : L ——— NGTCH
W
ostecbias rential
- transmembrane receptor protein serine
Significance ACLOEN0g | gTnne 17PCW. uiation of transmembrane receptor rotei serine h
NMT (FITMS % _ iular response tohmbrmngwmﬁmm A LRPs
FALSE . DLX6-AS1* DP N Notch signaling pathwa: 6
CH TRH W regulation of Wnt smnallnq pathway %,
s TRUE rHE\.’ﬂ Ecely bone mineraization )%
. M biomineral tissue develof
e 4 N T Doantia reguiation oT it Sonaling patiway 5
§ A
g ‘.‘. ..,‘ & (.:LU | — f:'cl:lse: containing extracelular matrix Q %
3 Y Prv E cellsubsirate junction X 2
@ o = '?mnicrbum -
@ = dbosom: ) —
§ © cytosolic large ribosomal subunit 2 = |
2.0 - m--nlcmleuunu 5 S
&
E - t m mt fv
S e 19 I Bel-2 family protein complex N
3 % 2% 0% rest?® p% = glyeoslmhoﬂyunonﬂhg %,
R %,
g (edrs Marr  ori 2 — b‘ 4, o
s DN -blndhgln nrimuﬂvuwnalw Dspp ot
prtr HAND2-As1 15PCW w ul'ulﬁnpo\l\d 2
Foxo1 } - Endiuen ol tposcme
DLX6-AS1' DP M epacie DA
. 1 qmwwumim
75 50 25 0 — n!rvbln mm inhibitor activity
Mean log, expression Count 0.0050.010
Adjusted Pvalue

Fig. 3. The domestication pattern of DLX6-AS1* DP by epithelial WNT-NOTCH signaling pathway.

(a) Vector field visualization (left) and heatmap of branch-dependent differentially expressed genes (DEGS)

(right) along differentiation trajectories. Branch-dependent DEGs were identified using Branched

Expression Analysis Modeling (g-value < 0.0001).

(b) UMAP visualization of DPL subpopulations (right) with temporal distribution of cell proportions (left)

(c) Expression distribution of genes across identified clusters.

(d) RNAscope staining of DLX6-AS1 (red, arrowheads) in the human molar. Nuclei are DAPI-stained (blue),

and dotted lines mark the epithelial-mesenchymal boundary. Images are representative of experiments



independently repeated three times with similar results (n=3 biological replicates). Scale bars: 100 ym for
molars at 10 and 12 PCW; 200 um for molars at 24 PCW and 13 Y.

(e) Volcano plot comparing DLX6-AS1* and NR2F1*TWIST1* DP (red: DLX6-AS1* DP-enriched; blue:
NR2F1*TWIST1* DP-enriched; gray: non-significant). Dashed lines mark significance thresholds (adjusted
P < 0.05, |log,FC| > 1.0), determined by a two-sided Wilcoxon rank-sum test with Bonferroni correction.
Genes with adjusted p-values of zero are shown as upward-pointing arrows at the top of the y-axis to
indicate that their significance exceeds the plotted range.

(f) Spatial distribution (top) and UMAP FeaturePlots (bottom) of DLX6-AS1, FZD2, LEF1, NOTCH2, and
HEY1.

(9) Temporal transcriptional dynamics in DLX6-AS1* DP. Top: Dot plot of stage-specific DEGs (two-sided
Wilcoxon rank-sum test, Bonferroni correction). Bottom left: MA plot of DEGs between 17 and 15 PCW
(two-sided Wilcoxon rank-sum test, Bonferroni correction). Bottom right: GO enrichment analysis (one-
sided hypergeometric test, Benjamini-Hochberg correction).

(h) Chord diagram showing Pearson correlations among DLX6-AS1, WNT/NOTCH pathway components,
and odontogenic factors.

Data in (a-c, e-h) are based on scRNA-seq and ST analyses from n=2 biological replicates per

developmental stage.
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Fig. 4. In vitro validation of WNT-NOTCH signal in DLX6-AS1* cells odontogenic differentiation.
(a) Western blot analysis of DSPP, LEF1, and HEY1 in DLX6-AS1* DMSC compared to the empty vector
control (DMSC).



(b) Mineralization assessment via ALP activity and Alizarin Red staining.

(c) Analysis of the protein expression of LEF1 and HEY1 in DLX6-AS1* DMSCs after treatment with WNTS,
JAG1I, or sequential WNTs-JAGL. Ctrl: DLX6-AS1* DMSCs that received no treatment at all (i.e., no WNTSs,
JAGL, or standard mineralization induction).

(d) Quantification of ALP and ARS staining in DLX6-AS1* DMSCs following the stimulation protocols shown
in (c).

(e) IF analysis of DSPP (red) and KI67 (red) in DLX6-AS1" DMSCs following the stimulation protocols
shown in (c). Nuclei are counterstained with DAPI (blue). Scale bars: 100 pm.

(f) Impact of epithelial WLS or JAG1 knockdown on DLX6-AS1* DMSCs differentiation in co-culture system:
protein levels of LEF1 and HEY1 by Western blot; DMP1 and DSPP expression by gPCR.

(9) Western blot analysis of DSPP, LEF1, and HEY1 in DLX6-AS1* DPSC compared to the empty vector
control (DPSC).

(h) Mineralization evaluation through ALP activity and Alizarin Red staining.

(i) Analysis of the protein expression of LEF1 and HEY1 in DLX6-AS1* DPSCs after treatment with WNTSs,
JAG1, or sequential WNTs-JAGL. Ctrl: DLX6-AS1* DPSCs that received no treatment at all (i.e., no WNTSs,
JAG1, or standard mineralization induction).

() IF analysis of DSPP (red) and K167 (red) in DLX6-AS1* DPSCs following the stimulation protocols in (i).
Nuclei are counterstained with DAPI (blue). Scale bars: 100 pm.

All experiments were independently repeated three times with similar results; representative images are
shown for blots and staining. Data in all bar graphs are presented as mean + SEM (n=3 independent
experiments). Statistical significance for two-group comparisons (a, b, g, h) was determined by a two-sided
unpaired Student’s t-test. For multiple-group comparisons (d, e, f, j), a one-way ANOVA followed by Tukey’s
multiple comparisons test was used. Exact P-values are indicated on the graphs. A P-value < 0.05 was
considered statistically significant. Source data and full statistical details are provided in the Source Data

file.
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Fig. 5. WNT-NOTCH signaling regulation of dentin formation by DLX6-AS1* DMSCs in vivo.

(a) Schematic diagram of the animal model. Renal capsule transplantation of DLX6-AS1* DMSCs and

human non-dental keratinocyte recombinants, with WNTs pretreatment and adjacent JAG1-soaked bead

placement.

(b) Masson’s trichrome staining analysis of retrieved recombinants. The dashed line separates the

transplant from the host kidney tissue. Yellow arrowheads point to the retrieved recombinants. Scale bars

in the images of the DLX6-AS1* DMSC WNTs group, the DLX6-AS1* DMSC JAG1 group, and the DLX6-

AS1* DMSC Pre-WNTs+JAG1 group are 200 ym, and those in other images are 100 um.

(c) IF analysis showing the expression of the odontogenic marker DSPP (green). Nuclei were

counterstained with DAPI (blue). The dashed white line separates the transplant from the host kidney tissue.

Yellow arrowheads highlight DSPP-positive regions. Scale bars: 100 ym.



(d) Representative MicroCT images of mineralized tissue formation (left) and quantification of Tissue
Mineral Density (TMD; right). Yellow arrowheads point to the formation of mineralized tissue. Scale bars: 1
mm. Data are presented as mean + SEM. Statistical analysis for the multiple-group comparison was
performed using a one-way ANOVA followed by Tukey’s multiple comparisons test. Exact P-values are
indicated on the graphs. A P-value < 0.05 was considered statistically significant.

(e) IF confirming the odontogenic differentiation of transplanted cells. DLX6-AS1-expressing cells, labeled
with Green Fluorescent Protein (GFP; green), are shown to co-localize with the mature odontoblast marker
DSPP (red). Nuclei are counterstained with DAPI (blue). Scale bars, 50 pm.

For (b-d), n=5 biologically independent samples per group were repeated with similar results. For (e), n=3
biologically independent samples per group were repeated with similar results. Representative images are

shown. Source data and full statistical details are provided in the Source Data file.
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(a) Schematic diagram of the animal model. WNTs-pretreated DLX6-AS1* DPSCs and JAG1 delivery into
exposed pulp of nude mouse molars.

(b) Representative MicroCT images (sagittal, coronal, and transverse views) showing mineralized
reparative dentin formation.

(c) Quantitative assessment of bone volume fraction (BV/TV) and tissue mineral density (TMD) within
damage sites. Data are presented as mean + SEM. Statistical significance was determined using a two-
sided one-way ANOVA followed by Tukey’s multiple comparisons test. Exact P-values are indicated on the
graphs. A P-value < 0.05 was considered statistically significant.

(d) Histological and ultrastructural analysis of the regenerated tissue. Representative images show
Masson's trichrome staining, IF for DSPP (green), and SEM micrograph of the repaired site. Nuclei in IF
images are counterstained with DAPI (blue). Scale bars in Masson's and IF images are 100 ym, in SEM
images 10 pym.

(e) Expression of mineralization-associated genes DSPP, ALP, and MEPE by gPCR. Data are presented
as mean + SEM. Statistical significance was determined using a two-sided one-way ANOVA followed by
Tukey’s multiple comparisons test. Exact P-values are indicated on the graphs. A P-value < 0.05 was
considered statistically significant.

(f) Co-localization of human DLX6-AS1 (red) and DSPP (green) by RNA scope analysis (n=3). Nuclei are
counterstained with DAPI (blue). Yellow arrowheads highlight the double-positive cells. Scale bars: 100 pm.
(9) Sequential WNT-NOTCH signaling from DE orchestrates DLX6-AS1"* cells-mediated odontogenesis.
DE-derived WNT and NOTCH signaling sequentially regulate DLX6-AS1* DP cells expansion and
odontoblast differentiation during tooth development. This developmental paradigm enables therapeutic
dentin regeneration through WNT-NOTCH sequential activation in dental pulp-derived DLX6-AS1* DPSCs.
For b, ¢, d (Masson's and IF), and e, n=5 biologically independent samples per group were repeated with
similar results. For d (SEM) and f, n=3 biologically independent samples per group were repeated with
similar results. Representative images are shown. Source data and full statistical details are provided in the

Source Data file.



Editor’'s Summary

Here they identify key cells and signals that drive new dentin formation, enabling successful
regeneration of damaged tooth structure and offering a promising dental repair strategy.
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