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SUMMARY

The development of early human tooth primordia is not well understood. Here, we linked single-cell RNA
sequencing, spatial transcriptomics, and secretome analysis to characterize human fetal tooth development
over time. A spatiotemporal atlas of human tooth development at multiple levels was mapped, identifying
previously uncharacterized epithelial subpopulations with distinct gene expression profiles and spatial local-
ization. Dynamic changes in epithelial-mesenchymal interactions across developmental stages were charac-
terized. Secretome analysis confirmed the extensive paracrine signaling from the epithelial to mesenchymal
compartments and uncovered signaling factors produced by dental epithelium (DE) that regulate mesen-
chymal cell fate and differentiation. Integration of these datasets highlighted the crucial role of the DE in
orchestrating tooth morphogenesis. Our multi-omics approach not only provides unprecedented insights
into the cellular and molecular mechanisms of ectoderm-derived tissue development but also serves as a
valuable resource, which is publicly available online, for future studies on human tooth regeneration and
related diseases.

INTRODUCTION driver of tooth morphogenesis.® Classic tissue recombination

experiments have shown that human DE retains odontogenic

Teeth, organs essential for chewing food and communication,
are the hardest substances in the human body. Mammalian
tooth development is a complex process that is orchestrated
by a network of signaling molecules and involves intricate inter-
actions between the dental epithelium (DE) and the underlying
mesenchyme.’ Comprehending the molecular mechanisms of
tooth development is crucial for fundamental developmental
biology, tissue regeneration, as well as for the treatment of dental
abnormalities. However, our knowledge of early human tooth
development, especially at the cellular and molecular dimen-
sions, remains constrained.

Tooth development progresses through bud, cap, and bell
stages, akin to other ectoderm-derived organs. The DE initiates
this process by providing instructive signals recognized as a key

potential until the bell stage and can induce tooth formation
when combined with non-dental mesenchyme.* Previous mo-
lecular studies have identified various signaling molecules and
transcription factors expressed in the DE that play crucial roles
in tooth development.®-® However, the full extent of epithelial het-
erogeneity and the specific roles of different epithelial subpopu-
lations in human tooth development remain to be elucidated.
Molecular insights into tooth development have traditionally
been derived from genetic mouse models and other animal
models, such as miniature pigs’ and ferrets,® with limited consid-
eration for changes in cell populations and tooth types over the
60-100 million years leading to primate evolution. Recent tech-
nological advancements have significantly enhanced our capac-
ity to investigate developmental processes with unprecedented
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precision. A recent study utilized the single-cell combinatorial in-
dexing RNA sequencing (sci-RNA-seq) technique to identify
main cell clusters and signaling pathways in human fetal teeth.’
However, this study primarily focused on late differentiation
stage events, and the sci-RNA-seq technique exhibited con-
straints in output genes and sensitivity in cell type identifica-
tion.'® The integration of single-cell RNA sequencing (scRNA-
seq) with spatial transcriptomics (ST) has emerged as a potent
approach for delineating gene expression patterns within tissue
contexts.”" These methodologies retain spatial information,
enabling researchers to correlate gene expression profiles with
specific anatomical locations within the developing tooth. This
spatial context is particularly crucial for comprehending the intri-
cate epithelial-mesenchymal interactions (EMls) steering tooth
morphogenesis. Another pivotal facet of tooth development is
the DE secretome, encompassing the array of proteins secreted
by cells into their extracellular milieu.'® Secreted factors play
indispensable roles in cell-cell communication, tissue patterning,
and morphogenesis. Notably, secreted signaling molecules like
wingless-type MMTV integration site family (WNTs),'® bone
morphogenetic proteins (BMPs),'* and fibroblast growth factors
(FGFs)'® have been demonstrated to be indispensable for proper
tooth formation. Nevertheless, a comprehensive analysis of the
secretome during human tooth development remains unre-
ported in the existing literature.

In this study, 10xChromium scRNA-seq in conjunction with
ST was employed to investigate human fetal tooth development
in both spatial and temporal dimensions. Secreted proteins of
DE and dental mesenchyme (DM) were mapped, compared,
and verified. We revealed previously uncharacterized subpopu-
lations within the DE exhibiting distinct gene expression patterns
and spatial distribution. We dynamically characterized EMls,
highlighting the significant role of the DE. Furthermore, epithe-
lial-derived factors were identified and shown to govern mesen-
chymal cell fate and differentiation. This research represents a
significant step forward in our understanding of human tooth
development, provides a unique integrated online multi-omics
resource for comprehending human development and diseases,
and offers insights for formulating and refining hypotheses in tis-
sue regeneration.

RESULTS

Spatially resolved single-cell transcriptomics of
developing embryonic human teeth

scRNA-seq profiles were generated from six human tooth sam-
ples (one molar and one incisor at each developmental stage)
collected from six individuals spanning 9-15 post-conception
weeks (PCW), representing three main developmental stages
(Figures 1A and S1A). Overall, 65,460 cells with an average
expression of 4,597 genes per cell passed quality control (Fig-
ure S1B). Uniform manifold approximation and projection
(UMAP) dimension reduction analyses depicted clear spatial
segregation of spots belonging to specific clusters from human
fetal tooth samples (Figure 1B). Unlike the mouse incisors, which
grow continuously,’® human incisors grow similarly to human
molars.® By merging these two sample types, we discovered
that the clusters identified in incisor and molar samples remained
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consistent throughout the three developmental stages, with all
clusters identified in six samples (Figures S1C). Among these,
DE, dental papilla (DP), and dental follicle (DF) cells were the
top three main cell clusters (Figure 1B).

Differentially expressed gene (DEG) analysis split cells into
eight compartments, annotated by transcriptional signatures:
DE (IRX2*), DP (RSPO4"), DF (FOXF2*), oral epithelium (OE)
(KRT6B™), endothelial (PECAM1*), macrophage (IL1B*), glial
(RAB32"), and perivascular (KCNE4") (Figures 1C, S1D, and
S1E). Bar plots showed DE, DP, and DF cell subcluster propor-
tions based on scRNA-seq (Figure 1D). Gene Ontology (GO)
enrichment analyses were conducted on highly expressed
genes in the DE, DP, and DF clusters to elucidate the functions
of each cell type. In the DE clusters, enrichment of GO terms
related to odontogenesis of dentin-containing teeth and cell-
cell signaling by WNT suggested a critical role of DE in tooth for-
mation from bud to bell stages, with a likely dependence on WNT
signaling. Similarly, GO enrichment in the DP clusters indicated a
T cell factor-dependent response to epithelial WNT signaling.
Furthermore, enrichment analysis revealed the involvement of
Rho GTPase signaling pathway genes and activation of HOX
genes during differentiation in the DP cell cluster. The DF cell
cluster also exhibited enrichment in WNT-mediated cell-cell
signaling and molecules linked to elastic fibers, aligning with
the DF’s function in periodontium-related structures (Figure 1E).

To further understand the role of DE in human fetal tooth devel-
opment, cell-cell communication was analyzed using CellChat."”
The number of incoming and outgoing interactions in each clus-
ter was assessed across different developmental stages (9-10,
12, and 15 PCW), and the total interactions among different
cell populations were compared. The edge width is proportional
to the number of interactions, which determines how many
ligand-receptor pairs contribute to communication between
two interacting cell populations. The number of interactions be-
tween DE and other groups was consistently high, supporting
the crucial role of DE in early tooth development. Comparison
of communication probabilities from cell-cell clusters in these
signaling pathways revealed DE as the major sender in multiple
signaling pathways such as WNT,® natriuretic peptide receptor
2 (NPR2),'® platelet-derived growth factor (PDGF),"® and para-
thyroid hormone (PTH)?° signaling pathways, associated with
morphogenesis, odontogenesis, angiogenesis, and homeosta-
sis of calcium and phosphate. Apart from DE, OE cells were
also the primary contributors of WNT signaling, while DP and
DF cells consistently acted as receivers for WNT signaling
throughout the developmental stages. NPR2 signaling originated
mainly from DE cells and transiently from perivascular cells at 12
PCW. Endothelial cells were also the primary source of PDGF
signaling across all stages. Perivascular cells mainly sent PTH
signaling at 9-10 PCW and again at 15 PCW (Figure 1F and
S1F-S1l).

To understand the spatial distribution of cells during human
tooth development, 10x Visium ST was conducted on teeth
(one molar and one incisor) at 9-10, 12, and 15 PCW (1,700
spots, 3,500 genes/spot). Spatial cell clusters focusing on DE,
DP, and DF cells were predicted in combination with the
scRNA-seq data (Figure 1G and S1J). The spatial expression
of marker genes identified in the DE, DP, and DF clusters was
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Figure 1. ST combined with scRNA-seq reveals the major cell types of developing human teeth

(A) Overview of the study design for the atlas of human fetal tooth development. PCW, postconceptional week.

(B) UMAP visualization of eight single-cell clusters comprising 65,460 cells was integrated from six scRNA-seq samples.

(C) Markers of tissue-specific genes used for cell annotation shown as a fraction of expressing cells (dot size) and mean expression (color, scaled by Z score) of
gene markers (rows) across compartments (columns).

(D) Bar plots showing temporal change of cell cluster proportions based on scRNA-seq.

(E) Bar graph showing significantly enriched selected GO terms in DE, DP, and DF clusters.

(F) Circular plots of the cellular interaction numbers revealed by CellChat. The green line indicates high number of interactions in DE clusters. Heatmaps inferring
the role of DE as a sender for WNT, NPR2, PDGF, and PTH signaling using CellChat. OE, oral epithelium; ET, endothelial; MA, macrophage; GL, glial; PERI,
perivascular.

(G) Alignment of ST spots with scRNA-seq clusters at 9-10, 12, and 15 PCW. All spots were annotated based on scRNA-seq clusters (Figure S1J).

(H) Spatial feature plots of marker genes for DE, DP, and DF subclusters in each sample at 9-10, 12, and 15 PCW.

Cell Reports 44, 115437, April 22, 2025 3



¢? CellPress

OPEN ACCESS

Late bud stage
(9-10 PCW)

9-10 PCW

Cap stage
(12 PCW)

(15 PCW)

[
o

I}

-

[

[}

H

=30 L XX
OEE (B) &cL| ® ( I X}

ieefl

KRrT6* SRl

srasifl

Mesenchymal cellsl
Highly proliferative cellsl

BMP3
BCHE
RIMS2
FRZB
CYTL1
TBX1
LEF1

(9]
W

3

SHH

Percent
Xp.
20
L
@50
[ d
@100
Average
Exp.

Cell Reports

o We
..',‘.--".”:"s * s

@ ,53

(4 14
833932 ]yaSSIxCass
TeOREEANOQZIOOIAY
SRFUEe>F 03 7S3S2O0S
§> xx¥xug O ED#
5 =
3
T6'SR 0
=
i
Lo
&s 3
tive cells S
z
O
o
w
2

E HVGs’ correlation (DE) GO enrichment analysis
NDUFB10, k. \ I Mitochondrion organization
FIS1, EIF&’, .TP metabolic - ATP metabolic process
NUPR1 progess i i
1 ATP biosynthetic process
I  witochondrial transport
CLIC4, PRDX3, Cellular _dri i
CDK16, THY1 Sl [ ] 0 Proton motive force-driven ATP synthesis
'\"-..\ - Cellular homeostasis
\'\ - Intracelluar chemical homeostasis
Cell\F : 1 Calcium ion homeostasis
FESB‘:"%G:A’I(}‘(??’ morphp-’ - \-\' [ | Organelle biogenesis of maintenance
genesis B 1 30 Regulation of cell cycle process
e
- Sensory organ morphogenesis
F - Regulation of cell morphogenesis
15 PCW - Cell part morphogenesis
12 PCW I cellular component morphogenesis
9-10 PCW - Morphogenesis of an epithelium
0 25 50 75 100

Figure 2. Characterization of human DE cell types in space and time
(A) UMAP projection of scRNA-seq from DE cells clustered by gene expression, colored by cell types. Schematic representation of morphogenic changes in DE
through the three developmental stages.
(B) Dot plot of top genes defining subpopulations of DE cells. Cells are colored according to cell clusters.

(C) RNA velocity results on UMAP from scRNA-seq of DE, showing the developmental trajectories of DE. Cells are colored according to cell clusters. Lines
indicate the direction of differentiation.
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examined to assess the sensitivity of the method in detecting
transcripts per spot. IRX2 was highly expressed in the DE clus-
ter, while RSPO4 was mainly expressed in the DP cluster, and
FOXF2 was focally expressed in the DF cluster. Separate
UMAP plots for each individual stage were also used to compare
them with the corresponding spatial data, showing a dynamic
change in gene expression patterns based on scRNA-seq data
that correspond well with ST data (Figure 1H).

Human DE exhibits high heterogeneity from late bud to
bell stages
During tooth development from the bud to the bell stage, DE sent
the highest number of interactions to other clusters. Previous
studies have shown that tooth inductive signals can be retained
in human DE until the bell stage.4 Therefore, we focused on DE
subtypes and their dynamic gene expression patterns. To
achieve this, we integrated the cell atlas of three different stages
based on the marker genes listed in the dot plot and feature plots
(Figures 2A, 2B, S2B, and S2C). RNA velocity,?" which can esti-
mate the future states of cells by analyzing spliced and unspliced
variants of mMRNA in single-cell data to predict the transition po-
tency and directionality of a cell or group of cells, was utilized on
the UMAP from the scRNA-seq data of DE to uncover possible
fates (Figure 2C). A velocity trend toward the enamel knot (EK)
and inner enamel epithelium (IEE) was observed in the lingual
outer enamel epithelium (OEE) (Figure 2C), which was further
supported by Monocle 3°° showing a similar trajectory
(Figures S2E-S2G). Stellate reticulum (SR) and stratum interme-
dium (SI) cells were biased toward KRT6" SR cells, which have
signatures associated with epidermal development (Figure S3A).
This suggests that KRT6" SR cells are likely to be precursors of
Serre’s glands, which are epithelial remnants of the dental lam-
ina. Some of these cells may proliferate to produce clusters of
epithelial cells with tightly packed keratin centrally, a signature
seen only in diphyodont animals.?®

Eight subgroups of DE cells were identified to explain the high
heterogeneity within human DE cells based on scRNA-seq, ST,
and RNAscope in situ hybridization (ISH)/immunofluorescence
(IF) staining (Figures 2D and S2D), and GO enrichment analysis
was also conducted to show the functions of each cluster (Fig-
ure S3A). (1) KRT6"* SR cells (KRT6A*, KRT6C*, LYPD3") were
located in the upper area of the SR and connected to the OE.
GO enrichment analysis revealed that their functions were
related to epidermal development. (2) Compared to KRT6" SR,
this cell cluster was found to function in focal adhesion. (3)
Epithelial to mesenchymal transition (EMT) is a morphogenetic
cell conversion program of epithelial cells to mesenchymal cells
and is a key process during embryogenesis and organogen-
esis.”* A group of DE cells located adjacent to DM with mesen-
chymal and EMT markers (LUM*, MSX1*, TWIST1") was found.
Notably, this cell cluster was related to ECM development, ossi-
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fication, and mesenchymal development according to GO
enrichment analysis, suggesting an EMT process during early
human tooth development. (4) Highly proliferative cells
(NUSAP1*, TOP2A*, MKI67*) were mainly located in the cervical
loop (CL) and IEE regions. (5) The lingual portion of OEE cells
(BMP3*, BCHE*, RIMS2*) was a distinct cell cluster from the
OEE, and its significant function was ossification. (6) GO enrich-
ment of the buccal portion of OEE and the CL cell cluster (FRZB™,
CYTL1*, TBX1") was the WNT signaling pathway. The heteroge-
neity of OEE cells suggests that they play different roles and have
different cell fates during early tooth development. (7) EK cells
(LEF1*, SHH*, WNT10B") were first visible as the initiation knot
at 9-10 PCW in the single-cell data, located at the tip of the tooth
bud. They then became evident at 12 PCW, called the primary
EK (pEK), and at 15 PCW, named the secondary EK (sEK). These
cells were located in the center of the tooth bud at 12 PCW in the
form of a condensed cell cluster. As a signaling center, the sig-
natures of EK cells were axon development and the WNT
signaling pathway, based on GO enrichment analysis. (8) IEE
cells (CYP26A1*, TCIM*, ETV5*) appeared at 12 PCW and
were precursors of ameloblasts interacting with coronal dental
papilla (CDP) cells to form tooth enamel and dentin, respectively.
GO enrichment analysis of this cell cluster confirmed its role in
ossification. A role for WNT signaling was also observed in this
cell cluster.

Dynamic gene expression of three modules including
ATP metabolic process, cellular morphogenesis, and
cell homeostasis in human DE cells

To gain insight into the transcriptional and molecular mecha-
nisms regulating DE populations, weighted correlation network
analysis®® was utilized to identify co-expressed gene modules
and explore core genes. First, the Pearson’s correlation coeffi-
cients for each pair of genes across all cells were computed. Hi-
erarchical cluster analysis of the correlation matrix revealed
three gene modules. Module 1 was enriched in genes related
to ATP metabolic processes, such as NUPR1, FIS1, and
NDUFB10. Module 2 was enriched with genes such as THY1,
CDK16, and SLC29AT; interestingly, genes in this module were
associated with cell homeostasis. Module 3 contained genes
related to cellular morphogenesis, including FGF13, GSK3g,
and ANKS3 (Figure 2E).

Next, we examined the temporal activity of these three mod-
ules and found that the gene expression of module 1 (ATP meta-
bolic process) accounted for 52% of 9-10 PCW samples, fol-
lowed by a decline in contribution at later stages (40% at 12
PCW and 21% at 15 PCW). These results suggest that ATP
metabolic processes serve as a trigger for early tooth develop-
ment and then turn off their expression, similar to previous re-
ports that transient release of ATP at a certain time could trigger
gene expression necessary for eye formation.”® The genes

(D) Alignment of ST spots with scRNA-seq subclusters in DE (Figure S2D) and comparison of gene expression detection across scRNA-seq, ST, and RNAscope
ISH/IF for marker genes specific to each subpopulation on 12 PCW samples (n = 3 technical replicates from five biological replicates). Yellow arrowheads point to

the positive signals. Scale bars: 50 pm.

(E) Heatmap showing hierarchical clustering of genes that were most variably expressed by DE cells into three modules, based on gene-gene Pearson’s cor-
relation. Representative genes indicated for each gene module. GO (biological process [BP]) enrichment analysis of genes in each module.
(F) Graph showing the relative contributions of cells at various developmental stages to the total gene expression in each module.
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Figure 3. Heterogeneity in DP cells and developmental trajectory with pseudotime

(A) UMAP representation of two color-coded clusters defining regional transcriptome diversity in DP cells.

(B) Dot plot showing the expression level of marker genes for each cluster in different colors.

(C and D) Comparison of gene expression detection across scRNA-seq and ST alignment (Figure S4B), scRNA-seq, and ST for ADP and CDP. RNAscope ISH
staining of FGF3 in human fetal molars at 12, 15, and 22 PCW (n = 3 technical replicates from five biological replicates). Yellow arrowhead indicates positive

signals in odontoblasts. Od., odontoblast. Scale bars: 50 um.

(E) Heatmap of cell-type-specific regulons and selected top enriched regulons in main cell populations at 9-10, 12, and 15 PCW. Representative genes related to

each gene module are highlighted by color.

(F and G) GeneSwitches analysis of scRNA-seq data. Linear trajectory inferred by Monocle 2 for the differentiation of OEE (L) to IEE, and ADP to CDP. Visualization
of the order of the top switching genes from various sets of known proteins along the pseudotime. The absolute value of the y axis is the quality of fitting defined by
McFadden’s pseudo-R?; positive and negative signs indicating up- and down-regulation, respectively.

related to cell homeostasis in module 2 (cellular homeostasis)
were expressed consistently, with cells at all developmental
stages contributing (24% at 9-10 PCW, 33% at 12 PCW, and
41% at 15 PCW). In module 3 (cell morphogenesis), 24% of
the gene expression was associated with 9-10 PCW cells, with
a constantly increasing contribution at later developmental
stages (27% at 12 PCW and 38% at 15 PCW), suggesting a
late morphogenic program (Figure 2F).

Spatial mapping of gene expression profiles in the spatial tran-
scriptomic data further confirmed the dynamic expression pat-
terns of ATP metabolic processes, cellular homeostasis, and
cell morphogenesis genes. Notably, the spatial mapping of
ATP metabolic-process-related genes revealed focused expres-
sion in the IEE region, implying a heightened energy-consuming
process during IEE differentiation. Violin plots and spatial feature
plots showed the expression of representative genes for each
module (Figure S3B). GO analysis was then applied to map the

6 Cell Reports 44, 115437, April 22, 2025

dynamic changes in the functional characteristics of DE from
the late bud to bell stages. Consistent with previous findings,
most of the significantly enriched GO terms belonged to WNT
signaling, odontogenesis, and cell morphogenesis at the three
developmental stages. Temporal dynamic changes in GO terms
related to ATP metabolic processes and cellular homeostasis
were in line with the previous results (Figure S3C).

Cellular heterogeneity of DP and gene regulatory
networks of EK, IEE, and CDP in space and time

DP cells were categorized based on their dental pulp and odon-
toblast lineages, defining two cell clusters through unsupervised
clustering and gene signatures. The apical DP (ADP) cell cluster
(NIFA*, COL14A1*, and RBMS3*) predominated among DP cells
at 9-10 PCW. By 12 PCW, it evolved into two distinct cellular do-
mains, as depicted in Figures 3A and 3B, with the proportion of
coronal CDP cell clusters (FGF3*, TFAP2A*, and CPVLY)
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beginning to increase. Similar to findings in mice from a previous
study,?” the FGF3*cell population was considered a precursor of
odontoblasts, supported by FGF3 staining of odontoblasts at 22
PCW, a late bell stage (Figures 3C and 3D). Throughout the late
bud to bell stages, EK, IEE, and CDP play pivotal roles in tooth
morphogenesis and hard tissue formation. To elucidate the
mechanisms governing the lineage development of these three
main cell clusters, the single-cell regulatory network inference
and clustering (SCENIC)?® algorithm was employed to predict
transcription factors (TFs) with high activity at each develop-
mental direction. Several TF families persistently expressed at
the three developmental stages belonged to the aforementioned
three gene modules involved in the lineage maintenance of EK,
IEE, and CDP. For instance, EP300, ZBTB20, and ZBTB7A be-
longed to the ATP metabolic process module; FOXO1, MYC,
and KLF7 were in the cellular homeostasis module; and ISL1,
GATAS, and DLX5 were in the cellular morphogenesis module
(Figure 3E). As IEE and CDP are the two main cell clusters
involved in forming tooth hard tissues, GeneSwitches analysis
was applied to elucidate their cell fate determination.?® Several
markers identified in this lineage were “on” in the specific line-
ages (Figures 3F and 3G), providing possible evidence to guide
human dental hard tissue formation in vitro.

Dynamic EMiIs regulate differentiation of DE and DP
cells

As ectoderm-derived appendages, tooth development involves a
series of programmed, sequential, and reciprocal communica-
tions between the epithelium and mesenchyme, resulting in the
differentiation of both cell clusters.®° This is also a hallmark of
odontogenesis. To decipher this process more precisely, the
focus was placed on three cell clusters: EK, IEE, and CDP. Both
EK and IEE had close interactions with CDP, with EK serving as
a signaling center and a frontier for inducing differentiation of DP
cells.> The CellPhoneDB** was applied, taking into account
spatial cellular colocalization when mapping ligand-receptor pairs
(Figure 4A). CellPhoneDB considers the multimeric composition of
the majority of ligands and receptors, which are highly relevant for
the complex regulation of tooth morphogen-related signaling
pathways such as WNT, BMP, transforming growth factor
(TGF)-B, SHH, FGF, and retinoic acid (RA) signaling (Figure 4A).
WNT ligands were mainly sent out by DE/IEE/EK, while members
of BMP, TGF-B, and FGF signaling were mainly sent from the DP.
In the cap and early bell stages, with the appearance of EK, the
expression of SHH became evident. This was thought to be a
marker for EK and mutations associated with tooth agenesis.*®
The interaction landscape of human tooth development from the
bud to bell stages also showed a crucial role of EK cells in the early
developmental stage, sending most of the epithelial signals. Li-
gands persistently expressed through three developmental
stages were highlighted, with most of them being associated
with tooth agenesis, such as WNT70A and FGF10 (Figure 4B).**

Secreted protein profiling of human DE and DM cells

Most of the epithelia act upon the mesenchyme in a secreted
manner. To understand the secreted protein profiles of DE, the
cap-stage DE was selected, as it is marked by the growth and
expansion of the enamel organ and represents morphogenesis
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and differentiation. Isolated 12 PCW DE and DM tissues were
cultured in vitro, and the supernatants were collected. The su-
pernatant was then digested, desalinated, and analyzed using
liquid chromatography-mass spectrometry (LC-MS)** (Fig-
ure 5A). Principal-component analysis was used to analyze the
differences between samples and repeatability within the
groups. Samples in our groups were clustered close to each
other, indicating little difference between samples (Figure 5B).
The number of secreted proteins identified in each sample, in
DE and DM samples, was represented as a Venn diagram (Fig-
ure 5C). Proteins secreted by DE cells overlapped with those
secreted by DM cells, but the number was much higher (Fig-
ure 5D). GO enrichment was conducted for the significant
secreted proteins in DE and DM, consistent with previous find-
ings that DE secretome profiles were associated with odonto-
genesis, regulation of cell migration, and proliferation. Secre-
tome profiles of DM cells were enriched in BMP signaling and
ECM organization (Figure 5E). Furthermore, the number of differ-
entially expressed proteins in the DE secretome was compared
to that in the DM secretome. Green represents the number of up-
regulated differential proteins (n = 698), and pink represents the
number of downregulated differential proteins (n = 254), indi-
cating that most secreted proteins from DE cells were upregu-
lated compared to those from DM cells (Figure 5F). GO enrich-
ment analysis of proteins that were upregulated and
downregulated in the DE secretome compared to the DM secre-
tome indicated that DE mainly functions through the WNT
signaling pathway and positively regulates multiple biological
processes, whereas DM is significant for ECM organization
and TGF-B/BMP signaling (Figure 5G).

DE-derived WNT5B determines DM odontogenic
differentiation

The role of epithelial WNT ligands in initiating odontogenic differen-
tiation of DM has been reported previously®; however, it remains
unknown which WNTSs function in this process. Compared to other
WNTs that have been widely studied in tooth development, the
function of WNT5B in tooth development remains largely un-
known. Differences in total protein were reflected by the volcano
map, with the green dot in the upper right corner representing
the upregulated differential proteins, and the pink dot in the upper
left corner representing the downregulated differential proteins.
The top upregulated and downregulated proteins were labeled ac-
cording to their p values. Expression of WNT5B was upregulated in
the DE secretome. Selected DE and DM secreted proteins were
represented showing upregulated secreted proteins in DE and
DM, respectively (Figure 5H). Violin and ST mappings of WNT5B
were visualized (Figure 5l). Main receptors for WNT5B include Friz-
zled (FZD) receptors (FZD2, FZD4, FZD5, FZD7, and FZD8) and
ROR1/2 receptors,* as identified using scRNA-seq (Figure S5F).
Primary cap-stage dental mesenchymal cells were isolated and
treated with recombinant WNT5B. Odontoblast differentiation
markers such as alkaline phosphatase (ALP), dentin matrix protein
1 (DMP1), and dentin sialophosphoprotein (DSPP) were upregu-
lated after culturing with WNT5B recombinase for 3, 7, and
14 days, implying a stimulatory role of WNT5B in the odontogenic
differentiation of human DM cells (Figure 5J). Furthermore, in order
to evaluate the impact of epithelial WNT5B on promoting DM
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Figure 4. Dynamic signaling interactions between DE and DP modulate critical developmental events in tooth development
(A) Schematic illustration of cell-cell communication tool that considers spatial cellular dynamics between DE and DP. Receptors and ligands involved in critical

signaling pathways, WNT, BMP, TGF-B, FGF, and RA signaling.

(B) Alluvial plot showing selected ligand-receptor pairs significantly represented in tooth morphogenesis. For this analysis, only interactions between DE and DP
at 9-10 PCW, interactions between EK/IEE and CDP at 12 and 15 PCW, and only ligands and receptors that are differentially expressed (p < 0.05) are considered.
Genes persistently expressed across the three developmental stages are highlighted by green and red color, respectively.

differentiation and eliminate the cell-autonomous effects of
WNT5B in DM differentiation, we developed a keratin 14 pro-
moter-EGFP-miR155-shRNA-WNT5B construct for knocking
down WNT5B in the co-cultured DE and DM system. Knockdown
of WNT5B expression from DE cells induced a significant decrease
in WNT5B expression in DE cells and DE supernatants and a
decline in the expression of odontogenic markers in DM cells (Fig-
ure 5K). In order to further validate the odontogenic differentiation
potential of WNT5B and investigate its potential clinical application
in dentin regeneration, WNT5A was utilized as a positive con-
trol.>%" After 7 days of induction, the expression of odontogenic
markers, along with ALP and Alizarin Red S staining, revealed
that WNT5B had a more significant stimulatory role than WNT5A.
Evenalow dose of WNT5B showed a better odontogenic induction

8 Cell Reports 44, 115437, April 22, 2025

effect (Figure 5L). To further demonstrate the pivotal role of DE in
early human tooth development, we separated human cap-stage
DE and combined it with lip mesenchyme, which harbored no
odontogenic signals. The recombinants were then embedded un-
der kidney capsules for 3 months, and they grew into tooth germs
with well-differentiated cells with SHH expression, an odontogenic
marker, as shown in the inset (Figure 5M).

Schematic illustration of a proposed model for
spatiotemporal gene expression patterns in human
tooth development

A schematic model is proposed to elucidate the significant role
of DE in various biological processes during human fetal tooth
development, particularly from the late bud to bell stage. The
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Figure 5. Profiling of human DE and DM secretome by mass spectrometry reveals the critical role of WNT5B regulates DM odontogenic

differentiation

(A) Workflow for the analysis of secreted proteins and processed peptides from conditioned medium in DE and DM cells, respectively.
(B) Principal-component analysis (PCA) map visually analyzing the repeatability within DE and DM groups.

(legend continued on next page)
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DE consists of eight distinct subpopulations characterized by
specific markers. Additionally, DP is categorized into two sub-
populations based on their respective location and function.
DE cells predominantly transmit morphogenic signals, primarily
WNT signals, while DP functions mainly through BMP, TGF-8,
and FGF signaling pathways. This signaling pattern is supported
by secretome analysis. Notably, epithelial signals originate
mainly from the EK rather than the IEE from the cap to bell stage.
Furthermore, three gene modules exhibit dynamic expression
patterns during the late bud, cap, and bell stages. The expres-
sion levels of genes related to ATP metabolism gradually
decrease concomitant with the upregulation of cell morphogenic
genes. Conversely, the expression of genes associated with
cellular homeostasis remains relatively stable and balanced
(Figure 6).

DISCUSSION

In this study, we have constructed a comprehensive single-cell
transcriptomic atlas that delineates human tooth development
from the late bud to the bell stages. Through the integration of
scRNA-seq, ST data, and secretome analysis, we have spatially
mapped different cell types and elucidated EMI patterns in
orchestrating odontogenesis. Epithelial-derived factors have
been identified, and the odontogenic role of WNT5B has been
characterized. Overall, our findings underscore the crucial role
of the DE in regulating multiple early biological processes.
Furthermore, the spatiotemporal molecular and cellular atlas of
human tooth development data provides valuable online re-
sources for investigating human tooth development and
designing regeneration strategies in humans.

Our study presents the characterization of human tooth cell
types based on genes associated with specific cell-signaling
networks and spatial localization. Significant regulators identi-
fied by GO enrichment include WNT signaling, Rho GTPases,
and HOX genes based on the analysis. WNT signaling plays a
crucial role in cell fate determination, proliferation, and differen-
tiation, particularly in regulating DE, DP, and DF cell clusters dur-
ing dental development.®®*~*" While the function of Rho GTPases
in dental papilla development remains largely unexplored, their
enrichment in GO terms has attracted attention for their involve-
ment in tooth development, potentially influencing cell shape

Cell Reports

changes and movement. HOX gene expression in cells derived
from cranial neural crest such as DP cells is unexpected but
recent studies have demonstrated HOX genes are involved in
the regulation of dental stem cell fate and differentiation,* and
questions persist regarding mechanisms by which HOX genes
control dental stem cell decisions, the role of specific HOX genes
in different stages of tooth development, and the therapeutic ap-
plications of manipulating HOX gene expression in dental
regeneration.

The spatial delineation of subsets of human DE cells has been
finely detailed. Among the eight epithelial subclusters identified,
KRTBA" SR was distinguished as a unique signature in diphy-
odonts, potentially representing the precursor of Serres’
glands,*® a feature commonly found in humans but rare in
mice. While recent studies have contributed valuable insights
into mouse fetal tooth development, disparities exist between
human and mouse dentitions, cell compositions, and gene
expression patterns.'®?”** |n the previous human fetal tooth
sci-RNA-seq dataset, the emphasis was on late developmental
stages, with early developmental events and cell types being
less investigated. Moreover, sci-RNA-seq has limitations in
defining a comprehensive range of cell types, which may
contribute to discrepancies in cell-type-specific markers be-
tween our study and theirs.® ' In contrast, our research specif-
ically examined DE from bud to early bell stages. We verified
spatial information of DE and DM subclusters by integrating
scRNA-seq, ST, and RNAscope ISH to conquer the insufficient
resolution of 10X spatial technology that prevents achieving sin-
gle-cell resolution.*® Through the comparison of interactions and
recombination experiments, our study demonstrated the promi-
nent role of human DE during early human fetal development,
aligning with the consensus that DE provides initial tooth induc-
tive signals until the bell stage in humans.* Notably, human DE
retains its inductive capacity for a longer duration compared to
mice, necessitating the preservation of tooth-forming potential
in the dental lamina until the bell stage, a critical period coin-
ciding with the emergence of the dental lamina for permanent
teeth in humans. Finally, DE cells are lost during tooth eruption,
contributing to a scarcity of knowledge compared to DM.?” While
studies have demonstrated the applicability of various epithelial
cell sources in whole-tooth bioengineering,“® our findings offer
valuable insights for tooth regeneration strategies by identifying

(C and D) Venn diagrams showing the number of secreted proteins within four independent samples and significant secreted proteins between DE and DM

groups.

(E) GO enrichment analysis (BP) of shared secreted proteins and unique secreted proteins in DE and DM cells.

(F) Bar graph representing a significant upregulated number of secreted proteins in DE compared to DM.

(G) GO enrichment analysis (BP) of upregulated proteins in DE and DM cells, respectively.

(H) Volcano plot showing upregulated and downregulated secretome of DE in comparison with DM cells. Heatmap showing the expression of significant secreted

proteins in the DE and DM, respectively.

() Violin plot showing expression of WNT5B in DE and its spatiotemporal mapping.

(J) The stimulatory effect of WNT5B on odontogenic differentiation of human primary DM cells in vitro with elevated expression of odontoblast-specific markers.
Data are represented as mean + SEM. “p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001 by Student’s t test.

(K) Knockdown of WNT5B in DE inhibiting odontogenic differentiation potential of DM cells in a co-culture model. Data are represented as mean + SEM. *p < 0.05,
**p < 0.01, **p < 0.001, and ****p < 0.0001 by Student’s t test. Scale bar: 100 um.

(L) The stimulatory effect of WNT5B on differentiation of human primary DM cells was greater than that of WNT5A. Data are represented as mean + SEM. “p < 0.05,

**p < 0.01, **p < 0.001, and ***p < 0.0001 by Student’s t test.

(M) Isolation and combination of cap-stage DE with lip mesenchyme generating a tooth germ under kidney for 3 months with SHH expression by RNAscope ISH

(n = 3 technical replicates from five biological replicates). Scale bars: 50 um.
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Figure 6. Schematic illustration of human fetal tooth development through space and time

Color-coded schematic drawings of DE and DP subpopulations are shown, with dynamic expression of DEGs highlighted by cell populations from late bud to bell
stages. Selected secreted proteins and upregulated secreted proteins in DE and DM at cap stage are presented, along with relevant GO terms. An interaction
landscape of DE/EK/IEE and DP/CDP through late bud to bell stages is depicted, showing the dynamic change of three gene-module expressions in DE.

reliable sources of DE cells or stimulating dental epithelial signals
for potential clinical applications.

Temporal dynamics of gene modulation during human fetal
tooth development were unveiled. The concept of homeosta-
sis,*” which denotes the dynamic equilibrium maintained by or-
ganisms to ensure internal stability and adaptability to external
conditions for survival, was exemplified by the balanced expres-
sion of homeostasis-related genes across the three develop-
mental stages. A gene module associated with cellular
morphogenesis, encompassing genes influencing organismal
shape,*®*° exhibited heightened expression as tooth morpho-
genesis progressed. The significance of ATP signaling mole-
cules in various developmental processes, particularly in hard
tissue formation, was underscored by the increased expression
of ATP-related genes in the |IEE, suggesting heightened energy
requirements for |IEE proliferation and differentiation.”® While
the precise functions of genes within these modules necessitate
further validation, the observed gene expression patterns in the
DE are pivotal for orchestrating tooth development and
regeneration.

The EMI atlas of human fetal tooth development was revealed
in this study. Key signaling pathways including WNT, BMP, TGF-
B, FGF, and SHH were found to guide early tooth development.

The atlas, created through scRNA-seq data and spatial informa-
tion, revealed that WNT signaling predominantly operates in the
DE, while BMP, TGF-8, and FGF signaling are more active in the
DM. Several genes linked to tooth agenesis, such as WNTT10A,
FGF3, FGF10, FGFR3, SHH, and PTCH1, were identified,**:>"->?
underscoring the clinical significance of developmental cell atlas
initiatives. Consistent with prior research, RA signaling was
observed to enhance osteo/odontogenic differentiation of dental
pulp stem cells, likely due to epithelial RA secretion.®® Initially, EK
cells in the DE exhibited higher signaling activity compared to
adjacent IEE cell clusters, aligning with their role as a signaling
center.>* This depiction of the dynamic interaction landscape
enhances our comprehension of tooth development and other
ectoderm-derived organogenesis.

This study presents the secreted protein profiles of DE and DM
cells. A majority of secreted proteins from DE cells exhibited up-
regulation compared to those from DM cells, thereby confirming
the hypothesized EMI pattern. The expression level of WNT5B
was higher in the DE secretome, which corresponds well with
the data in the EMI. DE-derived WNT5B interacts with FZD re-
ceptors from late bud to cap stage. The role of WNT5B in tooth
development is not well understood. This study observed the
stimulatory effects of epithelial WNT5B on odontogenic
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differentiation in human primary dental mesenchymal cells.
Recent research indicates that DE function primarily involves
the secretion and absorption of molecules for active transport,
underscoring the significance of secreted factors released by
DE cells in early odontogenesis.®® The presence of epithelial
WNTB5B, in conjunction with other protein molecules identified
in the DE and DM secretome profiles, contributes to unraveling
the implicit messages conveyed by bioactive molecules, the
ECM, and other growth factors in the context of tooth develop-
ment and regeneration. However, further identification of low-
abundance factors is needed in future studies.

The integration of scRNA-seq with ST and secretome analysis
in this study has revealed a comprehensive atlas of cellular het-
erogeneity, molecular gene networks, and secreted proteins
during human fetal tooth development. These findings offer valu-
able insights into the underlying mechanisms that may extend to
the development of other ectoderm-derived tissues. Moreover,
they hold promise for advancements in human tooth regenera-
tion and the elucidation of associated pathologies.

Limitations of the study

We have provided valuable insights into human fetal tooth devel-
opment, but there are limitations to consider. The ST used has
limited resolution and may miss small or rare cell populations,
impacting the understanding of cell types involved in tooth
development. Our study focuses on early stages of tooth devel-
opment, from bud to bell stages, but does not cover late stages,
leaving a gap in understanding the full developmental trajectory.
Secretome analysis, which examines secreted signaling mole-
cules, faces challenges due to the transient and low-abundance
nature of these proteins. These limitations underscore the need
for further studies, addressing these gaps with advanced tech-
nologies and comprehensive analyses to deepen the under-
standing of tooth morphogenesis and its potential in regenera-
tive medicine.
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recombinant human WNT5A
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DAPI
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R&D Systems
Sigma Aldrich
Gibco
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Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
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Invitrogen
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Reverse Transcriptase Invitrogen Cat#18080093
10% cetylpyridinium chloride solution Sigma Aldrich Cat#C5911

Protease

Advanced Cell Diagnostics

Cat#310-100

Critical commercial assays

Single Cell 3" GEM, Library & Gel Bead Kit V3.1
Chromium Single Cell B Chip Kit

Visium Spatial Gene Expression
slides and Reagent Kits

10x Genomics
10x Genomics
10%x Genomics

Cat#1000075
Cat#1000074
Cat#PN-1000184

RNAscope Multiplex Fluorescent Assay Advanced Cell Diagnostics Cat#323110
ALP Assay Kit Sigma Aldrich Cat#MAK530
Human WNT5B ELISA Kit Zyme Chain Biotechnology Cat#EH1815
H&E kit Vector Laboratories Cat#H-3401
QuantiTect SYBR Green PCR Kit Qiagen Cat#204143
Deposited data

scRNA-seq data This paper CNP0006291
ST data This paper CNP0006291
secretome data This paper CNP0006291

Experimental models: Cell lines

HEK293T

China Cell Bank

Cat#SCC-293T

Experimental models: Organisms/strains

NU/NU mice

Charles River

Cat#403

Software and algorithms

Cell Ranger Single Cell Software Suite v6.1.2
Seurat v4.1.1
DoubletFinder v2.0.3

Harmony v0.1.0
ClusterProfiler

SCENIC v1.1.2

GENIE3

CellPhoneDB v4.0.0
Monocle 3

Velocyto (Python-based)
SeuratWrappers v0.1.0
Space Ranger toolkit

Jackstraw

MAST

GeneSwitches

Proteome Discoverer v2.4

STRING-db
SCTransform
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Tirosh et al.®®

Butler et al.®®
Finak et al.®*

Cao et al.”®

Damian et al.®®
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https://www.10xgenomics.com/support/
software/cell-ranger/latest

https://github.com/satijalab/seurat/
releases/tag/v4.1.1

https://github.com/chris-mcginnis-ucsf/
DoubletFinder/releases/tag/v2.0.3

https://github.com/immunogenomics/harmony

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://github.com/aertslab/SCENIC
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TransferData Tim et al.®” https://github.com/satijalab/seurat
Percolator Lukas et al.%® https://github.com/percolator/percolator
Other

Transwell plates Corning Cat#3460

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human fetal tooth tissue

Twelve human developmental tooth tissues were included in the study. Post-conceptional and clinical age were determined through
clinical ultrasound and stage-dependent anatomical landmarks of the embryos at 9-10, 12, 15, and 22 PCW. Samples were obtained
from elective surgical abortions at the Beijing Obstetrics and Gynecology Hospital (BOGH), Capital Medical University (CMU), with
written informed consent from the pregnant individuals. All participants were Chinese-speaking and above 18 years old. The mid-
wives and gynecologists involved in patient care did not partake in the research. Tooth tissues were dissected in a tissue storage
solution (Biosharp, BL1167B) on ice, and then transferred immediately to the Beijing Laboratory of Oral Health (BLOH) for further pro-
cessing. Gender information of the tooth tissues was computationally derived. Specifically, tooth buds at 9-10 and 12 PCW were
male, while the tooth buds at 15 and 22 PCW were female. Tooth germs of incisors and molars were dissected in Phosphate-
Buffered Saline (PBS) (Gibco, 10010023) treated with diethyl pyrocarbonate (DEPC) (Invitrogen, AM9906) on ice. Unnecessary
soft tissues near the mandible were cut to expose all five tooth germs (two incisors, one canine, and two molars) on each side to
ensure accuracy for scRNA-seq of tooth sampling and to avoid tissue contamination for ST. Tooth buds at 9-10, 12, and 15 PCW
were subjected to ST and scRNA-seq analyses, while those at 12, 15, and 22 PCW underwent IF analysis. Additionally, tooth
buds at 12 PCW were utilized for secretome and tissue recombination studies. In order to have comprehensive cell types, biological
replicates (n = 2, one incisor and one molar) were provided at each gestational age for both scRNA-seq and ST. The collected tooth
buds were washed in cold PBS and then proceeded directly to digestion. The dissected mandibles were embedded in cold O.C.T.
compounds (Sakura, 4583) by submersion in isopentane (Sigma Aldrich, 4583) pre-cooled to 80°C in dry ice for ST; they were then
fixed in 4% paraformaldehyde (PFA) (Sigma Aldrich, P6148) at 4°C overnight. The present study is approved by the Ethics Commis-
sion of Beijing Friendship Hospital, CMU (2021-P2-198-02); the BLOH, CMU (22022SY064); the BOGH, CMU (2023-KY-082-01). All
experiments were performed in accordance with relevant guidelines and regulations.

Establishment of human primary DE and DM cells

Human primary DE cells and DM cells were prepared from tooth germs of 11-12 PCW. The isolated tooth germs were incubated in
1.2 U/ml dispase Il (Gibco, 17105041) and 20 U/ml DNase | (Gibco, 10104159001) for 10.5 min at room temperature. The epithelial
tissues were separated from the mesenchymal tissues using a fine needle. The DE were surgically minced and plated on dishes in
keratinocyte SFM (1 x), without calcium chloride (Gibco, A15170-01), supplemented with 15% (fetal bovine serum (FBS) (Gibco,
A5670401). The mesenchymal parts were removed from the DE and minced into small pieces, followed by digestion with 3 mg/
mL collagenase type | (Sigma Aldrich, C0130) and 4 mg/mL dispase Il for 1 h at 37°C. The cells were expanded with «-MEM culture
medium (Gibco, 12561072), supplemented with 15% FBS, 100 units/ml penicillin, 100 mg/mL streptomycin, and 25 ng/mL Ampho-
tericin B (Gibco, 15070063), and incubated at 37°C in 5% COs..

METHOD DETAILS

Droplet based scRNA-seq

Cell capture and complementary DNA (cDNA) synthesis were performed using the Single Cell 3' GEM, Library & Gel Bead Kit V3.1
(10x Genomics, 1000075) and Chromium Single Cell B Chip Kit (10x Genomics, 1000074). The cell suspension (300-600 living cells
per microliter, determined by Count Star) was loaded onto the Chromium single cell controller (10x Genomics, 1000073) to generate
single-cell gel beads in the emulsion, following the manufacturer’s protocol. In short, single cells were suspended in PBS containing
0.04% bovine serum albumin. Approximately 6,000 cells were added to each channel, while approximately 3,000 cells were recov-
ered as target cells and then amplified. Quality assessment was conducted using an Agilent 2400 (performed by CapitalBio Tech-
nology, Beijing). According to the manufacturer’s instructions, scRNA-seq libraries were constructed using the Single Cell 3’ Library
and Gel Bead Kit V3.1. The libraries were finally sequenced using an lllumina Novaseq 6000 sequencer with a sequencing depth of at
least 100,000 reads per cell, using a pair-end 150 bp (PE150) reading strategy (performed by CapitalBio Technology, Beijing).
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Spatial transcriptomics

Cryosections were cut at a thickness of 10 um and mounted onto the GEX arrays. The sections were placed on a Thermocycler
Adaptor with the active surface facing up and incubated for 1 min at 37°C. They were then fixed for 30 min with methyl alcohol at
—20°C and stained with haematoxylin and eosin (H&E) (Eosin Dako). Brightfield images were taken using a Leica DMI8 whole-slide
scanner at a resolution of 10x.

Visium Spatial Gene Expression was processed using Visium Spatial Gene Expression slides and Reagent Kits (10x Genomics,
PN-1000184). For each well, a Slide Cassette was used to create leakproof wells for adding reagents. 70 uL of permeabilization
enzyme was added and incubated at 37°C for 36 min. Each well was then washed with 100 pL of SSC, and 75 pL of reverse tran-
scription Master Mix was added for cDNA synthesis.

At the end of the first-strand synthesis, the RT Master Mix was removed from the wells. Add 75 uL of 0.08 M KOH and incubate for
5 min at room temperature. Then, remove the KOH from the wells and wash with 100 pL of EB buffer. Add 75 pL of the Second Strand
Mix to each well for the second-strand synthesis. cDNA amplification was performed on a S1000TM Touch Thermal Cycler (Bio-Rad).

According to the manufacturer’s introduction, Visum spatial libraries were constructed using the Visum Spatial Library Construc-
tion Kit (10x Genomics, PN-1000184). The libraries were finally sequenced using an lllumina NovaSeq6000 sequencer with a
sequencing depth of at least 100,000 reads per spot and a PE150 reading strategy (performed by CapitalBio Technology, Beijing).

Primary analysis of raw read data

The raw scRNA-seq data were pre-processed (demultiplexing cellular barcodes, read alignment to the human reference genome
build, and generation of a gene count matrix) using the Cell Ranger Single Cell Software Suite (v6.1.2)°° provided by 10x Genomics.
Detailed QC metrics were generated and evaluated. Cells with low complexity libraries or likely cellular debris (in which detected tran-
scripts are aligned to fewer than 200 genes) were filtered out and excluded from subsequent analyses. A total of 45,512 cells were
identified.

Quality control, dimension reduction and clustering
Barcodes with fewer than 500 unique genes, fewer than 1,000 UMI counts, and more than 15% of transcript counts derived from
mitochondrially encoded genes were discarded. We used functions from Seurat v4.1.1°° for dimension reduction and clustering.
The data was normalized and scaled using the SCTransform®® function. To identify major axes of variation within our data, we first
examined only highly variable genes across all cells, yielding approximately 2,000 variable genes. An approximate principal compo-
nent (PC) analysis was applied to the cells to generate 100 PCs. Using a combination of the Jackstraw function® in Seurat and
observing the "elbow" of the standard deviations of PCs, we chose the top 50 PCs for subsequent clustering and visualization. Dou-
blets were detected, marked, and removed for each sample with DoubletFinder v2.0.3.%7

The batch effect between the six samples was removed using Harmony v0.1.0.°® To identify clusters of transcriptionally similar
cells, we employed unsupervised clustering as described above, using the FindClusters tool within the Seurat R package with default
parameters and a resolution of 1.2. Finally, the UMAP algorithm was applied to visualize cells in a two-dimensional space.

Differentially expressed genes analysis

To identify differentially expressed genes (DEGs), we used the Seurat FindMarkers function based on Model-based Analysis of Sin-
gle-cell Transcriptomics (MAST)®* with default parameters. We selected genes with a Bonferroni-adjusted pp-value cutoff of less
than 0.05 and an average log (Fold Change) value greater than 0.25 as DEGs. Similarly, the FindMarkers function was used to identify
signature genes by comparing cluster pairs of interest. GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
enrichment analyses of significant genes were performed using the R package ClusterProfiler.*®

Cell type annotation

The cell type identity of each cluster was determined by the expression of canonical markers found in the DEGs, tooth canonical
marker genes, the published literature. Key cell population markers were validated using IF staining. Dot plots and violin plots dis-
playing the expression of markers used to identify each cell type were generated using the Seurat V4.1.1 DotPlot/Vinplot function.
Finally, eight cell types were carefully annotated.

Subcluster analysis
Subcluster analysis was performed to investigate the heterogeneity within the DE, DP and DF populations.

Trajectory analysis

We used Monocle 3 to generate the pseudotime trajectory across the DE and DP cells. The cells were input into Monocle 3 to infer
cluster and lineage relationships within a given cell type. UMAP embeddings and cell subclusters generated from Seurat were con-
verted to a cell dataset object using SeuratWrappers (v.0.1.0).* Trajectory graph learning and pseudotime measurement were per-
formed through reversed graph embedding.
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GeneSwitches analysis

Following monocle trajectory analysis, pseudo-times were subsetted using choose_graph_segments (cds, reduction_method =
"UMAP", starting_pr_node = NULL, return_list = FALSE, clear_cds = TRUE). Expression plots were generated using plot_cells. Anal-
ysis of gene switching on and off in pseudo-time was performed using the GeneSwitches package.

Velocity analysis

The Python-based Velocyto command-line tool and Velocyto R package®’ were used as instructed for RNA velocity analysis. Veloc-
yto calculated the single-cell trajectory/directionality using spliced and unspliced reads. From the loom files generated by the com-
mand-line tool, we extracted the DE and DP cells in R to perform Velocity analysis using the SeuratWrappers package.®” RNA velocity
was estimated using a gene-relative model with KNN cell pooling (k = 25). RNA velocity was visualized on the UMAP embedding with
the parameter n = 200. scVelo was used to perform Velocity analysis of integrative datasets combining different stages.

Gene regulatory network inference

To gain a better understanding of the transcription factors that activate gene expression in DE and DP cells, we utilized the R package
SCENIC.®° This computational method detects gene regulatory networks and was used to analyze network activity in dental mesen-
chymal cells in order to identify recurrent cellular states. Transcription factors were identified using®>®' and compiled into regulons,
which were then subjected to cis-regulatory motif analysis. The activity of these regulons was then scored using AUCell.

Cellular interaction analysis

Cellular interactions between cell types were computed based on ligand-receptor co-expression using the CellPhoneDB (v4.0.0)
tool®” with default settings and log-transformed SCTransform normalized counts as input. The analysis of interactions between
DE and DP (9-10 PCW), enamel knot/inner enamel epithelium, and coronal dental papilla cells (12 and 15 PCW) was conducted
for each individually. Only cell types with more than 20 cells per patient were included. To calculate the average number of interac-
tions, we summed all significant (pp-value <0.05) interactions between two cell types per sample/donor and averaged this number
over samples/donors. To calculate the interaction strength between two cell types across patients, we summed up the mean expres-
sion of all ligand and receptor pairs as calculated by CellPhoneDB across all samples.

Process and quality control of spatial RNA-seq

The raw sequencing reads of spatial RNA-seq were aligned to the GRCh38 human reference genome using the Space Ranger toolkit
(v4.0.0) from 10x Genomics. The SCTransform function of Seurat was used to normalize and scale gene expression, as well as to
regress out the effect of mitochondrial gene expression percentage. The TransferData®’ function of Seurat was then performed to
combine cluster information from scRNA-seq data with spatial information from spatial RNA-seq data. Corresponding clusters for
each spot were predicted using scRNA-seq data as the anchor set, and each spot was marked with the corresponding cluster
with the highest score.

The identification and quantitation of protein

AllRAW files were analyzed using the Proteome Discoverer suite (Thermo Fisher Scientific, v2.4). MS2 spectra were searched against
the UniProt Homo sapiens SP proteome database (20,361 target sequences downloaded on 2022-03-17). The Sequest HT search
engine was used, and parameters were specified as follows: fully tryptic specificity, a maximum of two missed cleavages, a minimum
peptide length of 6, fixed carbamidomethylation of cysteine residues (+57.02146 Da), variable modifications for oxidation of methi-
onine residues (+15.99492 Da), a precursor mass tolerance of 15 ppm, and a fragment mass tolerance of 0.02 Da for MS2 spectra
collected in the Orbitrap. Percolator®® was used to filter peptide spectral matches and peptides to a false discovery rate of less than
1%. After spectral assignment, peptides were assembled into proteins and further filtered based on the combined probabilities of
their constituent peptides to a final FDR of 1%. By default, the top matching protein, or ‘'master protein’, is the protein with the largest
number of unique peptides and the smallest value in percent peptide coverage (that is, the longest protein). Only unique and razor
(that is, parsimonious) peptides were considered for quantification.

The functional analysis of protein

GO and InterPro analyses were conducted using the InterProScan-5 program against the non-redundant protein database. The Clus-
ters of Orthologous Groups and KEGG databases were used to analyze the protein families and pathways. The probable interacting
partners were predicted using the STRING-db server® (http://string.embl.de/) based on related species. STRING is a database of
both known and predicted protein-protein interactions. The enrichment pipeline was used to perform enrichment analyses of GO
and KEGG, respectively.

I, RNAscope in situ hybridization (ISH) and H&E staining

The paraffin-embedded tissue blocks were cut at a thickness of 5 um onto slides. The slides were then deparaffinized by passing
through an ethanol gradient and heat-induced epitope retrieval was performed at 96°C for 25 min in pH 6.0 citrate buffer (Amresco,
ZL1-9064). Peroxidase was blocked, and species-specific primary antibodies were then added and incubated overnight at 4°C.
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Primary antibodies used Cytokeratin 6 (Zenbio, R50064,1:400 dilutions), CLDN4 (Zenbio, 860402, 1:200 dilutions), TWIST1 (Zenbio,
220820, 1:200 dilutions), KI67 (Zenbio, R50044, 1:200 dilutions), FRZB (Invitrogen, PA5-104120, 1:200 dilutions), ETV5 (Sino Biogical,
101151-T08, 1:2500 dilutions). This was followed by the addition of species-specific secondary antibodies. The stain was developed
with TSA-dendron-fluorophores (PerkinElmer, NEL701A001KT) according to the manufacturer’s instructions. Cells were then coun-
terstained with DAPI (Invitrogen, D3571).

ISH was performed using an RNAscope Multiplex Fluorescent Assay (Advanced Cell Diagnostics, 320850). Briefly, tissues were
fixed in 4% PFA overnight at room temperature before cryosectioning to 6 um thickness. Target retrieval was performed on the sec-
tions for 5 min at 95°C-100°C, followed by protease (Advanced Cell Diagnostics, 310-100) treatment for 7 min at 40°C. Probes for
BMP-3, SHH, FGF3 (Advanced Cell Diagnostics) were then hybridized for 2 h at 40°C, followed by RNAscope amplification reagents
provided in the RNAscope Multiplex Fluorescent Reagent Kit. The signal was detected using TSA Plus Cyanine 3 (PerkinElmer,
NEL751A). Cells were then counterstained with DAPI.

H&E staining was carried out by deparaffinization in a similar manner, followed by the addition of stains as described in the H&E kit
(Vector Laboratories, H-3401).

Collection of the supernatant, protein extraction, digestion and desalination

Cultured primary human DE and DM cells at passage 0 were used for secretome collection. 300 L of 8 M urea (Sigma Aldrich, U5378)
was added to the sample and the protease inhibitor (Sigma Aldrich, P8340) was added at a 10% concentration of the lysate. After
centrifuging at 14,100 x g for 20 min, the supernatant was collected. The protein concentration was determined using the Bradford
method, and the remaining sample was frozen at —80°C.

A 100 ng aliquot of extracted proteins from each sample was then subjected to reduction by adding a 200 mM dithiothreitol solution
(Sigma Aldrich, D9779) and incubating at 37°C for 1 h. The sample was then diluted 4 times by adding 25 mM ammonium bicarbonate
buffer (Sigma Aldrich, A6141). Next, trypsin (Sigma Aldrich, T6567) was added at a ratio of 1:50 (trypsin: protein) and the sample was
incubated at 37°C overnight.

The next day, 50 uL of 0.1% formic acid (FA) (Sigma Aldrich, 339251) was added to terminate the digestion. 100 uL of 100% aceto-
nitrile (ACN) (Sigma Aldrich, 34967) was used to wash the C18 column, and then centrifuged at 1200 rpm for 3 min. The columns were
washed once with 100 pL of 0.1% FA and centrifuged at 1200 rpm for 3 min. The EP tubes were replaced and centrifuged at 1200 rpm
for 3 min. The columns were then washed twice with 100 pL of 0.1% FA and centrifuged at 1200 rpm for 3 min. Next, 100 pL of water
(pH = 10) was added for one final wash. The EP tubes were replaced and the samples were eluted with 70% ACN. The eluents from
each sample were combined and then lyophilized. They were stored at —80°C until loading.

Liquid chromatography (LC)-mass spectrometer (MS)/MS analysis

Nanoflow LC-MS/MS analysis of tryptic peptides was conducted on a quadrupole Orbitrap mass spectrometer (Thermo Fisher Sci-
entific) coupled to an EASY nLC 1200 ultra-high-pressure system (Thermo Fisher Scientific) via a nano-electrospray ion source.
500 ng of peptides were loaded onto a 25 cm column (150 um inner diameter, packed using ReproSil-Pur C18 AQ 1.9 um silica beads;
Beijing Qinglian Biotech). Peptides were separated using a gradient from 8% to 12% solvent B (80% ACN +0.1% formic acid in water)
in 5 min, then 12%-30% solvent B in 33 min and stepped up to 40% in 7 min followed by a 15-min wash at 95% solvent B at 600 nL
per minute. The total duration of the run was 60 min. The column temperature was kept at 60°C using an in-house-developed oven.
Briefly, the mass spectrometer was operated in “top-40” data-dependent mode, collecting MS spectra in the Orbitrap mass analyzer
(120,000 resolution, 350-1500 m/z range) with an automatic gain control (AGC) target of 3E6 and a maximum ion injection time of
80 ms. The most intense ions from the full scan were isolated with an isolation width of 1.6 m/z. Following higher-energy collisional
dissociation (HCD) with a normalized collision energy (NCE) of 27, MS/MS spectra were collected in the Orbitrap (15,000 resolution)
with an AGC target of 5E4 and a maximum ion injection time of 45 min. Precursor dynamic exclusion was enabled with a duration of
16 s.

Plasmid construction and lentivirus production

The lentiviral vector expressing short guide RNA (sgRNA) targeting the sequence of the WNT5B gene (5'-TTCTGACAGACGC
CAACTCCT-3’) and a negative control sgRNA (5'-CGCTTCCGCGGCCCGTTCAA-3’) was synthesized and cloned into a GV392 vec-
tor under the control of a K14 promoter (Genechem). The recombinant plasmid was verified by DNA sequencing to confirm correct
insertion of the sgRNA sequences. The lentiviral particles were produced by co-transfecting the recombinant vector into HEK293T
cells (China Cell Bank, SCC-293T) using Lipofectamine 2000 (Invitrogen, 11668500) along with two helper plasmids, psPAX2 and
pMD2.G, according to the manufacturer’s instructions. The supernatant containing lentiviral particles was collected 72 h post-trans-
fection, centrifuged at 3000x g for 10 min at 4°C to remove cell debris, and filtered through 0.45 um cellulose acetate filters. The virus
titer was determined by fluorescence-activated cell sorting (FACS) analysis of GFP-positive human primary DE cells, yielding approx-
imately 1 x 10°8 transducing units (TU)/mL. The purified lentiviral stocks were aliquoted and stored at —80°C until further use.

In vitro treatment assay

Cultured primary human DM cells at passage 3 or 4 were used for in vitro experiments. On the first day of differentiation (designated
as Day 0), the human DM cells were treated with recombinant human WNT5B (rhWNT5B) (R&D Systems, 7347-WN-025/CF) at
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concentrations of 100 ng/mL. The media were used as described previously and changed every 2-3 days. Samples were collected on
days 3, 7, and 14 for subsequential analysis (Figure 5J). To test the virus infection efficiency, primary human DE cells at passage
0 were seeded at 1x10° cells per well in 12-well plates and maintained in the previously described epithelium culture medium,
with medium changes every 2-3 days, until reaching approximately 20-30% confluence. To specifically knock down WNT5B, two
experimental groups were established: DE-K14-iWnt5B-LV (lentivirus carrying shRNA targeting WNT5B) and DE-K14-NC-LV (nega-
tive control lentivirus). The multiplicity of infection (MOI) was set to 50 based on preliminary experiments. Lentiviral particles (1x108
TU/ml) were mixed with complete medium containing 5 ng/mL polybrene (Sigma Aldrich, TR-1003-G) and added to the cells. After a
16-h incubation at 37°C, the viral supernatant was replaced with fresh medium, and the cells were cultured for another 72 h. Antibiotic
selection was then initiated by adding 1 pg/mL puromycin (Sigma Aldrich, P8833) to the culture, with the selection medium replaced
every 1-2 days for a total of 6 days until surviving cells had recovered and proliferated. At this time, the efficiency of lentiviral infection
was evaluated by fluorescence microscopy (magnification, x10) for both the DE-K14-iWnt5B-LV and DE-K14-NC-LV groups. After
selection, hDEs were maintained in the lower chambers of a Transwell plate equipped with a 0.4 um pore-size membrane (Corning,
3460). Human DM cells at passages 3-4 were seeded in the upper chamber at a density of 2.5 10* cells per well and co-cultured with
the transduced hDEs for 7 days. During the co-culture period, the medium was changed every 2-3 days. hDE and hDM cells were
harvested on days 3, 5, and 7 for quantitative reverse transcription PCR (RT-qPCR) analysis, and hDE supernatants were collected for
enzyme linked immunosorbent assay (ELISA). To compare the stimulatory differentiation capacities between WNT5A and WNT5B,
passage 3—-4 hDM cells were seeded at 1x10° cells per well in 12-well plates using differentiation medium (Procell, PD-014) supple-
mented with either hWNT5A (R&D Systems, 645-WN-010/CF) or rhWNT5B at 10 ng/mL or 100 ng/mL. The medium was changed
every 2-3 days. On Day 7, cells were collected for RT-gPCR analysis, while on Days 7 and 14, ALP staining and Alizarin Red staining
were performed, respectively, to assess odontogenic differentiation.

ALP staining

After 7 days of induction, the cells were fixed in 4% PFA, washed with PBS, and stained with an ALP Assay Kit (Sigma Aldrich,
MAKS530) to assess odontogenic differentiation. The intensity of ALP staining was visually inspected to evaluate the differentiation
status.

Alizarin red S staining

After 14 days of differentiation induction, cells were fixed and stained with a 2% Alizarin Red S solution (Sigma Aldrich, A5533) to
detect calcium deposits. Semi-quantitative analysis of mineralized nodules was performed by dissolving the dye in a 10% cetylpyr-
idinium chloride solution (Sigma Aldrich, C5911) and measuring the absorbance at 562 nm.

RT-qPCR
The RNA was extracted from the collected samples using TRIzol reagent (Invitrogen, 15596026) according to the manufacturer’s in-
structions. The extracted RNA was reverse transcribed into cDNA using oligo (dT) primers and Reverse Transcriptase (Invitrogen,
18080093). RT-gPCR was performed using a QuantiTect SYBR Green PCR Kit (Qiagen, 204143) on an iCycler iQ Multi-Color
Real-Time PCR Detection System (Bio-Rad, 170-8740). GAPDH was used as an internal control to normalize the expression of target
genes. Relative expression levels of the target genes were calculated using the AACt method.

The primers used for RT-qPCR were as follows:

GAPDH:

Forward: 5'-GCACCGTCAAGGCTGAGAAC-3'

Reverse: 5'-ATGGTGGTGAAGACGCCAGT-3'

ALP:

Forward: 5'-AACATCAGGGACATTGACGTG-3

Reverse: 5'-GTATCTCGGTTTGAAGCTCTTCC-3'

DMP-1:

Forward: 5'-GCAGAGTGATGACCCAGAG-3

Reverse: 5'-GCTCGCTTCTGTCATCTTCC-3’

DSPP:

Forward: 5'-GGGATGTTGGCGATGCA-3'

Reverse: 5'-CCAGCTACTTGAGGTCCATCTTC-3’

WNT5B:

Forward: 5-TTCTGACAGACGCCAACTC-3

Reverse: 5'-TGACTCTCCCAAAGACAGATG-3'.

ELISA

The supernatants of hDEs in the co-culture system were harvested on days 3, 5, and 7. The WNT5B concentrations in the superna-
tants of the WNT5B knockdown group and the control group were determined using the Human WNT5B ELISA Kit (Zyme Chain
Biotechnology, EH1815). The kit was operated according to the product data sheet.
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Tissue recombination and subrenal culture

Human DE from the cap stage and lip mesenchyme from the same embryo at 11-12 PCW was isolated and recombined. All recombi-
nants were further cultured in the Trowell-type organ culture system which have been reported previously®® for 18 h prior to being
subjected to subrenal culture in adult NU/NU mice (Charles River, 403). All animal studies were conducted in accordance with the
official ethical guidelines and protocols approved by the Ethics Committee of Capital Medical University (AEEI-2023-087). Grafts
were harvested after 3 months in subrenal culture and then processed for histological analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism (v8.0). For comparisons between two groups, unpaired t-tests were performed, with sig-
nificance set at p < 0.05. For comparisons among multiple groups, one-way ANOVA followed by Tukey’s post hoc test was used. All
experiments were performed in triplicates, and results are presented as means + standard deviation (SD) from at least three inde-
pendent experiments. Statistical significance was determined with p < 0.05, p < 0.01, and p < 0.001 indicated in the figures with
the *, **, and *** symbols, respectively (Figures 5J and 5K, and 5L).
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