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SUMMARY
Mammalian teeth develop from the inductive epithelial-mesenchymal interaction, an important mechanism
shared bymany organs. The cellular basis for such interaction remains elusive. Here, we generate a dual-fluo-
rescence model to track and analyze dental cells from embryonic to postnatal stages, in which Pitx2+ epithe-
lium and Msx1+ mesenchyme are sufficient for tooth reconstitution. Single-cell RNA sequencing and spatial
mapping further revealed critical cellular dynamics during molar development, where tooth germs are orga-
nized by Msx1+Sdc1+ dental papilla and surrounding dental niche. Surprisingly, niche cells are more efficient
in tooth reconstitution and can directly regenerate papilla cells through interaction with dental epithelium.
Finally, from the dental niche, we identify a group of previously unappreciated migratory Msx1+ Sox9+ cells
as the potential cell origin for dental papilla. Our results indicate that the dental niche cells directly contribute
to tooth organogenesis and provide critical insights into the essential cell composition for tooth engineering.
INTRODUCTION

Mammalian teeth are formed by the inductive interaction be-

tween dental epithelium and neural crest-derived ectomesen-

chyme. As the major organ for food crunching and pulverization,

teeth are susceptible to microbe-induced erosion and cavities

and aging-related enamel damage and decay, often leading to

clinical root canal treatment and eventual tooth loss. Stem cell-

based bioengineering strategy has offered a promising regener-

ative approach. It has been demonstrated that certain tissues of

human teeth, such as dental pulp, could be functionally restored

through stem cell-based therapies.1 However, the dental stem

cells identified so far, including SCAP (stem cells from apical

papilla), SHEDs (stem cells from human exfoliated deciduous

teeth), DFSCs (dental follicle stem cells), PDLSCs (periodontal

ligament stem cells), DPSCs (dental pulp stem cells), and

recently MDPSCs (multipotent dental pulp regenerative stem

cells),2–7 were all mesenchymal cells isolated in vitro at postnatal

stages and did not retain the capability to initiate full tooth regen-

eration. On the other hand, it has long been proved that primary

epithelial and mesenchymal cells from embryonic tooth germs
C
This is an open access article under the CC BY-N
could self-assemble and regenerate the whole tooth.8–11 Dental

mesenchyme could even induce tooth formation when com-

bined with epithelial cells from other species,12–14 suggesting

that within the embryonic tooth germs, critical stem cell popula-

tions with tooth induction competence may exist. However, until

today, the key cell composition within the developing tooth

germs, especially in the mesenchyme, was still unknown, and

thus, de novo tooth regeneration remains a challenge.

Tooth development starts from the laminal stage when the

dental epithelium thickens and invades the underneath mesen-

chyme to form the tooth placode. The mesenchymal cells are

further attracted and condensed surrounding the dental epithe-

lium to create the initial tooth germ. The tooth germ goes through

morphologically distinct stages, such as bud, cap, and bell

stages, to develop into a fully functional tooth after the erup-

tion.15 Over the past two decades, our understanding of tooth

development has been significantly increased, and multiple crit-

ical molecular regulators, often transcriptional and growth fac-

tors, have been identified using mouse genetic models. For

example, BMP4 was believed to be the essential mediator of

the epithelial-mesenchymal interaction due to its unique
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expression pattern (early expression in dental epithelium and

later induced in mesenchyme).16 Stabled Wnt/b-catenin

signaling led to continuous tooth formation,17 while Shh expres-

sion was required to promote epithelium proliferation and inva-

sion.18 Besides, several transcriptional factors, such as p63,

Lef1, Msx1/2, Lhx6/8, Pitx2, Pax9, etc., were all involved in

distinct steps of tooth development, mutation of which would

cause developmental arrest at initial, bud, or cap stages.19,20

Despite recent efforts toward dissecting the cellular mecha-

nisms regulating tooth initiation,21 the cellular heterogeneity of

the developing tooth and the cellular basis for dental epithelial-

mesenchymal interaction is still elusive. Particularly, how the

tooth germ is organized and the essential cell compositions

that drive the developmental process remain unknown.

The development of high-throughput single-cell transcrip-

tomic analysis has enabled a deeper look into the cell heteroge-

neity of mammalian organs.22 For example, a rare Reg4+ hor-

mone-producing intestinal cell population,23 new Procr+

progenitors in pancreas islets,7 heterogeneous and functionally

diverse human satellite cells,24 and Wnt-secreting fibroblasts

that support AT2 lung stem cells25 were all identified through sin-

gle-cell RNA sequencing (scRNA-seq) of the respective organ at

various developmental stages. Besides, the emergence of novel

hematopoietic and immune cell populations could be addressed

by the same approach as well.26–28 Recently, scRNA-seq has

also been used in studying cell composition in the mouse

incisor29–31 as well as neural crest-derived dental lineage,32 sup-

porting that scRNA-seq may serve as a powerful tool to under-

stand the composition and organization of tooth germs and

could provide important insights to guide tooth engineering.

In this study, we generated a dual-fluorescence reporter

knock-in mouse (Pitx2P2A-copGFP; Msx1P2A-tdTomato) to label and

track dental cells through various developmental stages.

scRNA-seq analysis revealed the cellular dynamics in dental

epithelial and mesenchymal cells during molar development

from embryonic day 12.5 (E12.5) to postnatal day 7 (P7). Virtual

spatial mapping using DistMap33 characterized molar-ex-

pressed genes with high accuracy, where Sdc1 was identified

as a specific marker for the dental papilla, while dental niche

expressed other signature genes. Surprisingly, tooth germ

reconstitution experiments discovered that the niche cells ex-

hibited much stronger tooth induction competence than the

Msx1+Sdc1+ dental papilla by forming tooth-like structures in

clusters, which was also confirmed through tooth organoid cul-

ture. Notably, the Msx1+Sdc1+ dental papilla cells could be

directly regenerated from the interaction between epithelium
Figure 1. Efficient labeling of dental epithelium and mesenchyme by a

(A) Specific labeling of molar dental epithelium and mesenchyme across develo

sections of tooth germs from E12.5 to P7 were analyzed by immunostaining for

(B) Schematic of tooth germ reconstitution. Tooth germs at E14.5 or E16.5 were iso

Msx1P2A-tdTomato mice. The recombinants were transplanted in the renal capsule

(C and D) A high percentage of Pitx2+ (copGFP+) epithelial cells and Msx1+ (tdTo

cells (WT): negative control.

(E) Expressions of Pitx2, Msx1, and marker genes were confirmed by qRT-PCR

Prrx1/2, Twist1, and Pdgfra. Error bars represent the standard deviation (SD) fro

(F and G) Reconstituted tooth germs from Msx1+ and Pitx2+ cells had normal ana

2 weeks of kidney capsule transplantation. M1 molar at P4 served as the positi

tissues: POSTN. Endothelial cells: CD34. Scale bar: whole 100 mm, zoom-in 50 m
and niche cells. Finally, from the dental niche, we identified a

group of previously unappreciated Msx1+Sox9+ cells that might

be the cell origin of dental papilla, which seemed to invade and

replace the dental primordium during development. Together,

our work revealed that dental niche cells directly contributed to

tooth morphogenesis and provided important insights into the

essential cell composition for efficient tooth bioengineering.

RESULTS

Generation of a dual-fluorescence model to track tooth
development
Since tooth development starting from E11 to E12 is a rapid re-

modeling and morphogenesis process,34 specific labeling of the

developing dental epithelium and mesenchyme was a critical

initial step to locate and isolate the dental progenitors for further

analysis. Two developmentally important transcriptional factors,

Pitx2 andMsx1, were then chosen to label dental progenitor cells.

The P2A-copGFP and P2A-tdTomato cassettes were knocked

into the Pitx2 and Msx1 gene loci respectively (Figures S1A and

S1B). Immunostaining of known Pitx2-expressing tissues such

as tongue epithelium,35 pituitary gland,36 and eyes37,38 confirmed

that copGFPcould faithfully recapitulate thePitx2 expression (Fig-

ure S1C). Similarly, tdTomato was also confirmed to recapitulate

Msx1 expression in the ciliary margin zone of developing retina,39

the olfactory epithelium,40 and the hindlimb41 (Figure S1D). For

dental cells, Pitx2-P2A-copGFP expression was able to label

and track dental epithelium at various developmental stages (Fig-

ure S1E), while Msx1-P2A-tdTomato expression was specifically

expressed in the dental mesenchyme (Figure S1F). These data

suggested that the individual reporter knockin mice were suc-

cessfully established, and the two signature transcription factors

(TFs) could indeed track the development of dental epithelium

and mesenchyme respectively.

To track dental epithelium andmesenchyme simultaneously, a

dual-fluorescence line (Pitx2P2A-copGFP; Msx1P2A-tdTomato) was

generated (Figure S2A). Fluorescent imaging revealed that

from E10.5 to P7, both copGFP and tdTomato could efficiently

label early dental tissues in the first pharyngeal arch and the

developing teeth in the mandible (Figure S2B). Tissue sectioning

and imaging further confirmed that molar epithelium andmesen-

chyme could be efficiently labeled by copGFP and tdTomato

respectively (Figure 1A), as well as the incisor epithelium and

mesenchyme at different developmental stages (Figure S2C).

To further characterize the labeled dental epithelium and

mesenchyme, flow cytometry analysis of primary cells from
dual-fluorescence mouse model

pmental stages by Pitx2-copGFP and Msx1-tdTomato, respectively. Frozen

copGFP and tdTomato. DAPI: nuclear staining. Scale bars: 100 mm.

lated for FACS sorting and tooth reconstitution from homozygous Pitx2P2A-GFP;

for 2–4 weeks before analysis.

mato+) mesenchymal cells could be detected in E14.5 tooth germs. Wild-type

. Epithelial markers: Epcam, Krt14, Krt18, and Trp63. Mesenchymal markers:

m two independent experiments with triplicates.

tomy compared with the native molar tooth (P4). Samples were collected after

ve control. Enamel: AMBN, AMGN. Odontoblasts: SP7, NESTIN. Periodontal

m.
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E12.5 and E16.5 indicated that although most of the dental

epithelium and mesenchyme (both in molar and incisor) were

copGFP+ and tdTomato+ respectively, a small but significant

portion of cells was copGFP or tdTomato negative (Figure S2D).

We reasoned that these cells might be either from the endothelial

lineage, as they were reported to be present in dental niche re-

gions as early as the cap stage,42 or some previously uncharac-

terized cells within the early dental epithelium andmesenchyme.

Pitx2+ epithelial and Msx1+ mesenchymal cells were
sufficient for tooth germ reconstitution
Although the mouse has a more simplified tooth patterning than

humans, similar molecular and cellular processes are shared be-

tween mouse molar development and human dentition.15 The

incisor has long been used as a continuous tooth development

model, and much less is known for molar development. There-

fore, we decided to focus on dissecting the key cellular dynamics

during molar development.

As mentioned above, some fluorescence-negative cells were

present in the primary tooth germs. Thus, we first asked if

Pitx2+ epithelial and Msx1+ mesenchymal cells would have full

capability to reconstitute tooth germs without contribution from

other cells. Primary copGFP+ (Pitx2+) epithelial and tdTomato+

(Msx1+) mesenchymal cells were isolated from mouse molars

by fluorescence-activated cell sorting (FACS) and then used

for tooth germ reconstitution in vitro and kidney capsule trans-

plantation in vivo (Figure 1B). The enrichment of copGFP+ and

tdTomato+ cells (E14.5) was validated by FACS (Figures 1C

and 1D). Specific expressions of Pitx2 and Msx1 as well as

epithelial and mesenchymal markers were all confirmed by

qRT-PCR in respective isolated cell populations (Figure 1E).

These data suggested that Pitx2+ dental epithelial and Msx1+

mesenchymal cells could be efficiently isolated.

Sorted Pitx2+ (copGFP+) and Msx1+ (tdTomato+) cells were

then used for tooth reconstitution. Recombined tooth germs

were transplanted under the kidney capsule for 2–4 weeks

before analysis. We first tested copGFP+ and tdTomato+ cells

at E14.5, and Micro-CT analysis indicated that the reconstituted

tooth germ could develop into tooth-like structures in vivo (Fig-

ure S3A). Tissue sectioning and H&E staining further confirmed

that the transplants contained correct dental tissues, including

enamel, dental pulp, and blood vessels (Figure S3B). Immuno-

staining with dental markers, including Nestin and Sp7 for odon-

toblasts,43–46 amelogenin (AMGN) and ameloblastin (AMBN) for

enamel matrix,47,48 periostin for periodontal cells,49 and CD34

for dental endothelial cells,50 all confirmed that tooth-like struc-

tures had normal anatomy comparing with the native molar tooth
Figure 2. Global cellular dynamics analysis of tooth germs by scRNA-

(A) Schematic of experimental procedures. Tooth germs were collected at from th

and day 7 (P7) for scRNA-seq.

(B) Two-dimensional representation for epithelium and mesenchyme of integrated

separated by Pitx2 and Msx1 expression.

(C) Top three featured gene expression in different cell clusters.

(D) Stage-by-stage representation of cell clusters via UMAP.

(E) CellChat analysis of intercellular communication network of secretory and rec

(F) Pseudotime analysis by Monocle2 revealed distinct developmental paths for m

point of the developing cells.
(M1) (Figures 1F and 1G). Furthermore, cells from E16.5 tooth

germs could retain the same capability (Figure S3C), as well as

primary tissues from E11.5 embryos (Figures S3D and S3E).

However, things changed dramatically at postnatal stages, as

the cells from P1, for example, could only generate irregular

bone-like tissues, suggesting that Pitx2+ and Msx1+ cells

had lost their tooth formation competence at this stage

(Figures S3F and S3G). Together, these data indicated that em-

bryonic Pitx2+ epithelial and Msx1+ mesenchymal cells con-

tained the essential cell composition to reconstitute tooth germs,

and this capability was lost at postnatal stages.

scRNA-seq revealed critical cellular dynamics of molar
development
To dissect the key cell composition for tooth reconstitution, sin-

gle-cell transcriptomic analysis was carried out on these cells

throughout molar development, covering from E12.5, E14.5,

and E16.5 to P1 and P7. The data were then subjected to bio-

informatic analysis and functional validation (Figure 2A).

scRNA-seq data were first integrated using Seurat V322 and

analyzed for pseudotime trajectory by Monocle2.51 Thirteen

main representative cell clusters were identified from the five

developmental stages. Five clusters were grouped as Pitx2+

epithelial cells, and eight asMsx1+mesenchymal cells, with their

top differentially expressed genes listed (Figures 2B and 2C).

Stage-by-stage analysis revealed that during embryonic stages,

both dental epithelial and mesenchymal cells were relatively sta-

ble, as most of the cell clusters were maintained the same (clus-

ters 0, 4, and 5, for example) (Figure 2D). At E14.5, cluster 11

(Fgf3+) emerged, which probably represented dental papilla pre-

cursors.52 While at E16.5, there was a significant increase of

cluster 3 (Runx2+) and the emergence of cluster 1 cells (Pam+).

Cluster 1 might represent pre-odontoblasts, as Pam was previ-

ously found in those cells.53 At postnatal stages, mesenchymal

cells underwent dramatic differentiation, with emergence of

clusters 10 (Enpp6+) and 12 (Creb3l1+) with almost complete

loss of clusters 4 (Epha7+) and 5 (C1qtnf3+) and significant

decrease of cluster 0 (Ccna2+) cells. Interestingly, the disappear-

ance of cluster 4 and 5 cells was highly correlated with the loss of

tooth reconstitution capability of dental mesenchyme.

CellChat54 was then used to explore the signaling interaction

of cell clusters at each stage, from which dental mesenchymal

cells exhibited strong interaction both among themselves and

with epithelial cells during the molar development (Figures 2E

and S4A), consistent with the previous observation that tooth in-

duction potential was transferred to dental mesenchyme after

E11.34 Among mesenchymal cell clusters, clusters 0, 4, and 5
seq

e bud stage (E12.5), cap stage (E14.5), bell stage (E16.5), postnatal day 1 (P1),

molars from five stages via UMAP. Epithelial and mesenchymal lineages were

eived signals from E12.5 to E16.5.

olar mesenchymal cells. The numbers in the figure represented the branching
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seemed to coordinate together to form outgoing signaling pat-

terns, which not only sent autocrine signals to themselves and

other mesenchymal cells but also provided critical signals to

epithelial cells, such as MK, PTN, CXCL and periostin at E12.5

and CXCL, MIF, ACTIVIN and GRN at E14.5 (Figure S4B). Mean-

while, considerable outgoing and incoming signal expression

dynamics were also observed among epithelial and mesen-

chymal cell clusters (Figure 2E).

To map the cell fate, pseudotime trajectory analysis by

Monocle2 identified the different cell dynamics between the

epithelial and mesenchymal lineages. Notably, epithelial cells

were aligned in a linear trajectory, while mesenchymal cells ex-

hibited multiple branches, indicating that the cells underwent

several cell fate divergences during molar development

(Figures 2F and S5A). For epithelial cells, those from E12.5 to

16.5 were largely aligned together and became more differenti-

ated at postnatal stages, especially at P7, where cells were clus-

tered at the end of the trajectory map (Figure S5A). While for

mesenchymal cells, their differentiation started earlier than

epithelial lineage, with E12.5–E14.5 aligned together and cells

from E16.5 located in a slightly more differentiated state (Fig-

ure 2F). Again, cells from postnatal stages represented the

most differentiated state in the trajectory map. Pseudotime tra-

jectory analysis indicated three potential developmental paths

(Figure 2F). For each path, GeneSwitches55,56 was used to iden-

tify ordered critical gene expression changes over pseudotime

(Figure S5B). Interestingly, activation of Tle5 (Aes) was shared

by all three paths. Following Tle5 activation came the inactivation

of craniofacial genes, such as Six1/2,57 Lhx8,58 and Prrx1,59 and

then the activation of other dental differentiation-associated

genes at later stages. For paths 1 and 2, one of the key interme-

diate TFs was Msx2, which was ON at the E16.5 stage

(Figures 2F and S5B). Msx2 knockout mice did not exhibit any

developmental defects before the cap stage,60 suggesting that

paths 1 and 2 might represent the later development of dental

mesenchyme. With the activation of Runx3, a suppressor of

osteoblast differentiation,61 path 1 might represent the develop-

mental path for the dental pulp. For path 2, the activation of Vdr

suggested that it represented the development of the root and

crown.62 Path 3 ended around E16.5 and showed the activation

of Cdkn1a63 and Nr4a3,64 suggesting that it represented the

development of odontoblasts. We also used additional analysis

tools to further confirm these observations. CytoTRACE65 and

CellRank66 analysis identified key progenitor groups within the

integrated cell clusters and their developmental paths. Whereas

epithelial cells exhibited a unidirectional differentiation path,

mesenchymal cells again showed three directions (Figure S5C),
Figure 3. Spatial mapping of single-cell transcriptome by DistMap

(A) Schematic procedure for constructing the virtual tooth and spatial mapping o

quality checked before extraction from published domains for digitalization. Dig

scRNA-seq dataset was then spatially mapped to the virtual tooth. In total, abou

(B) Two-dimensional representation of E14.5 molar via tSNE. IEE, inner enamel ep

enamel epithelium; SI/SR, intermedium stratum cells/satellite reticulum; EK, ena

(C) Representative featured marker genes expressed in each cell cluster.

(D) Immunohistofluorescence (IHF) and RNA-scope analysis confirmed the pred

green, papilla; red, niche; blue, epithelium. Msx1+ regions: anti-tdTomato. IgG: ne

C1qtnf3, Enpp1).
like Monocle2 analysis. Together, these data suggested that

during molar development, mesenchymal cells exited from the

original craniofacial mesenchymal fate and initiated dental

commitment-associated gene networks. At embryonic stages,

the primary developmental processmight be themorphogenesis

of tooth germs and the accumulation of dental progenitors. The

disappearance of key cell clusters at postnatal stages might

trigger the differentiation of dental progenitors and the loss of

tooth reconstitution capability.

Spatial mapping and pseudotime trajectory analysis
suggested a central role of dental niche cells in tooth
induction
As mentioned earlier, only embryonic Msx1+ and Pitx2+ cells

were able to reconstitute complete tooth germs, but not post-

natal ones (Figures S3 and S4). From scRNA-seq data, some

cell clusters, such as clusters 4 (Epha7+) and 5 (C1qtnf3+),

almost completely disappeared at postnatal stages (Figure 2D).

Thus, we decided to focus on individual stages first to dissect the

cell identity and developmental potential of different cell clusters.

One of the outstanding limitations of scRNA-seq was the loss

of spatial information during tissue dissociation and sample

preparation. To restore the spatial localization of cell clusters

identified from the developing tooth germs, we started with

E14.5, which is one of the most characterized dental develop-

mental stages. In situ hybridization (ISH), immunohistochemistry

(IHC), and immunofluorescence (IF) data of E14.5 tooth-associ-

ated signature genes were collected from the public domains

to create a digitalized gene spatial matrix (Figure S6A).

DistMap33 was then utilized to generate a virtual tooth model

(Figure 3A). From E14.5 scRNA-seq data, 13 cell clusters with

their respective signature genes were characterized

(Figures 3B and 3C). Then, we used the virtual tooth model to

map the signature gene profiles of each cell cluster and visualize

their spatial localization. Indeed, the model could efficiently

restore the spatial information for each cell group and allocate

them accordingly in the virtual molar (Figure S6B). Notably, we

found that in the dental mesenchyme, besides identifying Sdc1

and Enpp1 as surface markers that specifically localized to the

dental papilla region (Figure 3D, top panel), many genes ex-

hibited distinct expression patterns in the dental niche. Several

representative ones were chosen for validation by RNA-scope

and immunostaining, including Runx2, C1qtnf3, Cdkn1c, Postn,

and Sox9 (Figure 3D). Among them, Runx2 exhibited strong sig-

nals in the bottom niche region surrounding the dental papilla but

also was lightly detectable in the papilla itself. C1qtnf3, a marker

gene for cluster 5 in the integrated datasets (Figure 2C), was
f cell clusters. Existing data for dental marker genes (103 genes) at E14.5 were

italized spatial matrixes were drawn, and the gene expression profile of the

t 15,967 genes expressed at E14.5 could be specifically mapped in the model.

ithelium; DPC, dental papilla cells; DFC1-5, dental follicle cells 1–5; OEE, outer

mel knot.

icted localization of maker genes at E14.5. DAPI: nuclear staining. DistMap:

gative control. Scale bars: 75 mm (Cdkn1c, Postn, Sdc1, Sox9), 50 mm (Runx2,

Cell Reports 41, 111737, December 6, 2022 7
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present only in the niche with strong signals in the top buccal

side. Cdkn1c and Postn were all expressed in the niche but

also detectable in the distal regions. Sox9 could be detected

from both epithelial and niche regions. Given the various gene

patterns in dental niche cells, we then tried to analyze their cell

fate relationship with the dental papilla cells. Pseudotime trajec-

tory analysis revealed that dental niche cells (marked byCdkn1c,

Postn, and C1qtnf3), represented an earlier state than dental

papilla (marked by Enpp1 and Sdc1) (Figures S7A and S7B),

which was also confirmed by another independent method,

VECTOR67 (Figure S7C). Together, these data suggested that

significant cellular diversity existed in dental niche cells, and

some of them might be in a progenitor state compared with

dental papilla cells.

Dental niche cells were the critical cell composition for
tooth germ reconstitution
To investigatewhich cell clustermight possess the tooth induction

capability, we first separated E14.5 dental mesenchyme into two

groups, dental papilla cells and dental niche, by flow cytometry

and then used them for tooth reconstitution with dental epithelium

(Figure 4A). As mentioned earlier, DistMap analysis and IHC both

confirmed that Sdc1 andEnpp1were specifically expressed in the

dental papilla region at E14.5 (Figure 3D). Flow cytometry was

then used to isolated Sdc1+ and Enpp1+ cells (Figure 4B). From

scRNA-seq data, a list of marker genes specifically expressed in

the dental papilla and niche cells was identified and used to

confirm cell sorting (Figure 4C). Indeed, dental papilla (Msx1+

Sdc1+ or Msx1+ Enpp1+) and dental niche (Msx1+ Sdc1– or

Msx1+Enpp1–) couldbeefficiently separatedbyFACS (Figure4D),

and the sorted cells were correctly enriched with dental papilla

and follicle niche markers respectively (Figure 4E).

To reconstitute the tooth germ, the same number of sorted cells

were mixed with primary dental epithelial cells and then trans-

planted in the kidney capsule for 2–4 weeks. Surprisingly, clusters

of teeth were formed in the Msx1+ Sdc1– and Msx1+ Enpp1–

dental niche groups, while the dental papilla group only exhibited

minimal capability (Figure 4F). Most of the recombinants from the

dental papilla group could not generate any tooth-like structures,

while dental niche cells possessedmuch higher induction compe-

tence (Figure 4G). Moreover, theMicro-CT scan indicated that the

tooth-like structures from the dental follicle group contained

mineralized tissues (Figure 4H), and H&E staining showed that

these structures formed various dental tissues, including dental
Figure 4. Niche cells exhibited a stronger capability to reconstitute to

(A) Overall experimental procedure. Epithelial cells were sorted by copGFP. Mese

(Sdc1 or Enpp1). Sorted cells were then mixed to reconstitute tooth germs.

(B) Sorting of Sdc1+/Enpp1+ and Sdc1–/Enpp1– cells by flow cytometry. Primary

before sorting. IgG: negative control.

(C) Heatmap image for marker genes specifically expressed in dental follicle nich

(D and E) Confirmation of Sdc1, Enpp1, and marker gene expression in sorted ce

(F) Representative images of tooth formation by Msx1+ Sdc1– and Msx1+ Enpp1

(G) Msx1+Sdc1– and Msx1+Enpp1– niche cells exhibited stronger tooth inducin

Msx1+Sdc1+, n = 13.Msx1+ Enpp1+, n = 11;Msx1+Enpp1–, n = 18. Statistics: inde

(H) Micro-CT analysis confirmed the mineralization of reconstituted teeth by Msx

(I) Reconstituted tooth germs from sorted Msx1+Sdc1– cells had normal tooth ana

AMGN, AMBN. Odontoblasts: NESTIN, SP7. Endothelial cells: CD34. Periodon

middle and bottom, 50 mm.
pulp, dentin, enamel, and periodontal ligament (Figure S8A). Im-

munostaining with dental markers also confirmed that the tooth-

like structures had normal anatomy (Figure 4I). Together, these

data strongly supported that the dental niche cells were enriched

with a stem cell population that interacted with dental epithelium

to promote tooth formation.

Dental niche cells promoted epithelium reorganization
and survival during tooth reconstitution
To investigate howdental niche cells could promote tooth forma-

tion in clusters, a tooth organoid culture system was first

established in vitro. In normal conditions, recombined dental

epithelium would undergo fast reorganization and form multiple

foci (days 3–7) (Figure S8B). Frozen sectioning and confocal

analysis revealed that tooth germ-like structures could be

spotted as early as day 6 (Figure S8C). On day 24, the derivation

of ameloblasts (Figure S8D) and formation of enamel tissue (Fig-

ure S8E) could be detected. Therefore, we concluded that the

organoid culture system could be used to track and characterize

tooth germ formation in vitro.

When sorted cells were recombined with dental epithelium to

form reconstituted tooth germs, only niche cells (Msx1+Sdc1–)

could promote the reorganization of the dental epithelium in

the same way as wild-type controls, while dental papilla cells

(Msx1+ Sdc1+) failed to do so (Figure 5A). Moreover, only orga-

noids from the dental niche group could develop normally for

at least 2 weeks (Figure 5B), and Sdc1+ dental papilla cells

were regenerated from the recombined tooth germs (Figure 5C).

Similar results could also be obtained in sorted Msx1+Enpp1–

dental niche cells (Figures 5D–5F). In addition, when trans-

planted on day 10, only organoids from the dental niche group

could generate tooth-like structures in vivo (Figure 5G), which

contained multiple dental tissues, including enamel, dentin,

dental pulp, and blood vessels (Figure 5H). Together, these

data further supported that the dental niche cells contained the

key stem cells that interacted with dental epithelium and induced

tooth reconstitution.

Msx1+ Sox9+ dental niche cells might play a central role
in tooth morphogenesis
To investigate the development of dental papilla in vivo, we first

examined Sdc1 expression in tooth germs at different stages.

Sdc1 was first observed in a small group of Msx1+ mesenchymal

cells immediately below the invading dental epithelium at E12.5
oth germs than dental papilla ones

nchymal cells were sorted by both tdTomato and one additional surface marker

cells were immunostained with anti-Sdc1-APC or anti-Enpp1-PE antibodies

e cells (DFCs) and dental papilla cells (DPCs) from scRNA-seq.

lls. Error bars represent SD from two independent experiments with triplicates.
– cells. Samples were analyzed 4 weeks after transplantation.

g capability than Msx1+Sdc1+ and Msx1+Enpp1+ cells. Msx1+Sdc1–, n = 32;

pendent samples t test by SPSS. *p < 0.05, ***p < 0.001. Error bar: mean ±SEM.

1+Sdc1– cells. Samples were collected 4 weeks after transplantation.

tomy. Samples were collected 2 weeks after transplantation. Enamel markers:

tal tissues: POSTN. Msx1+ regions: anti-tdTomato. Scale bars: top, 200 mm;
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and expanded to form dental papilla at E13.5–E14.5 while disap-

pearing fromthemesenchymal regionatP1 (FigureS9A). This sug-

gested that the first group of dental papilla cells might be gener-

ated at E12.5. E12.5 scRNA-seq data identified 10 cell clusters,

amongwhich sixwere frommesenchymal lineage and four epithe-

lial (Figure S9B). We then further analyzed the signature gene

expression in thecell clusters (FigureS9C)anddidpseudotime tra-

jectory analysis ofmesenchymal lineageusingbothMonocle2and

RNA velocity.68 Monocle2 revealed that dental niche cells indeed

were at an earlier progenitor state than dental papilla precursors

(marked by Lef1, Cxcl14, Tbx18, and Pantr1) (Figure S10), an

observation similar to our previous analysis using E14.5 mesen-

chymal cells (Figure S7). Moreover, RNA velocity revealed more

details regarding the key cell composition contributing to dental

papilla precursors. It was found that cluster 6 niche cells (marked

by Fxyd7, Pax9, Tfap2b, and Sox9) seemed to play a central role

in differentiating into both dental papilla precursors (cluster 2)

and other niche cells (Figures 6A and S11). Immunostaining re-

vealed that all the Sox9+ niche cells were also Msx1+ (tdTomato+)

(Figures 6B and S12).Msx1+ Sox9+ cells were first observed in the

dental niche in E12.5, then surrounded the dental papilla by E14.5.

At E15.5 these cells started to be detected in the dental papilla re-

gion, and a majority of dental papilla became Msx1+Sox9+ at

E16.5. ByE18.5 andP1, all the cellswithin the dental papilla region

were Msx1+ Sox9+ (Figure 6B). CellChat analysis also found that

dental niche cells (Msx1+ Sox9+ Enpp1–) were the main cell popu-

lation that communicated with dental papilla (Msx1+ Sox9–

Enpp1+) and various dental epithelial cells (Figure S11B). These

data suggested that the Msx1+ Sox9+ dental niche cells might

represent a group of progenitors that migrated and replaced the

original primordium during tooth morphogenesis.

Msx1+Sox9+ niche cells directly contributed to tooth
morphogenesis
Toevaluate the fateofMsx1+Sox9+cells,wefirst confirmed that all

the niche Sox9+ cells were also Msx1+ by both immunostaining

(Figures S12A–S12C) and FACS analysis of transgenic animals

from crossing the Sox9-EGFP69 and Msx1-tdTomato mice (Fig-

ure S12D), which suggested that a single reporter lineage tracing

model would be sufficient to track these cells. We then investi-

gated whether Msx1+ Sox9+ cells directly contributed to tooth

development in vivo by using the previously reported Sox9IRES-

CreERT2 mouse model70 and LoxP-STOP-LoxP-tdTomato mice

(ROSA26LSL-tdTomato). Single labeling with tamoxifen was done at

E11.5�E12, and the labeled cells were analyzed atmultiple points
Figure 5. Msx1+Sdc1– niche cells promoted epithelium reorganization

(A) Msx1+Sdc1– niche cells promoted epithelium reorganization and survival duri

Scale bars: 200 mm. Msx1+Sdc1–, n = 16; Msx1+Sdc1+, n = 7.

(B) Representative image of tooth organoid cultured for 15 days in Msx1+Sdc1–

(C) Msx1+Sdc1+ dental papilla cells could be regenerated from the reconstituted

SDC1-APC staining. IgG: negative control.

(D) Msx1+Enpp1– niche cells promoted epithelial reorganization and survival bu

n = 6. A representative image of organoids cultured for 6 days is shown. Scale b

(E) Representative image of tooth organoid cultured for 15 days in Msx1+Enpp1–

(F) Msx1+Enpp1+ dental papilla cells could also be regenerated from the Msx1+E

(G) Only Msx1+Enpp1–-reconstituted tooth germs could form tooth-like structur

2 mm.

(H) H&E staining confirmed the formation of tooth-like structures. Scale bars: 50
(E13.5–P1) (Figure 6C). While only a small fraction of tdTomato+

cells were spotted in the dental niche regions at E13.5, tdTomato+

cells were found surrounding the tooth germ at E14.5 and

migrating into the dental papilla region at E16.5 and E18.5 (Fig-

ure 6C). By P1, large areas of tdTomato+ cells were present in

dental papilla regions of both maxillary and mandibular molars

(Figure S13A). Moreover, quantitative analysis of adjacent tdTo-

mato+ cells indicated that more than 80% of Sox9+ cells were in

cell clusters, suggesting that they might have divided at least

once during the migration (Figure S13B). Notably, most of the

Sox9+ cells might have divided more than twice, as about 60%

of tdTomato+ cell clusters contained more than four cells (Fig-

ure S13C). We also tried labeling by single injection at E13 (Fig-

ure S13D) and double labeling at E13 and E14 (Figure 6D), and in

both cases, Sox9+ cells were detected first in the niche regions

at E15.5 and within the dental papilla at E18.5. In addition, we

also isolated tooth germs for lineage tracing in vitro in the organoid

culture (Figure 6E). 4-OHTwas added for 24 h to label Sox9+ cells,

and tooth germs were further cultured for an additional 6 days.

Indeed, many cells in the dental papilla became tdTomato+, sug-

gesting that the niche cells indeed migrated into the region (Fig-

ure 6E). To further confirm if dental niche cells were also directly

involved in tooth germ reconstitution, tooth germs were dissoci-

ated into single cells and recombined in vitro before 4-OHT induc-

tion. Indeed, newly formed tooth germ-like structures with many

tdTomato+ cells in the dental papilla region could be observed

within 10 days of culture (Figure 6F). Finally, to test if Sox9+ niche

cells would possess the tooth reconstitution capability, we used

the Sox9-EGFP mice to isolate Sox9+ cells from dental mesen-

chyme at E14.5 and E15.5 for tooth reconstitution (Figure S14A).

Indeed, Sox9+ cells from both stages were enriched with tooth in-

duction capability, while none of the recombinants from Sox9–

cells formed any tooth-like structures (Figures S14B and S14C).

Moreover, the tooth-like structures from Sox9+ recombinants ex-

hibited normal anatomy (Figure S14D). Altogether, these data

strongly supported that Msx1+Sox9+ dental niche cells directly

contributed to the developing dental papilla in vivo and repre-

sented a previously unappreciated stem cell population that

possessed tooth reconstitution capability.

Msx1+Sox9+ dental niche cells exhibited unique features
and heterogeneity during tooth development
As mentioned earlier, niche cells migrated into the dental papilla

region at around E15.5�E16.5 (Figure 6B). To investigate the po-

tential changes of thesemigrating cells, we compared the overall
and long-term maintenance of tooth organoids

ng organoid culture. Representative organoids cultured for 6 days are shown.

group. Msx1+Sdc1+ organoid did not survive. Scale bar: 100 mm.

tooth organoid. The organoid was cultured for 6 days before analysis by anti-

t not Msx1+Enpp1+ dental papilla cells. Msx1+Enpp1–, n = 12; Msx1+Enpp1+,

ars: 200 mm.

group. Scale bar: 100 mm.

npp1– cell-reconstituted tooth germ organoid.

es in vivo. The samples were harvested 4 weeks after transplantation. Scale:

0 mm.
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gene expression of TFs in Msx1+Sox9+ cells from E12.5, E14.5,

and E16.5. Indeed,Msx1+Sox9+ cells from E16.5 showed activa-

tion of a set of unique TFs (Figure 7A), many of whichwere known

regulators of tooth morphogenesis, such as Creb3l1,71 Runx1/

Stat3,72,73 Runx2,74,75 Sp7,76 and Irf8,77 etc. These data sug-

gested that once the dental niche cells migrated into the dental

papilla region, the gene network governing toothmorphogenesis

might be activated. In addition, to evaluate the potential cellular

heterogeneity, we also compared dental niche cells (Msx1+

Sox9+ Enpp1–) vs. dental papilla (Msx1+ Sox9– Enpp1+) at

E14.5 in their TF expression profile. Although dental papilla cells

were relatively homogenous, considerable heterogeneity existed

in the dental niche cell group (Figure 7B), warranting further

investigation in these sub-groups. Altogether, our data indicated

that the migrating dental niche cells would activate the tooth

morphogenesis-associated gene network once entering the

papilla region, and there were cell sub-groups within the niche

that might have distinct functions.
DISCUSSION

In this study, we developed a dual-fluorescence model to track

dental cells in mice and use it for scRNA-seq analysis, revealing

the cellular dynamics during mousemolar development andmo-

lecular signatures of dental cell clusters. By combining spatial

mapping with DistMap and tooth reconstitution using sorted

cell populations, we discovered that niche cells were much

more efficient to induce tooth formation than dental papilla cells,

potentially by promoting the reorganization and survival of dental

epithelium. Finally, through pseudotime trajectory analysis, line-

age tracing in vivo, and organoid culture in vitro, we provided ev-

idence for the direct contribution of Msx1+Sox9+ dental niche

cells in molar development (Figure 7C).

The development and application of scRNA-seq have revolu-

tionized the field of developmental biology. Recent work in

mouse incisors also provided a rich resource on the cellular dy-

namics during incisor development29,31 as well as neural crest-

derived lineage diversification.32 However, although molar

development was believed to be more relevant to that of human

teeth, the lack of precise cell labeling severely limited the study of

mouse molars with scRNA-seq. By using reporter knockin mice,

we were able to use FACS to isolate dental epithelium with

copGFP and mesenchyme with tdTomato for downstream

scRNA-seq analysis. Moreover, we showed that Pitx2+ epithelial

cells and Msx1+ mesenchymal cells were sufficient to reconsti-

tute a functional tooth germ, suggesting that these cells
Figure 6. A group of Msx1+Sox9+ niche cells might be the origin of the

(A) RNA velocity analysis suggested that dental niche cells from clusters 5 and 6

differentiation. Markers for cluster 6 niche cells: Fxyd7, Pax9, Tfap2b, and Sox9

(B) Msx1+ Sox9+ niche cells seemed to gradually migrate and became a major

nostained with anti-Sox9. Msx1+ regions: anti-tdTomato expression. Scale bar:

(C and D) Single and double labeling of lineage tracing in vivo confirmed the migr

bar: 50 mm.

(E) Msx1+ Sox9+ niche cells migrated and directly contributed to dental papilla

100 mm.

(F) During tooth reconstitution, Msx1+ Sox9+ niche cells could also migrate and

(bottom).
contained the essential information for inductive dental epithe-

lial-mesenchymal interactions.

The construction of the virtual tooth model aimed to assist in

further dissection of the key cell compositions in the developing

teeth. Our tooth model was able to spatially map about 15,967

molar-expressed genes detected in scRNA-seq. Genes with

unique restricted expression profiles were indeed identified.

For example, Sdc1 and Enpp1 were specifically enriched in

developing dental papilla, as confirmed by RNA-scope and IHF

(Figure 3D), and previous ISH results could only suggest that

Enpp1 was a dental mesenchymal gene,17 while Sdc1 was pre-

sent in both dental epithelium and mesenchyme.78,79 Besides,

several genes, such as C1qtnf3, Cdkn1c, and Postn, were found

to be specifically expressed in the dental niche. Therefore, with

the help of the virtual tooth model, we could characterize the

spatial distribution of molar genes more clearly and accurately.

Finally, the discovery that the dental niche cells might be the

main mediator of dental epithelial-mesenchymal interactions pro-

vided interesting insights regarding the cellular basis of such an

important developmental process. Epithelial-mesenchymal inter-

action is the fundamental process that drives the morphogenesis

of many mammalian organs. However, the cellular basis for such

interactionwas largely unknown. Especially in tooth development,

although many molecular pathways and genes have been thor-

oughly investigatedover the last 20years, theexact cell population

that drives the dental epithelial-mesenchymal interaction and its

molecular identity are still elusive. Dental papilla cells were often

assumed to play a critical role in this process and thus became

the focus of previous research. It is worth noting that previous

studies using lipophilic membrane stain had hinted that the devel-

opment of dental papilla might require an additional influx of cells

from the dental niche,80 but those observations have not been

further explored yet. In this study, through spatial mapping and

functional validation, dental niche cells were found to play an

important role in driving the epithelial-mesenchymal interacting

process. These cells could induce tooth formation in clusters, pro-

mote reorganization and survival of the dental epithelium, and

regenerateMsx1+Sdc1+dental papilla cells. Lastly, lineage tracing

in vivo confirmed that Msx1+ Sox9+ dental niche cells directly

contributed to the dental papilla. These niche cells migrated into

the dental papilla and become the main cell composition.

Together, our data have identified a previously unappreciated

role of dental niche cells in tooth formation and have provided

novel insights on the critical cell composition that participates in

tooth development, which may shed light on designing next-gen-

eration tooth bioengineering strategies to achieve the eventual

goal of de novo tooth regeneration.
dental papilla

might be the origin of the dental papilla. Arrow indicates the projected flow of

. Sox9 seemed to be shared by both group 5 and group 6 cells.

part of dental papilla during tooth development. Frozen sections were immu-

50 mm.

ation of Sox9+ cells into dental papilla. Arrow indicates tdTomato+ cells. Scale

during tooth germ development. Krt14: dental epithelium marker. Scale bar:

directly contributed to the dental papilla. Scale bar: 200 mm (top) and 50 mm
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Figure 7. Msx1+Sox9+ dental niche cells exhibited unique features during molar development

(A) Activating differentiation network in dental niche cells at E16.5. The expression profile of TFs (transcription factors) in dental niche cells from E12.5, 14.5, and

16.5 were compared. When dental niche cells started migration into the dental papilla (E16.5), a set of differentiation-associated transcription factors were

strongly activated. Statistics: t test by R package ggsignif. *p < 0.01; **p < 0.001. NS, not significant.

(B) Cellular heterogeneity could be observed in dental niche cells. E14.5 cells were used as an example.

(C) A model of mouse molar development with Msx1+Sox9+ dental niche cells.
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Limitations of the study
Our work focused on the relationship between dental papilla and

niche cells. One of the limitations was using only single-gene la-

beling for lineage tracing. A combination of both Cre and Dre

systems would help to label niche cells more precisely. The

spatial mapping by DistMap was also limited to E14.5 due to

its reliance on published imaging data. Finally, the fate of the

original dental primordium was not clear in this manuscript. We

provided evidence that niche cells migrated into the papilla

region, but what happened to the original cells there and their po-

tential biological functions remain to be characterized.
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80. Rothová, M., Peterková, R., and Tucker, A.S. (2012). Fate map of the

dental mesenchyme: dynamic development of the dental papilla and folli-

cle. Dev. Biol. 366, 244–254. https://doi.org/10.1016/j.ydbio.2012.03.018.

https://doi.org/10.1016/s0925-4773(03)00101-1
https://doi.org/10.1016/s0925-4773(03)00101-1
https://doi.org/10.1002/jbmr.4120
https://doi.org/10.1016/j.ydbio.2004.02.012
https://doi.org/10.1002/jbmr.3401
https://doi.org/10.1002/jbmr.3401
https://doi.org/10.1002/jbmr.3690
https://doi.org/10.1242/dev.122.10.3035
https://doi.org/10.1002/(sici)1097-0185
https://doi.org/10.1016/j.ydbio.2012.03.018


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-TurboGFP ThermoFisher Cat# PA5-22688; RRID:AB_2540616

Goat polyclonal anti-tdTomato SICGEN Cat# AB8181; RRID: AB_2722750

Rabbit polyclonal anti-Nestin Huabio Cat# R1510-19

Rabbit recombinant monoclonal anti-Sp7 Abcam Cat# ab209484; RRID: AB_2892207

Rabbit polyclonal Anti-AMGN Santa Cruz Biotechnology Cat# sc-32892; RRID: AB_2226455

Rabbit polyclonal anti-AMBN Santa Cruz Biotechnology Cat# sc-50534; RRID:AB_2226393

Rabbit monoclonal anti-Cd34 Huabio Cat# ET1606-11; RRID:AB_2924309

Rabbit monoclonal anti-Postn Abcam Cat# ab215199; RRID:AB_2924310

APC anti-mouse CD138 Biolegend Cat#142505; RRID:AB_10960141

Rabbit monoclonal anti-p57 Kip2 Abcam Cat# ab75974; RRID:AB_1310535

Rabbit monoclonal anti-Runx2 Huabio Cat# ET1612-47; RRID:AB_2924311

Rabbit monoclonal anti-Sox9 Huabio Cat# ET1611-56; RRID:AB_2924312
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Rabbit IgG Abcam Cat# ab172730; RRID:AB_2687931

Goat IgG ThermoFisher Cat# 31245; RRID:AB_10959406
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Alexa fluor-488 donkey anti rabbit ThermoFisher Cat# A21206; RRID:AB_2535792
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Alexa fluor-488 goat anti chicken ThermoFisher Cat# A11039; RRID:AB_142924
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Deposited data

Raw and analyzed data of Single RNA-seq This paper GEO: GSE162413

Tooth DistMap analysis model and data This paper https://github.com/victorwang123/toothatlas

Experimental models: Organisms/strains

Mouse: C57BL/6-Pitx2-P2A-copGFP This paper N/A

Mouse: C57BL/6-Msx1-P2A-tdTomato This paper N/A

Mouse: C57BL/6-Sox9 cre�ERT2/Tchn National Institute of Biological

Sciences in China

N/A

Mouse: C57BL/6-B6; 129S4-Sox9 tm1.1Tlu/J The Jackson Laboratory Stock No: 030137; RRID: IMSR_JAX:030137

Mouse: C57BL/6-Gt(ROSA)

26Sortm1(CAG�LSL-tdTomato)/Bcgen

Biocytogen Stock No: 110148

Oligonucleotides

Primers This paper Table S1

Software and algorithms

ImageJ https://imagej.nih.gov/ij/ RRID:SCR_003070
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to Zhonghan Li (Zhonghan.Li@scu.edu.cn).

Materials availability
Pitx2-P2A-copGFP and Msx1-P2A-tdTomato mice will be available upon request.

Data and code availability
d scRNA-seq data has been submitted to the GEO database (GSE162413).

d All the analysis code has been deposited to Github and the URL is listed in the key resources table.

d Any additional information will be available upon request from the lead contact.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains and animal care
All animal experiments were approved by the Institutional Animal Care and Use Committee at the College of Life Sciences, Sichuan

University. All animals were maintained under standardized conditions with the temperature- and light-controlled (12hr light/dark cy-

cle), in individually ventilated cages always with companion mice, and had free access to food and water. Knock-in transgenic mice

(Pitx2P2A-copGFP and Msx1P2A-tdTomato) and ROSA26LSL-tdTomato mice were custom-generated by Biocytogen, Inc (Beijing).

Sox9IRES�CreERT2 mice were kindly provided by Prof. Ting Chen from the National Institute of Biological Sciences in China. Sox9-

EGFP mice were purchased from the Jackson Laboratory (JAX) (Stock No:030137). After weaning, mice over 8wks old were used

for mating, and embryo samples were collected according to the indicated experimental stages in the main text.

METHOD DETAILS

Tooth germ isolation and single-cell preparation
The tooth germs were physically separated from the mandibular using dissection needles under a stereo-fluorescent microscope.

Tissues surrounding the tooth germswere eliminated and tooth germswere collected into a clean culture plate. Next, the tooth germs

were washed twice with D-PBS and incubated with 0.8mL 0.75mg/mL Dispase (Sigma, Cat# D4693-1G) in 1% FBS D-PBS for

20–45 min (E12.5 20 min; E14.5 30 min; E16.5 35 min; PN1 40 min; PN7 45 min). After that, 3mL culture media supplied with

20mL 5mg/mL DNase (Roche, Cat# 10104159001) was used to neutralize the enzymes and prevent cell aggregates. The epithelium

and mesenchyme were then separated and dissociated with 0.25% Trypsin-EDTA (ThermoFisher, Cat# 25200072) for 5 min and

9 min respectively in an incubator at 37�C with 5% CO2. Finally, single-cell suspensions were collected through a 70mm strainer

(Corning, Cat# 352350) and centrifuged at 550g for 5min. Cell number and viability were assessed by an automatic cell counter.

Tooth germ reconstitution in vitro

33104 epithelial cells (sorted Pitx2+ (GFP+) cells) and 63104 mesenchymal cells (sorted Msx1+ (tdTomato+); Msx1+Sdc1+; Msx1+

Sdc1-; Msx1+Enpp1+; Msx1+Enpp1- cells) or 33104 mesenchymal cells (Sox9+; Sox9- cells) were mixed gently in 1.5mL microcen-

trifuge tubes. Next, two rounds of centrifugation at 2900 g for 5min at 4�C were applied. The first round was to collect the cell pellet
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and the second was to coat the cell pellet with 20 mL collagen. Then the microtubes were incubated in the incubator at 37�Cwith 5%

CO2 for another 30min to solidify the collagen. After that, the collagen-coated cell pellet was transferred into the culture plates with ES

culture medium (DMEM +15% FBS +1,000U/mL LIF (Novoprotein, Cat# C017). Having cultured overnight, the coated cell pellet was

transplanted into the kidney capsule of the recipient mice.

Renal capsule transplantation
The reconstituted tooth germs were isolated from collagen and transplanted into the left renal capsule of the 8-week-old male C57/

BL6mice (Dashuo Experimental Animal Co. Ltd., Chengdu, China). For eachmouse, up to 5 samples were transplanted into the host.

All the grafts were collected 2–4 weeks after transplantation, fixed with 4% paraformaldehyde, scanned with Micro-CT, and decal-

cified with 10% EDTA for 2 weeks before further analysis.

Micro-computed tomography (Micro-CT) analysis
The grafts in Figure 2 were radiographed using the mCT50 system (Scanco Medical, Bassersdorf, Switzerland) with a spatial resolu-

tion of 5mm (70 kVp, 200mA, 300 ms integration time). 3D imaging reconstruction was calculated after defining the region of interest

between the threshold from 220–1000 with the accompanying Micro-CT system software. All the other grafts were trimmed and

scanned using the SkyScan 1176 desktop X-ray Micro-CT System (Skyscan, Bruker). Each specimen was placed in amidsized sam-

ple holder and a high-resolution scan with an Image Pixel Size of 17.75mm was recorded (60 kV, 410mA, 240ms integration time).

Scanning was completed by 360 rotation around the vertical axis, with a rotation step of 0.500, using a 0.5mm Al filter. The scanned

images were saved as TIFF files. And these projected images were reconstructed to a BITMAP file using the SkyScan NRecon

(SkyScan, Bruker) cone beam reconstruction software. Subsequently, two-dimensional (2-D) images and three-dimensional (3-D)

images were obtained using the DateView and CT-Vox software (SkyScan, Bruker), respectively.

Tissue sections and histological analysis
All the samples were dehydrated in 15% and 30% sucrose solution overnight respectively and then pre-treated in themixture of 30%

sucrose solution and OCT (optimal cutting temperature) compound for 1hr before final embedding in the OCT. All the samples were

sectioned at 6mm thickness with the microtome cryostat (Leica M1950). Tissue sections were stored at �20�C before being used in

histological analysis. For the histological analysis, sections were re-hydrated in PBS for 10 min to remove the OCT compound and

then stained with H&E according to the manufacturer’s protocol. The bright-filed pictures were captured with the microscope

(Olympus, BX43, Japan).

Immunofluorescence for tissue sections
For the immunofluorescence staining, after being re-hydrated in PBS for 10 min to remove the OCT compound, the frozen sections

were permeabilized with 0.3% Triton X-100 for 8 min (permeabilization was not performed when analyzing cell surface antigens), and

treated by 13 quick antigen retrieval solution (KeyGen Biotech, Cat# KGIHC005) for 5 min at room temperature for antigen retrieval

and washed three times with PBS immediately (Gibco, Cat# C10010500BT). Then, the sections were blocked by 5% BSA (Sigma,

Cat# A3311-10G) in PBS for 1 h at room temperature and incubated overnight at 4�C with primary antibodies diluted in 2.5% or

5% BSA in PBS according to the manufacturer’s suggestion. Secondary antibodies were stained for 1 h at room temperature pro-

tected from light and then washed three times with PBS before 40,6-diamidino-2-phenylindole staining (DAPI) (Thermo Fisher, Cat#

D1306) for 5 min. Finally, the sections were enveloped with DAPI-containing mounting medium and examined under a fluorescence

confocal microscope (Olympus FV1200, Japan). The RNAscope staining process was carried out according to the manufacturer’s

instructions. After the staining was completed, the immunofluorescence staining was done as mentioned above. All the antibodies

and RNAscope probes were listed in STAR Methods section.

Fluorescence-activated cell sorting (FACS)
Cells were counted with Cell Counter (ThermoFisher) and washed twice with ice-cold D-PBS containing 2% FBS. Cells were incu-

bated with the fluorescent dye-labeled antibody for 20 min on ice, protected from light. Cells were then washed twice with ice-cold

DPBS containing 2% FBS and resuspended with D-PBS. Recommended isotype IgG was used as the negative control. All the anal-

ysis and sorting were applied by BD Aria III (BD Biosciences, USA).

Culture of the tooth germ organoid
Tooth germs were first reconstituted in vitro using (sorted) epithelial and mesenchymal cells. After that, they were cultured in the ES

medium (DMEM with 1,000U/mL LIF (Novoprotein, Cat# C017), 15% FBS (Gibco, Cat# 10099–141), 1% NEAA (Gibco, Cat#

11140050), 1% Pen-Strep (Gibco, Cat# 15140122), 1% Glutamax (Gibco, Cat# 35050061), 0.1 mM 2-Mercaptoethanol (Sigma,

Cat# M3148)) overnight and then switched to the No-LIF culture medium (DMEM with 15% FBS (Gibco, Cat# 10099–141), 1%

NEAA (Gibco, Cat# 11140050), 1% Pen-Strep (Gibco, Cat# 15140122), 1% Glutamax (Gibco, Cat# 35050061), 0.1 mM

2-Mercaptoethanol (Sigma, Cat# M3148). The culture medium was refreshed every other day. The morphology and fluorescence

of the tooth germ organoids could be observed directly under the fluorescence microscope (Olympus, IX73, Japan) or confocal mi-

croscope (Olympus FV1200, Japan). The formation of enamel requires suspension culture and vitamin C, which means that the tooth
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germ needs to be carefully transferred to the Transwell palate (Corning, 3402). 500mL per well No-LIF medium contained 100mg/mL

L-ascorbic acid (Sigma, A4403) was added to the plate and the mediumwas changed every two days. After 24 days, the enamel was

identified by H&E staining.

Single-cell preparation and scRNA sequencing
The mandibular tooth germs of E12.5, E14.5, E16.5, PN1(neonatal mice at postnatal day 1), and PN7 were prepared. There were

about 20 tooth germs in each period. Primary tooth germs were dissociated into single cells first and resuspended in 1x D-PBS

with 1% BSA. Then the sorted mesenchymal and epithelial cells were both counted and adjusted to the concentration of about

1 3 106/ml. Next, the mesenchymal and epithelial cells were mixed at a ratio of 1:2. Then suspension was centrifuged at 550g for

5 min at 4�C and repeated twice. Cells were counted and cell viability was confirmed by Countess II Automated Cell Counter (Thermo

Fisher, Cat# AMQAX1000). Samples were then used for single-cell RNA sequencing with the 10x Genomics system (Library prepa-

ration and sequencing were performed by Berry Genomics Inc, Beijing). Information and test results of important steps such as sin-

gle-cell processing, capture, cDNA purification, amplification, library construction, and library purification were recorded in the table.
Parameters E12.5 E14.5 E16.5 PN1 PN7

Load cell count 12000 12000 12000 12000 12000

Average suspension concentration (cells/m L) 503 900 999 927 799

Mean cell viability 93.5% 85.0% 88.0% 90.0% 84.8

PCR cycles 12 11 10 12 11

Library concentration (ng/mL) 15.4 25.0 33.2 24.8 22.4

Library size 433 500 502 464 470

Total library(ng) 539 851 1129 868 784

Sample Index X19 X51 X73 X08 X04
Lineage tracing of Sox9+ cells
ROSA26Loxp�STOP-Loxp-tdTomato mice were mated with Sox9CreERT2 male mice and received single or double injections of 1mg/10g

bodyweight tamoxifen (Sigma, Cat# T5648) at designated dates. Tooth samples were collected according to the experimental design

for evaluation. After fixation overnight at 4�Cwith 4% PFA, frozen sections were made after dehydration with sucrose. Immunostain-

ing with anti-tdTomato and imaging analysis was then performed. In the in vitro culture experiments of the tooth germs, E13.5/14.5

tooth germswere harvested.Whole tooth germs at E13.5 were cultured in a Petri dish. Tooth germs at E14.5 were digested into single

cells and used for tooth reconstitution (see organoid culture method for detailed steps). The culture medium with 1.5mM 4-hydroxy

tamoxifen (4-OHT, Sigma, 579002) was added for in vitro culture. The tooth germ was washed with PBS three times after 24hr to

remove 4-OHT and refreshed with the newNo-LIF mediumwithout 4-OHT. The culture mediumwas refreshed every other day. Sam-

ples were collected every two days for the frozen sectioning. Frozen sections of tooth germs immunostainedwith anti-tdTomatowere

detected by a slide scanner (Olympus VS200, Japan).

Quantitative PCR
Total RNAs were extracted from cells using TRIzol (ThermoFisher, Cat# 15596026) and then reverse-transcribed to cDNA with the

Superscript II (ThermoFisher, Cat# 18064014) according to the manufacturer’s protocol. The quantitative PCR was performed using

a Quant Studio 6 Flex (Applied Biosystems, Foster City, CA, USA) with SYBR Premix Ex Taq (Bio-Rad, USA, Cat# 172–5121), and the

relative expression levels were calculated with the comparative threshold cycle (DDCT) method. All tests were performed in triplicate.

Primers are listed in Table S1.

Processing of scRNA-seq raw sequencing data
The CellRanger software was obtained from the 10x Genomics website (https://support.10xgenomics.com/single-cell-gene-

expression/software/downloads/latest). Alignment, filtering, barcode counting, and UMI counting were performed with cellranger

count module to generate a feature-barcode matrix and determine clusters. scRNA-seq data has been submitted to the GEO data-

base (GSE162413).

Reduction, clustering, and identification of differentially expressed genes
The feature-barcode matrix was subsequently processed using R and Seurat v3.0 package. Doublets were scored by Scrublet, and

cells were filtered out with scores greater than the "Max doublet score" threshold for downstream analysis. We filtered out cells that

have unique features over the "Min number of features" threshold and have counts over the "Min number of counts" threshold and
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have mitochondrial counts percentage over the "Max percentage of mitochondrial genes" threshold. Cells that express both Pitx2

andMsx1 in one cell are also considered to be low-quality cells. Subsequently, low-quality genes were identified as being expressed

in less than 3 cells. The gene expression levels for each cell were normalized by the total expression, multiplied by a default size factor

of 10000, and log-transformed. Cell cycle effects were regressed with Seurat’s function "ScaleData" using cell cycle markers. The

first "No. of principal components" was used to cluster based on a shared nearest neighbor modularity optimization-based clustering

algorithm with default parameters. t-SNE (t-Distributed Stochastic Neighbor Embedding) embedding was used to visualize data in

reduced dimensions. Differentially expressed genes across cell clusters in each stagewere identifiedwith the "FindMarkers" function

of Seurat. To identify cell-cluster-specific gene markers, we selected genes that were differentially expressed in clusters with

LogFoldchange >0.5 between that cluster and all other clusters at each stage. The top 50 DEGs for different cell clusters were

updated in Table S2.

Parameters for processing scRNA-seq data
Parameters E12.5 E14.5 E16.5 PN1 PN7

Sequencer HiSeq X MiSeq HiSeq X HiSeq X HiSeq X

Min number of features 2500 1500 1500 1100 1800

Min number of counts 5000 3500 4000 4000 5000

Max percentage of mitochondrial genes 10% 10% 20% 10% 15%

Max doublet score 0.2 0.2 0.2 0.2 0.2

No. of principal components 14 22 20 26 30
Spatial mapping of gene expression
Spatial mapping of dental genes at E14.5 was done using the DistMap method. Briefly, existing immunohistochemistry (IHC), im-

muno-fluorescence (IF) and in situ hybridization (ISH) data of dental marker genes (in total 103 genes used in E14.5 spatial mapping)

were quality-checked before further extracted from published documents for downstream digitalization. The continuous gene ex-

pressions of the 103 genes were binarized into two states: expression (ON) and non-expression (OFF), followed by spatial mapping.

The tooth model at E14.5 was converted to 50 3 50 grids (2500 bins) as the spatial mapping reference. Digitalized spatial matrixes

were drawn according to the specific expression pattern of those digitalized dental markers. The final reference tooth model and

binarized expression were included in Figure S8.

Next, the gene correlation matrix of the 103 genes with their binarized versions was computed. For a given gene and the cells ex-

pressing it, a quantile was computed, above which the gene would be set to ON, or below to OFF. A given cell was compared to all

bins by counting the number of genes found ON or OFF in both the cell and a given bin. In each cell-bin combination, we interpreted

the OFF-OFF cases as true negatives (tn), the ON-OFF cases as false positives (fp), the OFF-ON cases as false negatives (fn), and the

ON-ON cases as true positives (tp). Mathews correlation coefficient (MCC) was employed to calculate the confusion matrices and

assign a cell-bin score:MCC = tp3tn� fp3fn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðtp+ fpÞðtp+ fnÞðtn+ fpÞðtn+ fnÞ
p . The quantiles to maximize MCC scores were used to binarize expressions

in single-cell data. For visualization of the vISH results, the reference E14.5 tooth model was used to depict the computed expression

patterns. The grey-to-red color scale showed low to high expression per bin.

Molar data integration
Molar scRNA-seq data of E12.5, E14.5, E16.5, PN1, and PN7 were integrated into a whole dataset according to Seurat’s

manual. Briefly, all epithelial and mesenchymal cells were first extracted for integration. Top 2000 features were selected for

finding "anchors" by Seurat’s function "SelectIntegrationFeatures". The cells were integrated along the resulting "anchors". The

integrated molar data were then scaled, clustered, and dimension reduced as mentioned above. Clustering results were visualized

using UMAP.

Pseudotemporal trajectory analysis
Pseudotemporal ordering of molar data was built using R andMonocle 2 algorithms. Using the VariableFeatures function fromSeurat

and the differentialGeneTest function to select the differential expressed genes, and then standard reduceDimension and orderCells

functions were performed to generate the trajectories, and the marker gene expression for each stage was visualized. Subsequently,

the VECTOR algorithm (Zhang et al., 2020) was also used for the single-cell data in two stages (E12.5 and E14.5) with a standard

protocol with default parameters. The estimation of the trajectory root was based on cluster identities and marker gene analysis.

Analysis of the genes switching on and off along the pseudotime was performed using the GeneSwitches package (https://doi.

org/10.1093/bioinformatics/btaa099)
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CytoTRACE and cellRank analysis
CytoTRACE (https://cytotrace.stanford.edu/) and CellRank (https://cellrank.readthedocs.io/en/stable/) analyses were utilized in our

dataset. CytoTRACE analyzed the number of expressed genes per cell and other factors (distribution of mRNA content and number

of RNA copies per gene) to predict the differentiation states of each cell (lowest differentiation and highest developmental potential at

1; highest differentiation and lowest developmental potential at 0). CytoTRACE analysis was performed using default parameters.

The directed transition matrix was visualized using the KNN graph as well as the CytoTRACE pseudotime through CellRank. The

top 50 genes identified by CytoTRACE were listed in Table S3.

pySCENIC analysis
the pySCENIC was used to investigate the potential changes of Msx1+Sox9+ dental follicle niche cells during tooth development.

pySCENIC analysis was performed using default parameters in Python and then importing the results from Python into R for

visualization.

CellChat receptor-ligand analysis
CellChat was used to evaluate the potential for cell-cell interactions in E14.5 datasets. This was implemented using our scRNA-seq

Seurat object in R. CellChat analysis was performed using default parameters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with SPSS 20.0 software (IBM, USA) or R package ggsignif as indicated in the corresponding

figure legends. All data show means. Statistical significance was assessed by independent- samples t-test. p < 0.05 was deemed

statistically significant.
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