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Abstract 

Background The molecular mechanisms and signaling pathways involved in tooth morphogenesis have been 
the research focus in the fields of tooth and bone development. However, the cell population in molars at the late bell 
stage and the mechanisms of hard tissue formation and mineralization remain limited knowledge.

Results Here, we used the rat mandibular first and second molars as models to perform single-cell RNA sequencing 
(scRNA-seq) analysis to investigate cell identity and driver genes related to dental mesenchymal cell differentiation 
during the late bell hard tissue formation stage. We identified seven main cell types and investigated the hetero-
geneity of mesenchymal cells. Subsequently, we identified novel cell marker genes, including Pclo in dental follicle 
cells, Wnt10a in pre-odontoblasts, Fst and Igfbp2 in periodontal ligament cells, and validated the expression of Igfbp3 
in the apical pulp. The dynamic model revealed three differentiation trajectories within mesenchymal cells, originating 
from two types of dental follicle cells and apical pulp cells. Apical pulp cell differentiation is associated with the genes 
Ptn and Satb2, while dental follicle cell differentiation is associated with the genes Tnc, Vim, Slc26a7, and Fgfr1. Cluster-
specific regulons were analyzed by pySCENIC. In addition, the odontogenic function of driver gene TNC was verified 
in the odontoblastic differentiation of human dental pulp stem cells. The expression of osteoclast differentiation fac-
tors was found to be increased in macrophages of the mandibular first molar.

Conclusions Our results revealed the cell heterogeneity of molars in the late bell stage and identified driver genes 
associated with dental mesenchymal cell differentiation. These findings provide potential targets for diagnosing den-
tal hard tissue diseases and tooth regeneration.
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Background
Tooth organogenesis is an extremely complex biological 
process. It depends on a series of reciprocal interactions 
between the epithelium and neural crest-derived mes-
enchyme, which develop into the enamel organ, dental 
papilla, and dental follicle, respectively  [1]. Besides the 
interaction between epithelium and mesenchyme, tooth 
development involves cell differentiation, morphogen-
esis, tissue mineralization, maturation, tooth eruption, 
and integration with its surrounding tissues [2]. At the 
late bell stage, dental papilla cells differentiate into den-
tin-forming odontoblasts, and inner enamel epithelia 
differentiate into enamel-forming ameloblasts. These 
processes are regulated by a complex network of cell 
signaling pathways. A series of signaling molecules and 
their receptors play an important role in tooth forma-
tion, including wingless-type (WNT) pathway [3], sonic 
hedgehog (SHH) pathway [4], fibroblast growth factors 
(FGF) pathway [5], bone morphogenesis proteins (BMPs) 
family [6], ectodysplasin A (EDA) pathway [7], and trans-
forming growth factor-beta (TGF-β) pathway [8, 9]. In 
addition to these signals, mutations in some genes regu-
lated by these pathways have been shown to cause dental 
defects [10].

To date, previous studies have provided some infor-
mation about tooth organogenesis, genetic mechanisms, 
and signaling pathways involved in dental diseases [1, 10, 
11]. More than 300 genes have been reported to be asso-
ciated with odontogenesis, but most are involved in tooth 
germs at relatively early morphogenetic stages, from ini-
tiation through the cap/early bell stage [12]. Analyses of 
molecular signaling networks and new insights into cel-
lular heterogeneity have greatly improved our knowledge 
of tooth development and homeostasis. However, these 
studies primarily focus on the regulation of organ, tissue, 
or cell population levels.

Recently, the technology of single-cell RNA sequencing 
(scRNA-seq) can perform unbiased transcriptional pro-
filing at the single-cell level, reveal complex and diverse 
cell populations, and delineate the trajectories of cell lin-
eages during development [13]. Studies on continuously 
growing mouse incisors with scRNA-seq have revealed 
the complexity of cellular composition and provided 
unprecedented cell type annotations in mammalian teeth 
at various stages [14]. The transcriptomic characteristics 
of enamel-forming dental epithelial cells in whole mouse 
incisors have been identified [15].  PRX1+ cells have been 
shown to be involved in the development of mouse first 
molar and the angiogenesis in periodontal ligament cell 
development and repair [16]. The incisor has long been 
used as a model for continuous tooth development. How-
ever, there is a lack of information about the cell popu-
lation in molars during the late bell stage, as well as the 

molecules that regulate the functional differentiation of 
cells and the mineralization of dental hard tissues.

Therefore, we performed scRNA-seq transcriptome 
analysis on rat mandibular molars at postnatal days 5 
(PN5) to investigate the cellular composition and gene 
expression of different cell populations in the tooth 
germs at the late bell stage of hard tissue formation and 
to identify driver genes associated with mesenchymal cell 
differentiation.

Results
Characterization of rat mandibular molars single‑cell atlas
To explore the cell identity and genes related to the cell 
fate of molars during the late bell stage, the mandibu-
lar first and second molars (M1 and M2) of rat at PN5 
were dissected for enzymatic digestion and subjected to 
scRNA-seq (Additional file 1: Fig. S1). A total number of 
18,998 cells and 21,714 cells were obtained for M1 and 
M2, respectively. After quality control filtering out low-
quality and doublet cells, 13,007 and 14,976 cells for M1 
and M2, respectively, were retained for subsequent anal-
ysis (Additional file  1: Table  S1). The mean and median 
numbers of detected genes per cell were 2090 and 2123 
for M1 and 2018 and 2054 for M2, respectively.

Using the 2000 most variable genes, Uniform Mani-
fold Approximation and Projection (UMAP) dimensional 
reduction identified 20 cell clusters (Fig.  1a). We fitted 
the data for M1 and M2 and indicated that M1 and M2 
cell distributions were largely consistent, but the pro-
portion of cells in each cluster are different (Additional 
file  1: Fig. S2-4). The clusters were then annotated into 
seven main cell types based on the classic cell markers, 
including Sox9+Msx2+ mesenchymal cells, Pitx2+Krt14+ 
dental epithelium, C1qa+Aif1+ macrophages, Napsa+ 
lymphocytes, Cdh5+ endothelial cells, Rgs5+ perivas-
cular cells, and Cdk1+ cycling cells (Fig.  1a–c). Among 
them, mesenchymal cells contained multiple clusters. 
Five differentially expressed genes (DEGs) for each clus-
ter were shown in the heatmap (Fig. 1d). We found that 
cluster 15 exhibited gene expression patterns similar to 
macrophages (Additional file  2). Functional enrichment 
analysis of DEGs in cluster 15 indicated associations with 
immune regulation, osteoclast differentiation, and nega-
tive regulation of ossification (Additional file  3). How-
ever, it did not express the osteoclast marker gene Acp5. 
Therefore, we defined cluster 15 as a type of macrophage 
that is in the process of differentiating into osteoclasts.

Heterogeneity of the mesenchymal compartment in rat 
molar
Mesenchymal cells in teeth constitute the cementum, 
dentin, and soft tissue of the dental pulp cavity. Although 
multiple clusters were divided into mesenchymal cells 
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during cell annotation, heterogeneity, and differential 
gene expression still existed among each cluster. We fur-
ther annotated the molar mesenchymal cell population 
(Fig.  2a). We identified two types of Kit+ dental follicle 
cells, cluster 0 and 2, which exhibited high expression of 
osteogenic-related gene Igfbp5 and a novel marker Pclo 
(Fig.  2b). Functional enrichment analysis indicated that 
cluster 0 is associated with the regulation of osteoblast 
differentiation, while cluster 2 is related to sensory organ 
development and sodium ion transmembrane trans-
port (Additional file 1: Fig. S5). Cluster 5 was annotated 
as Smpd3+ odontoblasts, and cluster 6 was annotated 
as pre-odontoblasts by the marker gene Gsc (Fig. 2c, d). 
Wnt10a was intensively expressed in pre-odontoblasts 
(Fig.  2d). Cluster 4 was defined as osteoblasts through 
gene set enrichment analysis. Postn+ periodontal liga-
ment cells were identified in cluster 18. Fst and Igfbp2 
were specifically expressed in this cluster, which could 
be used as markers for the isolation of periodontal liga-
ment cells at this stage (Fig.  2e). Cluster 16 was anno-
tated as Smoc2+/Sfrp2+ apical pulp. Igfbp3 was mainly 
expressed in this cluster (Fig.  2f ). The expression of 
Igfbp3 in the apical pulp was validated with immunofluo-
rescence (Fig. 2g, h). Clusters 1, 3, 7, and 10 were defined 
as dental pulp. Enrichment analysis of DEGs in cluster 3 
revealed associations with skeletal system development, 

extracellular matrix organization, and osteoblast differ-
entiation. Cluster 7 was related to extracellular matrix 
organization, skeletal system development, and the regu-
lation of Igf transport and uptake by Igfbps. Therefore, 
we defined cluster 7 as the distal pulp involved in den-
tin formation [17]. Cluster 1 was associated with ECM 
proteoglycans, collagen fiber organization, and response 
to growth factor stimulus. The function of cluster 10 
was associated with translation, response to stress, and 
immune response, suggesting it might be a type of den-
tal pulp cell involved in immune regulation. The function 
of cluster 13 was related to response to growth factors, 
skeletal system development, osteoclast differentiation, 
and odontogenesis (Additional file  3). It was defined as 
cementoblasts through gene set enrichment analysis.

Maturation and differentiation trajectory of rat molar cells
RNA velocity was used to construct cell development 
and differentiation trajectories of rat molar cells and 
show how gene expression correlates with cell fate to 
identify putative driver genes. Velocities derived from 
the dynamical model for PN5 M1 and M2 were visu-
alized as streamlines in a UMAP-based embedding 
(Fig.  3a, Additional file  1: Fig. S6a). In the dynamic 
model, we identified three differentiation trajectories 
within the mesenchyme. The first trajectory involves 

Fig. 1 Characterization of rat mandibular molars single-cell atlas. a Cells identified by scRNA-seq were visualized with UMAP. Different cell 
populations were defined and distinguished by color. b Main marker genes for different cell types. c The expression levels of marker genes were 
projected onto the UMAP atlas. Expression of example key genes used for the annotation and the characterization of the clusters. d Heatmap 
showing five differentially expressed genes for each cluster
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the differentiation of apical pulp cells into pre-odonto-
blasts, which subsequently differentiate into odonto-
blasts. The second trajectory consists of apical pulp 
cells differentiating into other functional dental pulp 
cells. The third trajectory includes two parts: one part 
involves the differentiation of dental follicle cells (clus-
ter 0) into osteoblasts and the other part involves the 
differentiation of dental follicle cells (cluster 2) into 
cementoblasts (Fig.  3a). These differentiation trajecto-
ries are consistent with our current knowledge of den-
tal mesenchymal cell differentiation, indicating that 
our dynamic model is reliable. Based on scVelo, genes 
with pronounced dynamic behavior often contain high 
likelihood and these genes are defined as driver genes 
in dynamic model. The dynamical model allowed us to 
systematically identify putative driver genes with high 
likelihoods. Gene expression dynamics resolved along 
latent time revealed a clear cascade of transcription 
in the top 300 likelihood-ranked genes in two molars 

(Fig. 3b, Additional file 1: Fig. S6b), 26.3% of the puta-
tive driver genes between M1 and M2 overlapping, 
including Nudt4, Vcan, Tnc, Pak1, Anxa5, Me1, and 
Col12a1 (Additional file 1: Fig. S6c). The top 300 driver 
genes (Additional file 4) in the first molar are function-
ally enriched in tissue morphogenesis, extracellular 
matrix organization, and skeletal system development 
(Additional file 1: Fig. S7a). For the second molar, they 
are enriched in skeletal system development, response 
to growth factors, and biomineral tissue development 
(Additional file 1: Fig. S7b).

The cluster-specific top five genes of the two dental fol-
licle cell clusters (clusters 0 and 2) both included Kcnt2, 
Pak1, and Nebl. In cluster 0, the increased expression of 
Tnc and the decreased expression of Vim would promote 
the differentiation of dental follicle cells into osteoblasts 
(Fig.  3c). As for cluster 2, the increased expression of 
Slc26a7 and Fgfr1 would promote the differentiation of 
dental follicle cells into cementoblasts (Fig. 3d). The top 

Fig. 2 Heterogeneity of the mesenchymal cells in rat mandibular molar. a Further annotation of mesenchymal cells was performed. b The 
Pclo and Igfbp5 genes was intensively expressed in Kit+ dental follicles (clusters 0 and 2). c Smpd3 was a cell marker of odontoblasts (cluster 5) 
and pre-odontoblasts (cluster 6). d The known and novel marker genes of pre-odontoblasts were Gsc and Wnt10a, respectively. e Fst and Igfbp2 
were identified as novel markers of Postn+ periodontal ligament cells (cluster 18). f Igfbp3 was identified as a novel marker of Smoc2+/Sfrp2+ 
apical pulp (cluster 16). g and h Immunofluorescence confirmed that Igfbp3 is expressed in the apical pulp. h is images of the region of interest 
from the white box in g. The positive signal is indicated by the white arrow. The green color showed Igfbp3, and the blue color showed DAPI 
staining
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five cluster-specific genes of the apical pulp showed that 
Ptn and Satbs are associated with apical pulp cells differ-
entiation (Fig. 3e).

Cell cluster‑specific regulation by transcription factors 
in molars
Using pySCENIC, we identified the cluster-specific regu-
lons for each cluster and determined the enriched target 
genes corresponding to each transcription factor. We 
found that the top five regulons differ among different 
cell types (Additional file  5). In the first molar, the top 
five regulons in osteoblasts were Klf6, Egr1, Nfil3, Klf4, 
and Fos, while in odontoblasts, they were Creb5, Tcl4, 
Snai2, Osr2, and Hivep. In the second molar, the top five 

regulons in osteoblasts were Egr1, Nr2f2, Nfil3, Crem, 
and Lhx8, among which two regulons were shared with 
osteoblasts in the first molar. Furthermore, we focused 
on the regulons of two types of dental follicle cells (clus-
ters 0 and 2) in the second molar. We found that the top 
three regulons were the same: Tfap2b, Thrb, and Msx1. 
These results indicated that the regulons identified are 
cell cluster-specific and could be used to reflect differ-
ences in cell types or cell functions.

Validation of the function of driver gene TNC 
in odontoblastic differentiation
In the results of RNA velocity analysis, we found that the 
Tnc is an odontoblasts-specific driver gene in the second 

Fig. 3 Estimating RNA Velocity of M2 by using scVelo. a Velocities derived from the dynamical model for M2 are visualized as streamlines 
in a UMAP-based embedding. b Gene expression dynamics resolved along latent time showed a clear cascade of transcription in the top 300 
likelihood-ranked genes. c Top five cluster-specific driver genes of cluster 0 displayed pronounced dynamic behavior. d Top five cluster-specific 
driver genes of cluster 2 displayed pronounced dynamic behavior. e Top five cluster-specific driver genes of cluster 16 displayed pronounced 
dynamic behavior
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molar, but not in the first molar (Additional file  4). We 
hypothesized that Tnc could function in odontoblastic 
differentiation during dentin formation. Immunohisto-
chemical analysis showed that the highest expression 
level of Tnc was at PN5, compared to PN1 and PN10 
(Fig.  4). Tnc was mainly expressed in odontoblasts 
and dental pulp cells (Fig.  4d). The mRNA and protein 
expression levels of TNC increased in human dental pulp 
stem cells (hDPSCs) after 7 and 14 days of odontogenic 
induction (Fig.  5a, b). Knockdown experiments were 
performed to investigate whether TNC affects the func-
tion of hDPSCs. Compared to cells transduced with the 
shCtrl lentivirus, the expression levels of TNC mRNA 
and protein were both significantly lower in the shTNC1 
and shTNC2 cells, indicating efficient downregulation 
of TNC by the specific shRNA (Fig. 5c, d). ShTNC2 cells 
with higher knockdown efficiency were selected for sub-
sequent experiments, and shTNC1 cells were used to val-
idate the results of 14 days of odontogenic induction. To 
further characterize the potential role of TNC in odon-
togenic differentiation, the expression of odontoblast dif-
ferentiation markers was examined. After 7 and 14 days 

of induction, the mRNA expression of DSPP and RUNX2 
were lower in the cells transduced with the shTNC2 len-
tivirus compared to the cells transduced with the shC-
trl lentivirus (Fig.  5e). Furthermore, the protein levels 
of DSPP and RUNX2 were also decreased by the TNC 
knockdown (Fig. 5f ). Lastly, alizarin red S (ARS) staining 
revealed that TNC downregulation inhibited the mineral 
deposition on day 14 of odontogenic induction (Fig. 5g). 
The results of shTNC1 cells after 14 days of odontogenic 
induction were consistent with those of shTNC2 cells 
(Additional file 1: Fig. S8).

Expression of osteoclast genes is increased in the first 
molar macrophages
At PN5, the hard tissue development in the rat’s first 
molar tooth crown extended from the cusp to the neck 
of the tooth but did not reach the tooth cervix. Mean-
while, the hard tissue of the second molar was forming 
in the tooth cusp. Hence, we analyzed the DEGs in the 
two tooth germs to gain further insights into the gene 
regulation involved in tooth germ development. A study 
on the human tooth germ from growing third molar 

Fig. 4 Immunohistochemistry for the detection of Tnc expression in the rat mandibular first and second molar. a, c, e Representative images 
of the expression of Tnc in the rat mandibular first and second molars at PN1, PN5, and PN10, respectively. Tnc is mainly expressed in odontoblasts 
and dental pulp cells. b, d, f Images of the region of interest from the red box in a, c, e. Positive signals are indicated by red arrows. Scale bars for a, 
c, e indicate 500 μm, and for b, d, f indicate 100 μm. e enamel, d dentin, od odontoblast cells, p pulp cavity
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revealed that immune cells make up 83% of all tooth 
germ cells, demonstrating their regulatory responsibili-
ties [18]. In our study, we observed a higher proportion of 
macrophages in the first molar compared to the second 
molar (Additional file  1: Fig. S2b). Thus, we focused on 

the DEGs in macrophages (Fig. 6ab). Notably, the expres-
sion of chemokine ligands Ccl7, Ccl2, and Ccl24 was 
significantly higher in the first molar than in the second 
molar (Fig. 6c). These chemokines bind to CCR, partici-
pate in NF-kB and TGF-B signaling pathway, serving as 

Fig. 5 Functional verification of driver gene TNC in odontoblastic differentiation. a mRNA expression of TNC after 7 days and 14 days 
of odontogenic induction. b Protein expression of TNC after 7 days and 14 days of odontogenic induction. c mRNA expression of TNC in hDPSCs 
transduced with shCtrl, shTNC1, or shTNC2 lentivirus. d Representative western blots showing the protein level of TNC in hDPSCs transduced 
with shCtrl, shTNC1, or shTNC2 lentivirus. e mRNA expression of TNC, RUNX2, and DSPP in hDPSCs transduced with shCtrl and shTNC2 lentivirus 
after 7 days 14 days of induction of differentiation. f Representative western blots showing the protein level of TNC, RUNX2, and DSPP in transduced 
hDPSCs after 7 days and 14 days of induction of differentiation. g Representative bright-field microscopy images of ARS of transduced hDPSCs 
at 14 days after the induction of differentiation. The data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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crucial mediators of osteoclastogenesis [19, 20]. Addi-
tionally, the expression of Ifrd1 [21] and Slfn2 [22], which 
are essential for activating osteoclast differentiation, was 
also significantly higher in the first molar (Fig. 6c). Con-
versely, the expression of Stmn1 [23] and Ptn [24], which 
promote osteoblast differentiation, was increased in the 
second molar (Fig. 6d). These results suggest that osteo-
clast differentiation of is enhanced in the first molar, 
whereas osteoblast differentiation is enhanced in the sec-
ond molar.

Discussion
A tooth includes three hard tissues, enamel, dentin, and 
cementum. Dental hard tissue hypoplasia diseases cause 
tooth structure defects or even loss, which affect the mas-
ticatory function and maxillofacial esthetics, and psycho-
logical status [25, 26]. Genetic factor plays an important 
role in these diseases. By constructing the gene expres-
sion profile of the dental hard tissue formation process, 

the pathogenesis of diseases could be well elucidated and 
assisted with clinical diagnosis and treatment [27, 28]. In 
this study, we performed single-cell transcriptome of the 
mandibular first and second molars tooth germ of rats 
at postnatal days 5. We deciphered the cell atlas in two 
molars and revealed specific genes related to cell fate and 
associated with the process of dental mesenchymal cell 
differentiation in the hard tissue formation stage.

Tooth development involves a series of cell prolifera-
tion, apoptosis, and differentiation. As tooth develop-
ment progresses from crown to root formation, cell 
proliferation decreases in epithelial cell types while it is 
maintained or increases in mesenchymal cells [29]. In 
this study, transcriptome analysis divided tooth molar 
cells into seven main cell types, including Sox9+Msx2+ 
mesenchymal cells, Pitx2+Krt14+ dental epithelium, 
C1qa+Aif1+ macrophages, Napsa+ lymphocytes, Cdh5+ 
endothelial cells, Rgs5+ perivascular cells, and Cdk1+ 
cycling cells (Fig.  1a). Additionally, we annotated cell 

Fig. 6 Expression of osteoclast genes increased in macrophages in the first molar. a Scatter plot for differentially expressed genes in macrophages 
derived from the first molar (M1) and the second molar (M2). b Dot plots showing the differentially expressed genes between M1 and M2. The size 
of each circle reflects the expression level. Green represents M1, and blue represents M2. c Violin plots of the significantly upregulated genes in M1. 
d Violin plots of the significantly upregulated genes Stmn1 and Ptn in M2



Page 9 of 13Zheng et al. BMC Biology          (2024) 22:198  

cluster 15 as macrophages undergoing differentiation into 
osteoclasts. Mesenchymal cells, the largest population, 
contained multiple clusters, and were further annotated 
as osteoblasts, odontoblasts, pre-odontoblasts, periodon-
tal ligament cells, apical pulp, dental pulp, cementoblasts, 
and dental follicle cells (Fig. 2a). We identified two clus-
ters of dental follicle cells, which shared a similar gene 
expression profile, and both expressed stem cell marker 
genes Kit [30] and Nes [31]. This result is consistent with 
the current understanding that the dental follicle is con-
sidered a stem niche in adults [32]. Cell markers of each 
cell type have been previously presented [14–16, 18, 
33–37]. To date, numerous studies have sought to iden-
tify the genes involved in tooth development. To identify 
the specific factors in dentin and cementum formation, 
we identified previously uncharacterized and preferen-
tially expressed genes in tooth germ: Pclo in dental folli-
cle cells, Fst and Igfbp2 in periodontal ligament cells, and 
Igfbp3 in apical pulp (Fig. 2). Furthermore, we validated 
the expression of Igfbp3 in apical pulp using immunoflu-
orescence. Compared to other organs, teeth lack compre-
hensive references to annotate the various cell types [14]. 
As more cell markers are identified, this will be addressed 
and a clear hierarchy established.

RNA velocity enables the identification of genes that 
display pronounced dynamic behavior, which are can-
didates for important drivers of the main process in 
the population [38]. We constructed cell developmen-
tal and differentiation trajectories of rat molar cells 
and analyzed driver genes that related to cell fate using 
RNA velocity (Fig.  3, Additional file  1: Fig. S6). In the 
dynamic model, we identified three cell populations of 
differentiation origin: two types of dental follicle cells 
and apical pulp cells. These populations eventually 
differentiate into osteoblasts, cementoblasts, odonto-
blasts, or functional dental pulp cells. These differen-
tiation trajectories are consistent with the reported 
lineages of dental mesenchymal cells [39]. Cluster-spe-
cific driver genes, Ptn and Satb2, are crucial for apical 
pulp differentiation. These genes have been reported to 
be essential for odontogenic differentiation of mesen-
chymal stem cells [40, 41]. We found that the two types 
of dental follicle cells share some of the same cluster-
specific driver genes (Fig. 3cd). The pySCENIC analysis 
results also revealed distinct regulons among different 
cell types, while functionally similar cell types shared 
similar regulons (Additional file  4). This suggests that 
regulons reflect the differences between cell clusters to 
some extent, and the functions of different cell clusters 
might be determined by different transcription factor 
regulatory networks. A deeper investigation into the 
differences between the two types of dental follicle cells 
might provide better insights into bone and cementum 

development. Combining the results of RNA velocity 
and pySCENIC for more in-depth analysis is crucial for 
refining the regulatory network of dental mesenchymal 
cell development and for discovering new genes associ-
ated with cell differentiation.

Tnc is one of the top 300 driver genes both in M1 and 
M2. Among PN1, PN5, and PN10, Tnc has the highest 
expression level on PN5, primarily in odontoblasts and 
dental mesenchyme (Fig.  4), consistent with previous 
studies [42, 43]. We took the Tnc gene as an example to 
verify the function of driver genes of rats in the hDP-
SCs mineralization process. In the present study, we first 
confirmed the expression of TNC was upregulated in the 
odontogenic differentiation of hDPSCs. Compared with 
shCtrl infection, shTNC lentivirus infection decreased 
calcium nodule formation and DSPP and RUNX2 
expression. Our results suggest potential applicability to 
humans; however, more functional analyses of these clus-
ter-specific driver genes should be performed. In future 
studies, these driver genes could be prioritized to pro-
vide a comprehensive understanding of the mechanisms 
underlying dental hard tissue hypoplasia diseases.

Finally, we addressed the heterogeneity of macrophages 
in the first and second molars. A previous study has 
strengthened the role of immune cells in tooth develop-
ment. Besides defense against pathogens, dental immune 
cells regulate dental development by secreting ligands 
that act on other dental cell types [18]. In the first molar, 
which was in the more mature development stage, the 
proportion of macrophages was more than that in the 
second molar. Previous studies have shown that the max-
imal number of osteoclast formation in the rat mandib-
ular first molar is on postnatal day 3, while a secondary 
minor burst of osteoclastogenesis occurs around postna-
tal day 9 [44]. In our study, the expression of osteoclast 
differentiation factors was increased in the macrophages 
of the first molar on postnatal day 5, compared to the sec-
ond molar (Fig. 6c). Studying how these factors function 
could further understand the process of bone resorp-
tion and root formation during the hard tissue formation 
period.

Conclusions
Incisors have long been used as models for studying con-
tinuous tooth development, whereas much less is known 
about molar development. In this study, we provided a 
detailed cell atlas of the rat mandibular molars at the sin-
gle-cell level and identified key genes involved in dental 
mesenchymal cell differentiation. Our findings provide 
potential targets for diagnosing dental hard tissue dis-
eases like dentin hypoplasia diseases and tooth regenera-
tion, but further detailed investigation is required.
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Methods
Single‑cell RNA sequencing
Animal experiments were conducted with approval from 
the Southern Medical University Laboratory Animal 
Welfare and Ethics Committee. Rats were anesthetized 
with sodium pentobarbital and sacrificed by cervical 
dislocation. Three PN5 wild-type SD rats (the Labora-
tory Animal Center, Southern Medical University) from 
the same litter with similar body weights were chosen to 
extract single-cell suspensions. Mandibles were dissected 
under a stereomicroscope, and the first and second molar 
tooth germs of the left mandibular were carefully isolated 
and cut into small pieces. Subsequently, the small pieces 
were digested in 3  mg/mL collagenase type I (Sigma-
Aldrich, St. Louis, MO, USA) and 3  mg/mL dispase II 
(Sigma-Aldrich) and 20 U/ml Dnase I (Solarbio, Beijing, 
China) at 37 ℃ for 1 h, followed by filtration through a 
40-μm cell strainer (BD Biosciences, New Jersey, USA). 
After washing with cold PBS, the cells were resuspended 
in PBS containing 0.04% BSA. Upon confirming the qual-
ity of the cell suspensions, reverse transcription sequenc-
ing was immediately proceeded. The 10 × Genomics 
Chromium single-cell v3.0 reagent was used to construct 
the cDNA library by following the manufacturer’s pro-
tocol. The resulting libraries were sequenced on an Illu-
mina NovaSeq 6000 System. Raw sequencing data have 
been uploaded to the Gene Expression Omnibus (GEO) 
database [45] (accession code GSE217465).

Data cleaning, normalization, and scaling
The rat (Rattus norvegicus) reference genome (Rnor_6.0) 
was downloaded from Ensemble. The concatenated 
gene-cell barcode matrix which was generated by 
using the official 10 × Genomics pipeline Cell Ranger 
v3.1.0 was imported into Seurat v3.1.1 [46], a toolkit 
for single-cell RNA-seq data analysis, for data process-
ing. To exclude genes that might be detected from ran-
dom noise, we filtered genes whose expression was 
detected in fewer than 10 cells. To exclude poor-quality 
cells that might result from multiplets or other techni-
cal noise, we filtered cells that were considered outliers 
(> third quartile + 1.5 × interquartile range or < first quar-
tile − 1.5 × interquartile range) based on the number of 
expressed genes detected, the sum of UMI counts and 
the proportion of mitochondrial genes. In addition, we 
limited the proportion of mitochondrial genes to a maxi-
mum of 0.2 to further remove potential poor-quality data 
from broken cells. DoubletFinder v3 [47] was used to pre-
dict doublets in single-cell RNA sequencing data. After 
removing unwanted cells from the dataset, we employ a 
global-scaling normalization method “LogNormalize” 
that normalizes the feature expression measurements for 

each cell by the total expression, multiplies this by a scale 
factor (10,000 by default), and log-transforms the result.

Dimensional reduction, clustering, and visualization
Uniform Manifold Approximation and Projection 
(UMAP) [48] dimensional reduction was performed on 
the scaled matrix (with most variable genes only) using 
the first 20 components of principal component analysis 
(PCA) [49] to obtain a two-dimensional representation 
of the cell states. Cell clustering was performed using the 
FindClusters function. DEGs between two groups of cells 
were detected with a likelihood-ratio test implemented in 
“FindMarkers” function.

For cell annotation, we collected makers from Cell 
Marker database [50] and studies related to single-cell 
sequencing of the tooth [14–16, 18, 33–37]. We used 
two methods below to perform cell annotation. First, 
we conducted gene set enrichment analysis on DEGs in 
each identified cell cluster to detect if any marker genes 
of typical cell types were enriched. Gene set enrichment 
analysis was performed using ClusterProfiler (v3.14.3) 
with default parameters [51]. Second, we used AddMod-
uleScore in Seurat to detect if one cell was high-scored 
with any marker genes of typical cell types. We combined 
these two methods. If the DEGs of a cell cluster were sig-
nificantly enriched in the marker genes of a cell type in 
the CellMarker database, the cell cluster was defined as 
this cell type (BH-adjusted p-value < 0.05). Also, metas-
cape was used to perform functional enrichment analysis 
[52].

RNA velocity analysis
RNA velocity aims to infer directed differentiation tra-
jectories from snapshot single-cell transcriptomic data. 
It predicts the differentiation trajectories and state tran-
sitions of cells by analyzing the rates of change in gene 
expression. Considering the potential batch effects 
between samples, we performed RNA velocity analysis 
on samples M1 and M2 separately using the dynamic 
model in the scVelo 0.3.2 software [38]. In the analysis, 
cell cluster information and UMAP information were 
derived from the integrated analysis of M1 and M2. 
Based on scVelo, genes with pronounced dynamic behav-
ior often contain high likelihood, and these genes are 
defined as driver genes. In the dynamic model, we cal-
culated cluster-specific driver genes using the function 
rank_dynamical_genes. For the aforementioned analysis, 
all parameters were set to default.

Analysis of regulatory network transcription factors
Considering the potential batch effects between sam-
ples, we performed TF regulatory analysis on M1 and 
M2 using pySCENIC (v0.9.19) [53] as follows. We used 
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“pyscenic grn” for network inference between TFs and 
targets, “pyscenic ctx” for regulon prediction, and “pysce-
nic auc” to evaluate the activity of each regulon across all 
cells. We used regulon_specificity_scores to identify cell 
cluster-specific regulons. All parameters were set to their 
default values.

Cell culture and odontoblastic differentiation
Third molars from healthy 18- to 22-year-old donors were 
collected at the Department of Stomatology, Nanfang 
Hospital, Guangzhou, China. The isolation of human den-
tal pulp stem cells (hDPSCs) was performed as described 
elsewhere [54]. The cells were cultured at 37 ℃ and in a 
5%  CO2 atmosphere in high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco, Thermo Fisher Sci-
entific, California, U.S.A.) supplemented with 10% fetal 
bovine serum (FBS; Gibco), hereafter referred to as the 
growth medium (GM). For the odontoblastic differentia-
tion experiments, the cells were cultured in odontogenic 
medium (OM) for 7 and 14  days. The OM consisted 
of DMEM, 10% FBS, 50  mg/ml ascorbic acid (Sigma-
Aldrich), 5 mM b-glycerophosphate (Sigma-Aldrich), and 
10 nM dexamethasone (Sigma-Aldrich) [55].

Lentivirus infection
The TNC-specific shTNC1, shTNC2, and control 
shRNA (shCtrl) were designed, synthesized, and pack-
aged into lentivirus by Ubigene (Guangzhou, China), 
with sequences provided in Additional file  1: Table  S2. 
The hDPSCs were seeded in 12-well plates with a den-
sity of 1 ×  105 cells/well and grown for 24 h. They reached 
approximately 60–70% confluence at the time of infection. 
The cells were infected at a multiplicity of infection (MOI) 
of 20 with 5 mg/mL polybrene for 12 h. The knockdown 
efficiency was evaluated using quantitative real-time poly-
merase chain reaction (RT-qPCR) and western blot analy-
sis. To confirm the reproducibility of the results, infection, 
RT-qPCR, and western blot were repeated three times.

RT‑qPCR
Total RNA was extracted from hDPSCs using Trizol rea-
gent (Invitrogen, Carlsbad, CA, USA) and reverse tran-
scribed into cDNA using the HiScript III RT SuperMix 
for qPCR (+ gDNA wiper) kit (Vazyme, Nanjing, China). 
RT-qPCR was carried out with ChamQ SYBR qPCR 
Master Mix (Vazyme) on a LightCycler 480 (Roche, Indi-
anapolis, IN, USA). Gene expression was quantified using 
the  2–ΔΔCT method and normalized to GAPDH mRNA 
levels. The primer pairs used for quantitation of TNC, 
DSPP, RUNX2, and GAPDH mRNA expression are listed 
in Additional file  1: Table  S2. RT-qPCR was repeated 
three times for each test.

Western blot analysis
Total protein (30 μg) was separated on a 10% SDS–pol-
yacrylamide gel and transferred to a polyvinylidene dif-
luoride (PVDF) membrane (Millipore, Massachusetts, 
USA). The membranes were blocked for 1 h with 5% skim 
milk and then incubated overnight at 4 °C with primary 
antibody (anti-GAPDH (Proteintech, Wuhan, China), 
anti-TNC (Abcam, Cambridge, UK), and anti-RUNX2 
(Abcam); anti-DSPP (Solarbio). The next day, membranes 
were incubated with the corresponding secondary anti-
bodies at room temperature for 1  h after washing with 
Tris-buffered saline-Tween 20 (TBST) three times. The 
immunoreactive proteins were visualized with an ECL 
Kit (Tanon Science & Technology, Shanghai, China) 
according to the manufacturer’s instructions. The inten-
sities of the protein bands were quantified using ImageJ 
software. Western blot analysis was repeated three times 
for each test.

Alizarin Red S (ARS) staining
The number of calcium nodules formed by hDPSCs after 
transfected with shCtrl or shTNC lentiviruses was ana-
lyzed by ARS staining. When cells were 70% confluent, 
the GM was replaced with the OM to induce odontogenic 
differentiation. After 14 days, the induced cells were fixed 
for 30 min at room temperature in 4% paraformaldehyde 
and then stained for 30 min with 1% ARS (Leagene, Bei-
jing, China). ARS staining was repeated three times for 
each test.

Immunohistochemical and immunofluorescence analysis
Immunohistochemical and immunofluorescence stud-
ies were performed on 4-µm-thick unstained sections 
generated from formalin-fixed, decalcified, paraffin-
embedded rat mandible (n = 3). For immunohistochemi-
cal staining, the sections were incubated with anti-TNC 
antibody (1:200; Abcam, Cambridge, UK) and observed 
using an Olympus VS200 microscope (Olympus; Tokyo, 
Japan). For immunofluorescence, the sections were incu-
bated with anti-Igfbp3 antibody (1:100; Absin, Shanghai, 
China) diluted in 3% BSA/PBS overnight at 4℃. The next 
day samples were incubated in Alexa-fluor 488 Goat anti-
Rabbit secondary antibodies (Proteintech). Nuclei were 
counterstained DAPI. Images were acquired using the 
Olympus VS200 microscope.

Statistical analysis
Statistical analyses were performed with GraphPad Prism 
9.0. All data were presented as mean ± standard devia-
tion. A t-test was used to assess differences between two 
groups, while one-way ANOVA was utilized for compar-
ing differences among multiple groups. p-values < 0.05 
were considered statistically significant.
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