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Introduction
While tooth function is essential for proper feeding and diges-
tion, this organ has also become an important model system for 
developmental and regeneration studies. Indeed, many years of 
research have provided a wealth of information regarding the 
initiation, patterning, and morphogenesis of teeth (Beadles 
1893; Tucker and Sharpe 2004). These studies have also 
uncovered genetic mechanisms and signaling pathways under-
lying various pathological conditions (Miletich and Sharpe 
2003; Fleischmannova et al. 2008). However, these analyses 
have focused mainly on regulation at the tissue or cell popula-
tion level. Consequently, we still know very little about the 
development of the different cell types of the tooth, the genetic 
programs that regulate them, and how these different cell types 
function together.

Mouse teeth are the most commonly used in vivo model to 
study tooth development and regeneration. This is due to their 
high availability, their structural and molecular similarity to 
human teeth, and the accessibility of genetic and imaging tools. 
Mice have a reduced dental formula with a single incisor and 3 
molar teeth per dental quadrant, and they are monophyodont, 
producing only a single set of teeth. In mice, molars and inci-
sors undergo a similar developmental process (Tucker and 
Sharpe 2004). However, a striking difference between the 2 

tooth types is that the mouse incisor, like that of every Glires 
species, continues to grow and to replace lost tissue throughout 
life (Fig. 1). This is achieved by the sustained presence of stem 
cells, which are capable of giving rise to the various dental cell 
lineages, including enamel-forming ameloblasts and dentin-
forming odontoblasts. In contrast, mouse molars are similar to 
human teeth and cease to grow after the completion of root 
development, at which stage their ectoderm-derived amelo-
blasts terminate their life cycle. These teeth also differ in the 
structure and function of their periodontium, the unique tissue 
that anchors them to the jaw.

Understanding the cellular heterogeneity of the mouse inci-
sor and how it arises in comparison to nongrowing teeth is 
therefore fundamental not only for developmental biology but 
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Abstract
The systematic classification of the cells that compose a tissue or an organ is key to understanding how these cells cooperate and 
interact as a functional unit. Our capacity to detect features that define cell identity has evolved from morphological and chemical 
analyses, through the use of predefined genetic markers, to unbiased transcriptomic and epigenetic profiling. The innovative technology 
of single-cell RNA sequencing (scRNA-seq) enables transcriptional profiling of thousands of individual cells. Since its development, 
scRNA-seq has been extensively applied to numerous organs and tissues in a wide range of animal models and human samples, thereby 
providing a plethora of fundamental biological insights into their development, homeostasis, and pathology. In this review, we present 
the findings of 3 recent studies that employed scRNA-seq to unravel the complexity of cellular composition in mammalian teeth. These 
findings offer an unprecedented catalogue of cell types in the mouse incisor, which is a convenient model system for studying continuous 
tooth growth. These studies identified novel cell types in the tooth epithelium and mesenchyme, as well as new markers for known 
cell types. Computational analyses of the data also uncovered the lineage and dynamics of cell states during ameloblast and odontoblast 
differentiation during both normal homeostasis and injury repair. The transcriptional differences between the mouse incisor and mouse 
and human molars uncover species-specific as well as shared features in tooth cell composition. Here, we highlight these findings and 
discuss important similarities and differences between these studies. We also discuss potential future applications of scRNA-seq in 
dental research and dentistry. Together, these studies demonstrate how the rapidly evolving technology of scRNA-seq can advance the 
study of tooth development and function and provide putative targets for regenerative approaches.
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also for stem cell–based tooth regeneration and bioengineer-
ing. The challenge remains to find strategies to regenerate epi-
thelial tissues in human teeth. This is because these tissues 
disappear upon completion of tooth morphogenesis, with the 
exception of the epithelial rests of Malassez, remnants of the 
Hertwig’s epithelial root sheath that are thought to act as stem 
cells in periodontal regeneration (Tsunematsu et al. 2016). 
Efforts to develop dental regenerative strategies have been also 
limited by our incomplete understanding of how and where 
stem cells are generated and maintained. To expand this under-
standing, we must first acquire a comprehensive picture of the 
expression profiles of the various cell types in different teeth.

The recent development of single-cell RNA sequencing 
(scRNA-seq) technology allows an unbiased transcriptional 
profiling of thousands of individual cells in many organs and 
conditions. To illustrate the prospects of scRNA-seq to advance 
dental research and to create a framework for future studies in 
this field, we present the findings of 3 recent studies (Sharir  
et al. 2019; Chiba et al. 2020; Krivanek et al. 2020). These 
studies used scRNA-seq to uncover a unique catalogue of den-
tal cell types, including newly identified types, and their hier-
archical relationships.

A Methodological Comparison  
of the Reviewed Studies
The 3 studies applied well-established scRNA-seq protocols, 
which include the typical steps outlined in Figure 2. However, 
the research design and computational analysis of the scRNA-
seq data differed in several important aspects. Sharir et al. 
(2019) and Chiba et al. (2020) sequenced only the mouse inci-
sor epithelium, whereas Krivanek et al. (2020) also sequenced 
the incisor mesenchyme, the mouse first molar, and human 
wisdom tooth. Regarding methodology, different approaches 
for cell clustering and data visualization were employed, as 
summarized in Table 1. Data set size, clustering methodology, 
and user-defined parameters have profound effects on the num-
ber of identified cell types and hence on the characteristics of 
each cell type and downstream analyses (Krzak et al. 2019). 
Thus, these differences should be considered when interpreting 
and comparing the findings of these studies.

Using scRNA-seq to Study  
the Mouse Incisor Epithelium
Historically, 4 main cell types have been described in the tooth 
epithelial cervical loop based on their microscopic appear-
ances and spatial locations (Thesleff 2003; Gulabivala and Ng 
2014). These include cells at the inner or outer enamel epithe-
lium (IEE or OEE, respectively), star-shaped cells of the stel-
late reticulum (SR) layer, and cells within a layer between the 
ameloblasts and the SR known as the stratum intermedium (SI) 
(Fig. 3A). IEE cells differentiate into enamel-producing ame-
loblasts. However, despite extensive research on mouse incisor 
development and homeostasis, the lineage relations and the 
function of the nonameloblast cell types remain less under-
stood (Liu et al. 2016).

Using scRNA-seq, Sharir et al. (2019) and Krivanek et al. 
(2020) have revealed that the mouse incisor epithelium is more 
heterogeneous than previously thought, containing 8 (Krivanek 
et al. 2020) or 9 (Sharir et al. 2019) nonameloblast cell sub-
populations (Fig. 3). The unique transcriptional signature of 
each subpopulation included both specific markers and mark-
ers that were shared between several subpopulations. By con-
trast, the nonameloblast epithelium in Chiba et al. (2020) 
appeared more homogeneous, as the IEE/OEE and SR/SI are 
each considered a single cell type (Fig. 3D). The small number 
of cell types reported by Chiba et al. (2020) can be due to the 
early age of the sampled mice, a stage at which cell types are 
possibly less demarcated, or, more likely, due to variations in 
the computational analysis tools and parameters used. For 
example, the relatively low-resolution value used to cluster the 
large number of cells in this data set (0.2 compared to the stan-
dard 0.4 to 1.2 range recommended when using the FindCluster 
function in the Seurat package) (Butler et al. 2018). This  
resolution value does not directly affect the biological identity 
of the clusters but rather their transcriptional definition. 
Nevertheless, the combination of this low value and the large 
number of cells in the data set are likely to cause underrepre-
sentation of cellular heterogeneity.

Figure 1. Mouse tooth structure. (A) Schematics of the continuously 
gowning mouse incisor. This growth is made possible by the presence 
of epithelial and mesenchymal stem cells residing at the labial cervical 
loop (laCL) and the dental pulp, respectively. The epithelial stem cells 
give rise to enamel secreting ameloblasts (AMBs), while mesenchymal 
progenitors give rise to odontoblasts (ODBs), which secrete dentin, 
and also to the cementum-producing cementoblasts and periodontal 
ligaments. The yellow box shows a hematoxylin and eosin staining of 
the laCL. Ameloblasts are formed on the labial side, whereas the lingual 
cervical loop (liCL) is less developed and does not normally produce 
AMBs. (B) Schematic of the adult mouse molar, which shares many 
morphological features with adult human teeth. The main difference 
between mouse and human molars to mouse incisors is that the former 
have a finite growth phase. Once the molar crown is formed, the 
progenitors in the epithelial cervical loop are gradually lost, and roots, 
which anchor the molar to the jawbone, are formed. Pulp also fills the 
molar and is lined by a layer of ODBs. A layer of enamel covers the 
dentin at the tooth crown, while the roots are covered with cementum.
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Once cells are clustered, different methods have been used 
to assign them to specific cell types, either based on existing 
markers or using an unbiased approach. Chiba et al. (2020) 
relied on previously established markers, such as Sfrp5 and 

Notch1, to annotate the OEE and the SI, respectively. Krivanek 
et al. (2020) used a combination of established as well as novel 
markers. For example, they relied on the canonical dental epi-
thelial stem cell markers Sox2, Lrig1, and Bmi1 to designate a 

Figure 2. Workflow of single-cell RNA sequencing analysis of mouse and human teeth. Teeth are excised/isolated (1, 2), and dental tissues are 
dissociated into single-cell suspensions (3). Cell of interest may be sorted by a fluorescent activated cell sorter (FACS) (4) or directly examined for live 
cells. Cells are then individually barcoded (5) before complementary DNA libraries are prepared and sequenced. The resulting files undergo rounds 
of quality control and filtering (6). Cells can then be grouped based on the similarity of their transcriptomes through unsupervised clustering (7), and 
markers are used to identify cell types in the data set (8). Created with BioRender.com.

Table 1. Summary of the Main Similarities and Differences in Study Design, Sample Preparation, Single-Cell RNA Sequencing Strategies, and 
Bioinformatic Analysis Pipelines between the 3 Studies.

Study Sharir et al. (2019) Krivanek et al. (2020) Chiba et al. (2020)

Species Mouse Mousea Mouse
Strain C57BL/6N C57BL/6N; Sox2-RFP Krt14-RFP
Age 8 wk 2–4 mo 7 d
Sex Males Males and females Not stated
Number of individuals 5 39 7
Tooth Incisor Incisora Incisor
Region Proximal region Entire tooth Entire tooth
Dissociation enzyme Collagenase P Collagenase P Dispase II
Strategy to reduce the impact of 

cellular stress
FACS with live/dead stain + 

mitochondrial gene expression 
regression

Rapid FACS sorting of cells onto 
plates

No FACS sorting + mitochondrial 
gene expression regression

Number of analyzed cells 3,173 2,889 6,260b

scRNA-seq strategy 10× Chromium Smart-seq2 10× Chromium
Clustering method Spectral clustering of a K-nearest 

neighbor graph
Hierarchical clustering using Ward 

method and Pearson correlation 
distance (PAGODA)

Hierarchical clustering based on 
Euclidean distance and complete 
linkage (Seurat)

Visualization SPRING (Weinreb et al. 2018) t-SNE t-SNE

FACS, Fluorescence Activated Cell Sorter; scRNA-seq, single-cell RNA sequencing; t-SNE, t-distributed stochastic neighbor embedding.
aKrivanek et al. (2020) also sequenced the incisor mesenchyme, the mouse first molar, and human wisdom tooth.
bIncluding the mesenchyme and immune cells.
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presumed stem cell population in the OEE or to enrich for the 
presumptive epithelial stem cells using a Sox2GFP reporter 
mouse. Concurrently, they used newly identified markers such 
as Cygb and Rhcg to tag a cell population in the SI. In contrast, 
identification of the various cell groups by Sharir et al. (2019) 
was independent of any preexisting markers. The results gained 
through this approach question the existing models of the inci-
sor epithelium composition, as discussed below.

Many of the enriched genes identified by the 3 studies are 
novel markers, which had not been recognized to mark the 
nonameloblast epithelium before. While there were differences 
between studies, of note is the independent identification of 
keratin 15 (Krt15) in the OEE and Cldn10 in the SI by all 3 
groups. Predictions regarding cell type definition were con-
firmed by in situ imaging, which is an essential step to validate 
the biological relevance of sequencing data. The spatial 

distribution of different cell types was examined by 
either immunohistochemistry (Chiba et al. 2020; 
Krivanek et al. 2020) or single-molecule RNA hybrid-
ization (Sharir et al. 2019; Krivanek et al. 2020). 
Interrogating the newly identified genes may illumi-
nate the function of each cell type in the nonamelo-
blast epithelium. However, because many of these 
genes are expressed in more than 1 cell population, we 
need to develop new genetic tools, such as Cre drivers, 
to probe their function in the intended population 
(Buckingham and Meilhac 2011).

A better understanding of the different cell types 
identified by scRNA-seq also allowed scientists to 
revisit previous models of stem cell–fueled incisor 
renewal. Past studies of the mouse incisor epithelium, 
which were based on work done in hair follicles, pos-
ited that quiescent stem cells are located in the proxi-
mal portion of the OEE or SR (Harada et al. 1999; 
Seidel et al. 2010; Juuri et al. 2012). This model sug-
gests that these quiescent stem cells give rise to short-
lived transit-amplifying cell in the IEE, which in turn 
differentiate into preameloblasts and then ameloblasts 
as the cells move toward the distal end of the incisor 
and lay down the enamel matrix. However, these ear-
lier studies relied on a few candidate markers and a 
presumed cellular hierarchy. scRNA-seq offers the 
opportunity to question this dogma using unbiased 
information on the spatial organization and lineage 
relationships of all cell types in the ever-growing 
rodent incisors. For example, Sharir et al. (2019) con-
cluded that the expression of many of the previously 
reported stem cell markers, such as Sox2 and Bmi1, 
was not exclusive to any cell subpopulation. This was 
confirmed by single-molecule RNA hybridization. 
Furthermore, integrating sequencing data with results 
obtained by quantitative kinetics tools, such as label-
dilution assays and quantitative 3-dimensional analy-
sis of cell proliferation, indicated that epithelial stem 
cells in the tooth are in fact not quiescent. This reposi-
tions the dental renewal process in line with what is 

now known about other self-renewing tissues (Clevers and 
Watt 2018). In this new model, a pool of actively cycling pro-
genitors in the IEE fuels adult renewal of the incisor epithe-
lium. RNA velocity, which uses the abundance of spliced and 
unspliced messenger RNAs (mRNAs) in single cells to predict 
their future state (La Manno et al. 2018), was used by Sharir  
et al. (2019) and Chiba et al. (2020) to independently verify the 
predicted origin of new cell production in the IEE and the 
direction of cell flow from the IEE to the rest of the incisor 
epithelium.

While lineage relationships and cell trajectories can be 
imputed from transcriptomic data, the gold standard for deter-
mining long-term cell dynamics and fate is by genetic lineage 
tracing (Blanpain and Simons 2013). This technique involves 
irreversible genetic labeling of specific cell populations (pulse) 
and then following their progeny at later time points (chase). 

Figure 3. Single-cell RNA sequencing (scRNA-seq) identifies cell types in the 
mouse incisor epithelium. (A) The former model, which was based on microscopic 
appearances, posits the existence of 4 cell types in the mouse incisor epithelium, 
in addition to the ameloblast lineage. Results from Krivanek et al. (2020) (B) and 
Sharir et al. (2019) (C) indicate that the nonameloblast incisor epithelium is divided 
into more than the 4 traditional cell types, underscoring the cellular heterogeneity 
of this tissue. (D) By contrast, Chiba et al. (2020) found a more homogeneous 
configuration of only 2 cell types: one in the inner and outer enamel epithelium (IEE 
and OEE, respectively) and another in the stratum intermedium (SI) and stellate 
reticulum (SR). The schemes are inferred from the transcriptional signatures 
and marker validations presented in each study. (E) Example of scRNA-seq data 
from the nonameloblast epithelium. The Spring plot shows the identification of 9 
color-coded clusters. The expression of several markers was validated by in situ 
hybridization. Modified from Sharir et al. (2019).
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The lines used for in vivo genetic lineage tracing are listed in 
Appendix 1. Using this tool, Krivanek et al. (2020) suggested 
that Fos+/Sox2− OEE cells represent a group of intermediate 
progenitors, possibly downstream of more long-lasting stem 
cells. Lineage tracing of the Notch1+ SI cell by Sharir et al. 
(2019) indicated that at least some of the SR and OEE cells are 
derived from SI cells and not vice versa, as previously sug-
gested (Harada et al. 2006; Juuri et al. 2012).

Together, these analyses provide a wealth of information on 
the cellular identity and dynamic nature of different cell types 
within the mouse incisor epithelium and expand the knowledge 
base regarding the identity, location, and function of dental 
epithelial progenitors in this tissue.

Amelogenesis at a Single-Cell Level
During amelogenesis, the process of enamel formation, epithe-
lial-derived preameloblasts undergo a highly regulated differ-
entiation sequence resulting in the formation of a partially 
mineralized extracellular matrix (Reith 1970). This enamel 
matrix is then further mineralized to produce the hardest tissue 
in the body, which covers the crown of the tooth. The life cycle 
of ameloblasts involves a series of morphological changes and 
functional adaptations, which ultimately ensure proper enamel 
formation (Warshawsky and Smith 1974). Amelogenesis is tra-
ditionally divided into 4 stages: the presecretory, secretory, 
transition, and maturation stages (Bartlett 2013). However, this 
somewhat simplistic view does not fully reflect the genetic and 
biochemical progression of amelogenesis (Smith 1998). For 
example, ameloblasts gradually transition between stages, and 
secretion of enamel matrix proteins and hydroxyapatite is not 
restricted to the secretory stage.

Information on the genetic program that controls the pro-
gression of ameloblasts through these stages has been obtained 
mainly through candidate gene approaches, in which amelo-
blasts from patients and animal models exhibiting enamel mal-
formations were analyzed. While this reverse genetic approach 
may identify specific mutations in individuals, it falls short of 
revealing the full genetic program involved in coordinating 
amelogenesis. Over the past decade, a few efforts have been 
made for unbiased profiling of the transcriptome of amelogen-
esis using microarrays of rodent incisors and human embry-
onic tooth buds (Lacruz et al. 2012; Yin et al. 2014; Hu et al. 
2015; Seidel et al. 2017). While these investigations revealed 
hundreds of genes that are expressed by ameloblasts at various 
differentiation stages, they still represent an average expres-
sion of collections of cells at different phases. The detailed 
description of the sequence of transcriptomic changes during 
amelogenesis that is provided by scRNA-seq allows for a bet-
ter mechanistic understanding of this process.

Due to the continuous eruption of the mouse incisor, the 
successive stages of ameloblasts are present adjacent to each 
other in the adult tooth. Therefore, the various cell states can be 
viewed as a continuous lineage that displays a gradient of spa-
tial variability. In scRNA-seq, this spatial information is lost 
during cell preparation and measurement. Hence, to recover 
the sequence of transcriptional events during amelogenesis, 

transcriptomes of individual cells derived from all ameloblast 
differentiation stages were aligned along a single trajectory, a 
process also known as pseudotime analysis (Trapnell et al. 
2014), which reconstructs the differentiation trajectory accord-
ing to expression similarity (Fig. 4). As amelogenesis involves 
a single lineage trajectory, the task of ordering cells throughout 
the process is relatively straightforward.

The 3 studies manually defined the source (origin) and sink 
(endpoint) for the reconstructed lineage trajectory. This prela-
beling, as well as the algorithm used to order the cells, differed 
between the studies, which may explain some differences in 
the observations. For example, Krivanek et al. (2020) selected 
the SR as the source of preameloblasts, whereas the other 2 
studies defined the IEE as the source of trajectory. Sharir et al. 
(2019) centered their investigation on the proximal region of 
the incisor and, hence, their terminal cell identity was a secre-
tory ameloblast. By contrast, the other 2 studies considered the 
entire process of amelogenesis, and their lineage terminated in 
postmaturation stage ameloblasts.

The predicted trajectories uncovered the detailed changes in 
expression of known markers of amelogenesis. In addition, it 
identified hundreds of genes that displayed variability along 
the ameloblast differentiation trajectory, many of which repre-
sent novel markers of ameloblasts at different differentiation 
stages. Several of these genes displayed similar trends of 
expression in pseudotime, being downregulated early, upregu-
lated late, or transiently upregulated. It will be interesting to 
investigate if these groups of genes also share biological func-
tions or regulators. For example, Krivanek et al. (2020) found 
a group of cells that appeared during the maturation stage, 
which expressed several genes encoding ion channels, includ-
ing Piezo2, Trpm2, Trpm3, and Trpm6. These genes were pre-
viously associated with mechanotransduction, the process by 
which cells convert a mechanical stimulus into chemical sig-
naling (Chen et al. 2004). While the number of these cells did 
not change upon reducing the occlusal load by trimming the 
tooth end, further investigation is required to determine the 
specific role of these genes in ameloblasts.

The Mouse Incisor Mesenchyme
Mesenchymal populations make up most of the mass of the 
tooth tissue. They include dentin-producing odontoblasts, the 
pulp, and the dental follicle, also known as periodontium 
(Schroeder 1986). Both dental pulp and periodontium are 
gelatinous-like connective tissue with blood supply and inner-
vation and are home to many resident cell types of mesenchy-
mal and ectomesenchymal origin (Goldberg and Smith 2004). 
Mammalian dental mesenchymal tissues possess a limited 
capacity to regenerate dentin, cementum, and pulp cells 
(Gronthos et al. 2000); thus, they play an important role in 
tooth homeostasis and repair. Many attempts to isolate cells 
from human dental pulp for regeneration applications have 
been reported (Miura et al. 2003; Monteiro and Yelick 2019).

The mouse incisor mesenchyme is composed of several cell 
types, including connective tissue, blood vessels, and nerves. 
Yet, this cellular heterogeneity had not been considered at the 
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single-cell resolution level. Studies of the incisor mesenchyme 
found that quiescent cells are located in a region between the 
labial and lingual epithelial cervical loops. Genetic labeling 
using several putative stem cell markers, including Gli1, Thy1, 
Igfbp5, and Lrig1, showed that labeled cells colocalize with the 
quiescent region of the mesenchyme and give rise to differenti-
ated odontoblasts, pulp cells, and/or dental follicle cells, fur-
ther supporting this region as the putative stem cell niche 
(Balic and Mina 2010; Seidel et al. 2017; An et al. 2018). 
Progeny of glial cells and pericytes have also been suggested 
as precursors for dental mesenchymal stem cells (Kaukua et al. 
2014; Zhao et al. 2014). Recent studies indicated that the vari-
ous mesenchymal lineages are maintained by different pools of 
progenitors. For example, a gene coexpression analysis sug-
gested that the outer region of the mesenchyme contains Lrig1-
expressing stem cells that contribute solely to periodontium 
cells (Seidel et al. 2017), whereas stem cells associated with 
nearby nerves are biased toward the odontoblast lineage 
(Walker et al. 2019). The diversity of mesenchymal progeni-
tors was also indicated by another study, which employed 
scRNA-seq to sequence parathyroid hormone–related protein 
(PTHrP)–expressing cells in the developing molar mesen-
chyme (Takahashi et al. 2019).

To build on these earlier analyses, scRNA-seq experiments 
by Krivanek et al. (2020) identified a high level of heterogene-
ity in the mesenchyme. The anatomical locations of several of 
the transcriptionally distinct cell types were verified using both 
known and newly identified markers. Transcriptional trajec-
tory modeling predicted the existence of an active pool of  
progenitor cells that give rise to 3 main mesenchymal 
branches—namely, odontoblasts and distal and apical pulp 
cells—which form a continuum of transient cell states. The 
apical region contains 2 subpopulations: active progenitor-like 
cells and upstream stromal-like cells. The existence of subpop-
ulations within the mesenchymal stem cells and the segrega-
tion of the apical region into quiescent and active cell 
populations were also noticed by another recent scRNA-seq 
study, which found a niche-like subpopulation of Runx2+ cells 
within the Gli1+ mesenchymal stem cells (Chen et al. 2020).

Analysis of sequencing data also classified Foxd1, 
expressed by mesenchymal cells located near the epithelial 
labial cervical loop (laCL), as a novel marker of mesenchymal 
stem cells. Using lineage tracing, Krivanek et al. (2020) further 
showed that Foxd1+ cells are specified at the apical region 
toward either the odontoblast or the pulp lineage.

In agreement with earlier models of odontoblast differentia-
tion (Garant et al. 1968; Ruch et al. 1995; Vidovic et al. 2017), 
pseudotime analysis revealed at least 4 transcriptional stage 
transitions, from odontoblast progenitors to preodontoblast, 
then to early odontoblasts and, finally, to late odontoblasts. 
Each step was characterized by distinct transcriptomic signa-
tures and transcription factors, which were validated using 
single-molecule in situ hybridization, providing a useful 
resource for future investigations of odontogenesis.

Using scRNA-seq to Understand 
Tooth Repair Process
During homeostasis, to guarantee organ integrity and function, 
the number of cells generated by resident stem cells must equal 
the number of differentiated cells that are lost due to physio-
logical wear (Simons and Clevers 2011). By contrast, injury 
increases the demand for differentiated cells, and in response, 
stem cells are redirected from a tissue maintenance program 
toward tissue repair.

To examine how the incisor epithelium transcriptome is 
affected by injury, Sharir et al. (2019) compared scRNA-seq 
data between regenerating and uninjured teeth. Proliferating 
progenitor cells were targeted by treating mice with the chemo-
therapeutic drug 5-fluorouracil (5-FU), a pyrimidine analogue 
that causes cell cycle arrest and apoptosis (Longley et al. 
2003). To identify cell states that emerge or expand during 
regeneration, scRNA-seq was conducted 3 d after injury, when 
the recovery process peaked. A classification-based approach, 
where each injured cell is given the label of its transcriptionally 
closest counterpart in the control condition, showed that no 
new cell states appeared during the repair process. The most 
striking change was the increase in cell proliferation. Moreover, 
the increase in the fraction of cycling cells also included cell 

Figure 4. Single-cell RNA sequencing (scRNA-seq) analysis shows the 
sequence of transcriptional events during amelogenesis. The spatial identity 
of ameloblasts at different stages of differentiation is lost during single-
cell preparations. Pseudotime algorithm reconstructs the spatiotemporal 
dynamics of the cells and can be used to identify genes that are differentially 
expressed over (pseudo)time. Created with BioRender.com.
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types that are normally noncycling. Such an increase in the 
proliferation rate of progenitors, together with recruitment of 
additional ad hoc progenitors, is a common cellular mecha-
nism in stem cell–based tissue repair (Wabik and Jones 2015). 
This mechanism often involves a single population of progeni-
tors, which switches from the homeostatic to the regenerative 
behavior in response to injury (Doupé et al. 2012). However, it 
is still possible that a pool of dormant incisor stem cells is acti-
vated following a more severe injury. For example, Lgr5+ cells 
at the OEE can be triggered during recovery from ablation of 
Sox2+ cells (Sanz-Navarro et al. 2018). Furthermore, Sharir  
et al. (2019) probed the recovery at a single time point, while a 
cell state may become detectable at a different repair phase, 
similar to observations in other organs (Plasschaert et al. 2018).

To explore the biological significance of the transcriptional 
changes in the recovering incisor, differentially expressed 
genes (DEGs) in each pair of corresponding clusters were 
computed. While gene ontology (GO) and gene set enrichment 
analysis (GSEA) did not pinpoint any pathway enrichment, 
several Wnt antagonists, such as Sfrp5, WISE (Sostdc1), and 
Wisp1, were enriched during the repair process. Uncovering 
the role of Wnt signaling in the repair process is an important 
future direction because Wnt antagonists have been previously 
implicated in tooth development and enamel regeneration 
(Ahn et al. 2010; Juuri et al. 2012). Of note, Notch1-expressing 
cells of the SI have a key function in recovery. The role of SI 
cells is discussed in detail in Sharir et al. (2019).

Overall, scRNA-seq analysis of both homeostatic and 
injured incisor epithelia uncovered cellular behaviors as well 
as composition and transcriptomic changes that enable this tis-
sue to regenerate. Understanding these plastic modifications 
during endogenous enamel regeneration can be used to develop 
strategies for stem cell–based tooth renewal.

Comparison of scRNA-seq  
Analyses of the Mouse Incisor  
versus the Mouse Molar and Human Teeth
Uncovering species-specific as well as shared features in tooth 
composition and structure can affirm the use of mouse as a 
model system for dental studies. Comparing the transcriptional 
differences between ever-growing and nongrowing adult teeth 
can also elucidate the transcriptional program that maintains 
and enables the tooth self-renewal capacity. The study by 
Krivanek et al. (2020) highlights the differences in cell sub-
types and gene expression between the mouse incisor and 
molar, as well as between mouse and human growing and 
mature molars.

As expected, the adult mouse molar entirely lacked epithe-
lial cell types, as most of them disappear during tooth eruption 
(Lungová et al. 2011). However, surprisingly, it also lacked all 
the stem-like cell types at the incisor apical pulp, such that all 
the molar mesenchymal pulp cells resembled a single incisor 
distal pulp cell type. Consistent with the reduced ability of the 
mouse molar pulp to self-renew, these distal pulp-like cells 
expressed more genes associated with terminally differentiated 

cells and low levels of genes that are expressed in the incisor 
apical pulp. Although both human and mouse adult molars 
have terminated their growth phase, the human molar mesen-
chyme was more transcriptionally diverse than that of the 
mouse. It contained several subpopulations that resembled the 
incisor mesenchyme, including remnants of a stem cell–like 
population to be further explored. Interestingly, the human 
molar exhibited a distinct subpopulation in the periodontal 
layer that does not appear to have a clear parallel in the mouse 
dentition. Continued investigation of this unique cell type is 
urged.

That wisdom teeth continue to grow until later in life 
enabled Krivanek et al. (2020) to examine whether there are 
differences between apical and distal pulp cells of mature and 
growing human molars, as observed in the mouse incisor. 
Comparing the human molar subpopulations to the apical- 
distal components of the mouse incisor pulp showed that the 
pulp of nongrowing human tooth was biased toward the distal 
pulp with a transcriptional state of more mature cells. In con-
trast, the pulp of a human growing tooth exhibited a transcrip-
tome that is more apical-like. Of special interest is a group of 
cells uniquely present in the growing human papilla, which did 
not share transcriptional similarities with mature nongrowing 
papilla populations; however, they displayed similarities to the 
incisor apical pulp in both transcriptomic signatures and ana-
tomic location. This analysis also revealed hundreds of differ-
entially expressed genes, which provide targets for future study 
aimed at elucidating the evolutionary divergence of the genetic 
program of ever-growing teeth.

These results led the authors to postulate that in both human 
and mouse, nongrowing teeth are characterized by a default 
distal pulp-like state, while an apical-like state is a signature of 
growing tissue.

Conclusions, Challenges,  
and Future Directions of scRNA-seq  
in Dental Research
The reviewed studies represent important first applications of 
scRNA-seq in dental research. The ability to comprehensively 
define cell types and states, uncover their functions, and recon-
struct their hierarchal dynamics and relationships is changing 
the way we explore and understand tooth biology. It provides 
better tools for developmental studies, improved diagnostic 
tools for dental pathologies, and potential molecular targets for 
regenerative approaches. In addition to the typical technical 
and computational difficulties of scRNA-seq experiments, 
sequencing of dental samples poses unique challenges. Both 
human and rodent nongrowing teeth contain a limited number 
of live cells, relative to tissues such as skin or gut, and these 
cells are difficult to dissociate. This requires pooling cells from 
a large number of individuals, which can complicate study 
design, analyses, and data interpretation. Another challenge is 
that compared to other organs, teeth lack comprehensive refer-
ences to annotate the various cell types. We anticipate an ever-
increasing application of scRNA-seq in dental research. It will 
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be exciting to see how scRNA-seq analyses are integrated with 
additional multiomics methods to profile epigenetic marks, 
DNA alterations, protein expression, and metabolite states of 
tooth cells (Stuart and Satija 2019). Assessing transcriptional 
signatures while preserving the spatial context, for example, by 
using 10× Genomics spatial transcriptomics technology, 
STARmap (Wang et al. 2018), or Slide-seq (Stickels  
et al. 2020) protocols, is another exciting innovation that is 
likely to be applied soon to single-cell analysis of dental tis-
sues. Together, these multimodal profiling strategies will pro-
vide a more complete understanding of the cellular and 
molecular mechanisms regulating the development, function, 
and repair of teeth.
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