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Dental epithelial stem cells give rise to four types of dental epithelial cells: inner enamel
epithelium (IEE), outer enamel epithelium (OEE), stratum intermedium (SI), and stellate
reticulum (SR). IEE cells further differentiate into enamel-forming ameloblasts, which
play distinct roles, and are essential for enamel formation. These are conventionally
classified by their shape, although their transcriptome and biological roles are
yet to be fully understood. Here, we aimed to use single-cell RNA sequencing
to clarify the heterogeneity of dental epithelial cell types. Unbiased clustering of
6,260 single cells from incisors of postnatal day 7 mice classified them into
two clusters of ameloblast, IEE/OEE, SI/SR, and two mesenchymal populations.
Secretory-stage ameloblasts expressed Amel and Enam were divided into Dspp + and
Ambn + ameloblasts. Pseudo-time analysis indicated Dspp + ameloblasts differentiate
into Ambn + ameloblasts. Further, Dspp and Ambn could be stage-specific markers of
ameloblasts. Gene ontology analysis of each cluster indicated potent roles of cell types:
OEE in the regulation of tooth size and SR in the transport of nutrients. Subsequently,
we identified novel dental epithelial cell marker genes, namely Pttg1, Atf3, Cldn10, and
Krt15. The results not only provided a resource of transcriptome data in dental cells but
also contributed to the molecular analyses of enamel formation.

Keywords: tooth development, ectodermal organ, gene expression, ameloblast, single-cell RNA-seq

INTRODUCTION

The development processes of ectodermal organs, such as tooth, hair, lung, and kidney, have
common features, which are initiated by the interaction of the epithelium with the mesenchyme
through the basement membrane (Thesleff, 2003). Tooth development begins from reciprocal
interaction of oral epithelium with underneath neural crest-derived mesenchyme. Oral epithelium
begins to thicken and becomes dental epithelial stem cells (DESCs). DESCs invaginate into
mesenchyme and form tooth germ. During tooth development, DESCs give rise to all types
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of dental epithelial cells that involve amelogenesis (Juuri et al.,
2013). They may be classified into the following five types:
ameloblast and its progenitor inner enamel epithelium (IEE),
outer enamel epithelium (OEE), cuboidal cells surrounding the
outer layer of the enamel organ, stratum intermedium (SI),
squamous cells that cover ameloblast, and stellate reticulum (SR),
having a spindle shape (Krivanek et al., 2017). All these cell types
are essential for proper enamel formation (Liu H. et al., 2016).
This classification is based on cell shape, and each cell type seems
to play a distinct role; however, the transcriptomic characteristics
and roles of OEE and SR are not yet fully understood.

For a better understanding of the molecular mechanism
during tooth development, we had previously identified several
genes preferentially expressed in ameloblast lineage and had
analyzed their roles in tooth development (Saito et al., 2015;
Liu J. et al., 2016; Miyazaki et al., 2016; Nakamura et al., 2016;
Arai et al., 2017; Han et al., 2018; Nakamura et al., 2020). We
had also identified novel genes from tooth germ complementary
DNA library, namely Ameloblastin (Ambn), Epiprofin (Epfn), and
AmeloD (Dhamija et al., 1999; Nakamura et al., 2004; He et al.,
2019), and each of these knockout mice models showed severe
enamel hypoplasia (Fukumoto et al., 2004; Nakamura et al., 2008,
2017; Aurrekoetxea et al.,, 2016; Chiba et al., 2019). Currently,
ameloblast is the best-characterized cell type of dental epithelium
and plays the most important role in enamel formation. Enamel
formation process, called amelogenesis, can be split into four
stages: proliferation stage, secretory stage, transition stage, and
maturation stage. The stages are defined by the morphology and
function of ameloblasts (Bartlett, 2013). The ameloblasts form
a single-cell layer to cover the enamel and play indispensable
roles in enamel formation by changing their shape and function
through amelogenesis.

DESCs commit cell fate into ameloblast lineages and
differentiate into IEE cells, which proliferate and migrate to
increase the size of tooth germ during the proliferation stage
(Chiba et al., 2019). Soon after, IEE cells exit the cell cycle
and become polarized pre-ameloblasts. Pre-ameloblasts extend
cytoplasmic projections through the basement membrane to
break it. This action enables ameloblasts to deposit the enamel
matrix on the dentin—enamel junction (Bartlett, 2013). In
the secretory stage, pre-ameloblasts increase in height and
differentiate into ameloblasts, which develop Tomes’s processes to
secrete enamel matrices such as Ambn, Amelogenin (Amel), and
Enamelin (Enam) (Green et al., 2019). At the end of the secretory
stage, ameloblasts lose their Tomes’s processes and produce
proteases to degrade and absorb the enamel matrix proteins in
the transition stage. In the maturation stage, ameloblasts change
their cell shape alternately into a ruffle-ended and smooth-ended
phase to modulate ion transportation and pH cycling (Lacruz
et al., 2017). Thus, ameloblasts show dynamic changes in their
morphology and function to contribute to enamel formation.

Tooth development shows dynamic changes in matrix
metabolism and in-cell development, whereas dental epithelium
becomes later reduced to enamel epithelium and undergo
apoptosis associated with tooth eruption in humans (Lacruz et al.,
2017). Therefore, the dental epithelium is a non-regenerative
tissue that limits the observation of the developmental trajectory

of cell fate. Rodent incisors have stem cell niche in their roots,
referred to as a cervical loop, and grow throughout their life
(Harada et al., 2006; Sharir et al., 2019).

In the cervical loop region of rodent incisor, Sox2 + DESCs
continuously provide differentiating epithelial cells toward apical
sides (Juuri et al., 2013). This model provides a new perspective
on the development of dental epithelium. Single-cell RNA
sequencing (scRNA-seq) is a powerful tool to clarify the
heterogeneity of developing cell types; recent scRNA-seq studies
in tooth development have clarified some characteristics of
dental epithelial cell types (Landin et al, 2012, 2015; Sharir
et al., 2019; Takahashi et al., 2019). However, there has been no
report yet that covers the perspective of transcriptome profiles
in dental epithelium differentiation, especially amelogenesis
using scRNA-seq.

In this study, we performed scRNA-seq analysis using whole
mouse incisors to identify the transcriptomic characteristics
of enamel-forming dental epithelial cells. The transcriptome
map showed the roles of dental epithelial cells and identified
potential novel marker genes for each dental cell type. Also, the
secretory stage of ameloblasts was categorized as Dspp + and
Ambn + ameloblast clusters, each with a distinct biological
role. These findings together demonstrated the establishment of
transcriptional identities of dental epithelial cells and uncovered
the role of dental epithelial cell types.

EXPERIMENTAL PROCEDURES

Animals and Tissues

The Tg(KRT14-RFP)#Efu (Krt14-RFP) mouse line was obtained
from Dr. Matthew P. Hoffman and maintained as homozygous
(Zhang et al., 2011). The animal protocol used in the present
study was approved by the National Institute of Dental
and Craniofacial Research (NIDCR) Animal Care and Use
Committee (protocol number ASP16-796). All animals were
housed in a facility approved by the American Association for the
Accreditation of Laboratory Animal Care. Incisors were dissected
with sharp tweezers from seven littermates of P7 Krt14-RFP mice.
Single-cell dissociation was essentially performed as previously
described (Li et al., 2015). Briefly, dissected incisors were
incubated in 4-mg/ml Dispase II (Roche) for 14 min at 37°C.
They were placed in cold Dulbecco’s modified Eagle medium/F12,
and dental epithelium and mesenchyme were separated under a
microscope. The tissues are then placed in Accutase (Sigma) for
30 min at 37°C. After pipetting up and down, using 1,000 pm
tips, a single-cell suspension was produced by passing through
a 70 pwm sterile cell strainer. The cells were resuspended with
0.04% bovine serum albumin containing cold phosphate-buffered
saline. All methods were carried out following relevant guidelines
and regulations.

Single-Cell Library Preparation and
Sequencing
Single-cell library preparation was performed following

the manufacturer’s instructions for the 10 x Chromium
single-cell kit (10x Genomics, CA, United States). The
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libraries were sequenced on a NextSeq 500 sequencer
(lumina, CA, United States), as previously described
(Sekiguchi et al., 2020).

Single-Cell RNA Sequencing Data

Processing and Quality Control

Read processing was performed using the 10 x Genomics
workflow (Zheng et al., 2017). Briefly, the Cell Ranger Single-Cell
Software Suite was used for demultiplexing, barcode assignment,
and unique molecular identifier (UMI) quantification'. The reads
were aligned to the mm10 reference genome (Genome Reference
Consortium Mouse Build 38) using a pre-built annotation
package obtained from the 10 x Genomics website’. Samples
were demultiplexed using the “cellranger mkfastq” function,
and gene count matrices were generated using the “cellranger
count” function.

The Cell Ranger software identified, on an average, 46,146
barcodes per sample, containing 7,356 median UMIs per cell.
The mean sequencing saturation of the sample was 50%. The
following metrics were used to flag poor-quality cells: number
of genes detected, total number of UMIs, and percentage of
molecules mapped to mitochondrial genes. Data for specific
cells were not included in subsequent analyses when fewer than
700 genes were detected. Cells, with a mean of >9% of UMIs
mapped to mitochondrial genes, were defined as non-viable or
apoptotic and were excluded from the analyses. Genes expressed
in <5 cells were not included; 6,260 cells were included in
subsequent clustering.

Cell Clustering Analyses

Secondary analysis and filtering were performed using the Seurat
v2 R package (Satija et al, 2015). To assign epithelial and
mesenchymal cells to distinct clusters based on differentially
expressed transcripts, significant dimensions were first defined
by principal component analysis. The number of significant
PCs for clustering analysis was determined by the “JackStraw”
function implemented by the Seurat package at p < 0.05 with 15
PCs. The significant PCs were applied to graph-based clustering
using Seurat’s “findClusters” function. Cluster representations
were performed by t-distributed stochastic neighbor embedding
(t-SNE) at resolution 0.2.

Differential Expression, Gene Ontology,

and Pseudo-Time Analysis

Per cluster differential gene expression was computed with
Seurat2’s “FindAllMarkers” function using default parameters
(Zheng et al, 2017). The Log,FoldChange was the ratio of
gene expression of one cluster to that of all other cells. The
P-value was calculated by a negative binomial exact test (Yu
etal., 2013). We considered marker genes that were differentially
expressed (p < 0.01). For gene ontology (GO) analysis, an online
platform for GO enrichment analysis, provided by the Gene

Uhttp://software.10xgenomics.com/single- cell/overview/welcome

Zhttps://support.10xgenomics.com/single- cell- geneexpression/software/
pipelines/latest/advanced/references

Ontology Consortium®, was used (Ashburner et al., 2000; Mi
et al, 2019) with the differentially expressed in each cluster
(p < 0.01). The R package monocle was used to perform
pseudo-time analysis. To cluster genes by pseudo-temporal
expression pattern, the function “plot_pseudotime_heatmap”
was used (Trapnell et al., 2014).

Immunofluorescence and

Single-Molecule Fluorescence in situ
Hybridization

P1 and P3 mouse heads were embedded in paraffin, sectioned,
and subjected to immunofluorescence, as described previously
(Chiba et al, 2019). The primary antibodies of AMEL
(Abcam, 1:200), NOTCH2 (Cell Signaling Technology,
1:200), PTTG1 (Abcam, 1:100), CLDNI10 (Thermo Fisher
Scientific, 1:200), ATF3 (Abcam, 1:100), and KRT15 (Abcam,
1:200) were wused for immunostaining. These primary
antibodies were detected by Alexa Fluor 488-conjugated
antibody (Invitrogen, 1:400). Nuclear staining was performed
with DAPI (Sigma).

For single-molecule fluorescence in situ hybridization
(smFISH), Custom Stellaris” Probe Sets (LGC Biosearch
Technology, Hoddesdon, United Kingdom) for mouse Ambn
and mouse Dspp were designed by Stellaris Probe Designer.
Hybridization buffer was prepared as previously described
(Wang, 2019), and smFISH was performed following the
manufacturer’s protocol.

RESULTS

Single-Cell Transcriptome Analysis of
Mouse Incisors Showed the Entire
Population of Dental Cells

We first established a fluorescent mouse model, to distinguish
dental epithelium from other cell types, using Tg(KRT14-
RFP)#Efu, a Keratinl4 (Krt14)-promoter driven RFP tag mouse
(Krt14-RFP) (Zhang et al, 2011). Krtl4 is a marker of the
dental epithelium (Chavez et al, 2014), and in Krtl4-RFP
mice, RFP was observed in the entire dental epithelium in
postnatal-day (P) 3 incisors (Figure 1A). Rodent incisor develops
continuously throughout their life; therefore, it is a good model
to analyze the developing cell stages. Although maturation of
mice incisors takes 4 weeks after their birth, most of the cells
that consist of incisor are observed at P7. To isolate all types
and stages of dental cells, we dissected mandibular incisors
of P7 Krt14-RFP mice littermates and dissociated dental cells
into single cells. Single cells were immediately loaded to the
10 x genomics platform, and scRNA-seq was performed. We
obtained 6,260 single-cell transcriptome data with 2,386 mean
genes per cell (Table 1). Differential gene expression analysis
identified DsRed + (Krt14 +) epithelial cell, Fnl + mesenchymal
cell, Cdh5 + endothelial cell, and Ccl12 + leukocyte clusters
(Figures 1B,C).

3http://geneontology.org
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FIGURE 1 | t-SNE visualization showed the entire population of the incisor. (A) Schematic representation of the procedure for single-cell RNA-sequencing using

Krt14-RFP P7 mouse incisors. Incisors were dissected from postnatal day 7 (P7) Krt

incisor. (B) Expression of cell-type-specific marker genes projected onto the t-SNE plot. DsRed and Krt14: epithelium, Fn7 and Vim: mesenchyme, Cdh5: endothelial
cell, Ccl12: leukocyte. (C) Classified population based on the marker genes analyzed in Figure 1B. The four clusters comprised of Krt14 + epithelium (blue),

Fn1 + mesenchyme (orange), Cah5 + endothelial cell (pink), and Ccl12 + leukocyte (gray). (D) t-SNE visualization of all single-cell RNA-seq datasets from P7
Krt14-RFP mouse incisors. Automatic clustering based on log-transformed mean expression values of the eight clusters, identifying four epithelial, two
mesenchymal, erythrocyte, and leukocyte clusters. Blue lines indicate epithelial clusters. Orange lines indicate mesenchymal clusters. DE, dental epithelium; DM,

dental mesenchyme.

14-RFP littermates. Left panel shows a sagittal section of P3 Krt14-RFP mouse

Classification Based on Marker Genes
Showed the Known Dental Cell
Populations and Their Transcriptomic
Characteristics

Unbiased clustering identified four epithelial and two
mesenchymal clusters, excluding erythrocyte and leukocyte
clusters (Figure 1D). We first analyzed the expression of dental
cell marker genes to identify the known dental cell populations in

the t-SNE plot. Amel, Tbx1, Sfrp5, Notchl, and Notch2 were used
as cell type-specific marker genes, as reported previously (Harada
etal., 1999; Mitsiadis et al., 2010; Juuri et al., 2013). The secretory
stage of ameloblasts was marked by Amel, and IEE and OEE were
characterized by Tbx1 and Sfrp5 (Figure 2A). SI cell appeared as a
high NotchI-expressing cluster in the epithelium, whereas SR cell
showed a high expression of Notch2. Dmpl marked odontoblast
in mesenchymal clusters. We confirmed the expression pattern of
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TABLE 1 | Quality control statistics for scRNA-seq.

P7 incisor
Number of cells captured 6,260
Mean reads per cell 46,146
Mean genes per cell 2,386
Sequencing saturation (%) 50

AMEL and NOTCH2 by immunofluorescence in the P1 mouse
incisor (Figure 2B). As expected, AMEL and NOTCH2 were
localized in ameloblast and SR cell, respectively. Based on marker
gene expression, the dental epithelial population was classified
into two epithelial clusters of the Amel + secretory stage of
ameloblast Ameloblasts (I) and (II), a TbxI + /Sfrp5 + epithelial
cluster IEE/OEE, and Notchl + /Notch2 + epithelial cluster
SI/SR (Figure 2C). Interestingly, unbiased clustering indicated
IEE and OEE, or SI and SR cells, to have similarity in the
transcriptome, and categorized the cell types into one cluster.
Although IEE/OEE or SI/SR clusters were separate, they were
located closely in t-SNE visualization. We further examined
the expression of developmental stage-dependent genes in the
t-SNE plot (Supplementary Figure 1). Ki67 (Mki67) is a marker
gene for actively proliferating cells, which was observed in the
IEE/OEE cluster. Shh and Wnt6 are known to be expressed
in enamel knot and pre-ameloblast (Gritli-Linde et al., 2002;
Cobourne et al., 2004; Wang et al., 2010), which was observed in
IEE/OEE clusters and Ameloblast clusters, with especially high
expression in Ameloblast (I) cluster. These results indicate the
differentiation processes of ameloblast lineages.

We next examined the transcriptomic characteristics of each
cluster by differential gene expression analysis (Figure 2D).
Heatmap showed obvious differences in the highly expressed
genes across cell clusters, suggesting them to have distinct roles in
tooth development. Notably, IEE/OEE cells highly expressed cell
cycle-related genes, such as Cdk1, Cdc20, and Cdca3 (Figure 2E).
Although Notchl and Notch2 were specifically expressed in SI
and SR cells, respectively, they were not included in the top 20
highly expressed genes (Table 2 and Supplementary Figure 2).
GO analyses were performed with the highly expressed genes in
IEE/OEE and SI/SR clusters to clarify the roles of each cell type
during tooth development (Figures 2E,F). In IEE/OEE clusters,
GO terms were mostly enriched in cell division and cell cycle,
in agreement with their high proliferation activity (Figure 2E).
In SI/SR clusters, GO enrichment indicated that they act as
regulators of nutrient and ion transport (Figure 2F), in line with
previous reports (Kallenbach, 1978; Inage et al., 1987; Yoshida
et al., 1989; Nakamura and Ozawa, 1997).

Differential Gene Expression Analysis
Identified Novel Marker Genes in Dental
Epithelial Cells

We sought to identify novel marker genes in dental epithelial
cells. We selected several genes that were specifically expressed
in IEE/OEE or SI/SR clusters (Figure 3A). Immunofluorescence
was performed in P1 mouse molars to examine the localization

of Pituitary tumor-transforming 1 (Pttgl), Claudin 10 (Cldn10),
Activating transcription factor 3 (Atf3), and Keratin 15 (Krt15)
(Figure 3B). At this stage, molars have distinct differentiated cell
types. PTTG1 was localized in OEE and IEE cells. CLDN10 was
expressed in SI cells. ATF3 was expressed in both OEE and SR
cells. KRT15 was remarkable in OEE. We further examined the
expression of CLDN10 and KRT15 in P7 incisors (Figure 3C).
As expected, CLDN10 was localized in SI cells and KRT15 was
expressed in OEE cells. These results together indicated the genes
to be novel dental epithelial cell markers.

Unbiased Clustering Revealed Novel

Subpopulations of Ameloblast

Unbiased clustering showed that the Amel + secretory stage
of ameloblasts could be divided into two subpopulations,
namely Ameloblasts (I) and (II), as shown in Figure 2C. To
characterize these clusters, we first analyzed the expression
of secretory-stage ameloblast marker genes in scRNA-seq
datasets. Ambn, Amel, Enam, and Matrix metalloproteinase
20 (Mmp20) are well-investigated secretory-stage ameloblast
markers (Fukumoto et al., 2004; Bartlett, 2013). Enam and
Mmp20 were seen in both ameloblast clusters, similar to the
expression of Amel; however, Ambn was highly expressed in
Ameloblast (II) (Figure 4A). In contrast, Dspp was specifically
expressed in the Ameloblast (I) cluster. We next examined
the localization of Ambn and Dspp messenger RNAs in Pl
mouse incisors by smFISH (Figure 4B). Although Dspp was
expressed in differentiated odontoblasts and early-stage secretory
ameloblasts, later on, it was not found to be expressed in
fully differentiated ameloblasts. Ambn was found to gradually
increase its expression from early-stage differentiation and
showed high expression in fully-differentiated ameloblasts.
These results clarified that Ameloblast (II) cluster contained
Ambn + fully differentiated ameloblasts, and Ameloblast
(I) cluster contained Dspp + -early-differentiated ameloblast
subpopulation (Figures 4C,D).

Transcriptomic Characterization
Indicated Distinct Roles of
Dspp + Ameloblast and

Ambn + Ameloblast

DESCs differentiate into IEE cells at the proliferative stage and
into pre-ameloblasts after that. The secretion of enamel matrices
by ameloblasts with Amel, Enam, and Mmp-20 expression defines
the secretory stage of ameloblasts (Bartlett, 2013). Currently, the
secretory stage of ameloblasts has been defined as consisting of
one population. Our current results indicated that ameloblasts
actually have two distinct subpopulations (Figures 4A,C).
Moreover, Dspp and Ambn could be spatiotemporal marker genes
of these stages.

For further analysis of the ameloblast developmental
trajectory, we performed pseudo-time analysis using an
algorithm of Monocle 2 (Trapnell et al., 2014). First, we tested
the entire differentiation process of whole dental epithelial
cells by trajectory analysis (Supplementary Figure 3). The
datasets of whole dental epithelial cells were used as input
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FIGURE 2 | Unbiased clusters were profiled by cell type marker genes. (A) Expression of known dental cell-type-specific marker genes projected onto the t-SNE
plot. Amel: ameloblast, Thx1: |EE and OEE, Sfrp5: IEE and OEE, Notch1: Sl, Notch2: SR, Dmp1: odontoblast (Od). (B) Immunofluorescence of AMEL, NOTCHZ2 in
P1 mouse incisors. AMEL localized in ameloblast. NOTCH2 localized in SR. Boxed area was magnified in the right panel. AM, ameloblast; CL, cervical loop; IEE,
inner enamel epithelium; OEE; outer enamel epithelium; S, stratum intermedium; SR, stellate reticulum. Scale bars: 50 wm. (C) Classified population based on the
dental cell-type marker genes analyzed in Figure 2A. Unbiased eight clusters included two clusters of Amel + ameloblast (blue and light blue), Tbx7 + and

Sfrpb5 + IEE/OEE cluster (light green), Notch1 + and Notch2 + SI/SR cluster (green), Dmp1 + odontoblast (orange), Fn1 + and Vim + mesenchyme (yellow),

Cdh5 + endothelial cell (pink), and Ccl12 + leukocyte (gray). (D) Heatmap analysis demonstrated 50 highly differentially expressed genes between clusters. Genes
known as cell type markers are labeled. Bar plots highlight GO terms enriched in the cluster of (E) IEE/OEE and (F) SI/SR with differentially expressed genes.
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TABLE 2 | Top 20 highly expressed genes of each cluster.

TABLE 2 | Continued

Gene Cluster p-value LogFC Gene Cluster p-value Log FC
Dspp Ameloblast (I) 4.59E-21 2.7 Pfdn4 |IEE/OEE 4.51E-06 1.5
Cyp26al Ameloblast (I) 5.08E-14 2.3 Krt17 |IEE/OEE 1.18E-05 1.4
Col9a3 Ameloblast () 2.01E-13 2.2 Cldn10 |IEE/OEE 6.64E-05 1.4
Stac3 Ameloblast (I) 3.21E-11 2.0 Smc4 |IEE/OEE 1.64E-05 1.4
Acpb Ameloblast (I) 1.99E-04 1.9 Tfrc SI/SR 1.06E-40 4.6
Fxyd4 Ameloblast () 2.45E-10 1.9 Chchd10 SI/SR 1.53E-27 3.8
Plod2 Ameloblast () 1.22E-09 1.8 Slc4a4 SI/SR 4.50E-27 3.9
Calb1 Ameloblast (I) 2.12E-09 1.8 Atp1b1 SI/SR 1.58E-25 3.9
H2-Eb1 Ameloblast () 2.95E-02 1.8 Nectin3 SI/SR 1.29E-24 3.7
Fxyd3 Ameloblast () 5.562E-09 1.8 lgfbp2 SI/SR 8.53E-23 3.6
Wwnté Ameloblast (I) 7.98E-08 1.7 Krt15 SI/SR 6.69E-21 3.5
Ndrg1 Ameloblast () 4.78E-07 1.6 Gnrh1 SI/SR 7.28E-20 3.5
N1l Ameloblast (I) 2.56E-06 1.6 Sgk1 SI/SR 1.84E-19 3.4
tg_DsRed Ameloblast () 2.89E-06 1.5 Dapl1 SI/SR 1.87E-19 3.5
Acpp Ameloblast () 6.39E-06 1.5 Dsc3 SI/SR 3.65E-19 3.4
Cd24a Ameloblast () 4.57E-06 1.5 Barx2 SI/SR 8.93E-19 3.3
Shh Ameloblast (I) 2.15E-05 1.5 Snap91 SI/SR 9.99E-19 3.3
Krt14 Ameloblast () 6.61E-06 1.5 Tnc SI/SR 1.44E-18 3.4
Krt5 Ameloblast () 3.03E-05 1.4 Atp1b3 SI/SR 1.77E-17 3.2
Ambn Ameloblast () 1.71E-26 2.5 Tst SI/SR 6.21E-16 3.1
Amelx Ameloblast () 8.15E-25 2.5 Rbbp8 SI/SR 1.90E-14 3.0
Chst1 Ameloblast () 5.36E-18 2.1 Fam13a SI/SR 1.39E-13 2.9
Acpt Ameloblast (Il) 3.64E-17 21 Dsp SI/SR 1.42E-13 2.9
Lama3 Ameloblast (Il) 1.39E-16 2.1 Dmp1 Odontoblast 1.12E-27 4.9
Aplp1 Ameloblast (Il) 9.29E-17 2.0 Smpd3 Odontoblast 1.97E-50 4.5
Cds5 Ameloblast (Il) 5.48E-15 2.0 Plac8 Odontoblast 9.56E-40 4.0
Gaint12 Ameloblast () 2.95E-14 1.9 Bglap Odontoblast 1.63E-20 3.9
Lamb3 Ameloblast (Il) 6.66E-14 1.9 Sct Odontoblast 4.33E-24 3.9
Enam Ameloblast () 2.76E-13 1.8 Bglap2 Odontoblast 1.00E-17 3.9
Arsb Ameloblast () 1.57E-11 1.7 Dkk1 Odontoblast 1.61E-28 3.8
Cntnap2 Ameloblast (Il) 1.67E-11 1.7 Bglap3 Odontoblast 7.34E-18 3.7
Itor1 Ameloblast () 1.89E-10 1.6 Sgms2 Odontoblast 1.69E-29 3.6
Hba-a2 Ameloblast (Il) 2.77E-06 1.6 Ifitm5 Odontoblast 1.32E-24 3.4
Cystm1 Ameloblast (Il) 1.26E-09 1.6 Dcn Odontoblast 4.01E-15 2.6
Fam46a Ameloblast (Il) 3.00E-09 1.5 Cox4i2 Odontoblast 2.05E-13 2.5
Itoripl2 Ameloblast () 4.50E-08 1.4 Gcehfr Odontoblast 4.74E-12 2.4
Lamc2 Ameloblast (Il) 2.68E-07 1.4 Omd Odontoblast 2.12E-11 2.3
Fam3c Ameloblast (Il) 3.35E-07 1.4 Ibsp Odontoblast 3.60E-06 2.3
Epcam |IEE/OEE 6.17E-13 2.1 Lum Odontoblast 6.64E-12 2.3
Mmt2 |[EE/OEE 2.93E-12 2.1 Ptn Odontoblast 1.09E-11 2.3
Pitx2 IEE/OEE 1.88E-09 1.8 Serpinf1 Odontoblast 1.10E-10 2.2
Shh |IEE/OEE 4.49E-09 1.8 Cdknic Odontoblast 1.24E-08 2.0
Pdgfa |IEE/OEE 1.86E-08 1.7 Mpz Mesenchyme 3.67E-06 2.8
Ube2c |IEE/OEE 5.90E-08 1.7 Ogn Mesenchyme 1.13E-28 2.8
Cend1 |[EE/OEE 1.05E-07 1.7 Sfrp2 Mesenchyme 4.95E-23 2.7
Hmgb2 |IEE/OEE 6.19E-07 1.6 Mmp13 Mesenchyme 5.13E-23 2.7
Cenpf |IEE/OEE 2.51E-06 1.6 Spp1 Mesenchyme 1.24E-11 2.7
Cenpa |[EE/OEE 2.01E-06 1.6 Bmp3 Mesenchyme 1.13E-24 2.6
Sostdc1 |IEE/OEE 1.53E-06 1.5 Sfrp4 Mesenchyme 4.93E-23 2.6
Stmn1 |IEE/OEE 1.39E-06 1.5 Tagin Mesenchyme 5.72E-24 2.6
Lgals7 |[EE/OEE 3.49E-06 1.5 Col12a1 Mesenchyme 1.62E-22 2.5
Cyp26al |IEE/OEE 5.96E-06 1.5 Ncam1 Mesenchyme 2.26E-22 2.5
2810417H13Rik |IEE/OEE 4.98E-06 1.5 Postn Mesenchyme 4.58E-20 2.4
(Continued) (Continued)
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TABLE 2 | Continued

Gene Cluster p-value Log FC
Col3a1 Mesenchyme 9.13E-23 2.4
lgf1 Mesenchyme 2.17E-22 2.4
Mbp Mesenchyme 1.24E-05 2.4
Nts Mesenchyme 4.03E-21 2.4
Col1a2 Mesenchyme 2.15E-20 2.3
Sfrp1 Mesenchyme 1.36E-18 2.2
Acta2 Mesenchyme 1.73E-17 2.2
Alx1 Mesenchyme 1.73E-18 2.2
Ccl12 Leukocyte 1.64E-09 8.0
Ca209f Leukocyte 5.12E-06 7.5
Cd209g Leukocyte 1.36E-04 7.3
Mrc1 Leukocyte 2.15E-15 71
Clec10a Leukocyte 8.61E-12 71
Cdsé Leukocyte 5.55E-14 6.9
Ms4a6bc Leukocyte 5.11E-20 6.8
Ly86 Leukocyte 1.11E-13 6.8
Cilqgc Leukocyte 9.38E-21 6.7
Adgrel Leukocyte 8.73E-15 6.7
Ms4a6d Leukocyte 1.20E-15 6.7
Ccl4 Leukocyte 6.94E-10 6.7
Ccl3 Leukocyte 3.24E-12 6.6
Cx3er1 Leukocyte 3.57E-17 6.6
Ms4a7 Leukocyte 3.20E-18 6.6
Fcrls Leukocyte 6.42E-15 6.6
Ms4abb Leukocyte 2.86E-15 6.5
Fcgr3 Leukocyte 2.49E-16 6.5
Clec4n Leukocyte 6.42E-15 6.4
Cdh5 Endothelial cell 2.54E-58 5.2
Lmo2 Endothelial cell 3.94E-45 51
Ccl21a Endothelial cell 2.01E-10 5.1
Fit1 Endothelial cell 3.58E-51 5.0
Pecam1 Endothelial cell 1.93E-48 4.8
Slco2al Endothelial cell 2.02E-38 4.8
Myct1 Endothelial cell 1.51E-44 4.7
Clec14a Endothelial cell 2.91E-43 4.7
Kdr Endothelial cell 3.94E-45 4.7
Plvap Endothelial cell 3.21E-43 4.6
Cd34 Endothelial cell 2.94E-44 4.6
Adgrfs Endothelial cell 5.11E-41 4.5
Cdo3 Endothelial cell 1.52E-42 4.5
Fabp4 Endothelial cell 1.16E-24 4.5
Apold1 Endothelial cell 4.24E-40 4.4
Aplnr Endothelial cell 3.11E-38 4.4
Emcn Endothelial cell 2.05E-40 4.4
Cldn5 Endothelial cell 2.93E-37 4.4
Rgcc Endothelial cell 1.26E-37 4.3

(Supplementary Figure 3A) and pseudo-temporal plots were
represented in trajectory analysis (Supplementary Figure 3B).
Differential expression analysis of cell-type-specific genes, which
was used in Figure 2A, revealed that the trajectory was divided
into IEE/OEE, SI/SR, and Ameloblast branches (Supplementary
Figure 3C). With the results of pseudo-temporal plots, trajectory
analysis indicated that IEE/OEE clusters gave rise to SI/SR and

Ameloblast clusters. We then further analyzed the detailed
differential trajectory in ameloblast lineages (Figure 5).
Tbxl + IEE/OEE and Amel + ameloblast clusters were
used as input datasets of ameloblast lineages (Figure 5A).
Pseudo-temporal plots were represented in t-SNE plots,
showing the trajectory of ameloblast differentiation (Figure 5B).
Tbx1, Dspp, and Ambn were expressed in different clusters of
pseudo-temporal t-SNE visualization (Figure 5C). We next
tested the pseudo-time-dependent clustering of gene expression.
In the “Rolling wave” plot, the genes showing a significant
change in expression, based on pseudo-time axis, were picked
up as differentiation genes. Differentiation gene groups were
clustered into four groups: (I) to (IV) (Figure 5D). Tbx1 showed
a similar pattern with the groups (I) and (II), whereas Dspp was
seen in group (III), and Ambn showed similarity with group
(IV). These results indicate that the Dspp + cluster has a distinct
state and later differentiates into the Ambn + cluster. This
corresponds to the finding obtained from smFISH in Figure 4B.
We checked the highly expressed genes in the Dspp + and
Ambn + clusters (Figure 5E). Signaling molecules, such as Wnt6
and Shh, were highly expressed in Dspp + cells, thus indicating
that they promoted further differentiation into Ambn + cells. In
Ambn + clusters, extracellular matrix genes, including those of
enamel matrices (Ambn, Amelx, Lama3, Lamb3, and Enam), were
highly expressed, suggesting their potential to produce enamel
matrices. GO analysis of the Dspp + cluster showed enriched
term in an epithelial organization, whereas the Ambn + cluster
was enriched in the term indicating enamel formation, such
as amelogenesis, adhesion, and mineralization (Figure 5F).
These results together suggested ameloblasts as having two
distinct cell subpopulations, namely Dspp + ameloblast and
Ambn + ameloblast, at the transcriptome level.

DISCUSSION

Our transcriptome data showed the entire population in
P7 mouse incisor and identified novel subpopulation of
secretory-stage ameloblasts, seen as Dspp + early-differentiated
ameloblast and Ambn + fully differentiated ameloblast. P7
incisor has DESCs in the cervical loop region and fully
differentiated cells in the apical region (Jheon et al., 2011). We
could observe all the stages and types of developing dental
epithelium in scRNA-seq datasets. Transcriptome analysis clearly
divided the dental epithelial cell population into four clusters,
Ambn + ameloblast (II), Dspp + ameloblast (I), IEE/OEE, and
SI/SR clusters (Figures 2C, 4C). Results indicated IEE and OEE
or SI and SR to possibly have common genes and roles during
tooth development to some extent. This finding agreed with
the previous single-cell analysis of the cervical loop in incisors
(Sharir etal., 2019). Further, we identified Pttgl, Cldn10, Atf3, and
Krt15 as novel markers of dental epithelial cell type (Figure 3).
Interestingly, Pttgl localized in both IEE and OEE; it may be
one of the candidate marker genes of the IEE/OEE cluster. Also,
we found the population of the transition and maturation stages
of ameloblasts to be composed of Amtn + /Klk4 + cells or
Slc24a4 + cells, respectively (Supplementary Figure 4), however,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2020 | Volume 8 | Article 841


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chiba et al.

Single-Cell RNA-Seq in Tooth

they were not categorized as the main population in the current
dataset owing to the limitation in captured cell number. Further
analysis would be required to characterize the transcriptome in
the transition or maturation stages of ameloblasts.

Enamel formation processes are coordinated by strictly
synchronized functions of the dental epithelium (Krivanek et al.,
2017). SI cells cover the ameloblast layer and may contribute to
ameloblast differentiation through Shh signaling (Koyama et al.,
2001). Our previous studies had demonstrated the role of SI in
enamel mineralization by the regulation of alkaline phosphatase
activity in a mouse model (Yoshizaki et al., 2014, 2017). Some
reports had earlier indicated that SI cells regulate ion transporters
associated with ameloblast (Liu H. et al., 2016). Solute carrier
family member Slc4a4 (NBCel) is complementarily expressed
in ameloblasts and SI cells and has implicated functions in
pH regulation during enamel mineralization (Jalali et al., 2014),
which is in agreement with our results (Figure 2F). Thus, the
coordination of SI cells and ameloblasts is essential for enamel
mineralization. In this study, we proposed Cldnl0 as a novel
cell-type-specific gene of SI cells (Figure 3). CLDN10 mutation
in humans causes Helix syndrome, which shows enamel wear as
phenotype (Hadj-Rabia et al., 2018). Although the function of
Cldn10 during tooth development has not reported yet, Cldn10
regulates ion permeability in kidney in mice (Breiderhoff et al,,
2012). Cldn10 may contribute to ion permeability in SI cells and
may play essential roles in enamel formation.

The transcriptomes of SR and OEE cells are not as well
characterized as those of other epithelial cell types; therefore,
some part of their role during tooth development still remains
hypothetical. The presence of large extracellular spaces may
histologically identify SR cells. This space contains carbohydrates
and glycocalyx-rich tissue fluid (Kallenbach, 1978). The glucose
transporter 1, Slc2al (GLUT1), is highly expressed in the
early stage of SR cells (Supplementary Figure 5), and glucose
uptake determines the size of tooth germ in ex vivo culture
(Ida-Yonemochi et al., 2012). Some researchers had speculated
SR cells to act as a carrier of nutrients to the enamel organ owing
to the lack of blood supply in the latter (Ida-Yonemochi et al.,
2005). In this study, GO terms in SI/SR cluster were enriched in
nutrition-related functions (Figure 2F), thus reflecting the role of
SR cells in supplying nutrition to the developing tooth germ.

Few reports had previously indicated the role of OEE in
the regulation of tooth germ size. Iroquois homeobox 1 (Irx1)
transcription factor was expressed preferentially in OEE, SR, and
SI cells (Supplementary Figure 5) and its disruption caused a
delay of tooth growth in mouse (Yu et al, 2017). OEE cells
are known to contribute to root formation by constituting
Hertwig’s epithelial root sheath. During tooth development, cell
proliferation markers such as Ki67 are strongly positive in IEE
(Chiba et al, 2019); however, OEE proliferates more actively
than IEE during the formation of Hertwig’s epithelial root
sheath (Yokohama-Tamaki et al., 2006). Also, in pre-eruption
molars, OEE seems to be potent for proliferation (Liu H. et al,,
2016). GO terms of the IEE/OEE cluster were enriched in cell
mitosis (Figure 2E). Collectively, OEE may have an important
role in tooth size regulation. We further identified Krt15 as an
OEE-specific marker and Atf3 as an SR/OEE marker (Figure 3A).

Because the OEE-specific marker had not been established
earlier, these findings contribute to uncovering the roles of
OEE and SR cells. Krt15 is expressed in the progenitor cells of
the skin, intestine, and esophagus (Giroux et al., 2017, 2018;
Moon et al., 2019). Krtl5 is localized in these epithelial basal
layer and suggested to provide progenitor cells. Interestingly,
Krt15-positive cells have resistant cell property for oncogenesis
(Giroux et al., 2018; Moon et al., 2019). Given that OEE cells
could provide progenitor cells (Liu H. et al., 2016), Krt15-positive
cells may play a role in the maintenance of stemness, preventing
oncogenesis in OEE.

Our transcriptome map reflected a new perspective of all
stages of development of dental cells; however, we could not
clearly distinguish between IEE, OEE, SI, and SR clusters
(Figure 2C). The possible reason could be that we were able to
capture only a limited number of these cell types in the incisor.
Certain developmental stages of molars might show more clearly
differentiated cell types, as well as clusters of each cell type,
in scRNA-seq data.

Our scRNA-seq datasets clearly distinguished Dspp +
ameloblast from Ambn + ameloblast (Figures 2C, 4A-C).
This is the first report describing the novel subpopulation
of ameloblasts, based on transcriptome analysis. The
secretory  stage of ameloblasts differentiated  from
pre-ameloblasts with an elongated shape. GO terms enriched
in Dspp + early-differentiated ameloblasts might indicate
the morphological change as “epithelial development” and
“extracellular matrix organization” (Figure 5F). Interestingly,
transport-related terms, such as “sodium ion transport;,
“nephron epithelium development,” and “urogenital system
development,” were highly enriched in Dspp + ameloblasts.
This may imply the role of Dspp + ameloblasts in the structural
reorganization of cytoplasm to prepare for the later stage of
development. Ameloblasts secrete high amounts of enamel
matrices and subsequently need to absorb the same into the
cytosol (Bartlett, 2013). Therefore, Dspp + ameloblasts may act
as a “preparative stage” for the establishment of a transport
system. Further, Dspp + ameloblasts highly expressed Shh
and Wnt6a (Figures 2D, 5E and Supplementary Figure 1).
During tooth development, Shh and Wnt6a are expressed in
enamel knot in molar and pre-ameloblast to ameloblast in
incisor, and they promote ameloblast differentiation (Sarkar
and Sharpe, 1999; Gritli-Linde et al., 2002; Wang et al., 2010).
The Dspp + ameloblasts produce these growth factors and
may promote further differentiation. Although P7 incisor
does not form enamel knot, Dspp + ameloblasts may act as
enamel knot-like cells to promote ameloblast differentiation for
continuous incisor development.

In this study, we identified Dspp as the stage-specific marker
gene of early-differentiated ameloblasts. Dspp mutation causes
dentinogenesis imperfecta (DI) in humans (Lee et al., 2013), and
the role of Dspp in dentin development is also well characterized
(Sreenath et al., 2003). However, the role of Dspp in amelogenesis
has not been reported yet. In the dental clinic, we often see
patients with DI, having severe enamel fractures (Min et al.,
2014). This may result from enamel abnormality in DI tooth.
Because Dspp could play a potent role in enamel formation,
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FIGURE 3 | Novel marker genes of dental epithelial cell types were identified by differential expression analysis. (A) Expression of novel dental cell-type-specific
marker genes projected onto the t-SNE plot. Pttg7, Cldn10, Atf3, and Krt15 were identified as candidate marker genes from differentially expressed genes in each
cluster. (B) Immunofluorescence of novel dental cell-type-specific marker genes in P1 mouse molars. PTTG1 localized in IEE and OEE. CLDN10 localized in SI. ATF3
localized in OEE and SR. KRT15 localized in OEE. Boxed area was magnified in the right panel. AM, ameloblast; IEE, inner enamel epithelium; OD, odontoblast;
OEE; outer enamel epithelium; SI, stratum intermedium; SR, stellate reticulum. Scale bars: 100 um. (C) Immunofluorescence of CLDN10 and KRT15 in P7 mouse
incisors. CLDN10 was continuously localized in Sl, although the papillary layer showed weak expression. KRT15 localized in the outer enamel epithelium and outer
layer of the papillary layer. AM, ameloblast; OEE; outer enamel epithelium; S, stratum intermedium; PA, papillary layer. Scale bars: 100 pum.
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further analysis of Dspp in amelogenesis might uncover a novel
mechanism of the ameloblast development process. Therefore,
our findings established the transcriptomic characteristics of
dental epithelial cell types and provided a precious resource for
further analysis of ectodermal organ development.

DATA AVAILABILITY STATEMENT

The datasets analyzed for this study can be found in the NCBI
GEO: GSE146855.

ETHICS STATEMENT

The animal study was reviewed and approved by the National
Institute of Dental and Craniofacial Research (NIDCR) Animal
Care and Use Committee.

AUTHOR CONTRIBUTIONS

YC: concept of experiments and writing the manuscript. KS
and AY: writing manuscript. DM, EB, CR, KY, TN, and RM:
experimental work. YY: concept of experiments. SF: concept
of experiments, writing the manuscript, and supervision of
study. All authors contributed to the article and approved the
submitted version.

REFERENCES

Arai, C., Yoshizaki, K., Miyazaki, K., Saito, K., Yamada, A., Han, X, et al. (2017).
Nephronectin plays critical roles in Sox2 expression and proliferation in dental
epithelial stem cells via EGF-like repeat domains. Sci. Rep. 7:45181. doi: 10.1038/
srep45181

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al.
(2000). Gene ontology: tool for the unification of biology. Gene Ontol. Consort.
Nat. Genet. 25, 25-29. doi: 10.1038/75556

Aurrekoetxea, M., Irastorza, I., Garcia-Gallastegui, P., Jiménez-Rojo, L., Nakamura,
T., Yamada, Y., et al. (2016). Wnt/B-Catenin regulates the activity of
epiprofin/Sp6, SHH, FGE, and BMP to coordinate the stages of odontogenesis.
Front. Cell Dev. Biol. 4:25. doi: 10.3389/fcell.2016.00025

Bartlett, J. D. (2013). Dental enamel development: proteinases and their enamel
matrix substrates. ISRN Dent. 2013:684607. doi: 10.1155/2013/684607

Breiderhoff, T., Himmerkus, N., Stuiver, M., Mutig, K., Will, C., Meij, I. C,,
et al. (2012). Deletion of claudin-10 (Cldn10) in the thick ascending limb
impairs paracellular sodium permeability and leads to hypermagnesemia and
nephrocalcinosis. Proc. Natl. Acad. Sci. U.S.A. 109, 14241-14246. doi: 10.1073/
pnas.1203834109

Chavez, M. G., Hu, |, Seidel, K., Li, C., Jheon, A., Naveau, A., et al. (2014). Isolation
and culture of dental epithelial stem cells from the adult mouse incisor. J. Vis.
Exper. 87:51266. doi: 10.3791/51266

Chiba, Y., He, B., Yoshizaki, K., Rhodes, C., Ishijima, M., Bleck, C. K. E,, et al.
(2019). The transcription factor AmeloD stimulates epithelial cell motility
essential for tooth morphology. J. Biol. Chem. 294, 3406-3418. doi: 10.1074/
jbc.RA118.005298

Cobourne, M. T., Miletich, 1., and Sharpe, P. T. (2004). Restriction of sonic
hedgehog signalling during early tooth development. Development 131,
2875-2885. doi: 10.1242/dev.01163

FUNDING

This work was supported in part by the Intramural Research
Program of NIDCR, National Institutes of Health, United States
(YY 1ZIADE000720-11), the NIDCR Gene Transfer Core
Facility (ZIC DE000744-04), Veterinary Resources Core (ZIC
DE000740-05), Combined Technical Research Core Facility (ZIC
DE000729-09), and the National Institute on Deafness and
Other Communication Disorders/Genomics and Computational
Biology Core (ZIC DC000086). Grant-in-Aid support was
also received from the Japan Society for the Promotion of
Science KAKENHI (17H01606 to SF, 18H06286 to YC, and
18H03009 to KS).

ACKNOWLEDGMENTS

This article is dedicated to the memory of YY, who passed away
in 2019. He was a pioneer in matrix biology and a mentor and
friend to many. We also thank Dr. Matthew P. Hoffman for deep
discussion and Dr. Shaohe Wang for expert technical advice.
This work utilized the computational resources of the NIH HPC
Biowulf cluster (http://hpc.nih.gov).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00841/
full#supplementary- material

Dhamija, S., Liu, Y., Yamada, Y., Snead, M. L., and Krebsbach, P. H. (1999). Cloning
and characterization of the murine ameloblastin promoter. J. Biol. Chem. 274,
20738-20743. doi: 10.1074/jbc.274.29.20738

Fukumoto, S., Kiba, T., Hall, B., Iehara, N., Nakamura, T., Longenecker, G., et al.
(2004). Ameloblastin is a cell adhesion molecule required for maintaining the
differentiation state of ameloblasts. J. Cell Biol. 167, 973-983. doi: 10.1083/jcb.
200409077

Giroux, V., Lento, A. A., Islam, M., Pitarresi, J. R., Kharbanda, A., Hamilton, K. E.,
et al. (2017). Long-lived keratin 15+ esophageal progenitor cells contribute to
homeostasis and regeneration. J. Clin. Invest. 127, 2378-2391. doi: 10.1172/
jci88941

Giroux, V., Stephan, J., Chatterji, P., Rhoades, B., Wileyto, E. P., Klein-Szanto, A. .,
et al. (2018). Mouse intestinal Krt15+ crypt cells are radio-resistant and tumor
initiating. Stem Cell Rep. 10, 1947-1958. doi: 10.1016/j.stemcr.2018.04.022

Green, D. R,, Schulte, F., Lee, K.-H., Pugach, M. K., Hardt, M., and Bidlack, F. B.
(2019). Mapping the tooth enamel proteome and amelogenin phosphorylation
onto mineralizing porcine tooth crowns. Front. Physiol. 10:925. doi: 10.3389/
fphys.2019.00925

Gritli-Linde, A., Bei, M., Maas, R., Zhang, X. M., Linde, A., and McMahon,
A. P. (2002). Shh signaling within the dental epithelium is necessary for cell
proliferation, growth and polarization. Development 129, 5323-5337. doi: 10.
1242/dev.00100

Hadj-Rabia, S., Brideau, G., Al-Sarraj, Y., Maroun, R. C,, Figueres, M. L., Leclerc-
Mercier, S., et al. (2018). Multiplex epithelium dysfunction due to CLDN10
mutation: the HELIX syndrome. Genet. Med. 20, 190-201. doi: 10.1038/gim.
2017.71

Han, X., Yoshizaki, K., Miyazaki, K., Arai, C., Funada, K., Yuta, T., et al. (2018).
The transcription factor NKX2-3 mediates p21 expression and ectodysplasin-A
signaling in the enamel knot for cusp formation in tooth development. J. Biol.
Chem. 293, 14572-14584. doi: 10.1074/jbc.RA118.003373

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2020 | Volume 8 | Article 841


http://hpc.nih.gov
https://www.frontiersin.org/articles/10.3389/fcell.2020.00841/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.00841/full#supplementary-material
https://doi.org/10.1038/srep45181
https://doi.org/10.1038/srep45181
https://doi.org/10.1038/75556
https://doi.org/10.3389/fcell.2016.00025
https://doi.org/10.1155/2013/684607
https://doi.org/10.1073/pnas.1203834109
https://doi.org/10.1073/pnas.1203834109
https://doi.org/10.3791/51266
https://doi.org/10.1074/jbc.RA118.005298
https://doi.org/10.1074/jbc.RA118.005298
https://doi.org/10.1242/dev.01163
https://doi.org/10.1074/jbc.274.29.20738
https://doi.org/10.1083/jcb.200409077
https://doi.org/10.1083/jcb.200409077
https://doi.org/10.1172/jci88941
https://doi.org/10.1172/jci88941
https://doi.org/10.1016/j.stemcr.2018.04.022
https://doi.org/10.3389/fphys.2019.00925
https://doi.org/10.3389/fphys.2019.00925
https://doi.org/10.1242/dev.00100
https://doi.org/10.1242/dev.00100
https://doi.org/10.1038/gim.2017.71
https://doi.org/10.1038/gim.2017.71
https://doi.org/10.1074/jbc.RA118.003373
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chiba et al.

Single-Cell RNA-Seq in Tooth

Harada, H., Ichimori, Y., Yokohama-Tamaki, T., Ohshima, H., Kawano, S,
Katsube, K., et al. (2006). Stratum intermedium lineage diverges from
ameloblast lineage via Notch signaling. Biochem. Biophys. Res. Commun. 340,
611-616. doi: 10.1016/j.bbrc.2005.12.053

Harada, H., Kettunen, P., Jung, H. S., Mustonen, T., Wang, Y. A., and Thesleff,
1. (1999). Localization of putative stem cells in dental epithelium and their
association with Notch and FGF signaling. J. Cell Biol. 147, 105-120. doi: 10.
1083/jcb.147.1.105

He, B., Chiba, Y., Li, H., de Vega, S., Tanaka, K., Yoshizaki, K., et al. (2019).
Identification of the novel tooth-specific transcription factor AmeloD. J. Dent.
Res. 98, 234-241. doi: 10.1177/0022034518808254

Ida-Yonemochi, H., Nakatomi, M., Harada, H., Takata, H., Baba, O., and Ohshima,
H. (2012). Glucose uptake mediated by glucose transporter 1 is essential for
early tooth morphogenesis and size determination of murine molars. Dev. Biol.
363, 52-61. doi: 10.1016/j.ydbio.2011.12.020

Ida-Yonemochi, H., Ohshiro, K., Swelam, W., Metwaly, H., and Saku, T.
(2005). Perlecan, a basement membrane-type heparan sulfate proteoglycan,
in the enamel organ: its intraepithelial localization in the stellate reticulum.
J. Histochem. Cytochem. 53, 763-772. doi: 10.1369/jhc.4A6479.2005

Inage, T., Hatakeyama, H., Teranishi, Y., Hirama, A., Imai, C., and Shudo, K.
(1987). Fine structure of the outer enamel epithelium in the cervical loop of the
rat incisor. J. Nihon. Univ. Sch. Dent. 29, 241-252. doi: 10.2334/josnusd1959.
29.241

Jalali, R., Guo, J., Zandieh-Doulabi, B., Bervoets, T. J. M., Paine, M. L., Boron,
W.F, etal. (2014). NBCel (SLC4A4) a potential pH regulator in enamel organ
cells during enamel development in the mouse. Cell Tissue Res. 358, 433-442.
doi: 10.1007/s00441-014-1935-1934

Jheon, A. H., Mostowfi, P., Snead, M. L., Ihrie, R. A, Sone, E., Pramparo, T., et al.
(2011). PERP regulates enamel formation via effects on cell-cell adhesion and
gene expression. J. Cell Sci. 124(Pt 5), 745-754. doi: 10.1242/jcs.078071

Juuri, E., Jussila, M., Seidel, K., Holmes, S., Wu, P., Richman, J., et al. (2013).
Sox2 marks epithelial competence to generate teeth in mammals and reptiles.
Development 140, 1424-1432. doi: 10.1242/dev.089599

Kallenbach, E. (1978). Fine structure of the stratum intermedium, stellate
reticulum, and outer enamel epithelium in the enamel organ of the kitten.
J. Anat. 126(Pt 2), 247-260.

Koyama, E., Wu, C., Shimo, T., Iwamoto, M., Ohmori, T., Kurisu, K., et al.
(2001). Development of stratum intermedium and its role as a Sonic hedgehog-
signaling structure during odontogenesis. Dev. Dyn. 222, 178-191. doi: 10.1002/
dvdy.1186

Krivanek, J., Adameyko, L., and Fried, K. (2017). Heterogeneity and developmental
connections between cell types inhabiting teeth. Front. Physiol. 8:376. doi: 10.
3389/fphys.2017.00376

Lacruz, R. S., Habelitz, S., Wright, J. T., and Paine, M. L. (2017). Dental enamel
formation and implications for oral health and disease. Physiol. Rev. 97,
939-993. doi: 10.1152/physrev.00030.2016

Landin, M. A., Nygard, S., Shabestari, M. G., Babaie, E., Reseland, J. E., and
Osmundsen, H. (2015). Mapping the global mRNA transcriptome during
development of the murine first molar. Front. Genet. 6:47. doi: 10.3389/fgene.
2015.00047

Landin, M. A., Shabestari, M., Babaie, E., Reseland, J., and Osmundsen, H. (2012).
Gene expression profiling during murine tooth development. Front. Genet.
3:139. doi: 10.3389/fgene.2012.00139

Lee, S.-K,, Lee, K.-E., Song, S. J., Hyun, H.-K,, Lee, S.-H., and Kim, J.-W. (2013). A
DSPP mutation causing dentinogenesis imperfecta and characterization of the
mutational effect. Biomed. Res. Intern. 2013:948181. doi: 10.1155/2013/948181

Li, J., Feng, J., Liu, Y., Ho, T.-V., Grimes, W., Ho, H. A,, et al. (2015). BMP-
SHH signaling network controls epithelial stem cell fate via regulation of its
niche in the developing tooth. Dev. Cell 33, 125-135. doi: 10.1016/j.devcel.2015.
02.021

Liu, H., Yan, X, Pandya, M., Luan, X., and Diekwisch, T. G. H. (2016). Daughters of
the enamel organ: development, fate, and function of the stratum intermedium,
stellate reticulum, and outer enamel epithelium. Stem Cells Dev. 25, 1580-1590.
doi: 10.1089/s¢d.2016.0267

Liu, J., Saito, K., Maruya, Y., Nakamura, T., Yamada, A., Fukumoto, E., et al.
(2016). Mutant GDF5 enhances ameloblast differentiation via accelerated
BMP2-induced Smad1/5/8 phosphorylation. Sci. Rep. 6:23670. doi: 10.1038/
srep23670

Mi, H., Muruganujan, A., Ebert, D., Huang, X., and Thomas, P. D. (2019).
PANTHER version 14: more genomes, a new PANTHER GO-slim and
improvements in enrichment analysis tools. Nucleic Acids Res. 47, D419-D426.
doi: 10.1093/nar/gky1038

Min, B., Song, J. S., Lee, J.-H., Choi, B.-J., Kim, K.-M., and Kim, S.-O. (2014).
Multiple teeth fractures in dentinogenesis imperfecta: a case report. J. Clin.
Pediatr. Dent. 38, 362-365. doi: 10.17796/jcpd.38.4.q523456j733642r2

Mitsiadis, T. A., Graf, D., Luder, H., Gridley, T., and Bluteau, G. (2010). BMPs and
FGFs target Notch signalling via jagged 2 to regulate tooth morphogenesis and
cytodifferentiation. Development 137, 3025-3035. doi: 10.1242/dev.049528

Miyazaki, K., Yoshizaki, K., Arai, C., Yamada, A., Saito, K., Ishikawa, M., et al.
(2016). Plakophilin-1, a novel wnt signaling regulator, is critical for tooth
development and ameloblast differentiation. PLoS One 11:¢0152206. doi: 10.
1371/journal.pone.0152206

Moon, H., Zhu, J., Donahue, L. R., Choi, E., and White, A. C. (2019).
Krt5(+)/Krt15(+) foregut basal progenitors give rise to cyclooxygenase-2-
dependent tumours in response to gastric acid stress. Nat. Commun. 10:2225.
doi: 10.1038/s41467-019-10194-10190

Nakamura, H., and Ozawa, H. (1997). Immunolocalization of CD44 and the ezrin-
radixin-moesin (ERM) family in the stratum intermedium and papillary layer of
the mouse enamel organ. J. Histochem. Cytochem. 45, 1481-1492. doi: 10.1177/
002215549704501105

Nakamura, T., Chiba, Y., Naruse, M., Saito, K., Harada, H., and Fukumoto, S.
(2016). Globoside accelerates the differentiation of dental epithelial cells into
ameloblasts. Int. J. Oral Sci. 8, 205-212. doi: 10.1038/ij0s.2016.35

Nakamura, T., de Vega, S., Fukumoto, S., Jimenez, L., Unda, F., and Yamada, Y.
(2008). Transcription factor epiprofin is essential for tooth morphogenesis by
regulating epithelial cell fate and tooth number. J. Biol. Chem. 283, 4825-4833.
doi: 10.1074/jbc.M708388200

Nakamura, T., Iwamoto, T., Nakamura, H. M., Shindo, Y., Saito, K., Yamada, A.,
et al. (2020). Regulation of miR-1-mediated connexin 43 expression and cell
proliferation in dental epithelial cells. Front. Cell Dev. Biol. 8:156. doi: 10.3389/
fcell.2020.00156

Nakamura, T., Jimenez-Rojo, L., Koyama, E., Pacifici, M., de Vega, S., Iwamoto, M.,
et al. (2017). Epiprofin regulates enamel formation and tooth morphogenesis
by controlling epithelial-mesenchymal interactions during tooth development.
J. Bone Miner. Res. 32, 601-610. doi: 10.1002/jbmr.3024

Nakamura, T., Unda, F., de-Vega, S., Vilaxa, A., Fukumoto, S., Yamada, K. M.,
et al. (2004). The Kruppel-like factor epiprofin is expressed by epithelium of
developing teeth, hair follicles, and limb buds and promotes cell proliferation.
J. Biol. Chem. 279, 626-634. doi: 10.1074/jbc.M307502200

Saito, K., Fukumoto, E., Yamada, A., Yuasa, K., Yoshizaki, K., Iwamoto, T., et al.
(2015). Interaction between fibronectin and betal integrin is essential for tooth
development. PLoS One 10:¢0121667. doi: 10.1371/journal.pone.0121667

Sarkar, L., and Sharpe, P. T. (1999). Expression of Wnt signalling pathway
genes during tooth development. Mech. Dev. 85, 197-200. doi: 10.1016/s0925-
4773(99)00095-97

Satija, R., Farrell, J. A., Gennert, D., Schier, A. F., and Regev, A. (2015). Spatial
reconstruction of single-cell gene expression data. Nat. Biotechnol. 33, 495-502.
doi: 10.1038/nbt.3192

Sekiguchi, R., Martin, D., Genomics Computational Biology, and Yamada, K. M.
(2020). Single-cell RNA-seq identifies cell diversity in embryonic salivary
glands. J. Dent. Res. 99, 69-78. doi: 10.1177/0022034519883888

Sharir, A., Marangoni, P., Zilionis, R., Wan, M., Wald, T., Hu, J. K,, et al. (2019).
A large pool of actively cycling progenitors orchestrates self-renewal and injury
repair of an ectodermal appendage. Nat. Cell Biol. 21, 1102-1112. doi: 10.1038/
541556-019-0378-372

Sreenath, T., Thyagarajan, T., Hall, B., Longenecker, G., D’Souza, R., Hong, S., et al.
(2003). Dentin sialophosphoprotein knockout mouse teeth display widened
predentin zone and develop defective dentin mineralization similar to human
dentinogenesis imperfecta type IIL J. Biol. Chem. 278, 24874-24880. doi: 10.
1074/jbc.M303908200

Takahashi, A., Nagata, M., Gupta, A., Matsushita, Y., Yamaguchi, T., Mizuhashi,
K., et al. (2019). Autocrine regulation of mesenchymal progenitor cell fates
orchestrates tooth eruption. Proc. Natl. Acad. Sci. U.S.A. 116, 575-580.
doi: 10.1073/pnas.1810200115

Thesleff, I (2003). Epithelial-mesenchymal signalling regulating
morphogenesis. J. Cell Sci. 116(Pt 9), 1647-1648. doi: 10.1242/jcs.00410

tooth

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2020 | Volume 8 | Article 841


https://doi.org/10.1016/j.bbrc.2005.12.053
https://doi.org/10.1083/jcb.147.1.105
https://doi.org/10.1083/jcb.147.1.105
https://doi.org/10.1177/0022034518808254
https://doi.org/10.1016/j.ydbio.2011.12.020
https://doi.org/10.1369/jhc.4A6479.2005
https://doi.org/10.2334/josnusd1959.29.241
https://doi.org/10.2334/josnusd1959.29.241
https://doi.org/10.1007/s00441-014-1935-1934
https://doi.org/10.1242/jcs.078071
https://doi.org/10.1242/dev.089599
https://doi.org/10.1002/dvdy.1186
https://doi.org/10.1002/dvdy.1186
https://doi.org/10.3389/fphys.2017.00376
https://doi.org/10.3389/fphys.2017.00376
https://doi.org/10.1152/physrev.00030.2016
https://doi.org/10.3389/fgene.2015.00047
https://doi.org/10.3389/fgene.2015.00047
https://doi.org/10.3389/fgene.2012.00139
https://doi.org/10.1155/2013/948181
https://doi.org/10.1016/j.devcel.2015.02.021
https://doi.org/10.1016/j.devcel.2015.02.021
https://doi.org/10.1089/scd.2016.0267
https://doi.org/10.1038/srep23670
https://doi.org/10.1038/srep23670
https://doi.org/10.1093/nar/gky1038
https://doi.org/10.17796/jcpd.38.4.q523456j733642r2
https://doi.org/10.1242/dev.049528
https://doi.org/10.1371/journal.pone.0152206
https://doi.org/10.1371/journal.pone.0152206
https://doi.org/10.1038/s41467-019-10194-10190
https://doi.org/10.1177/002215549704501105
https://doi.org/10.1177/002215549704501105
https://doi.org/10.1038/ijos.2016.35
https://doi.org/10.1074/jbc.M708388200
https://doi.org/10.3389/fcell.2020.00156
https://doi.org/10.3389/fcell.2020.00156
https://doi.org/10.1002/jbmr.3024
https://doi.org/10.1074/jbc.M307502200
https://doi.org/10.1371/journal.pone.0121667
https://doi.org/10.1016/s0925-4773(99)00095-97
https://doi.org/10.1016/s0925-4773(99)00095-97
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1177/0022034519883888
https://doi.org/10.1038/s41556-019-0378-372
https://doi.org/10.1038/s41556-019-0378-372
https://doi.org/10.1074/jbc.M303908200
https://doi.org/10.1074/jbc.M303908200
https://doi.org/10.1073/pnas.1810200115
https://doi.org/10.1242/jcs.00410
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Chiba et al.

Single-Cell RNA-Seq in Tooth

Trapnell, C., Cacchiarelli, D., Grimsby, J., Pokharel, P., Li, S., Morse, M., et al.
(2014). The dynamics and regulators of cell fate decisions are revealed
by pseudotemporal ordering of single cells. Nat. Biotechnol. 32, 381-386.
doi: 10.1038/nbt.2859

Wang, C,, Ren, L., Peng, L., Xu, P., Dong, G., and Ye, L. (2010). Effect of Wnt6 on
human dental papilla cells in vitro. J. Endod. 36, 238-243. doi: 10.1016/j.joen.
2009.09.007

Wang, S. (2019). Single molecule RNA FISH (smFISH) in whole-mount mouse
embryonic organs. Curr. Protoc. Cell Biol. 83:€79. doi: 10.1002/cpcb.79

Yokohama-Tamaki, T., Ohshima, H., Fujiwara, N., Takada, Y., Ichimori, Y.,
Wakisaka, S., et al. (2006). Cessation of Fgfl10 signaling, resulting in a defective
dental epithelial stem cell compartment, leads to the transition from crown to
root formation. Development 133, 1359-1366. doi: 10.1242/dev.02307

Yoshida, S., Ohshima, H., and Kobayashi, S. (1989). Vascularization of the enamel
organ in developing molar teeth of rats—scanning electron microscope study of
corrosion casts. Okajimas Folia Anat. Jpn. 66,99-111. doi: 10.2535/0faj1936.66.
2-3_99

Yoshizaki, K., Hu, L., Nguyen, T., Sakai, K., He, B., Fong, C., et al. (2014). Ablation
of coactivator Med1 switches the cell fate of dental epithelia to that generating
hair. PLoS One 9:¢99991. doi: 10.1371/journal.pone.0099991

Yoshizaki, K., Hu, L., Nguyen, T., Sakai, K., Ishikawa, M., Takahashi, L., et al. (2017).
Mediator 1 contributes to enamel mineralization as a coactivator for Notchl
signaling and stimulates transcription of the alkaline phosphatase gene. J. Biol.
Chem. 292, 13531-13540. doi: 10.1074/jbc.M117.780866

Yu, D., Huber, W., and Vitek, O. (2013). Shrinkage estimation of dispersion in
negative binomial models for RNA-seq experiments with small sample size.
Bioinformatics 29, 1275-1282. doi: 10.1093/bioinformatics/btt143

Yu, W., Li, X,, Eliason, S., Romero-Bustillos, M., Ries, R. J., Cao, H., et al. (2017).
Irx1 regulates dental outer enamel epithelial and lung alveolar type II epithelial
differentiation. Dev. Biol. 429, 44-55. doi: 10.1016/j.ydbio.2017.07.011

Zhang, L., Stokes, N., Polak, L., and Fuchs, E. (2011). Specific microRNAs are
preferentially expressed by skin stem cells to balance self-renewal and early
lineage commitment. Cell Stem Cell 8, 294-308. doi: 10.1016/j.stem.2011.01.014

Zheng, G. X. Y., Terry, J. M., Belgrader, P., Ryvkin, P., Bent, Z. W., Wilson, R,,
et al. (2017). Massively parallel digital transcriptional profiling of single cells.
Nat. Commun. 8:14049. doi: 10.1038/ncomms14049

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Chiba, Saito, Martin, Boger, Rhodes, Yoshizaki, Nakamura,
Yamada, Morell, Yamada and Fukumoto. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15

September 2020 | Volume 8 | Article 841


https://doi.org/10.1038/nbt.2859
https://doi.org/10.1016/j.joen.2009.09.007
https://doi.org/10.1016/j.joen.2009.09.007
https://doi.org/10.1002/cpcb.79
https://doi.org/10.1242/dev.02307
https://doi.org/10.2535/ofaj1936.66.2-3_99
https://doi.org/10.2535/ofaj1936.66.2-3_99
https://doi.org/10.1371/journal.pone.0099991
https://doi.org/10.1074/jbc.M117.780866
https://doi.org/10.1093/bioinformatics/btt143
https://doi.org/10.1016/j.ydbio.2017.07.011
https://doi.org/10.1016/j.stem.2011.01.014
https://doi.org/10.1038/ncomms14049
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Single-Cell RNA-Sequencing From Mouse Incisor Reveals Dental Epithelial Cell-Type Specific Genes
	Introduction
	Experimental Procedures
	Animals and Tissues
	Single-Cell Library Preparation and Sequencing
	Single-Cell RNA Sequencing Data Processing and Quality Control
	Cell Clustering Analyses
	Differential Expression, Gene Ontology, and Pseudo-Time Analysis
	Immunofluorescence and Single-Molecule Fluorescence in situ Hybridization

	Results
	Single-Cell Transcriptome Analysis of Mouse Incisors Showed the Entire Population of Dental Cells
	Classification Based on Marker Genes Showed the Known Dental Cell Populations and Their Transcriptomic Characteristics
	Differential Gene Expression Analysis Identified Novel Marker Genes in Dental Epithelial Cells
	Unbiased Clustering Revealed Novel Subpopulations of Ameloblast
	Transcriptomic Characterization Indicated Distinct Roles of Dspp + Ameloblast and Ambn + Ameloblast

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


