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Single-cell transcriptome profiling reveals distinct expression 
patterns among Sox genes in the mouse incisor dental pulp
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ABSTRACT	 SOX transcription factors play key roles in cell differentiation and cell fate determination 
during development. Using single-cell RNA-sequencing data, we examined the expression profiles of Sox 
genes in the mouse incisor dental pulp. Our analysis showed that Sox4, Sox5, Sox9, Sox11, and Sox12 
are mainly expressed in mesenchymal stem/stromal cells (MSCs) representing osteogenic cells at dif-
ferent stages of differentiation. We found that in several MSCs, Sox genes co-expressed with regulatory 
genes such as Sp7, Satb2, Msx1, Snai2, Dlx1, Twist2, and Tfap2a. In addition, Sox family genes colocal-
ized with Runx2 and Lef1, which are highly enriched in MSCs undergoing osteoblast differentiation. A 
protein interaction network analysis uncovered that CREBBP, CEBPB, TLE1, TWIST1, and members of 
the HDAC and SMAD families are interacting partners of RUNX2 and LEF1 during skeletal development. 
Collectively, the distinct expression patterns of the SOX transcription factors suggest that they play es-
sential regulatory roles in directing lineage-specific gene expression during differentiation of MSCs.
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Introduction

SOX transcription factors (TFs) are key regulators of stem 
cell maintenance, differentiation and cell fate specification 
(Liu and Guo, 2021; Stepanovic et al., 2021; Lefebvre, 2019). 
Several members of the SOX family play an essential role in 
the development of the neural crest, which is important for 
the formation of the craniofacial region (Schock and LaBonne, 
2020). Because SOX TFs contribute to the determination of 
cell fate and lineage specification, mutations within this family 
often have been associated with birth defects. For instance, 
mutations in SOX9 lead to campomelic dysplasia, a severe 
disorder that affects development of the skeleton, reproduc-
tive system, and other parts of the body and heterozygous 
mutations of SOX10 cause multiple defects associated with 
malfunction of neural crest derivatives including melanocytes, 
the enteric nervous system, Schwann cells, oligodendrocytes 
and olfactory cells (Angelozzi and Lefebvre, 2019; Ming et al., 
2022; Pingault et al., 2022). 

Interestingly, recent research showed that SOX9 behaves like a 
pioneer TF by establishing accessible chromatin regions (Fuglerud 
et al., 2022). Genome-wide studies have revealed that sequentially 
expressed SOX TFs bind to the specific regulatory elements to 
coordinate lineage commitment (Klum et al., 2018). Single-cell 
transcriptomic studies identified Sox genes as key regulators of 
neuroglandular lineages in the cnidarians (Steger et al., 2022). 
In human pluripotent stem cells, SOX TFs establish a permis-
sive chromatin landscape to activate the β-catenin-dependent 
Wingless-Int (WNT) signaling pathway (Mukherjee et al., 2022). 

Although the function and regulatory mode of SOX TFs is well 
established in skeletogenesis and osteoblast and chondrocyte 
differentiation (Lefebvre, 2019), very little is known about their 
role in odontogenesis and dentin development. Previous work 
revealed that Sox genes exhibit a dynamic spatial and temporal 
expression pattern during mouse tooth development (Kawasaki et 
al., 2015). In the current study, we used single-cell RNA-sequencing 
(RNA-seq) data to demonstrate specific and distinct expression 
profiles of Sox genes in the mouse incisor dental pulp.
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Results

Single-cell RNA expression of Sox genes in different cell sub-
populations of the mouse incisor dental pulp

We previously identified 16 distinct cell clusters in the dental pulp 
of mouse incisors based on the differential expression of marker 
genes (Bayarsaihan et al., 2022). According to the expression of 
key genes required for osteogenic differentiation, we identified 
eight clusters of MSCs (Fig. 1A). Differential expression patterns 
of Runx2, Sp7, Satb2, Msx1, Snai1, Dlx1, Twist2, and Tfap2a suggest 
that these MSCs represent osteogenic subpopulations at various 
stages of differentiation (Fig. 1B). 

We found that Sox1, Sox2, Sox3, Sox6, Sox8, Sox10, Sox15, Sox21, 
and Sox30 exhibited weak expression in the mouse incisor dental 
pulp (Fig. 2). Interestingly, our single-cell RNA-seq failed to detect 
expression of Sox14 in any of the dental pulp subpopulations. By 
contrast, Sox4 was vigorously expressed in clusters 1, 2, 3, 4, 6, 7, 
8, 9, 10, 11, 13, 14, 15, and 16; Sox5 in clusters 2, 3, 4, 9, 11, and 
14; Sox9 in clusters 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 13, and 14; Sox11 
in clusters 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 13, 14, and 15; and Sox12 in 
clusters 1, 2, 3, 6, 8, 9, 13, and 14. Interestingly, Sox7, Sox13, Sox17, 
and Sox18 were mainly enriched in only a single cluster, cluster 15. 

			 
Chromatin accessibility and 5hmC of Sox genes in the mouse 
incisor dental pulp

Genomic regions of actively transcribed genes retain open chro-
matin and are characterized by the enrichment of 5hmC, a hallmark 
feature of DNA demethylation. Hence, we investigated chromatin 
accessibility and DNA demethylation by performing transposase-

accessible chromatin sequencing (ATAC-seq) and hydroxymethyl-
ation DNA immunoprecipitation sequencing (hMeDIP-seq). Using 
these assays, we demonstrated that actively transcribed Sox genes 
retain characteristics of open chromatin. Transcriptome profiling 
using bulk RNA-seq showed that Sox4, Sox9, Sox11, and Sox12 are 
strongly expressed in the molar dental pulp (Fig. 3). We observed 
elevated ATAC-seq peaks within the transcription start sites and 
promoter regions of these genes as well as within the gene body 
regions. Using hMeDIP-seq, we detected 5hmC enrichment across 
the gene bodies and the proximal and distal regions of Sox4, Sox9, 
Sox11, and Sox12, whereas input hMeDIP-seq showed low levels of 
5hmC. We also analyzed the genomic regions of Sox1 and Sox21, 
which displayed very weak or no expression in dental pulp. Both 
genes retained closed chromatin and we failed to detect 5hmC 
marks along the genomic regions of these genes. Collectively, our 
results support the previous observation that genes associated 
with cell differentiation and lineage commitment retain an open 
chromatin configuration and are enriched in 5hmC in the mouse 
dental pulp (Pujan et al., 2022a; Pujan et al., 2002b).

			 
Single-cell RNA expression profile of interacting partners of Sox 
genes in MSCs of the mouse incisor dental pulp

Our research demonstrated that only a few members of the Sox 
gene family, specifically Sox4, Sox9, Sox11, and Sox12, retain a highly 
specific expression pattern within different clusters of the mouse 
incisor dental pulp (Fig. 2). SOX4, SOX11, and SOX12 comprise the 
SOXC group of TFs, which play key functions in cell fate determination 
(Lefebvre and Bhattaram, 2016). Conversely, SOX9 is essential for 
chondrocyte fate maintenance and differentiation (Lefebvre, 2019).

Fig. 1. Expression of genes en-
coding osteogenic transcription 
factors. (A) Uniform manifold 
approximation and projection 
(UMAP) visualization depicts the 
single-cell RNA expression profile 
of 16 cell types in the incisor dental 
pulp. (B) Violin plots (left) and 
UMAP visualization (right) of the 
Runx2, Sp7, Satb2, Msx1, Snai1, 
Dlx1, Twist2, and Tfap2a genes.
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By analyzing the STRING interaction network (https://string-db.
org), we discovered that the SOXC group and SOX9 have a specific 
set of interacting partners (Fig. 4). Among these interacting part-
ners, we identified TEAD2, ATF3, QSOX1, RUNX2, MAF, CREBBP, 
LEF1, and CTNNB1. We found that within MSC subpopulations, 
Tead2 was enriched in clusters 1, 2, 3, 4, 8, and 9, while Atf3 was 
weakly expressed in clusters 3, 4, and 9. Qsox1 encodes an enzyme 

that catalyzes disulfide bond formation and is involved in redox 
regulation (Reznik and Fass, 2022). In our analysis, Qsox1 was 
expressed in MSC clusters 1, 2, 3, 4, 8, 9, and 10; Runx2 in cluster 
1, 2, 3, 4, 7, 8, and 9; and Maf in clusters 1, 2, 3, 4, 8, and 10. Lef1 
exhibited a very restricted expression pattern in clusters 4 and 9. 
Both Crebbp and Ctnnb1 were vigorously expressed in clusters 1, 
2, 3, 4, 7, 8, 9, and 10.

			 
Single-cell RNA expression profile of interacting partners of Runx2 
and Lef1 in MSCs of the mouse incisor dental pulp

The expression of Runx2 and Lef1 was highly enriched in cluster 
4, which represents the osteoblastic lineage. RUNX2 interacts with 
LEF1 to induce canonical WNT signaling during skeletal develop-
ment (Reinhold and Naski, 2007). Therefore, we analyzed the 
expression pattern of interacting partners of RUNX2 and LEF1 in 
cluster 4. Using the STRING interaction network, we uncovered the 
interacting partners of RUNX2 and LEF1 in the dental pulp (Fig. 
5). We found that genes encoding several canonical interacting 
partners of RUNX2 and LEF1, such as Crebbp, Hdac1, Hdac4, Tle1, 
Smad1, Smad4, Cebpb, and Twist1, were enriched in cluster 4.

MSCs 
#1

MSCs 
#2

MSCs 
#3

MSCs 
#4 Ameloblasts

MSCs 
#5

MSCs 
#6

MSCs 
#7

MSCs 
#8

Smooth 
muscle 

cells
Sox4 + + + + + + + + + +
Sox5 + + + + +
Sox9 + + + + + + + + + +
Sox11 + + + + + + + + + +
Sox12 + + + + + +

TABLE 1

The expression pattern of Sox genes 
in the mouse incisor dental pulp

Fig. 2. Expression of genes encoding members of the SOX family of transcription factors. (A) Violin plots and (B) UMAP visualization revealed that Sox4, 
Sox5, Sox9, Sox11, and Sox12 are mainly expressed in mesenchymal stem/stromal cells (MSCs), whereas Sox7, Sox13, Sox17, and Sox18 are enriched in 
vascular endothelial cells.
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Fig. 3. Fig. 3. Chromatin accessibility, 5-hydroxymethylcytosine (5hmC) 
landscape and bulk RNA expression of Sox genes. Sox1 and Sox21 were 
not expressed in the mouse incisor dental pulp. We failed to detect ATAC-seq 
peaks or enrichment of 5hmC in the genomic regions of Sox1 and Sox21. 
In contrast, strong ATAC-seq peaks were present at the transcription start 
site, promoter regions, and gene bodies of Sox4, Sox9, Sox11, and Sox12. 
The 5hmC peaks were also high across the genomic regions of these genes.

Discussion

We previously identified several clusters of MSCs in the mouse 
incisor dental pulp that represent subpopulations of osteogenic 
cells at different stages of differentiation (Bayarsaihan et al., 2022). 
These MSCs express a wide range of genes including Msx1, Snai1, 
Dlx1, Twist2, and Tfap2a, that are important for differentiation of the 
neural crest, osteogenic, and chondrogenic lineages (Fig. 1B). Our 
current analysis showed that these genes are co-expressed with 
Sox4, Sox5, Sox9, Sox11, and Sox12 in the mouse incisor dental pulp. 

SOX TFs represent key nodes in the gene regulatory networks 
governing stem cell maintenance, cellular differentiation and lin-
eage commitment (Abdelalim et al., 2014; Lefebvre and Bhattaram, 
2016; Lefebvre, 2019). For instance, high expression of SOXC TFs in 
osteodermal progenitors causes skull and skin underdevelopment 
(Angelozzi et al., 2022). Recent single-cell genomic studies revealed 
that SOX TFs orchestrate cell fate decisions during sensorineural 
regeneration in zebrafish (Jimenez et al., 2022). Combinatorial 
activity between SOX and SIX TFs underlies this regulatory network. 
During neuronal and glial differentiation, sequential activity of SOX 
TFs mediates the specification of neural lineages (Stevanovic et al., 
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2021). A recent study suggested that SOX11 is a novel regulator 
of odontoblast differentiation (Inoue et al., 2022). The regulatory 
mode of SOX TFs is achieved by forming functional interactions 
with other TFs and chromatin remodeling and epigenetic complexes 
(Weider and Wegner, 2017). In this regard, RUNX2 and LEF1 are 
essential components of gene regulatory cross-wirings during bone 
formation and homeostasis (Rodríguez-Carballo et al., 2011). It is 
well established that the interaction of RUNX2 with LEF1 triggers 
the canonical WNT signaling pathway during skeletal development 
(Reinhold and Naski, 2007). In our analysis, Runx2 and Lef1 were 
highly enriched in cluster 4, which represents MSCs undergoing 
osteoblastic differentiation. Our STRING interaction network analy-
sis uncovered that both TFs interact with CREBBP, CEBPB, TLE1, 
TWIST1, and members of the histone deacetylases (HDAC) and 
SMAD families. Genes encoding these regulatory proteins were 
co-expressed with Runx2 and Lef1 in cluster 4. Crebbp encodes 
the CBP co-activator of the CBP/p300 histone acetyltransferase 
family, which plays an important role in MSC osteogenic and 
chondrogenic differentiation (Ma et al., 2022).

CCAAT/enhancer binding protein beta (C/EBPβ), encoded by 
Cebpb, is a critical regulator of both adipocyte and osteoblast 
differentiation (Motyl et al., 2011). The transcriptional corepres-
sor transducin-like enhancer-1 (TLE1), a product of the Tle1 gene, 
functions with RUNX2 in the epigenetic suppression of ribosomal 
RNA genes (Ali et al., 2010). An interaction between TWIST1 
and RUNX2 coordinates craniofacial muscle development (Han 
et al., 2021). Studies have shown that both the canonical and 
non-canonical SMAD-dependent signaling pathways control the 
proliferation and differentiation of dental MSCs as well as osteo-
genesis and skeletal development (Liu et al., 2022; Wu et al., 2016). 
Histone deacetylation via HDACs is an important function of the 
multiprotein epigenetic complexes that interact with many TFs, 
including RUNX2 and LEF1, during skeletal development (Jensen 
et al., 2010; Huynh et al., 2017).

Coordinated crosstalk among the bone morphogenic protein 
(BMP), fibroblast growth factor (FGF) and WNT signaling path-
ways from the dental epithelium to the mesenchyme underlies the 
regulation of the odontogenic regulatory network during early tooth 
development (Chen et al., 2009). BMP signaling utilizes the canoni-
cal and non-canonical SMAD signaling pathways, which engage 
different TFs including RUNX2 and SP7 to initiate the differentiation 
of MSCs along the odontoblastic lineage (Liu et al., 2022). 

RUNX2 is an essential TF in osteogenic differentiation and early 
tooth development (Wen et al., 2020). In committed odontoblasts, 
RUNX2 is required for bone matrix protein gene expression (Qin 
et al., 2021). Depletion of the Runx2 gene in odontoblasts leads 
to shorter and irregularly aligned incisors. Wen et al., showed 
that Runx2 plays a crucial role in tooth root development and the 
differentiation of root progenitor cells. Ablation of Runx2 results 
in upregulation of canonical WNT signaling and interference of 
odontoblast differentiation (Wen et al., 2020). At the late stages 
of odontoblast differentiation and dentin formation, RUNX2 at-
tenuates terminal differentiation of odontoblasts while enhancing 
differentiation of odontoblasts to osteoblasts (Li et al., 2011). 
Interestingly, SOX9 directly interacts with RUNX2 and inhibits its 
activity during skeletogenesis (Zhou et al., 2006).

It is well accepted that TFs exert their function by interacting 
with epigenetic enzymes, coactivators and chromatin remodeling 
complexes (Dubois-Chevalier et al., 2015; Hernandez-Hernandez 

et al., 2020). In eukaryotes, TFs form large regulatory domains 
known as super-enhancers that define cell identity by expressing 
cell-type-specific genes (Whyte et al., 2013). Although we know very 
little about the contribution of the SOX family to dentin formation, 
the modular nature of TFs in forming gene regulatory networks 
suggests that crosstalk between SOX factors and bone-associated 
TFs could underlie the odontoblast-specific regulatory program. For 
example, SOX5, SOX6, and SOX9 cooperate genome-wide through 
super-enhancers to regulate chondrogenesis (Liu and Lefebvre, 
2015). During skeletal development, SOX9 cooperates with RUNX2 
and SP7 to coordinate cell-fate specification of osteoblasts and 
chondrocytes (Ohba, 2021).

Fig. 4. Interaction network of SOX9 and SOXC and single-cell transcriptome 
clustering analysis. (A) STRING interaction network analysis revealed that 
SOX factors associate with TEAD2, ATF3, QSOX1, RUNX2, MAF, CREBBP, LEF1, 
and CTNNB1. (B) Violin plots revealed that Tead2, Qsox1, Runx2, Crebbp, 
and Ctnnb1 co-express with Sox9 and SoxC group in the MSC clusters 1, 
2, 3, 4, 8, and 9. The expression of Atf3 was limited to clusters 3, 4, and 9, 
whereas Maf exhibited wide expression in clusters 1, 2, 3, 4, 7, 8, and 9. Lef1 
was enriched in clusters 4 and 9.
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In summary, we determined distinct cell-specific expression 
patterns of Sox genes in the mouse incisor dental pulp. A few 
members of the Sox family colocalize with key regulatory genes 
encoding TFs, epigenetic enzymes, and signaling molecules that 
play significant roles during skeletal and dental development.

		
Materials and Methods

			 
Single-cell RNA-seq, genome-wide ATAC-seq, hMeDIP-seq, and 
bulk RNA-seq

Primary pulp isolation and viability of each single-cell suspen-
sion was performed as previously described (Bayarsaihan et al., 
2022; Enkhmandakh et al., 2022). Suspensions of dissociated cells 
were loaded for capture using a Chromium Single Cell 3′ Reagent 

kit, v2 Chemistry (10× Genomics). Following capture and lysis, 
complementary DNA was synthesized and amplified (14 cycles) 
as per the 10×Genomics protocol. The amplified cDNA was used 
to construct an Illumina sequencing library and was sequenced on 
a single lane of a HiSeq 4000 (Illumina, San Diego, CA). ATAC-seq, 
hMeDIP-seq, and bulk RNA-seq services were performed as previ-
ously described (Joshi et al., 2022a; Joshi et al., 2022b).

			 
Computational analysis

For single-cell RNA-seq, we excluded reads with more than one 
mismatch in the 8-bp i7 index. Using the STAR aligner, we retained 
only reads with MAPQ scores greater than 255. We excluded reads 
containing bases with Q30 scores below 3. After alignment, cell 
barcodes were filtered (up to one mismatch) against a whitelist 
of 737,500 barcodes provided by 10×Genomics. Cell-associated 
barcodes were distinguished from those associated with ambient 
mRNA using an adaptively computed unique molecular identifier 
threshold. After this filtering step, a digital counts matrix for the 
pulp sample was generated. The uniform manifold approximation 
and projection (UMAP), batch correction software BBKNN and 
FASTQ generation, MACS2 peak-calling algorithm, STAR aligner, 
and feature counts (FPKM assignment to genes) were performed 
as previously described (Bayarsaihan et al., 2022; Enkhmandakh 
et al., 2022).
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