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The periodontal ligament (PDL) comprises a fibrous tissue that connects teeth to alveolar
bone and is essential for periodontal function. The transcription factor mohawk homeobox
(Mkx) is expressed in the PDL where it plays an important role in the development and
maintenance of the PDL. However, the precise and critical functions of Mkx in the cell
populations comprising PDL have not yet been elucidated. The present study aimed to
clarify the effects of a Mkx deficiency on PDL cellular heterogeneity and differences
between gene expression in PDL tissues from wild-type (WT) (Mkx+/+) and Mkx
knockout (Mkx−/−) rats using single-cell RNA sequencing. We identified 12 cell clusters
comprising mesenchymal cells and macrophages. The expression of Mkx and scleraxis
(Scx; another key transcription factor of PDL), was mutually exclusive, and partitioned
mesenchymal cell clusters into Mkx and Scx types that dominantly expressed
proteoglycans and elastic fibers, and type 1 and 3 collagen, respectively. Ossification-
related genes were upregulated in mesenchymal cell and osteoblast clusters with more
Mkx−/− than Mkx+/+ PDLs. Increased number of cells and inflammatory mediators were
observed in macrophage clusters ofMkx−/− PDL. These results suggested thatMkx plays
an important role in maintaining PDL homeostasis by regulating specific cell populations
and gene expression.
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INTRODUCTION

The periodontal ligament is a fibrous tissue that connects alveolar bone to the cementum that covers
teeth. The periodontal ligament comprises fibroblasts, osteoblasts, blood vessels, nerves, epithelial
cells, and a rich extracellular matrix (ECM) (Beertsen et al., 1997). The ECM of the PDL includes
principal fibers that comprise mainly type 1 and type 3 collagen, and oxytalan fibers that consist of
elastic fibers, proteoglycans, and glycosaminoglycans that are mainly produced by periodontal
ligament fibroblasts (Ishikawa et al., 2009; Strydom et al., 2012; McKee et al., 2013; Chen et al., 2021).
The fibers in PDL function as cushions to protect the teeth and alveolar bone from physical damage
caused by chewing motions of teeth, flow generated by tongue motions, and orthodontic forces
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(Beertsen et al., 1997). In particular, fibroblasts derived from
mesenchymal cells are important for maintaining space between
the teeth and alveolar bone by producing an ECM in response to
mechanical loading (Chukkapalli and Lele, 2018).

The periodontium hosts various oral bacteria, some of which
are responsible for periodontitis (Holt and Ebersole, 2005;
Lamont and Hajishengallis, 2015). Chronic inflammation
induced by oral bacteria leads to periodontitis, systemic
inflammation, and metabolic diseases (Socransky and
Haffajee, 2005; Lalla and Papapanou., 2011; Kinane et al.,
2017; Hajishengallis and Chavakis, 2021). Inflammation of
the periodontium induces not only the expression of
inflammatory cytokines and chemokines, but also enzymes
involved in ECM degradation (Franco et al., 2017; Nilsson,
2021). Mechanical loading of the PDL by orthodontic and
occlusal forces also induces the production of ECM and the
activation of osteoclasts and osteoblasts (Harrel, 2003). Thus,
inflammation induced by oral bacteria and mechanical loading
in PDL elicits ECM and bone remodeling, which is important
for PDL homeostasis (Lerner, 2006; Chukkapalli and Lele,
2018).

Tendons and ligaments that mainly comprise type 1 collagen,
express the transcription factor mohawk homeobox (Mkx) that is
important for their development and homeostasis (Ito et al., 2010;
Liu et al., 2010). We previously showed that Mkx-deficient mice
and rats have hypoplastic Achilles’ tendons with endochondral
ossification (Ito et al., 2010; Suzuki et al., 2016). Mkx is also
expressed in the PDL (Koda et al., 2017). Mice deficient in Mkx
develop an age-related reduction in PDL fibers and increased
ossification, indicating that Mkx plays an important role in PDL
homeostasis (Koda et al., 2017). The transcription factor Scx,
which is also important for the development of tendons and
ligaments, is expressed in the PDL (Cserjesi et al., 1995;
Schweitzer et al., 2001; Takimoto et al., 2015). Knockdown of
Scx in periodontal ligament cells result in a significant increase in
osteocalcin expression in response to osteogenic differentiation,
suggesting that Scx also suppresses PDL ossification (Takimoto
et al., 2015). Thus, Mkx and Scx might play similar roles in
homeostasis by maintaining the ligament-like properties of
the PDL.

Transcriptome analysis at the single-cell level is a powerful
tool for revealing the diversity and complexity of cells and
relationships among genes involved in tissues (Tanay and
Regev, 2017). Analyses of dental follicles, dental pulp, and
PDL from humans and mice using single-cell RNA-sequencing
(scRNA-seq) have generated the following notable results. Three
mesenchymal stem cell subclusters have been identified in human
dental pulp and periodontium (Pagella et al., 2021). Dental follicle
subpopulations expressing parathyroid hormone (PTH)-related
peptide (PTHrP) are important for tooth eruption via the PTH/
PTHrP receptor axis (Takahashi et al., 2019). The heterogeneity
of epithelial cells and their roles in the incisors of neonatal mice
have been clarified (Chiba et al., 2020). Cell subtypes between
human and mouse teeth differ at the molecular level and are
species-specific (Krivanek et al., 2020). However, the
relationships between Mkx and Scx and their role(s) in PDL
remain unknown.

Here, we performed single-cell RNA sequencing (scRNA-Seq)
of periodontal ligament derived cells from Mkx knockout
(Mkx−/−) and WT rats to reveal the critical function of Mkx in
periodontal ligament tissues. Our experiment benefits from the
natural advantage of the Mkx knockout rats in providing a
sufficient number of cells in comparison to the conventional
knockout mouse.

MATERIALS AND METHODS

Animals
Mkx-deficient rats were generated by deleting nucleotides
downstream of the start codon in the second exon using
CRISPR/Cas9, as reported previously (Suzuki et al., 2016).
Wild type Wistar rats were obtained from Sankyo Lab Service
(Tokyo, Japan). All animals used in this study were 6 weeks-old
male rats. All animal experiments were performed in accordance
with the protocols approved by the Institutional Animal Care and
Use Committee of the Tokyo Medical and Dental University
(approval no. A2021-064A).

Isolation of Periodontal Ligament Cells
Twelve upper, lower, left, and right molars extracted from two
Mkx+/+ andMkx−/− rats were dissociated in serum-free Dulbecco
modified Eagle medium (Sigma-Aldrich Corp., St. Louis, MO,
United States) containing collagenase (2 mg/ml) and 0.25% (w/v)
trypsin (both from Wako Pure Chemical Industries, Osaka,
Japan) for 1 h at 37°C using a Thermomixer at 1,200 rpm
(Eppendorf, Hamburg, Germany). Dissociated PDLs were
passed through a 40-µm nylon cell strainer to remove debris,
centrifuged at 800 × g for 5 min, then suspended in FACS buffer
(phosphate-buffered saline [PBS] containing 1% penicillin/
streptomycin (Wako Pure Chemical Industries) and 10% FBS
(Thermo Fisher Inc., Waltham, MA, United States). The cells
were then stained with 2 µg/ml of propidium iodide (BioLegend,
San Diego, CA, United States) and 1 µg/ml of Hoechst 33342
(Thermo Fisher Scientific Inc.). Live cells that were negative for
propidium iodide and positive for Hoechst 33342 were sorted
using MoFlo XDP (Beckman Coulter, Inc., Brea, CA,
United States).

Single Cell Isolation, Library Preparation
and Sequencing
Gel beads in emulsion (GEM) were generated using Chromium
Next GEM Single Cell 3’ Library Kit v3 (10x Genomics,
Pleasanton, CA, United States) as described by the
manufacturer. Briefly, 24,000 single cells were captured using a
Chromium Single Cell A Chip. A library was constructed, then
sequenced using a HiSeq X system or NextSeq1000 system
(Illumina Inc., San Diego, CA, United States) with 2 × 150 bp
reads to produce 400 to 800 million reads per sample.

Data Analysis
The reference sequence for the rat genome was Rattus norvegicus
Rnor_6.0. TheMkx gene was not in the annotation file because it
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is registered as predicted transcript XM_017600733 in the
Rnor_6.0 genome. Therefore, we created a new gtf file to
which we manually added Mkx transcript annotation. Cell
Ranger (v. 6.1.1, 10x Genomics) was used to demultiplex
samples, process barcodes, and align them with Rnor_6.0. The
index file required for alignment was created using cellranger’s
mkref based on the annotation file for Rnor_6.0, with Mkx
annotation. Cell barcodes were processed and aligned to the

genome by STAR using cellranger’s count with the force-cells
option. Individual samples were integrated, expression was
normalized, and cell populations were clustered based on the
matrix files of gene expression generated for each cell using R v.
4.1.2 (R Foundation for Statistical Computing, Vienna, Austria)
and the R package Seurat v. 4.0.6 (Butler et al., 2018) as described
by the developer. All Mkx+/+ and Mkx−/− datasets were analyzed
independently then combined for integrated analysis. Genes

FIGURE 1 | Identification of cell populations in rat PDL. (A) Uniform Manifold Approximation and Projection (UMAP) plot of PDL cells (n = 24,000) derived from
Mkx+/+ andMkx−/− rats. (B) Dot plot for markers of cell types. The size of each circle reflects the percentage of cells in a cluster where the gene is detected, and the color
intensity reflects the average expression level within each cluster. 12 different clusters (C) were detected (C1 to C12). Endo, endothelial cells; Epi, epithelial cells; Eryth,
erythrocytes; Mac, macrophage; MSCs, mesenchymal stromal cells; NCs, neural cells; OBs, osteoblasts; Peri, pericytes.
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expressed in < 3 cells, cells with < 2,000 unique molecular
identifiers (UMIs) and < 200 genes were removed from the
gene expression matrix for each dataset. Since mitochondrial
genes were not registered in the rat annotation file, the data were
not filtered based onmitochondrial gene contamination. The data
were log-normalized, and the expression of each gene was scaled
by regressing the number of UMIs. The gene expression matrix
was assessed using principal component analysis (PCA) and the
first 15 principal components were used for clustering and
visualization. We applied unsupervised shared nearest
neighbor (SNN) clustering to the genes with a resolution of
0.2 and visualized them using Uniform Manifold
Approximation and Projection (UMAP). Uniquely expressed
genes in each cluster were analyzed using the Seurat
FindConservedMarkers function. Differentially expressed genes
were considered only if the average expression in the cluster was
log2 fold-change < −0.5 and >1.5. Individual gene expression was
determined using the Seurat FetchData function. Gene ontology
was analyzed using Metascape (https://metascape.org/gp/index.
html#/main/step1). Transcription factors involved in
differentially expressed genes expression were analyzed by
Pscan (http://159.149.160.88/pscan/).

RESULTS

Periodontal Ligament Mainly Comprises a
Cell Population With Features of
Mesenchymal Stromal Cells
We analyzed PDLs derived from WT (Mkx+/+) and Mkx−/− rats
using scRNA-Seq and identified cell populations containing
pericytes, erythrocytes macrophages, osteoblasts, and
mesenchymal, epithelial, vascular endothelial, and neural cells
(Figure 1A). Clusters C1, C2, C4, and C6 comprised
mesenchymal stromal cells (MSCs) that were CD45 (Ptprc)-,
Platelet-derived growth factor receptor alpha (Pdgfra)+, and
CD248 (Cd248)+, and were the largest population in the PDL
(C1_MSCs, C2_MSCs, C4_MSCs and C6_MSCs). The C6_MSCs
were highly proliferative with elevated Ki67 (Mki67) and cyclin
A1 (Cdk1) expression. Cluster C5 is considered to be an
osteoblast because the following were expressed:
Osteomodulin, (Odm), Osteocalcin (Bglap) and Nestin (Nes) as
well as CD45−, Pdgfra+ and CD248+ (C5_osteoblasts [OBs]).
Clusters C3 and C9 were Epcam+, keratin (Krt)14+, and Krt5+

epithelial cell clusters and the second largest cell population in the
PDL (C3_epithelial (Epi) and C9_Epi). C3_Epi expresses
abundant Odontogenic ameloblast-associated protein (Odam),
while C9_Epi expresses abundant MSH homeobox 2 (Msx2),
suggesting that they are epithelial cell populations with different
functions. We also identified CD31 (Pecam1)+ and Tie-2 (Tek)+

vascular endothelial cells (C8_Endo), Myelin basic protein
(Mbp)+, Sry-related HMg-Box gene 10 (Sox10)+ and Peripheral
myelin protein 22 (Pmp22)+ neural cells, including
oligodendrocytes and Schwann cells (C12_NCs), CD146
(Mcam)+, Platelet-derived growth factor receptor beta
(Pdgfrb)+ and Thy-1 cell surface antigen (Thy1)+ pericytes

(C10_Peri). We identified CD45+, CD14 (Cd14)+, CD68
(Cd68)+, MHC class II (RT1-Db1)+ and lysozyme (Lyz2)+

macrophages (C7_Mac), as well as hemoglobin beta (Hbb)+

and aminolevulinic acid synthase 2, erythroid (Alas2)+

erythrocytes (C11_Eryth) (Figure 1B).

Mkx and Scx Are Expressed in Different Cell
Clusters
Figure 1B showsmesenchymal cells divided into four subclusters.
The C1_MSC cluster comprised cells in a transitional state
expressing markers related to epithelial cells and osteoblasts,
and the C6_MSCs cluster were highly proliferative cells. We
analyzed the expression of Mkx and Scx, which are important
transcription factors in the formation and maintenance of the
periodontal ligament (Takimoto et al., 2015; Koda et al., 2017;
Miyazaki et al., 2021). We found thatMkx and Scxwere expressed
in all subclusters (Figure 2A). Cells expressingMkx and Scx were
the most abundant in the C2 and C4_MSC clusters, respectively.
Since only a few cells expressed bothMkx and Scx, we considered
that their expression was mutually exclusive (Table 1).
Furthermore, the numbers of cells in the C4_ MSC cluster
with abundant Scx+ cells, was increased 2-fold, and the
number of Scx+ cells increased 2.5-fold in clusters from
Mkx−/−PDL, compared with Mkx+/+ PDL (Table 1 and
Figure 2B). However, the expression of Scx in this cluster was
comparable between Mkx+/+and Mkx−/− PDL (Figure 2B). We
analyzed genes that were highly expressed in C2_MSCs and
C4_MSCs. Periostin (Postn), type I collagen (Col1a1 and
Col1a2), type III collagen (Col3a1), Alkaline phosphatase
(Alpl), Decorin (Dcn), Tenascin-N (Tnn), Collagen beta (1-O)
galactosyltransferase 1 (Colgalt1), Lysyl oxidase homolog 2
(Lox2) were identified in the C4_ MSC cluster. Postn, Colgalt1,
Loxl2, and Dcn, which are related to the maturation of type 1 and
type 3 collagen, were upregulated in the C4_ MSC cluster
(Figure 2C). In contrast, the expression of Martlilin-4
(Matn4), Microfibrillar-associated protein 4 (Mfap4), and
Fibulin-1 (Fbln1), which are involved in the formation of
oxytalan fibers, was high in C2_MSCs. Proteoglycans such as
Versican (Vcan), Syndecan-1 (Sdc1), and Collagen alpha-2(IX)
chain (Col9a2), which interact with proteoglycans, were
significantly more abundant in C2_MSCs (Figure 2D). These
results suggested that cells expressing Scx are relatively abundant
among populations that produce collagen, whereas those
expressing Mkx are found among populations that produce
oxytalan fibers and proteoglycan.

Mkx−/− PDL Mesenchymal Cell Clusters
Have Ossification Gene Expression Profiles
Differentially expressed genes between Mkx+/+ and Mkx−/− PDL
were analyzed in the C2_ MSC cluster, which contained a lot of
cells expressing Mkx. 405 genes were upregulated (Figure 3A).
Gene ontology analysis revealed that many genes were involved in
connective tissue development (log p = −6.19) and skeletal system
development (log p = −5.04). The expression of parathyroid
hormone like hormone (Pthlh), Insulin Like Growth Factor
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FIGURE 2 | Mkx and Scx are expressed in different cell clusters. (A) UMAP plot of Mkx and Scx expression in cell clusters. Color intensity reflects Mkx and Scx
expression within each cluster. (B) Box plot of Scx expression in C4_MSCs. Ratio (%) and number of cells expressing Scx in C4_MSCs is shown at top of box plots. (C)
Volcano plot of genes that are differentially expressed between C2_MSCs and C4_MSCs. Differentially expressed genes in C2_MSCs and C4_MSCs. Red and blue
circles respectively indicate significantly upregulated genes in C2_MSCs and C4_MSCs. (D) Violin plot of representative significantly upregulated or downregulated
genes in C2_MSCs and C4_MSCs.

TABLE 1 | Number and proportion of cells expressing Mkx and Scx in mesenchymal cell clusters.

Cluster ID Genotype Total Cell No Mkx+ (%) Scx+ (%) Mkx+/Scx+ (%)

C1_MSCs Mkx+/+ 3,107 331 (10.6) 151 (4.86) 21 (0.6)
Mkx−/− 2,920 181 (6.2) 54 (1.8) 4 (0.1)

C2_MSCs Mkx+/+ 1975 331 (16.8) 207 (10.5) 38 (1.9)
Mkx−/− 2,688 174 (6.5) 92 (3.5) 6 (0.2)

C4_MSCs Mkx+/+ 961 80 (8.3) 178 (18.5) 11 (1.1)
Mkx−/− 1818 107 (5.9) 364 (20.0) 26 (1.4)

C6_MSCs Mkx+/+ 942 129 (13.7) 68 (7.2) 12 (1.2)
Mkx−/− 413 31 (7.5) 34 (8.2) 1 (0.2)
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Binding Protein 5, (Igfbp5), bone sialoprotein (Ibsp),
SPARC-related modular calcium-binding protein
2 (Smoc2), Osteoprotegerin (Tbfrsf11b), heat shock
protein family A member 1a (Hspa1a), and Hspa1b was
upregulated. The number of cells expressing Igfbp5, Pthlh
and Smoc2 was remarkably increased in Mkx−/− C2_MSCs
(Figure 3B). We also identified 1,226 genes with decreased
expression, including fibulin5 (Fbnl5), matrilin-4 (Matn4),
and Tnn, which are involved in the formation and
maintenance of PDL fibers, in Mkx−/− C2_MSCs
(Figure 3C). In contrast, we found that the expression of
646 genes was upregulated in the C4_MSC cluster.
(Figure 3D). The expression of Connective tissue growth
factor (Ctgf), which promotes the proliferation of
periodontal ligament fibroblasts and collagen production,
Asporin (Aspn), which inhibits the ossification of
periodontal ligament tissue, and Fibulin extracellular

matrix protein 1 (Fbnl1), which is involved in the
formation and maintenance of periodontal ligament
fibers, were upregulated in Mkx−/− C4_MSCs (Figure 3E).
Gene ontology analysis of 339 downregulated genes in
C4_MSCs enriched the annotations involved in
ossification (log p = −6.33) and regulation of biomineral
tissue (log p = −6.69). The number of cells expressing
Secretory leukocyte protease inhibitor (Slpi), Twist2 and
Menin (Men1), all of which are important for osteoblast
differentiation, was reduced in Mkx−/− C4_MSCs (Figure 3F).
These results agreed with our previous findings, and suggested
that the loss of Mkx promotes ossification in the PDL (Koda
et al., 2017). On the other hand, the significant increase in Scx+

cells and the decreased expression of genes involved in
ossification in the Mkx−/− C4_MSCs suggested that the loss
of Mkx promotes compensatory mechanisms to maintain PDL
homeostasis via Scx.

FIGURE 3 | Ossification gene expression profile in Mkx−/− PDL mesenchymal cell clusters. (A,D) Scatter plot for differentially expressed genes in C2_MSCs and
C4_MSCs derived from Mkx+/+ or Mkx−/−. Red and blue circle indicate up- or down-regulated genes in Mkx−/− and Mkx+/+, respectively. (B,C,E,F) Violin plot for
representative genes in Mkx+/+ or Mkx−/− C2_MSCs and C4_MSCs.
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Expression of Osteogenic Genes Is
Increased in the Mkx−/− Osteoblast Cluster
The PDL contains osteoblasts that originate from mesenchymal
cells (Basdra and Komposch, 1997; Kovacs et al., 2021). C5_OBs
expressed more Nestin and Osteocalcin (Bglap), which are
expressed in progenitor and mature osteoblasts (Figure 1B).
The expression of Serpine2, Timp3, Tfnrsf11b, Zeb2, Twist1,
Ibsp, Sulf1, Postn, Adamts12, Bmp3, Runx2, Tnn, Fgfr2, and
Pthlh genes, all of which are annotated with “osteoblast
development,” was increased in C5_OBs clusters from Mkx−/−

PDL (Figure 4A). The proportion of cells expressing Tissue
inhibitor of metalloproteinase 3 (Timp3), Tnfrsf11b, Runx2
and Fgfr2 and expression were increased in the C5_OBs
cluster (Figure 4B). In addition, the number of cells
expressing the SIBLING family genes Ibsp and Osteopontin
(Spp1), but not Dentin matrix acidic phosphoprotein 1
(Dmp1) and Dentin sialophosphoprotein (Dspp), was increased
in Mkx−/− osteoblasts within PDL (Figure 4C). These results
suggest that the differentiation of osteoblasts, which are involved
in the formation of alveolar bone, is enhanced in Mkx−/− PDL.

Enamel Formation Related Gene
Expression Is Promoted in Mkx−/− Epithelial
Cell Clusters
Ameloblasts, which produce enamel, arise from epithelial cells
(Kovacs et al., 2021). We identified two epithelial cell populations
in PDL (Figures 1A,B). The C3_Epi cluster expressed Odam, and
the number of cells expressing Amelotin (Amtn), Ameloblastin
(Ambn), and Secretory calcium-binding phosphoprotein proline-
glutamine rich 1 (Scpppq1), which are involved in enamel
formation, were significantly increased in Mkx−/− PDL.
Furthermore, the expression of these genes was also increased
(Figure 5). These results suggest that enamel formation was
enhanced in the Mkx−/− PDL.

Macrophage Clusters With Inflammatory
Gene Expression are Larger in Mkx−/− PDL
The C7_Mac cluster contained significantly more cells in PDL
from Mkx−/−, than Mkx+/+ PDL (883 vs. 316 cells). Expression
of the pro-inflammatory cytokine Tumor necrosis factor alpha

FIGURE 4 | Expression of osteogenic genes is increased in theMkx−/− osteoblast cluster. (A) Scatter plot for differentially expressed genes in C5_OBs derived from
Mkx+/+ orMkx−/−. Red and blue circle indicate up-regulated genes inMkx−/− andMkx+/+, respectively. (B) Box plots showed the expression of Timp3, Tnfrsf11b, Runx2,
and Fgfr2 in C5_OBs. (C) The expression of SIBLING family genes in C5_OBs were shown as a box plot. The percentages at the top of the box plots in (B) and (C)
indicate the ratio of cells expressing each gene in C5_OBs.
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(Tnf) and inducible nitric oxide synthase (Nos2) was increased
in macrophages from Mkx−/− PDL (Figure 6A). The
expression of enzymes involved in PKC signaling, such as
diacylglycerol synthase Dgat2, phospholipase Pla2g7, and
receptors that activate PKC, such as Clec4e, Clec7a, and
Trem1, was also upregulated in Mkx−/− macrophages
(Figure 6B). The expression of Tribbles pseudokinase 1
(Trib1), Mannose receptor C type 1 (Mrc1), Selenoprotein P
(Sepp1), CCAAT/enhancer-binding protein beta (Cebpb),
Interleukin 4 receptor (Il4r) V-maf musculoaponeurotic
fibrosarcoma oncogene homolog B (Mafb) and Interleukin
10 (Il10) all of which are specifically expressed and/or play
important roles in M2 macrophages involved in tissue repair,
was also upregulated in macrophages from Mkx−/− PDL
(Figure 6C and Supplementary Figure S1). Cell
populations expressed Nos2 emerged in Mkx−/- PDL
whereas such cells were almost undetectable in Mkx+/+

PDL. Unlike macrophages, these cells were negative for
CD14, CD68, MHC class II, and TNFα, whereas Mast cell-
expressed membrane protein 1 (Mcemp1) and Leucine-rich
alpha-2-glycoprotein (Lrg1) were detected, suggesting that
these populations might be mast cells (Figure 6D and
Supplementary Figure S2). We investigated the effects of
macrophage-initiated inflammatory responses on other
clusters using Pscan that identifies transcription factor
binding elements in the promoter regions of genes with
variable expression (Zambelli et al., 2009). We found that
the increased expression of genes in Mkx−/− C2_MSCs and
C4_MSCs was regulated by transcription factors induced by
inflammation, such as STAT, AP-1/ATF and NF-κB
(Figure 6E). In support of these findings, the expression of
Matrix metalloprotein 13 (Mmp13), which is induced by NF-
κB, was upregulated in mesenchymal cell clusters, whereas the
expression of Slpi, which is suppressed by inflammation
(Vincenti and Brinckerhoff, 2002; Svensson et al., 2017),
was decreased (Figure 6F). These results suggested that
increased inflammatory gene expression in macrophages
triggers an inflammatory response in other cell populations.

DISCUSSION

Initially, Mkx and Scx were described as transcription factors
involved in tendon development (Cserjesi et al., 1995; Ito et al.,
2010; Liu et al., 2010; Schweitzer et al., 2001), and they play
important roles in the development and homeostasis of tendon
cells. The PDL, like tendon cells, is a fibrous tissue composed
mainly of type 1 collagen, andMkx and Scx are important for the
development and homeostasis of PDL (Koda et al., 2017;
Miyazaki et al., 2021; Takimoto et al., 2015). Here, we
identified mesenchymal cell populations expressing Mkx and
Scx in PDL using scRNA-Seq. Cells expressing Mkx and Scx
were abundant in C2_MSCs and C4_MSCs, respectively. Few
cells expressed both Mkx and Scx among the mesenchymal
stromal cells (Table 1). It had been reported that Scx was
expressed mainly in fibroblasts located in the central part of
the PDL by using Scx-GFP reporter mice (Takimoto et al., 2015).
In contrast, Mkx expression was seen throughout the PDL in
Mkx-Venus reporter mice (Koda et al., 2017). The present study
using scRNA-Seq revealed that Mkx and Scx expressions are
mutually exclusive, which suggests that cells expressing Mkx and
Scx are localized to different regions in the PDL and play different
roles in PDL development and homeostasis.

We previously showed that Mkx maintains and enhances the
expression of type 1 and type 3 collagen in tendons and PDL, and
that its loss leads to progressive ossification of the tendons and
PDL (Koda et al., 2017; Miyazaki et al., 2021; Suzuki et al., 2016).
The present study found upregulated expression of the Igfbp5,
Pthlh, HSP70 family genes (Hspa1a and Hspa1b), and SIBLING
family gene Ibsp, all of which are important for osteogenesis, in
Mkx−/− C2_MSCs (Kovacs et al., 2021; Li et al., 2018; Malaval
et al., 2008; Miyakoshi et al., 2001). On the other hand, the
expression of Fbln5 and Matn4, which are involved in the
formation of oxytalan fibers within the PDL, was decreased in
the Mkx−/− C2_MSCs (Figure 3C) (Hisanaga et al., 2009;
Schubert et al., 2017). The expression of Tnn, which is
important for formation of the extracellular matrix of the
PDL, was also decreased in Mkx−/− C2_MSCs (Imhof et al.,

FIGURE 5 | Expression of genes associated with enamel formation are promoted in Mkx−/− epithelial cell clusters. Box plot of Amtn, Ambn, and Scpppq1
expression in C3_Epi. Ratio (%) of cells expressing each gene in C3_Epi is shown at top of box plots.
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2020). These results suggested thatMkx promotes the production
of various extracellular matrices and their regulatory molecules,
which are important for the formation of PDL fibers and inhibit
PDL ossification. Notably, Scx-positive cells were significantly
more prevalent in Mkx−/− C4_MSCs. This was supported by the
increased expression of Fbln1, which is involved in the formation
of oxytalan fibers, connective tissue growth factor (Ctgf), which

enhances the proliferation of periodontal ligament cells and type
1 collagen, Periostin, and Aspn that inhibit the ossification of
mesenchymal cells (Asano et al., 2005; Yamada et al., 2007;
Schubert et al., 2017). Scx prevents remodeling of the
periodontal tissues induced by osterix-induced ossification
under tensile force (Takimoto et al., 2015). Although the
inhibition of ossification by Scx is a cell-intrinsic mechanism

FIGURE 6 | Macrophages cluster with inflammatory gene expressions increases in Mkx−/− PDL. (A) Scatter plot for differentially expressed genes in C7_Mac
derived fromMkx+/+ orMkx−/−. Red and blue circle indicate up-regulated genes inMkx−/− andMkx+/+, respectively. (B,C) Box plot for the expression of Tnf, Nos2, Trib1,
and Mrc1 in C7_Mac. (D) Co-expression of Nos2 with Tnf, Mcemp1, and Lrg1 in C7_Mac. The color intensity reflects the co-expression level within each cluster (E)
Pscan analysis revealed that genes with increased expression in C2_MSCs and C4_MSCs. The top 30 transcription factors involved in the regulation of gene
expression in C2_MSCs and C4_MSCs were shown. Transcription factors involved in inflammation were shown in red. (F) Violin plot for the expression ofMmp13 and
Slpi in C1, C2, C4, and C6_MSCs.
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and the effect on Mkx-expressing cells is not clear, these results
suggest compensatory role(s) of Scx in Mkx−/− PDL.

The C5_OBs cluster in Mkx−/- PDL contained fewer cells.
However, the number of cells expressing Runx2, which plays a
central role in osteoblast differentiation, and Timp3, Tnfrsf11b
and Fgfr2, which are important for osteoblast differentiation,
inhibition of cell death, and proliferation, were increased in
C5_OBs (Javaheri et al., 2016; Kovacs et al., 2021; Simonet
et al., 1997; Su et al., 2014). The number of cells expressing
Ibsp, which belongs to the bone SIBLING protein family, and the
amount of Ibsp expression were significantly increased. The
number of cells expressing Osteopontin (Spp1) was also
slightly increased. These results suggested that the loss of Mkx
enhances bone formation by osteoblasts. However, although both
osteoblasts and cells expressing Mkx are derived from
mesenchymal cells, it is unclear whether an Mkx deficiency
directly converts them to osteoblasts by increasing their
plasticity or indirectly enhances the differentiation and activity
of osteoblasts (Basdra and Komposch, 1997; Kovacs et al., 2021).
Therefore, further analysis is needed to elucidate the inhibitory
roles of Mkx in PDL ossification.

Enamel is an inorganic tissue that is almost devoid of cells, and
ameloblasts, enamel matrix-producing cells, are derived from
odontogenic epithelial cells (Kovacs et al., 2021). The
Odontogenic ameloblast-associated protein (Odam), that is
abundantly expressed in the C3_Epi, generates enamel matrix by
forming complexes with Amelotin (Amtn), Ameloblastin (Ambn),
and the Secreted calcium-binding protein Scpppq1 (Fouillen et al.,
2017). The number of cells expressingAmtn,Ambn, and Scpppq1 are
increased inMkx−/−C3_Epi. The PDL contains epithelial cells called
epithelial rests of Malassez (ERM). However, the physiological
significance of increased Amtn, Ambn, and Scpppq1 expression
remains obscure because enamel does not form in adult rat
molars. In contrast, the expression of Ambn, Amtn, and Odam is
upregulated in ERM during root repair (Hasegawa et al., 2003;
Nishio et al., 2010). Since the activation of ERM is important for
cementum repair and regeneration of the width of PDL, the loss of
Mkx might lead to ERM activation due to a fragile PDL and
increased inflammatory response (Lindskog et al., 1988;
Hasegawa et al., 2003; Keinan and Cohen, 2013). However, since
the expression of these genes is also upregulated in gingival epithelial
cells, that this is a contamination of gingival epithelial cells cannot be
ruled out and requires further detailed investigation (Nakayama
et al., 2017).

The finding of more clusters containing macrophages with
increased Tnf and Nos2 expression in Mkx−/−, than Mkx+/+ PDLs
indicated enhancement of the inflammatory response. Macrophages
can differentiate into functionally distinct macrophages with
different roles in innate immune responses and tissue repair
(Murray and Wynn, 2011; Italiani and Borachi., 2014). M1
macrophages are activated by bacterial lipopolysaccharide and
IFNγ to produce abundant inflammatory mediators and they
have a superior capacity for antigen presentation (Murray and
Wynn, 2011; Italiani and Borachi., 2014). Unlike M1
macrophages, M2 macrophages are activated by IL-4 and IL-13,
and they have less capacity to produce inflammatory mediators and
presenting antigens but have more capacity for tissue regeneration

(Murray and Wynn, 2011; Italiani and Borachi., 2014). The
expression of Sepp1 and Mrc1, which play important roles in M2
macrophages was increased inMkx−/− rats, along with Trib1, Cebpb,
Il4r, Il10 and Mafb, which are involved in M2 macrophage
differentiation (Ruffell et al., 2009; Gordon and Martinez, 2010;
Satoh et al., 2013; Barrett et al., 2015; Kim 2017). These results
suggested that robust inflammation was induced in Mkx−/− PDL,
followed by M2 macrophage differentiation and/or mobilization.

In addition to inflammatory triggers generated by oral bacteria,
PDL inflammation is controlled by mechanical loading.
(Chukkapalli and Lele, 2018). We previously showed that the loss
of Mkx in tendons and ligaments, including the PDL, results in
hypoplastic tendon and ligament formation and a consequent loss of
tendon and ligament function (Ito et al., 2010; Suzuki et al., 2016;
Koda et al., 2017; Miyazaki et al., 2021). The present study found
upregulated ossification-related genes and downregulated genes
involved in the formation of PDL in Mkx−/− PDL. These results
suggested that hypoplastic PDL formation could induce increased
mechanical loading in Mkx−/− PDL, leading to an increased
inflammatory response.

We detectedNos2-positive cells inMkx−/− C7_Mac that did not
express macrophage markers, but expressed Lrg1 and Mcemp1,
assuming that they are mast cells. Mast cells induce periodontal
inflammation by producing not only allergic mediators but also
various inflammatory mediators, including nitric oxide (Sheethal
et al., 2018). Activation of mast cells by inflammatory cytokines
and ligands for pattern-recognition receptors result in the
production of MMPs and Tryptase, which promote degradation
of the ECM (Sheethal et al., 2018; Checchi et al., 2020). In fact, we
found that the expression of Mmp8, Tpsab1, and Tpsb2 that are
involved in collagen degradation, was increased in C7_Mac cluster.
These results suggested that macrophage activation induces
production of ECM-degrading enzymes from mast cells and
macrophages themself, leading to hypoplastic PDL fibers in
Mkx−/− rat. Forced expression of Mkx in meniscus cells in knee
joints negatively regulates inflammation by inhibiting the
expression of ADAMTS-5, IL-6, MMP1, and MMP3, suggesting
that Mkx itself is involved in the regulation of inflammation (Lee
et al., 2020). The intrinsic role of Mkx in inflammation awaits
clarification.

In conclusion, the expression of Mkx and Scx was mutually
exclusive, suggesting that they play different roles in the
development and maintenance of PDL. In addition, the
expression of genes involved in ossification in mesenchymal
cells and osteoblasts and the inflammatory responses of
macrophages was increased in Mkx−/− PDLs, which could lead
to hypoplastic PDL formation. These results suggest that Mkx is
involved in ankylosis and periodontitis, and thus further detailed
investigation is required.
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