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ARTICLE INFO ABSTRACT
Keywords: Purpose: Temporomandibular joint osteoarthritis (TMJ-OA) is one of the most complex tempo-
JOi“F diseases romandibular disorders, causing pain and dysfunction. The main pathological feature of TMJ-OA
Cartilage is neurovascular invasion from the subchondral bone to the condylar cartilage. This study aimed
Inflammation . . .

. . to discover the cells and genes that play an important role in the neurovascular-osteochondral
Angiogenesis

network crosstalk in human TMJ-OA.

Materials and methods: Condylar cartilages from patient with TMJ-OA were divided into OA
group, and others from patients with benign condylar hyperplasia (CH) were used as control for
further single-cell RNA-sequencing (scRNA-seq). Hematoxylin and eosin staining were performed.
The cells and genes in the condylar cartilage were identified and analyzed by scRNA-seq.
Results: Histological analysis revealed blood vessel invasion and ossification in the TMJ-OA
condylar cartilage. The scRNA-seq identified immune cells, endothelial cells, and chondrocytes
in the TMJ-OA condylar cartilage. Macrophages, especially M1-like macrophages, contributed to
the inflammation, angiogenesis, and innervation. CD31" endothelial cells contributed to the bone

Osteogenesis

Abbreviations: TMJ, temporomandibular joint; OA, osteoarthritis; HIF-1, hypoxia-inducible factor 1; VEGF, vascular endothelial growth factor;
ECM, extracellular matrix; scRNA-seq, single-cell RNA sequencing; CH, benign condylar hyperplasia; ECCs, ectoderm chondrogenic cells; UMI,
unique molecular identifier; PCA, principal component analysis; tSNE, t-distributed stochastic neighbor embedding; DEGs, differentially expressed
genes; GO, Gene Oncology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, DEG gene set enrichment analysis; NES, normalized
enrichment score; GSVA, gene set variation analysis; PPI, Protein-Protein Interaction; CPCs, cartilage progenitor cells; CTGF, also known as CCN2,
cellular communication network factor 2; FBN1, fibrillin 1; FN1, fibronectin 1; EGFR, epidermal growth factor receptor; ITGA5, integrin subunit
alpha 5; HSPG2, heparan sulfate proteoglycan 2; SERPINEI, serpin family E member 1; COL4A2, collagen type IV alpha 2 chain; TIMP2, TIMP
metallopeptidase inhibitor 2; IGFBP3, insulin like growth factor binding protein 3..
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mineralization. The TMJ-OA cartilage chondrocytes highly expressed genes related to inflam-
mation, angiogenesis, innervation, and ossification. The hub genes contributing to these processes
in the TMJ-OA chondrocytes included CTGF, FBN1, FN1, EGFR, and ITGAS.

Conclusion: Our study marks the first time scRNA-seq was used to identify the cells and genes in a
human TMJ-OA condylar cartilage, and neurovascular-osteochondral network crosstalk during
the human TMJ-OA process was demonstrated. Targeting the crosstalk of these processes may be
a potential comprehensive and effective therapeutic strategy for human TMJ-OA.

1. Introduction

As the only movable joint in the maxillofacial region, the temporomandibular joint (TMJ) is important in complicated jaw
movements, dental occlusion, and the neuromuscular system [1,2]. Different from other joints, the articular surface of the mandibular
condyle in TMJ comprises fibrocartilage, which contains both type I and II collagen, denoting better loading capacity and healing
potential [3,4]. Furthermore, the condylar cartilage is a secondary cartilage, indicating a different development and bone-formation
process to other articular cartilages [2,5].

TMJ osteoarthritis (TMJ-OA) is a complex temporomandibular disorder that causes pain and dysfunction [6,7]. The characterizes
of TMJ-OA include synovitis, cartilage degeneration, and subchondral bone changes [8-10]. However, the pathogenesis of TMJ-OA
remains controversial, and the relevant etiology may be inflammation, mechanical stress, hormone, or genetic factors [11]. Previ-
ous studies demonstrated the regulatory relationship between cartilage and subchondral bone [12]. Considering the uniqueness of
condylar cartilage in development, the change of condylar cartilage in TMJ-OA is widely investigated.

Several studies demonstrated that bottom—up innervation and angiogenesis can cross the tidemark from subchondral bone to
cartilage, which is important in the cartilage erosion process of OA [9,12,13]. The mechanism of these changes has been widely
studied. First, increased macrophage infiltration promotes angiogenesis by degrading cartilage matrix and producing proangiogenic
factors [12,14]. Second, OA cartilage has weak resistance to vessel formation due to proteoglycan depletion and the proangiogenic
factors produced by chondrocytes [15]. Third, the hypoxia environment of OA promotes the expression of hypoxia-inducible factor 1
(HIF-1) and its target genes, which can increase blood vessel formation [16]. Innervation is closely related to angiogenesis, and
vascular cells and perivascular environment cells can generate various neural system development regulators, e.g., vascular endo-
thelial growth factor (VEGF) [14,17]. Nerve growth involves molecules such as semaphorins, neuropilins, and plexins, which also
contribute to vessel formation [18]. Given the close link of sensory nerve growth and angiogenesis, the abnormal innervation can
explain the pain, which is one of the main symptoms in patients with TMJ-OA [14]. The altered extracellular matrix (ECM) around the
invading vessels indicates that angiogenesis is related to ossification in OA cartilage [12,14,19]. These findings suggest that inflam-
mation, angiogenesis, innervation, and ossification closely interact in OA development.

Although such neurovascular-osteochondral crosstalk is important during TMJ-OA occurrence and development, information in
human degraded condylar cartilage is scarce. Several animal models have been established and studied to further investigate the
process of TMJ-OA, including the induced, naturally occurring, and genetically modified models [20]. The induced models were most
widely used in the investigation of TMJ-OA, such as intra-articular injection [21,22], surgical induction [23], and mechanical loading
models [24]. However, no one animal model is sufficient for studying all features of TMJ-OA or fully represents the development of
TMJOA in human beings [20]. Thus, in the present study, single-cell RNA sequencing (scRNA-seq) was performed to discover the
relevant markers in the cell types of condylar cartilage from TMJ-OA patients. The hypothesis was that the neuro-
vascular—osteochondral network crosstalk plays an important regulatory role in human TMJ-OA occurrence and development.

2. Materials and methods
2.1. Sample recruitment
The Ethics Committee of Shanghai Jiao Tong University School of Medicine approved the use of human tissues (SH9H-2019-T189-

2). One condylar cartilage from a patient with TMJ-OA was divided into OA group, and another condylar cartilage from a patient with
benign condylar hyperplasia (CH) was used as control for further scRNA-seq. Signed informed consent was obtained from the patients.

2.2. Histopathological analysis
The patients” TMJ condyles were fixed in 4 % (w/v) paraformaldehyde for 48 h. The samples were decalcified in 10 % (w/v) Tris-
EDTA buffer (Beyotime) at 37 °C until the tissues had softened. Then, the samples were dehydrated, paraffin-embedded, sliced into 5-

pm thick sections, and positioned on glass slides. The slices were stained with hematoxylin and eosin (H&E, Sigma-Aldrich) for general
morphology evaluation.

2.3. scRNA-seq data preprocessing

The patients’ condylar cartilages were collected for scRNA-seq. Our previous study has reported the ectoderm chondrogenic cells
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(ECCs), induced from H1 human pluripotent stem cells [25], and the scRNA-seq data was downloaded from the National Genomics
Data Center Genome Sequence Archive (accession number HRA003116). The Cell Ranger software pipeline (version 5.0.0 10 x Ge-
nomics) was used to demultiplex cellular barcodes, map reads to the genome and transcriptome using the STAR aligner, and down-
sample reads to generate normalized aggregate data across samples, producing a gene count versus cell matrix. R 4.1.0 (https://www.
R-project.org/) [26] was used for data preprocessing and further analysis. Data were preprocessed with the R package Seurat (version
3.1.1) [27]. The unique molecular identifier (UMI) count matrix was processed. The first quartile (Q1), third quartile (Q3) and
interquartile range (IQR) of the UMI and gene numbers in each sample were calculated. Cells with UMI or gene numbers less than
Q1-1.5 x IQR or more than Q3+1.5 x IQR were filtered out. Cells with >10 % of counts belonging to mitochondrial genes were
removed. Potential doublets were removed using DoubletFinder package (version 2.0.2) [28]. The data were integrated using the
harmony package [29], and normalized and scaled with the NormalizeData and ScaleData function. The 2000 most variable genes were
selected using the FindVariableGenes function and were used for principal component analysis (PCA) and t-distributed stochastic
neighbor embedding (tSNE) dimensional reduction by the RunHarmony and RunTSNE functions, respectively, to visualize the cells.
The cells were clustered using the FindNeighbours and FindClusters functions. The genes expressed in at least 25 % of cells within the
clusters and with log2(fold change) > 0.25 were identified as differentially expressed genes (DEGs) with the FindAllMarkers function.
The upregulated DEGs in each cluster were used for further analysis.

2.4. Gene enrichment analyses

Gene Oncology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the DEGs were per-
formed by the org.Hs.eg.db, clusterProfiler, and tidyverse packages. DEG gene set enrichment analysis (GSEA) was performed using
the clusterProfiler package gseGO function [30]. For GSEA, the normalized enrichment score (NES) and adjusted P-value (false dis-
covery rate) were reported. Based on the Molecular Signatures Database, gene set variation analysis (GSVA) was performed with the
GSVA package [31].

2.5. Cell cycle analysis

Based on S- or G2/M-phase marker expression in each cell, the cell cycle status of each cell was identified using Seurat CellCy-
cleScoring. The cell cycle score of each cell was visualized in a tSNE plot.

2.6. Pseudotime trajectory construction

The pseudotime trajectory was constructed using the Monocle2 package [32]. The Seurat object was established and
quality-controlled as mentioned previously. Then, the expression matrix was extracted from the object and converted into a monocle
object using the newCellDataSet function. The DEGs between the cells collected at the beginning and end of the process were
determined using the differentialGeneTest function. Subsequently, the dimension of the object was reduced using the DDRTree method
with the reduceDimension function. Next, the cells were ordered according to the DEGs and cell trajectory with the orderCells function.
The DEGs among cells in different trajectory lineages were detected using the BEAM function. The DEGs were visualized by the
plot_genes_branched_heatmap function and DEGs in similar lineage-dependent expression patterns were clustered together.

2.7. CytoTRACE

The CytoTRACE package [33] can be used to predict the relative cell differentiation potential. The differentiation potential scores of
each cell were determined using the CytoTRACE function. The cells were re-clustered by the plotCytoTRACE function, where a higher
score indicated a higher differentiation potential.
2.8. Metabolism pathways analysis

The cell activity score of each metabolic pathway was determined by the scMetabolism package sc.metabolism.Seurat function. The
results are depicted in a dot plot and tSNE plots.
2.9. Protein-protein interaction (PPI) network construction

The PPI network was constructed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, https://string-db.
org/) database. The DEGs of interest were converted into the database and the PPI network was visualized using Cytoscape (version

3.8.0) [34]. The degree of each node was determined by the cytoHubba plugin. The top 10 genes were identified as hub genes, where
their expression levels are depicted in violin plots.
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Fig. 1. Histopathological analysis of OA and CH cartilage, and scRNA-seq analysis of OA cartilage. (A, B) H&E staining of OA (A) and CH (B)
cartilage. (C) scRNA-seq workflow. (D) Chondrocytes, immune cells, and endothelial cells identified in OA cartilage. (E) GSVA of the clusters in the
GO terms related to mitosis, immunity, angiogenesis, and chondrocytes. (F) Cell cycle phases of the OA cells. (G) PTPRC (CD45) expression levels in
the clusters. (H) Highly expressed immunity-related genes in OA cells. (I) Expression levels of endothelial cell markers in different cell clusters. (J)
90 analysis of endothelial cells (Cluster 13). (K) KEGG analysis of endothelial cells (Cluster 13).

3. Results
3.1. The pathological changes in TMJ-OA condylar cartilage

The pathological changes in TMJ-OA condylar cartilage were validated with histopathological analysis. The H&E staining
demonstrated the rough surface, blood vessel invasion, and ossification regions in the TMJ-OA condylar cartilage. The OA cartilage
layers were indistinct and chondrocyte distribution was disorderly (Fig. 1A). The CH cartilage exhibited a smooth surface and the
chondrocytes were homogenously distributed without blood vessels and ossification regions (Fig. 1B). The histopathological study
demonstrated the important pathological changes, especially invasive angiogenesis, and abnormal ossification in TMJ-OA condylar
cartilage.

3.2. Cell types in the TMJ-OA condylar cartilage

To identify the cellular components involved in the pathological changes of TMJ-OA condylar cartilage, scRNA-seq was performed
on the condylar cartilage from a patient undergoing TMJ replacement (Fig. 1C). An initial 11,994 cells were sequenced from the
sample, and 9808 cells remained after filtration, which were divided into 14 clusters. Three cell types were identified: chondrocytes,
immune cells, and endothelial cells (Fig. 1D). GSVA determined the GO enrichment results corresponding to each cell type (Fig. 1E).
The largest numbers of cells were chondrocytes, for which the cartilage- and bone mineralization-related GO terms were enriched.
Among them, Cluster 3 and 9 exhibited high mitosis activity and were mainly in the mitotic G2/M or S phase (Fig. 1F). Therefore, these
cells were considered cartilage progenitor cells (CPCs). Except for the chondrocytes, five clusters that highly expressed PTPRC (also
known as CD45) and other immune-associated genes were identified as immune cells (Fig. 1G and H). Cluster 13, which highly
expressed PECAM1 (also known as CD31), CD34, and VWF, was identified as endothelial cells (Fig. 1I). Upregulated DEGs in the
endothelial cells were enriched in the GO terms related to angiogenesis, cartilage development, and ossification (Fig. 1J) and were
enriched in the focal adhesion and PI3K-Akt signaling pathways (Fig. 1K).

3.3. Immune cells in TMJ-OA condylar cartilage

A total of 3000 immune cells were isolated for analysis and eight clusters were identified (Fig. 2A). Clusters 0, 1, 4, and 5 were
identified as macrophages expressing marker genes (CD68, CD86, and CXCL8). The other clusters were Cluster 2, T cells expressing
CD3D and CD3E; Cluster 3, neutrophils expressing NDA, S1I00A8, and CXCR2; Cluster 6, natural killer cells expressing NKG7, GNLY,
and GZMA; and Cluster 7, B cells expressing CD19, CD79A, and MZB1 (Fig. 2B). The results demonstrated that macrophages mainly
expressed the markers associated with angiogenesis and innervation (Fig. 2C and D).

The macrophages accounted for 64.9 % (1946 cells) of the total immune cells, and almost maintained the four initial clusters after
re-clustered (Fig. 2E). APOC1+, FCN1+, C1QB+, and LYVE + macrophages were identified based on the highly expressed genes
(Figs. S1A and S1B) and GO enrichment results (Fig. 2F) in each cluster, and considered Cluster 0, 1, and 4 M1-like macrophages, while
Cluster 5 was M2-like macrophages.

Pseudotime trajectory construction revealed that the LYVE + macrophages were distributed in the trajectory root while the C1QB
+ macrophages were in the trajectory Pre-branch. The APOC1+ and FCN1-+ macrophages entered two different cell fates (Fig. 2G).
This trajectory indicated the change from M2-like macrophages to M1-like macrophages. The Pre-branch highly expressed M2
macrophage markers (MS4A4A, DAB2) and other genes that indicated inflammatory activity (C1QB, A2M). Cell Fate 1 demonstrated
the strongest immune activity, as the upregulated genes in the Cell Fate 1 lineage were mainly enriched in the inflammation-related GO
terms: positive regulation of cytokine production, IL-1p production, and IL-12 production. Genes up-regulated in Cell Fate 2 was
mainly enriched in the lipid metabolism and immunity-related GO terms (Figs. S1C-E). The results indicated that macrophages are
important in inflammation, angiogenesis, and innervation in the TMJ-OA process.

3.4. Chondrocytes in the TMJ-OA condylar cartilage

The 6667 chondrocytes in the TMJ-OA cartilage, which were the main cellular components of OA cartilage, were re-clustered into
five clusters (Fig. 3A). Based on the highly expressed genes in the clusters (Fig. 3B), Cluster 3, which expressed CDC20, UBE2C, and
BIRCS5, was identified as CPCs (Fig. 3C). GO analysis and GSEA demonstrated that Cluster 3 had high RNA catabolic and mitosis activity
(Fig. 3D and E). Cluster 0 expressed genes involved in immunity, angiogenesis, neurogenesis, and ossification (Fig. 3F). Cluster 1
exhibited high mitochondrial activity (Fig. 3G). The genes highly expressed in Cluster 2 were related to ECM organization, angio-
genesis, ossification, and cellular response to hypoxia (Fig. 3H). Cluster 4 demonstrated high innervation, angiogenesis, and ossifi-
cation activity (Fig. 3I). CytoTRACE confirmed the high development potential of Cluster 3 (Fig. 4A). The pseudotime trajectory
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Fig. 2. Analysis of immune cells in OA cartilage. (A) Re-clustered 3000 immune cells isolated from OA cells. (B) Expression levels of immune cell
markers and identification of the cell types in each cluster. tSNE was performed for highly expressed genes related to angiogenesis (C) and
innervation (D). (E) Re-clustered 1946 macrophages isolated from immune cells and the most highly expressed genes in the four clusters. (F) GO
elnalysis of macrophages in the four clusters. (G) Reconstructed pseudotime trajectory of the macrophages.

demonstrated that Clusters 3 and 1 were distributed in the trajectory root, Cluster 0 was mainly distributed in Cell Fate 1, Cluster 2 was
distributed along Cell Fate 2, and Cluster 4 was at the end of Cell Fate 2 (Fig. 4B). Pre-branch cells expressed STMN1, RPLP1, and
RPS18 and exhibited high mitochondrial activity. The genes highly expressed in Cell Fate 1 were mainly enriched in immune-related
GO terms. Cell Fate 2 exhibited high catabolic activity (Fig. 4C-E).

3.5. Benign CH cartilage chondrocytes

The benign CH cartilage was obtained from a patient to use as a sample resembling normal cartilage as the control. The 11,058 cells
were divided into five clusters (Fig. S2A). Except for Cluster 3, which demonstrated immune cell characteristics, the other cell clusters
exhibited chondrocyte characteristics (Fig. S2B). The clusters were: Cluster 0, chondrocytes expressing PTN and OGN; Cluster 1,
chondrocytes expressing RGS5 and COL4A1; Cluster 2, chondrocytes expressing IFI27 and PECAM1; Cluster 3 (372 cells), immune cells
expressing CCL4 and CXCL8; Cluster 4, CPCs expressing TOP2A and STMN1 (Fig. S2C). Genes highly expressed in Cluster 0, were
enriched in the GO terms related to ECM or bone development (Fig. S2D). Cluster 4 demonstrated high DNA replication and mitosis
activity similar to the OA chondrocyte CPCs (Fig. S2E). There were almost no endothelial cells in the CH cartilage.

3.6. Comparation among ECC, CH and OA chondrocytes

The ECC (5123 cells), CH (10686 cells), and OA (6667 cells) chondrocytes were combined for further analysis. After merging, the
chondrocytes maintained a high consistency with the previous clusters (Fig. S3A). The chondrocytes were re-clustered into seven
clusters: CHO and CH2 were re-clustered as CH-1, expressing MGP and SFRP2; CH1 was re-clustered as CH-2, expressing RGS5 and
IGFBP7; OAQ was re-clustered as OA-1, expressing SPP1 and IGFBP1; OA2 and OA4 were re-clustered as OA-2, expressing PAPPA2 and
NOTUM; OA1 was re-clustered as OA-3, expressing PAGE4 and PEG10; OA3, CH4 and a part of the ECCs were identified as CPCs,
expressing STMN1, and UBE2C; other ECCs were clustered to ECC, expressing IGFBP2, NUPR1, and IGFBP5 (Fig. 5A and B, S3B).
Highly expressed genes in OA-1 were enriched in the innervation-, inflammation-, and ossification-related GO terms (Fig. 5C). Highly
expressed genes in OA-2 were involved in innervation, angiogenesis, inflammation, and ossification (Fig. 5D). OA-3 demonstrated high
mitochondrial activity and indicated a hypoxia condition (Fig. S3C). The CH sample was used as the control, where CH-1 exhibited
high cartilage and bone development activity (Fig. S3D). The ECC and CPCs demonstrated high glycolysis/gluconeogenesis and
glycerolipid metabolism activity. The CHs exhibited high thiamine and primary bile acid biosynthesis activity. OA-1 demonstrated
high glycosphingolipid biosynthesis, histidine metabolism, and linoleic acid metabolism activities. OA-2 showed high glyco-
sphingolipid biosynthesis, glycan biosynthesis, and histidine metabolism activities. OA-3 had high oxidative phosphorylation, tryp-
tophan metabolism, and tyrosine metabolism activities (Fig. S3E). The ECC and CPCs were considered to have differential potential
and were in the pseudotime trajectory root. The OAs and CHs were in the Cell Fate 1 and 2 linages, respectively (Fig. 5E). The Cell Fate
1 upregulated DEGs were similar to that in the OAs and were enriched in the reactive oxygen species (ROS)-related, oxidative
phosphorylation, and HIF-1 signaling KEGG pathways. The Pre-branch and Cell Fate 2 upregulated DEGs demonstrated similar
enrichment in KEGG analysis, including the focal adhesion and PI3K-Akt signaling pathways (Fig. 5F and G). Compared with ECCs and
CH cartilage, the TMJ-OA cartilage chondrocytes exhibited close inflammation, immunity, angiogenesis, and ossification crosstalk.

3.7. PPI network analysis of TMJ-OA condylar cartilage DEGs

PPI networks were constructed with the STRING database to analyze the OA cartilage hub genes and their mutual regulation. The
highly expressed genes in the OA chondrocytes related to inflammation (Fig. 6A), innervation (Fig. 6B), angiogenesis (Fig. 6C), and
ossification (Fig. 6D) were analyzed separately. Among these selected upregulated DEGs, the genes with log2(fold change) > 2 were
analyzed together (Fig. 6E). Ten hub genes were selected by cytoHubba in Cytoscape: CTGF, FBN1, FN1, EGFR, ITGA5, HSPG2,
SERPINE1, COL4A2, TIMP2, and IGFBP3 (Fig. 6F). The expression levels of these genes in the clusters are shown (Fig. 6G). These
results indicated the strong neurovascular-osteochondral network crosstalk in the TMJ-OA condylar cartilage.

4. Discussion

The vascular invasion, innervation, and ossification in OA cartilage received extensive attention in recent studies [9,11-14].
Consistent with this, the present study detected blood vessel invasion and ossification regions in TMJ-OA cartilage via the H&E
staining. Previously, strong interactions were detected among inflammation, innervation, and angiogenesis in rat TMJ-OA cartilage
[17]. However, the DEG expression and interaction in different cell types in TMJ-OA cartilage are unknown, especially in human
TMJ-OA cartilage. Accordingly, the present study aimed to identify the cell types and their contributions to neuro-
vascular—osteochondral network crosstalk in human TMJ-OA condylar cartilage.

Although several studies have reported a variety of animal models to further investigate the process of TMJ-OA [20,21], there was a
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Fig. 3. Analysis of chondrocytes in OA cartilage. (A) Re-clustered 6667 chondrocytes. (B) DEGs in the five clusters. (C) High CDC20, UBE2C, BIRC5,
and CENPW expression levels in Cluster 3. (D) GO analysis of Cluster 3. (E) GSEA of Cluster 3. (F-I) GO analysis of Cluster 0 (F), Cluster 1 (G),
Cluster 2 (H), and Cluster 4 (I).

lack of studies that directly investigated the development of TMJ-OA in human beings. Thus, in our study, scRNA-seq deeply exhibited
the changes of cells and genes in human TMJ-OA condylar cartilage. The results confirmed the existence of immune cells and
endothelial cells in the human TMJ-OA condylar cartilage. Compared with this result, only 372 immune cells and no endothelial cells
in the CH cartilage were identified. Macrophages were the main immune cell population in the TMJ-OA cartilage, specifically M1-like
macrophages. The macrophage contribution to inflammation was analyzed in detail. Consistent with the traditional concept that
macrophage infiltration contributes to angiogenesis [14], the macrophages highly expressed the important proangiogenic factors:
VEGFA, VEGFB, and VCAN. However, the OA chondrocytes highly expressed the VEGF receptor FTL1, but not the VEGFs. An important
study by Wan et al. [17], reported high VEGF expression in rat TMJ-OA condylar cartilage using microarray-based transcriptome
analysis. Therefore, the results indicated that the high VEGF expression was mainly attributed to the macrophages, indicating their
important role in angiogenesis in late-stage TMJ-OA condylar cartilage. In addition to the effect of VEGFs on innervation [14], the
macrophages also expressed some essential innervation-related genes. Accordingly, the present study indicated that macrophages are
important in inflammation, angiogenesis, and innervation during TMJ-OA development.

Cartilage ossification is another important pathological process in TMJ-OA [6,35]. The main population of OA chondrocytes
exhibited high ossification activity. Vascularization promoted cartilage ossification [6]. Type H blood vessels, which highly expressed
CD31 and endomucin, are of great concern due to its ability to modulate osteogenesis [36]. In our study, a cluster of cells expressing
CD31 was identified, which contributed to the bone mineralization and cartilage development according to GO analysis. Except for the
macrophages and endothelial cells, the OA condylar chondrocytes also expressed genes contributing to angiogenesis, innervation, and
inflammation. This finding was of great concern, as it might be the core reason for the cartilage degeneration and ossification. The hub
genes related to these processes were selected via the PPI network. CTGF is significantly highly expressed in OA joints and causes
chondrocyte degeneration. The CTGF antibody pamrevlumab may be a potential drug for OA [37]. Fibronectin (FN1), which mediates
various cellular interactions in the ECM, was upregulated in OA cartilage [38]. Wei Y et al. [39] reported the feasibility of targeting the
EGFR pathway for OA therapy. Perlecan (HSPG2) is essential in OA osteophyte development [40]. These reports enhanced our
findings. The other hub genes were less reported in OA cartilage, and IGFBP3 and COL4A2 play roles in ossification [41,42]. Further
studies are needed to determine the role of the hub genes in OA. Nevertheless, the present study provides evidence that inflammation,
angiogenesis, innervation, and ossification are accompanied by TMJ-OA condylar cartilage degradation and identified hub genes that
may be important in these processes.

As mentioned previously, ECM protein downregulation led to weak resistance to vessel formation in OA cartilage [14]. Further-
more, hypoxia contributed to angiogenesis, ROS production, and mitochondrial activation [43,44]. Consistent with these previous
findings, the present study demonstrated downregulated focal adhesion, ECM receptor interaction, and proteoglycan-related pathways
in TMJ-OA condylar chondrocytes. Additionally, a cluster of TMJ-OA condylar chondrocytes exhibited high mitochondrial, oxidative
phosphorylation, and ROS production activity and indicated a hypoxia environment. These findings demonstrated the correlation
among angiogenesis, hypoxia, ROS production, and high mitochondrial activity. Nevertheless, further studies are needed to confirm
these findings.

Inflammation and the infiltration of blood vessels and sensory nerve endings from subchondral bone to cartilage mainly cause the
pain and structural damage in OA [6,14,45]. Many studies reported treatments targeting these pathological processes and related hub
genes [12,14]. For example, the VEGF antibody bevacizumab inhibited vascular invasion and cartilage destruction in OA, and other
antiangiogenic factors also exerted similar effects on cartilage protection [9,12,46]. Nonsteroidal anti-inflammatory drugs (NSAIDs)
were first recommended for managing OA, where NSAID inhibition of COX-2 reduces OA inflammation, angiogenesis, osteogenesis,
and pain [12]. Therefore, targeting the inflammation, angiogenesis, and innervation processes can inhibit cartilage ossification and
destruction and reduce pain. Therapies targeting the crosstalk of these processes may be a potential treatment strategy for TMJ-OA.

Moreover, the chondrocytes in OA showed a different metabolism activity. Chondrocytes in OA that highly expressed SPP1 and
IGFBP1 showed high glycosphingolipid biosynthesis and histidine metabolism activities, as did those with high expression of PAPPA2
and NOTUM. The important role of glycosphingolipid biosynthesis has been reported in few studies [47], but still needs further in-
vestigations. In knee OA, the change of histidine has been reported in serum or synovial fluid, but its mechanism remains further
studies [48,49]. Other chondrocytes that highly expressed PAGE4 and PEG10 showed high tryptophan metabolism, and tyrosine
metabolism activities. The change and disturbance of tryptophan metabolites may be related to the development of OA [50,51]. In
addition, it has been reported that tyrosine metabolism is involved in the process of OA [52]. Thus, the highly expressed genes in the
chondrocytes may be closely related to the metabolisms, and deserve further investigations.

Our study has limitations. First, the difficulty in disassociating the TMJ-OA cartilage caused the small sample size, and future
studies should involve more samples to confirm our conclusions. Second, the control was benign CH cartilage, which might be slightly
different from normal cartilage.

In conclusion, scRNA-seq was used for the first time to identify cells and genes in a human TMJ-OA condylar cartilage. The
neurovascular-osteochondral network crosstalk during the TMJ-OA process in a TMJ-OA condylar cartilage was demonstrated and
discussed in-depth. Targeting the crosstalk of these processes may be a potential comprehensive therapeutic strategy for human TMJ-
OA. Our findings can guide TMJ-OA etiology and treatment strategy studies.



D. Zhang et al. Heliyon 9 (2023) 20749
A CytoTRACE Clusters
40- 40
20- 20-
Cluster|
Predeted
B § 3 s
o8 g o g o 2
8§ H 0
00 (More dit) ® 4
-20- -20-
-40 -40
-20 [ 20
Component1
B Clusters Pseudotime
4
3 Cell Fate 2 2 3
° - Pseudotime =
£ g8 £
3g o dg
88

25 00
Component 1

25

50 00
Component 1

50 25

Y 00
Component 1

C Cell fate 1

ATP metabolic process, |
G0:0046034

oxidative phasphoryiation

20006119

electron transport chain
G0:0022900

respiratory electron transport chain
G0:0022904

ATP synthesis coupled electron transport
G0:0042773

mitochondrial respiratory chain complex assembly
G0:0033108

mitochondrial translational elongation
0:0070125

‘mitochondrial translational termination
G0:0070126

NADH dehydrogenase complex assembly.
G0:0010257

regulation of transcription from RNA polymerase Il
promoter in response to hypoxia

G0:0061418

000

Pre-branch

o o
B

S0°0

GeneRatio

0zo

Cell

p.adjust

27617
18e-17

9.0e-18

Count
. 40
o~

o

fate 2

RPLP1

- COROB

: Branch

— Cellfate 1
-~ Cell fate 2

Cluster
o

ceee
AWM O

€ =
2
@
I
o
51
X
&
Pseudotime (stretched)
Cell fate 1 Cell fate 2
neutrophil mediated immunity . regulation of GTPase activity
G0:0002446 G0:0043087
positve roquision ofeukecyo actvaton| - i actin flament organization
G0:0002696 p-adjust G0:0007015
angen processing snd presanston| @ positive regulation of catabolic process
GO:0019882 e:10 G0:0009896
cellular response o biotic stimulus. ° 6e-10 positive regulation of cellular catabolic process
G0:0071216 3e10 G0:0031331
cellular response to interferon-gamma ° regulation of protein catabolic process
G0:0071346 G0:0042176
cellular response to lipopolysaccharide ° Count regulation of MRNA metabolic process
G0:0071222 G0:1903311
positive regulation of immune effector process ® «© regulation of cell morphogenesis
G0:0002699 . & GO:0022604
positive regulation of ERK1 and ERK2 cascade. ° . 80 regulation of RNA splicing
G0:0070374 600043484
inerfron-gamma-mediated signaling patnway | | @~ regulation of mRNA processing
G0:0060333 GO:0050684
antigen processing and presentation of cell-substrate junction organization
exogenous peptide antigen via MHC class | GO:0150115
GO:0042590 SS550
goooi
8&zad
GeneRatio

000

p.adjust

20005
15005
10605
50006

Count

@ 4«
@ =
[ X
o

=
o

&
GeneRatio
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Fig. 5. Analysis of chondrocytes in OA and CH cartilage. (A) Chondrocytes from OA and CH cartilage, and ECCs. (B) Highly expressed genes in each
cluster. (C, D) GO terms related to innervation, inflammation, and ossification in cluster OA-1 (C) and OA-2 (D). (E) Reconstructed pseudotime
trajectory of chondrocytes. (F) DEGs in Cell Fate 1, Pre-branch, and Cell Fate 2. (G) KEGG pathways enriched in Cell Fate 1, Pre-branch, and Cell

Fate 2.
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Fig. 6. PPI network analysis of DEGs in OA. (A-D) PPI network of highly expressed genes related to inflammation (A), innervation (B), angiogenesis
(C), and ossification (D) in OA chondrocytes. (E) PPI network of genes with log2(fold change) > 2 among the genes. (F) PPI network of 10 hub genes.

(G) Expression levels of the 10 hub genes in chondrocyte clusters.
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