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Abstract

Objectives: Single cell level analysis of articular cartilage and meniscus tissues from human 

healthy and osteoarthritis (OA) knees.

Methods: scRNA-seq analyses were performed on articular cartilage and meniscus tissues from 

healthy (n=6, n=7) and OA (n=6, n=6) knees. Expression of genes of interest was validated using 

IHC and RNA-seq and function was analyzed by gene overexpression and deletion.

Results: scRNA-seq analyses of human knee articular cartilage (70,972 cells) and meniscus 

(78,017 cells) identified a pathogenic subset that is shared between both tissues. This cell 

population is expanded in OA and has strong OA and senescence gene signatures. Further, this 

subset has critical roles in extracellular matrix (ECM) and tenascin signaling and is the dominant 

sender of signals to all other cartilage and meniscus clusters and a receiver of TGFβ signaling. 

Fibroblast activating protein (FAP) is also a dysregulated gene in this cluster and promotes ECM 

degradation. Regulons that are controlled by transcription factor ZEB1 are shared between the 

pathogenic subset in articular cartilage and meniscus. In meniscus and cartilage cells, FAP and 

ZEB1 promote expression of genes that contribute to OA pathogenesis, including senescence.
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Conclusions: These single-cell studies identified a senescent pathogenic cell cluster that is 

present in cartilage and meniscus and has FAP and ZEB1 as main regulators which are novel and 

promising therapeutic targets for OA-associated pathways in both tissues.
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INTRODUCTION

Osteoarthritis (OA) affects all tissues in the knee joint1 but therapeutic targets have often 

been selected for their role in cartilage damage and inflammation2 and largely omitted 

consideration of mechanisms that are mediating meniscus damage and more importantly 

there have been insufficient efforts to determine whether pathogenic processes are shared 

between tissues. Mechanisms and molecules that are involved in such shared processes 

would conceptually represent more promising therapeutic targets.

Excessive mechanical stress, either chronically or caused by joint trauma is a major risk 

factor for OA and causes damage to menisci and cartilage3, the major tissues in the joint 

that absorb mechanical load.4 Damage to one of these tissues leads to progressive changes in 

both.5

Global gene expression profiling has enabled discovery of new OA disease mechanisms. 

Bulk RNA sequencing analyses of human and rodent OA knees have revealed dysregulation 

in extracellular matrix, circadian rhythm pathways and mechanotransduction.6–9 The 

limitation of bulk transcriptomic analysis is that it averages changes in global gene 

expression across tissues that are often highly heterogeneous in cell-type composition. 

Although useful for a broad view of disease impact, disease-related changes restricted to 

certain cell populations are often masked by these analyses. Single-cell RNA sequencing 

(scRNA-seq) technologies overcome these limitations.10 Several scRNA-seq analyses have 

been performed in OA knees but have been largely restricted to the analysis of a single 

joint tissue of articular cartilage11–15, or meniscus16 with the exception of one study that 

analyzed cartilage and synovium17. Here, we performed scRNA-seq analyses of healthy 

and OA-affected human knee cartilage and menisci to interrogate separate and shared 

mechanisms in cellular homeostasis and OA pathogenesis.

RESULTS

The cellular landscape in healthy articular cartilage

We performed scRNA-seq of healthy cartilage from 6 donors and analyzed 39,278 scRNA-

seq profiles resulting in 10 clusters (Figure 1A). Each donor similarly contributed to 

each cluster (Figure 1B). We identified previously described cell populations11–15 17 

including regulatory (RegC), effector (EC), pre-fibrocartilage (preFC), fibrocartilage (FC), 

pre-hypertrophic (preHTC), hypertrophic (HTC), homoeostatic (HomC) and reparative 

(RepC) chondrocytes (Figure 1C; Supplementary Table 1). We observed two populations 

of CHI3L1+, CHI3L2+ RegCs. RegC-2 was distinguishable by its expression of 
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metallothionein genes. The biological processes associated with both were related to stress 

response; however, RegC-1 was primarily involved in inflammatory response, and RegC-2 

was key in metal ion homeostasis. We also observed two populations of FCs. Both expressed 

IGFBP5 and S100A4; however, FC-1 highly expressed COL1A1, COL1A2 and MSMP. 

Similar to preFCs, FC-2 highly expressed PRG4 and SEMA3A.

CellChat18 interrogates cell-cell interactions for signals sent and signals received between 

cells (Supplemental Materials). preHTCs and preFCs were the strongest senders of signals, 

and preFCs, FCs and HomCs were the strongest receivers (Figure 1D). Twenty-four 

signaling pathways were enriched across all clusters, including collagen, FN1, THBS, 

tenascin, laminin, and TGFβ (Figure 1E), which are important in extracellular matrix 

(ECM) homeostasis. To understand the gene regulatory networks (GRN) that differentiate 

the clusters, we performed pySCENIC analysis19 which identified 332 enriched regulons 

(Figures 1F–J; Supplementary Table 2). RepCs had the highest regulatory activity of all 

clusters (Figure 1F). Across other clusters, regulons were highly specific. For example, 

HTCs represent the terminal stage of chondrocyte differentiation, while FCs are the most 

fibroblastic. FC-1 and HTCs only had 2 overlapping active regulons (AUC > 1), while FC-2 

and HTCs had no overlap (Figures 1G–J).

The cellular landscape in healthy meniscus

We also performed scRNA-seq of meniscus from the same six cartilage donors and 

one additional healthy donor. A total of 45,426 scRNA-seq profiles were included in 

the analyses, resulting in 17 clusters (Figure 2A). Each donor similarly contributed 

to every cluster (Figure 2B). We identified previously described cell populations11–17 

including RegC, EC, preFC, FC, preHTC, HomC, RepC, proliferative chondrocytes 

(ProC), fibrocartilage progenitors (FCP), immune cells and endothelial cells (Figure 2C; 

Supplementary Table 3).

CellChat analysis18 showed that preFCs, ProCs and FCs were the strongest senders of 

signals, while endothelial cells, FCs and preHTCs were the strongest receivers (Figure 

2D). Fifty-eight signaling pathways were enriched across all meniscus clusters, including 

collagen and FN1 (Figure 2E). Unlike articular cartilage, immune signaling pathways 

(CXCL, TNF and CD45) were also enriched. pySCENIC analysis19 identified 366 enriched 

regulons (Figure 2F; Supplementary Table 4). Regulons were cluster-specific, with immune 

cells having the highest regulatory activity.

scRNA-seq of articular cartilage identifies an expanded pathogenic subset in OA with a 
senescence gene signature

We performed scRNA-seq of articular cartilage from 6 OA donors and compared data 

with the 6 healthy donors described above. Principal component analysis (PCA) revealed 

overlap between all donors and conditions (Supplementary Figures 1A, B). After quality 

control, we retained 70,972 cells for downstream analyses with an average of 13,024 

counts/cell and 2,867 features/cell. We identified 13 clusters (Figure 3A). In addition to the 

populations in healthy cartilage, we identified a small population of ProCs, with biological 

processes related to response to unfolded protein, regulation of transcription, metabolomics, 

Swahn et al. Page 3

Ann Rheum Dis. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and cell proliferation. Additionally, we identified a population of chondrocytes with high 

expression of metallothioneins (MTC). Unlike RegC-2, MTC lacked expression of CHI3L1 
and CHI3L2. The biological processes included metal ion homeostasis, response to hypoxia 

and regulation of apoptosis. All 13 clusters were present in both normal and OA cells 

(Figure 3B; Supplementary Figures 1C, G) with ~55% of the cells originating from healthy 

donors, and ~45% of the cells originating from OA donors (Supplementary Figures 1D, 

E). The largest clusters were MTCs and ECs (Supplementary Figure 1F). MTCs were 

depleted in OA.. In contrast, one subpopulation (black boxes) was expanded in OA (Figure 

3B; Supplementary Figure 1F). Differential abundance of cell neighborhoods within this 

population in OA compared to healthy was statistically significant using Milo analysis20 

(blue boxes) (Figures 3C–D). This population was deemed a pathogenic subset as it had the 

strongest enrichment among all subsets of 134 OA-associated genes which were compiled 

using a list of DEGs from a bulk RNA-sequencing analysis of normal and OA human 

cartilage6 (Figure 3E; Supplementary Table 5). One of these highly expressed genes was 

periostin (POSTN), which was largely absent in other clusters (Figure 3F). There were 

606 significant markers for this pathogenic cluster (Supplementary Figure 2; Supplementary 

Table 6).

We investigated the senescence profile of this pathogenic subpopulation, including 

expression of core, associated and senescence-associated secretory phenotype (SASP) 

genes21 22 across all clusters in both normal and OA and visualized expression in a bubble 

plot (Figure 3G; Supplementary Table 5). We observed upregulation of many of these in 

OA compared to normal, suggesting a strong senescence signature, notably enhancement in 

expression of CDKN2A (p16) and depletion of CDKN1A (p21) in the pathogenic cluster in 

OA (black boxes).

Finally, to understand the biological processes dysregulated in this pathogenic cluster, 

we performed gene ontology (GO) analysis (Supplementary Table 7). 3,454 genes were 

considered DE at an adjusted p value < 0.05 (751 downregulated, 2,703 upregulated). 

Biological pathways downregulated in OA were related to stimulus response, metabolomics, 

cell death and RNA (Figure 3H; Supplementary Table 7). In contrast, the upregulated 

processes were related to translation, mitochondrial function, and ECM properties (Figure 

3I; Supplementary Table 7).

scRNA-seq of meniscus identifies a similar expanded pathogenic subset in OA with a 
senescence gene signature and dysregulated ECM genes

We performed scRNA-seq of meniscus tissues from the same healthy and OA cartilage 

donors. PCA revealed overlap between all donors and conditions (Supplementary Figures 

3A, B). After quality control, we retained 78,017 cells for downstream analyses with an 

average of 10,184 counts/cell and 2,588 features/cell. Our analysis identified 19 clusters 

(Figure 4A), including all populations in our healthy meniscus data sets. Additionally, we 

identified MTCs. All 19 clusters were present in both normal and OA cells (Figure 4B; 

Supplementary Figures 3C, G) with ~58% of the cells originating from healthy donors, 

and ~42% of the cells originating from OA donors (Supplementary Figures 3D, E). The 

largest cluster was RepCs (Supplementary Figure 4F). Several clusters were depleted in 
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OA including RepCs, MTCs, ProCs and HomCs. We observed a higher accumulation of 

immune cells in OA. The pathogenic subset was expanded in OA compared to normal (black 

boxes) (Figure 4B; Supplementary Figure 3F) and this was statistically significant using 

Milo analysis20 (blue boxes) (Figures 4C, D).

The pathogenic subset had enrichment of 134 OA-associated genes (Figure 4E; 

Supplementary Table 5). This included POSTN, which was largely absent in other clusters 

(Figure 4F). There were 632 significant markers for this pathogenic cluster (Supplementary 

Figure 4; Supplementary Table 8). 270 of these were shared with the pathogenic cluster 

in cartilage (Supplementary Figure 5A), and were enriched for biological processes related 

to ECM, cell adhesion, oxidative phosphorylation, and wound response (Supplementary 

Figures 5B, C).

The senescence profile of this pathogenic population included upregulation in expression of 

many core-associated and SASP genes21 22 (Supplementary Table 5) (Figure 4G). We also 

observed enhancement of CDKN2A and depletion of CDKN1A in the pathogenic cluster 

(black boxes).

GO analysis on 2,539 genes that were DE between normal and OA in the pathogenic cluster 

at an adjusted p value < 0.05 (781 downregulated, 1,758 upregulated; Supplementary Table 

9) revealed that metabolomics, response to stress, cell death and RNA metabolomics were 

downregulated (Figure 4H; Supplementary Table 9). Upregulated processes were related 

to morphogenesis, actin dynamics, ECM properties and mitochondrial function (Figure 4I; 

Supplementary Table 9).

We investigated the ECM-related genes upregulated in the pathogenic subset and 

intersected the lists of genes associated with the GO term ‘extracellular matrix properties’ 

(GO:0030198) in articular cartilage and meniscus (Supplementary Table 10). This revealed 

63 ECM genes dysregulated in the pathogenic cluster. These genes included many core 

matrisome genes such as collagens, glycoproteins and proteoglycans and cell-matrix 

interaction genes including integrins, as well as genes that play regulatory roles in ECM 

homeostasis.

FAP promotes OA pathogenesis genes, including MMP9 and IL6

FAP was chosen for further studies based on criteria including adjusted p value, log2FC 

and percentage difference in cells expressing this gene in OA compared to normal. FAP has 

been linked to poor prognosis in rheumatoid arthritis and has been shown to be upregulated 

in rheumatoid myofibroblast-like synoviocytes.23 24 FAP expression was upregulated in OA 

cartilage in all clusters (Figure 5A, upper) and specifically in the pathogenic population 

(Figure 5A, lower). This enhancement in FAP was validated at the protein level using 

immunohistochemistry (IHC) (Figures 5B, C). FAP expression was similarly upregulated in 

OA meniscus in all clusters (Figure 5D, upper) and specifically in the pathogenic population 

(Figure 5D, lower). This upregulation was confirmed by IHC (Figures 5E, F).

To characterize the function of FAP in chondrocytes, TC28a2 cells were transfected with 

FAP and global transcriptome was analyzed by bulk digital RNA with perturbation of 
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genes and sequencing (DRUG-seq) analysis25. 78 genes were considered differentially 

expressed (adjusted p value < 0.05). Upregulation of FAP mRNA was confirmed (Figure 

5G). Expression of all DEGs was visualized in a volcano plot (Figure 5H). Biological 

processes downregulated by FAP were related to response to hypoxia (Figure 5I), while 

those upregulated were related to degradation of extracellular matrix and cell adhesion 

(Figure 5J).

Since the DRUG-seq data suggested FAP upregulates genes involved in degradation of 

ECM, we next independently validated these data in TC28a2 cells, primary chondrocytes 

and meniscus cells. In TC28a2, activation of FAP significantly enhanced MMP9 expression 

(Figure 5K). Similarly, depletion of FAP in TC28a2 cells using a shRNA suppressed 

MMP9 (Figure 5L). Transfection of FAP in normal chondrocytes (Figure 5M), normal 

meniscus (Figure 5O), OA chondrocytes (Figure 5N) and OA meniscus (Figure 5P) 

significantly upregulated MMP9 which cleaves types I and III collagens26. We also observed 

enhancement in IL6 expression in normal chondrocytes (Figure 5M), normal meniscus 

(Figure 5O), OA chondrocytes (Figure 5N) and OA meniscus (Figure 5P). IL-6 increases 

MMP9 expression.27

The pathogenic subset plays critical roles in collagen, TGFβ and tenascin signaling

To investigate how this subset communicates with other cell populations, we performed 

CellChat analysis18 (Figures 6A, I). Across all enriched signals, the pathogenic population 

was among the strongest receivers and senders of signals in both tissue types (Figures 6B, J), 

indicating that it has critical roles in overall cell communication. We next identified which 

signals were contributing to the incoming or outgoing signaling networks and visualized 

these data on a heat-map (Figures 6C, K). The top enriched signaling pathway in both 

tissue types was collagen, which was expected as collagens are critical components of the 

matrisome, and it is well established that OA is characterized by dysregulation of ECM 

properties. Looking specifically at the pathogenic subset, this analysis revealed critical roles 

in several other networks including TGFβ and tenascin signaling.

We next sought to determine the relative importance of this pathogenic subset in the 

four CellChat-defined centrality measures (Figure 6D) of the collagen, TGFβ and tenascin 

signaling networks. This analysis revealed that the pathogenic population was a critical 

sender and receiver of collagen signaling in both tissues (Figures 6E, L). In addition to 

being a critical receiver of collagen signaling, this pathogenic subset was, effectively, the 

only receiver of TGFβ signaling (Figures 6F, M). This subset was also a critical sender 

of many signals, including tenascin. As visualized in circle plots (Figures 6G, N; upper 

panels) and heat-maps (Figures 6G, N; lower panels), the pathogenic subset appeared to be 

a dominant sender of tenascin signaling, specifically tenascin C (TNC) (Figures 6H, O). 

The top receivers of the tenascin signal originating from the pathogenic population were 

homeostatic, metallothionein, reparative, and pre-hypertrophic chondrocytes (Figures 6H, 

O). Additionally, the pathogenic population was a receiver of its own signal, suggesting a 

potential positive feedback loop.
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The pathogenic subset has regulatory programs shared in both tissue types including 
members of the CREB family and ZEB1

Gene regulatory networks (GRN) in the pathogenic subset were analyzed by pySCENIC19. 

Of the 342 significant regulons enriched across all articular cartilage clusters 

(Supplementary Table 11), 102 were enriched in the pathogenic cluster (AUC score > 0.5) 

(Figure 7A). Many of the enriched regulons include driving TFs that are involved in OA 

including CREB family members (CREB3, CREB3L1 and CREB3L2). Another example 

of an important enriched TF is ZEB1, a regulator of senescence.28 29 In meniscus, 350 

regulons were enriched across all clusters (Supplementary Table 12), with 72 enriched in the 

pathogenic cluster (Figure 7B). 32 of these 72 were shared with the pathogenic cluster in 

articular cartilage (44%) (Figure 7C). The large proportion of shared regulons identifies TFs 

as promising therapeutic targets for OA-associated pathways in both tissues.

ZEB1 is a key regulator of cell senescence through promotion of mitochondrial 
dysregulation and induction of CDKN2A expression

ZEB1 expression was upregulated in OA articular cartilage compared to healthy in all 

clusters (Figure 8A, left) and specifically in the pathogenic population (Figure 8A, right). 

This enhancement in ZEB1 was validated by IHC (Figures 8B, C). ZEB1 protein was 

significantly higher in an OA-affected area (OA) compared to a normal-appearing area 

(OA-N) from the same donor. ZEB1 expression was similarly upregulated in OA meniscus 

compared to healthy in all clusters (Figure 8D, left) and in the pathogenic population (Figure 

8D, right). This was associated with upregulation of ZEB1 protein (Supplementary Figures 

6A, B).

To examine the role of ZEB1 in chondrocytes, TC28a2 cells were transfected with ZEB1 

plasmid. DRUG-seq analysis25 revealed 156 differentially expressed genes (adjusted p value 

< 0.05; Supplementary Table 13). ZEB1 was the top DEG (Figure 8E). All DEGs were 

visualized on a volcano plot (Figure 8F). GO analysis revealed the biological processes 

downregulated by ZEB1 included endoderm differentiation, apoptosis, and cell migration 

(Figure 8G). In contrast, the upregulated processes were translation and mitochondrial 

function (Figure 8H).

We investigated the specific role of ZEB1 in mitochondrial function. The 

oxidative phosphorylation (OXPHOS)31 system consists of five multiprotein complexes 

(Supplementary Figure 7A). In TC28a2 cells, ZEB1 overexpression preferentially 

upregulated members of complexes I (NADH: ubiquinone oxidoreductase) and III 

(cytochrome bc1 complex), the major sources of reactive oxygen species (ROS).32–34 

ZEB1 significantly upregulated 11/37 nuclear-encoded genes of mitochondrial complex I 

(Supplementary Figure 8A), 4/9 nuclear-encoded complex III members (Supplementary 

Figure 8C) and also a few members of complexes II, IV and V (Supplementary Figures 8B, 

D, E).

In the pathogenic cluster in both articular cartilage and meniscus, the mean expression of all 

nuclear-encoded complex I and III genes was significantly higher in OA compared to normal 

(Supplementary Figures 7B, D). These data suggest that the enhanced expression of these 
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complex members in the pathogenic cluster is, in part, due to increased ZEB1 expression. 

As excess ROS and oxidative stress are functional consequences of enhanced metabolism, 

ZEB1 potentially promotes mitochondrial dysfunction through ROS-producing complexes I 

and III.

In redox signaling (Supplementary Figures 9A–C), ZEB1 only altered SOD1. However, 

expression of antioxidants (particularly SOD2), oxidative stress response genes, and oxygen 

transporters were downregulated in the pathogenic cluster in OA compared to normal 

(Supplementary Figures 9D–I). Taken together, these data suggest that ZEB1 enhances ROS 

production but does not significantly affect protection against oxidative stress.

Since the DRUG-seq data suggested ZEB1 upregulates genes involved in mitochondrial 

function, and there is a significant senescence signature in the pathogenic population, we 

interrogated the role of ZEB1 in cell senescence. We overexpressed ZEB1 in TC28a2 

cells, primary healthy chondrocytes and primary healthy meniscus cells. ZEB1 transfection 

of TC28a2 (Figure 8I) significantly enhanced expression of CDKN2A, MMP2, and 

SERPINE1. In parallel, ZEB1 was depleted using a shRNA (Figure 8J) and significant 

downregulation of CDKN2A, RELA, IL6 and SERPINE1 was observed. To further validate 

these data, ZEB1 expression was depleted using CRISPRi (Figure 8K) and this significantly 

reduced CDKN2A, MMP9 and IL6. To validate these data in primary cells, we performed 

the overexpression assays in primary articular cartilage and in primary meniscus cells. In 

chondrocytes, ZEB1 significantly enhanced CDKN2A, RELA, MMP2, MMP9, IL6 and 

SERPINE1, but expression of CDKN1A was unchanged (Figure 8L). In meniscus, ZEB1 

significantly upregulated MMP9, IL6 and SERPINE1 (Figure 8M). Expression of CDKN1A 
was unchanged. Taken together, these data suggest that ZEB1 is a key regulator of cell 

senescence through promotion of mitochondrial dysfunction and induction of CDKN2A and 

SASP gene expression.

DISCUSSION

This study used healthy human cartilage and meniscus from the same adult human donors 

to determine the normal cellular composition of the tissues and mechanisms of tissue 

homeostasis. In a parallel approach, matching cartilage and meniscus from the same OA 

joints were analyzed for disease mechanisms that are unique and shared between the tissues. 

In our analysis of OA samples, the first parameter we investigated was numerical changes 

in the cell clusters. In OA articular cartilage, the MTC subset was reduced in cell numbers 

whereas, the pathogenic subset was increased. In OA meniscus, multiple cell populations 

were significantly altered in OA. ProCs, HomCs, MTCs and RepCs were reduced, but 

immune cells and the pathogenic subset were enhanced in OA. MTCs were reduced in 

OA in both tissues. This population is marked by high expression of metallothionines, 

metal-binding proteins that act as buffers against toxic heavy metals and protect against 

oxidative stress.35 36 As oxidative stress is a hallmark of OA disease progression37, loss of 

this protective subset likely contributes to disease pathogenesis. In addition to reduction of 

a protective population, we observed significant expansion of a pathogenic population in 

both tissue types. As this was the only shared expanded subset, we performed analyses to 

characterize the genes and biological properties in this population.
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The pathogenic population had significant dysregulation in ECM properties – specifically, 

an upregulation of fibrotic collagens and matrix degrading enzymes. One of these genes 

was FAP, which encodes fibroblast activation protein alpha, a cell surface glycoprotein 

serine protease38 39 involved in ECM degradation46–49. Activation of FAP in chondrocytes 

and meniscus cells increased MMP9, suggesting that ECM dysregulation observed in the 

pathogenic subset is, at least in part, mediated through FAP and MMP9.

CellChat analysis suggested that the pathogenic subset was effectively the only receiver of 

TGFβ signaling in both tissue types. As TGFβ is the central mediator of fibrosis, and is 

upregulated in many fibrotic diseases50, this suggests that the pathogenic subset is likely 

a fibrotic population. In addition to a fibrotic-like phenotype, CellChat analysis revealed 

that the pathogenic subset is involved in mechanotransduction through tenascin signaling, 

specifically through TNC, a critical component in the mechanosome.

The pathogenic population had a significant senescence signature in both tissue types. 

The regulons that were most active in the OA pathogenic cluster shared upregulation of 

ZEB1. This TF was predicted to bind to the promoters of the pathogenic genes in this 

cluster. Notably, it is a factor that has been implicated in senescence28 29, a key feature of 

the pathogenic cluster in both tissue types. We also investigated if ZEB1 could promote 

senescence by ZEB1 overexpression and depletion. ZEB1 enhanced expression of core 

senescence gene, CDKN2A (p16), but not CDKN1A (p21), suggesting that ZEB1 also plays 

a direct role in promoting senescence in a p16-dependent manner.

It is important to acknowledge the limitations of this study. First, the enzymatic digestion 

required to obtain single cells could cause bias towards certain chondrocyte subpopulations 

and alter gene expression.51 52 The mean age of the healthy donors was much lower than 

of the OA donors and it is thus is difficult to determine whether the observed changes 

are aging-related or OA-associated. However, the changes in ZEB1 and its influence on 

cell senescence appear to be due to OA. Despite these limitations, our integrative scRNA-

seq analyses of articular cartilage and meniscus tissues have revealed a novel pathogenic, 

senescent subset that is expanded in OA. FAP and ZEB1 are main regulators which are novel 

and promising therapeutic targets for OA-associated pathways in both tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages:

What is already known about this subject?

• Several single-cell RNA sequencing studies have been performed on OA 

knees; however, these studies have been primarily restricted to a single tissue 

(mainly articular cartilage).

• The majority of cell populations in articular cartilage and meniscus have been 

identified and characterized.

What does this study add?

• Prior scRNA-seq studies included cells from normal tissues, but mainly as 

comparators to OA tissues. Our study analyzed cells from healthy tissues in 

detail.

• Our study also provides donor matched articular cartilage and meniscus 

tissues from both healthy and OA donors.

• Our study identifies a novel pathogenic population that is contributing to 

disease pathogenesis through a variety of mechanisms including: ECM 

dysregulation, fibrotic signaling (TGFβ), mechanotransduction (tenascin 

signaling) and cell senescence.

• Our study identifies FAP and ZEB1 as candidate therapeutic targets.

How might this impact clinical practice or future developments?

• Our study emphasizes the notion that, understanding OA pathogenesis 

with the goal of developing novel therapeutic approaches requires careful 

consideration of whole joint molecular changes.

• FAP and ZEB1 are candidate cross-tissue therapeutic targets.
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Figure 1. Single-cell RNA sequencing of healthy human articular cartilage.
(A) Visualization of clustering by UMAP plot of healthy articular cartilage samples. (B) 
Quantification of individual donor contribution to each cluster shown as percentage of total 

cell count of the integrated data set. (C) Top 5 markers for each cluster as visualized in 

a heat-map. (D) CellChat analysis was performed to interrogate cell-cell communication 

patterns between clusters in articular cartilage. Overall outgoing and incoming signal 

strength of each cluster was visualized in a scatter plot. (E) Relative strength of all enriched 

signals (outgoing and incoming) across articular cartilage clusters was visualized in a 

heat-map. (F) pySCENIC analysis revealed enriched regulons (TF and all promoter-bound 

gene targets) across all healthy articular cartilage clusters. Relative regulon activity (AUC 

score) is shown for each regulon for each cluster in a heat-map. (G-H) Heat-maps showing 

active regulons (AUC > 1) in FC-1 (G), FC-2 (I) and HTC (H). (J) Intersection of active 

regulons between FC-1, FC-2 and HTC. For all panels: RegC: regulatory chondrocytes, 
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EC: effector chondrocytes, preFC: pre-fibrocartilage chondrocytes, FC: fibrocartilage 

chondrocytes, preHTC: pre-hypertrophic chondrocytes, HTC: hypertrophic chondrocytes, 

HomC: homeostatic chondrocytes and RepC: reparative chondrocytes.
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Figure 2. Single-cell RNA sequencing of healthy human meniscus.
(A) Visualization of clustering by UMAP plot of healthy meniscus samples. (B) 
Quantification of individual donor contribution to each cluster shown as percentage of total 

cell count of the integrated data set. (C) Top 5 markers for each cluster as visualized in 

a heat-map. (D) CellChat analysis was performed to interrogate cell-cell communication 

patterns between clusters in articular cartilage. Overall outgoing and incoming signal 

strength of each cluster was visualized in a scatter plot. (E) Relative strength of all 

enriched signals (outgoing and incoming) across meniscus clusters was visualized in a 

heat-map. (F) pySCENIC analysis revealed enriched regulons (TF and all promoter-bound 

gene targets) across all healthy meniscus clusters. Relative regulon activity (AUC score) is 

shown for each regulon for each cluster in a heat-map. For all panels: RegC: regulatory 

chondrocytes, EC: effector chondrocytes, preFC: pre-fibrocartilage chondrocytes, FC: 

fibrocartilage chondrocytes, ProC: proliferative chondrocytes, preHTC: pre-hypertrophic 
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chondrocytes, HomC: homeostatic chondrocytes, RepC: reparative chondrocytes and FCP: 

fibrocartilage progenitors.
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Figure 3. Identification of a pathogenic population in OA articular cartilage.
(A) Visualization of clustering by UMAP plot of integrated normal (n=6) and OA (n=6) 

articular cartilage samples. (B) Identification of a pathogenic population in OA cartilage 

(black boxes) by visualization of UMAP plot split by condition (normal vs OA). (C, D) Milo 

analysis revealed differential abundance of cell neighborhoods in OA compared to normal 

(blue boxes) in the pathogenic subset. (E) An OA gene signature score was assigned to 

each cell in the integrated dataset and the scores visualized on a violin plot split by cluster. 

(F) Significant expression of POSTN in the pathogenic subset as shown by UMAP plot. 

(G) Expression of senescence genes (core, associated and SASP) in all clusters split by 

condition was visualized in bubble plots. Intensity of the color (blue and red) represents 

relative expression of a gene. Size of the bubble represents the percentage of cells in the 

cluster expressing the gene. (H, I) GO analysis showing biological processes downregulated 

(H) and upregulated (I) in the pathogenic subset using gProfiler.

Swahn et al. Page 19

Ann Rheum Dis. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Identification of a pathogenic population in OA meniscus.
(A) Visualization of clustering by UMAP plot of integrated normal (n=7) and OA (n=6) 

meniscus samples. (B) Identification of a pathogenic population in OA meniscus (black 

boxes) by visualization of UMAP plot split by condition (normal vs OA). (C, D) Milo 

analysis revealed differential abundance of cell neighborhoods in OA compared to normal 

(blue boxes) in the pathogenic subset. (E) An OA gene signature score was assigned to 

each cell in the integrated dataset and the scores visualized on a violin plot split by cluster. 

(F) Significant expression of POSTN in the pathogenic subset as shown by UMAP plot. 

(G) Expression of senescence genes (core, associated and SASP) in all clusters split by 

condition was visualized in bubble plots. Intensity of the color (blue and red) represents 

relative expression of a gene. Size of the bubble represents the percentage of cells in the 

cluster expressing the gene. (H, I) GO analysis showing biological processes downregulated 

(H) and upregulated (I) in the pathogenic subset using gProfiler.
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Figure 5. FAP promotes OA pathogenesis genes, including MMP9 and IL6.
(A) Violin plots showing upregulation of FAP expression in OA compared to normal across 

all clusters (upper) and specifically in the pathogenic cluster (lower) in articular cartilage. 

(B, C) IHC and quantification of FAP protein in OA compared to normal in articular 

cartilage. Error bars are standard deviation, n=6. Black arrows indicate positive cells. (D) 
Violin plots showing upregulation of FAP expression in OA compared to normal across 

all clusters (upper) and specifically in the pathogenic cluster (lower) in meniscus. (E, F) 
IHC and quantification of FAP protein in OA compared to normal in meniscus. Error bars 

are standard deviation, n=6. Black arrows indicate positive cells. (G) DESeq2 normalized 

read counts for FAP in FAP-activated TC28a2 cells (n=3) compared to vector control cells 

(n=3). (H) Volcano plot showing significantly downregulated (blue) and upregulated (red) 

genes in FAP-activated TC28a2 cells compared to control cells. DEGs were filtered by 

adjusted p value < 0.05. GO analysis showing biological processes downregulated (I) and 
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upregulated (J) in FAP activation. (K) RT-qPCR showing expression of ACAN, COL2A1, 

MMP2, MMP9 and IL6 in FAP-activated TC28a2 cells compared to vector control. (L) 
RT-qPCR as in (K) in ZEB1-depleted TC28a2 cells using shRNA. (M-P) RT-qPCR as in (K) 
in FAP-activated primary healthy articular cartilage (M) healthy meniscus (O), OA articular 

cartilage (N) and OA meniscus (P) cells. As indicated in each panel, data are relative to 

GAPDH and normalized to vector control or NTC shRNA. Error bars are standard deviation, 

n=9 (n=3 biological replicates, n=3 technical replicates/biological replicate). For all panels: 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by multiple unpaired Student’s t tests.
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Figure 6. The pathogenic subset is a critical regulator of collagen, TGFβ and tenascin signaling 
in OA articular cartilage and meniscus.
(A, I) Number of signaling interactions occurring between all clusters in articular cartilage 

(A) and meniscus (I). (B, J) Overall outgoing and incoming signal strength of each cluster 

in articular cartilage (B) and meniscus (J) as visualized in scatter plots. (C, K) Relative 

strength of all enriched signals (outgoing and incoming) across articular cartilage (C) and 

meniscus (K) clusters as visualized in heat maps. (D) Scale for the role importance of each 

cluster in the four CellChat centrality measures (S: sender, R: receiver, M: mediator and I: 

influencer). (E, F, G, L, M, N) Circle plots showing direction and heat maps showing role 

importance in the four centrality measures in collagen (E, L), TGFβ (F, M) and tenascin (G, 
N) signaling pathways in all clusters in articular cartilage (E, F, G) and meniscus (L, M, 
N). (H, O) Significance of each L-R signaling interaction comprising “tenascin” signaling 

network in articular cartilage (H) and meniscus (O). The pathogenic subset was set as the 

source of the signal in this analysis.
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Figure 7. Identification of shared dysregulated TFs in the pathogenic subset in both tissue types.
(A, B) pySCENIC analysis revealed enriched regulons (> 0.5) in the pathogenic subset in 

articular cartilage (102 regulons) (A) and meniscus (72 regulons) (B). ZEB1 regulon is 

marked by black arrows. (C) 32 regulons were shared in this subset between both tissue 

types.
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Figure 8. ZEB1 promotes mitochondrial dysregulation and p16-induced cell senescence.
(A) Violin plots showing upregulation of ZEB1 expression in OA compared to normal 

across all clusters (left) and specifically in the pathogenic cluster (right) in articular 

cartilage. (B, C) IHC and quantification of ZEB1 protein in OA compared to normal in 

articular cartilage. ZEB1 protein in OA-affected area (OA) and normal-appearing area (OA-

N) from the same OA donor are shown. Error bars are standard deviation, n=6. *p<0.05, 

**p<0.01 by One-Way ANOVA test with multiple comparisons. (D) Violin plots showing 

upregulation of ZEB1 expression in OA compared to normal across all clusters (left) and 

specifically in the pathogenic cluster (right) in meniscus. (E) DESeq2 normalized read 

counts for ZEB1 in ZEB1-activated TC28a2 cells (n=3) compared to vector control cells 

(n=3). (F) Volcano plot showing significantly downregulated (blue) and upregulated (red) 

genes in ZEB1 activated TC28a2 cells compared to control cells. DEGs were filtered by 

adjusted p value < 0.05. GO analysis showing biological processes downregulated (G) 
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and upregulated (H) in ZEB1 activation using gProfiler. (I) RT-qPCR showing expression 

of CDKN1A, CDKN2A, RELA, MMP2, MMP9, IL6 and SERPINE1 in ZEB1-activated 

TC28a2 cells compared to vector control. (J, K) RT-qPCR as in (I) in ZEB1-depleted 

TC28a2 cells using shRNA (J) and CRISPRi (K). (L, M) RT-qPCR as in (I) in ZEB1-

activated primary articular cartilage (L) and primary meniscus (M) cells. As indicated in 

each panel, data are relative to either GAPDH, or the geometric mean of three housekeeping 

genes (HKG; GAPDH, PGK1 and β2M) and normalized to vector control or NTC shRNA. 

Error bars are standard deviation, n=9 (n=3 biological replicates, n=3 technical replicates/

biological replicate). For all panels: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by 

multiple unpaired Student’s t tests.
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