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Abstract  

Rheumatoid arthritis (RA) is a chronic systemic and autoimmune disease that primarily 

affects joints and causes pain, stiffness and swelling. The affected joints exhibit severe 

inflammation in the synovium and bone erosion, leading to joint deformity. Aging is an 

important factor facilitating the development of RA, as it is associated with an increase in the 

number of senescent cells, autoantibodies and proinflammatory cytokines in tissues. Given 

that CCN3 is highly expressed in RA joints and that its level is associated with the severity 

of the disease, we explored its molecular function in joints and therapeutic potential in RA. 

An analysis of public scRNA-seq data from the RA synovium revealed that CCN3 is 

expressed by an inflammatory fibroblast subset. Interestingly, stimulation with CCN3 

resulted in the activation of the senescence pathway in synoviocytes and osteoclast 

differentiation in monocytes in vitro. Consistent with these results, the administration of 

CCN3 into the knee joint and onto the calvarial bone resulted in increased numbers of 

senescent synoviocytes in the joint and osteoclasts in the bone, respectively. Furthermore, 

the therapeutic potential of targeting CCN3 was evaluated in an experimental RA model. 

Administration of the CCN3 antibody significantly suppressed inflammation and osteoclast 

numbers in the joints of the RA model mice. Our findings suggest that CCN3 contributes to 

pathological processes in RA and represents a promising therapeutic target for the treatment 

of RA. 

 

Key words: Rheumatoid arthritis, Senescence, Osteoclastogenesis, CCN3 
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1. INTRODUCTION  

Rheumatoid arthritis (RA) is a systemic autoimmune disease that manifests 

predominantly as progressive synovial inflammation and cartilage/bone destruction in one or 

more joints. The health consequences of disease include the disability of patients, who lose 

their ability to perform regular life functions [1]. The disease is highly prevalent; in 2019, 18 

million people were estimated to be affected by RA worldwide, 70% of whom were women 

older than 55 years. The epidemiology of the disease will continue to increase as life 

expectancy increases. The progression of RA involves three stages: (1) the preclinical phase, 

which comprises the onset of autoimmune disorders at the cellular level; (2) the clinical phase, 

which comprises the induction of strong inflammatory responses and the onset of clinical 

symptoms; and (3) the extra-articular manifestation phase, which comprises destruction of 

the joint [6].  

Therapeutic options include medications for the management of symptoms, physical 

therapy for reducing joint stress and surgical intervention for reducing pain and restoring 

joint function [2]. Emerging evidence underlines that the use of immunomodulatory agents 

such as TNF blockade for the treatment of RA is often not effective in elderly individuals 

due to factors such as immunosenescence, increased infection risk, and comorbidities 

[3][4][5]. Therefore, continuing research on RA is essential for the development of new 

effective therapeutic agents. 

Aging is the fundamental factor involved in the development of autoimmune disorders, 

as elderly people exhibit immune cell dysfunction accompanied by increases in 
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autoantibodies and proinflammatory cytokines. Recent evidence has demonstrated that the 

onset of RA is typified by the accumulation of senescent cells in synovial tissue, namely 

macrophages and synoviocytes, which are the key effector cells in the pathogenesis of RA 

[7][8][9]. In response to internal or external stimuli and stress, cells activate the p53-cyclin-

dependent kinase inhibitor 1A (Cdkn1a; p21) and/or retinoblastoma (RB)-Cdkn2a (p16) 

pathways, resulting in G1/S cell cycle blockade. The senescent cells can initiate tissue 

dysfunction due to the loss of their homeostatic functions and the development of a 

senescence-associated secretory phenotype (SASP) in cells that secrete high levels of 

proinflammatory and extracellular matrix degradation mediators [10]. Therefore, the 

blockade of senescence would be an alternative approach for the treatment of RA, which has 

fewer side effects than immunosuppressive agents do [10]. This requires a better 

understanding of the senescence mechanism in synovium and identification of the factors 

that activate this process in vivo.  

In this context, Communication network factor 3 (CCN3), also known as nephroblastoma 

overexpressed (NOV), is a matricellular protein of the CCN family that has been shown to 

play an important role in aging-associated diseases, such as osteoarthritis, coronary artery 

disease, obesity, insulin resistance, cancer and chronic inflammation 

[11][12][13][14][15][16]. Many studies have demonstrated that CCN3 levels in the serum of 

patients are associated with the severity of RA [17][18][19]. Therefore, we hypothesized that 

CCN3 might act as factor involving in activation of senescence in the joint, and directed our 

study on elucidating the role of CCN3 in the progression of RA. Our data revealed that CCN3 
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acts as an autocrine/paracrine factor involved in the activation of cellular senescence and 

osteoclastogenesis and thus represents a promising target for the treatment of RA. 

 

2. MATERIALS AND METHODS  

2.1. Ethics statement  

The protocols for the use of human samples in our experiments were approved by the 

Research Ethics Review Board of Hokkaido University Hospital with the consent of 

patients/donors (Approval Nos. 020-0078; 21-0044). Animal experiments were conducted 

with the approval of the Hokkaido University Graduate School of Medicine Animal 

Experiment Facility Committee (20-0065). 

2.2. Immunohistochemistry (IHC) staining of synovial tissues 

Synovial tissue was collected from rheumatoid arthritis patients who underwent total 

knee or wrist arthroplasty. Control tissue was collected from osteoarthritis patients who 

underwent total knee arthroplasty. Synovial tissues were fixed with formalin, embedded in 

paraffin, and then sectioned into slices (3 μm thick) for immunohistochemical staining, which 

was performed with a CCN3 antibody (Novus Biologicals, USA). The signals were amplified 

with a horseradish peroxidase–conjugated specific antibody, followed by counterstaining 

with hematoxylin (Wako, Japan). 

2.3. In vitro stimulation assays with recombinant CCN3 

Human fibroblast-like synoviocytes (hFLSs), purchased from Cell Applications (San 

Diego, CA), were cultured in α-modification minimum essential medium (αMEM) 
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supplemented with 10% heat-inactivated fetal bovine serum, 1% penicillin/streptomycin, and 

1% l-glutamine (growth medium) at 37°C in a humidified 5% CO2 atmosphere and 

stimulated with CCN3 (100 ng/mL) for 24 h, 48 h or 168 h. Cultures were replenished with 

fresh medium every 3 days. Thereafter, the cells were subjected to gene and protein 

expression analyses. On the other hand, human monocytes were isolated from healthy blood 

donors via density gradient centrifugation (Ficoll-PaqueTM PLUS: GE Healthcare) and then 

isolated via a MACS Pan monocyte isolation kit (Miltenyi Biotec, Auburn). Monocytes were 

cultured for 6 days in growth medium supplemented with 25 ng/mL human recombinant 

macrophage colony-stimulating factor (hMCSF; Peprotech, Cranbury, NJ) and then 

stimulated with 100 ng/mL CCN3 (R&D Systems) for 24 h. For the osteoclast assay, 

monocytes were cultured in growth medium supplemented with 25 ng/mL hMCSF 

(Peprotech) to produce osteoclast precursors. The cells were then cultured in the same 

medium supplemented with 50 ng/mL recombinant human NF-κB ligand (RANKL; 

Peprotech) for 8 days [20]. The cultures were replenished with fresh medium containing 

growth factors every 3 days. On day 8, the cells were fixed with 4% paraformaldehyde 

(Wako) and stained with a leukocyte acid phosphate TRAP kit (Sigma), and actin ring 

staining was performed with Alexa Fluor 633 phalloidin (Invitrogen, Carlsbad, CA) and 

DAPI (Dojindo Molecular Technologies). For the functional assay, monocytes were cultured 

on thin-type dentin slices from Ivory (Wako, Japan) for 21 days in the same medium 

containing growth factors [21]. Bone resorption pits were stained with a 20 mg/ml solution 

of peroxidase-conjugated wheat germ agglutinin (Sigma) and 3,3′-diaminobenzidine 

(0.52 mg/mL in PBS containing 0.1% H2O2) and examined via confocal microscopy (BZ-
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X710, KEYENCE, Japan). Images were analyzed via ImageJ (NIH, USA) to determine the 

size of bone resorption pits. For co-culturing FLSs with osteoclast precursors, human 

monocytes were purified, seeded onto 24-well plate (1X105) and cultured in the presence of 

recombinant hMCSF (Peprotech) for 3 days. In parallel, hFLSs (Cell Applications, USA), 

were placed (1X105) in transwell inserts (1.0 µm Falcon cell culture inserts, BD, USA) and 

cultured in growth medium containing TNFα (10ng/mL) for 24h. Supernatant was harvested, 

centrifuged to remove cell debris and kept in -80 °C for further analysis. Thereafter, the FLSs 

and monocytes (osteoclast precursors) were washed with ice-cold PBS, and transwell inserts 

were placed on 24-well plate, and cultured together for 7 days [21]. Monocytes were then 

stained with a leukocyte acid phosphate TRAP kit (Sigma). 

2.4.Quantitative real-time polymerase chain reaction 

Cultured cells were lysed via TRIzol Reagent (Invitrogen) for RNA extraction. DNA-

free RNA was purified via the RNeasy Plus Mini kit column (Qiagen), and 0.5 μg of RNA 

was reverse transcribed via the GoScriptTM reverse transcriptase kit (Promega, USA) to 

generate cDNAs. The prepared cDNAs were assayed via SYBR Premix Ex TaqTM II 

(Takara) with primers specific for each gene (Supplementary Table 1) via a Thermal Cycler 

Dice (Real-Time System II, Takara, Japan). Gene expression levels were calculated after 

normalization to the expression of the reference gene via the 2-ΔΔCt method[20]. 

2.5. Western blotting  

Cultured cells were lysed, and the extracted proteins were subjected to standard 

procedures for SDS‒PAGE and Western blot analysis (ATTO, Tokyo, Japan). Bands on 
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polyvinylidene fluoride membranes (Immobilon-P Membrane; Merck, Darmstadt, Germany) 

were detected via target-specific primary antibodies (Supplementary Table 2) and 

corresponding secondary HRP-conjugated antibodies (CST, MA, USA), followed by 

treatment with solutions from the Ez WestLumi Plus Kit (ATTO). The images were 

visualized via an iBright 1500 Imaging System (Thermo Fisher Scientific, Inc., USA), and 

the relative intensities of the bands were quantified on the basis of the density of each target 

to the band density of β-actin (ImageJ, NIH). 

2.6.Senescent cells staining  

Cultured cells stimulated with recombinant CCN3 for 168 h were fixed and stained with 

a senescence β-galactosidase staining kit (Cell Signaling, Massachusetts, USA). Images were 

examined via confocal microscopy (BZ-X710, KEYENCE), and the percentage of β-

galactosidase-stained cells (ImageJ, NIH) was analyzed. 

2.7.RNA-sequencing and bioinformatics 

High-quality RNA samples (3 samples for each condition) were used to generate the 

libraries via the NEBNext Ultra II Directional RNA Library Prep Kit (MA, USA). Only high-

quality libraries were subjected to Illumina NovaSeq 6000 (Illumina) sequencing, and the 

sequence data of 150 bp × 2 paired ends of 4–6G bases/sample were trimmed quickly and 

mapped via HISAT2 v2.0.5. The reads were quantified via RSEM, and the raw count data 

were subjected to the edgeR R package (3.22.5) to determine the differentially expressed 

genes (DEGs) and fold changes. Significance was set up on the basis of a < 0.05 false 

discovery rate (FDR). Gene Ontology (GO) and pathway enrichment analyses were 
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performed via the public database for the gene-set enrichment tool ShinyGO 

(http://bioinformatics.sdstate.edu/go74/), and visualization/graphing was performed via 

SRplot tools (http://www.bioinformatics.com.cn/srplot) (Tang et al., 2023). BBrowserX 

software (BioTuring Inc., San Diego, CA, USA: https://bioturing.com/bbrowserx) was used 

for analyzing single-cell RNA-sequencing (scRNA-Seq) public databases. The RNA-seq 

data reported in this study are deposited in the Gene Expression Omnibus (GEO) database 

(https://www.ncbi.nlm.nih.gov/geo/) with the accession numbers GSE271643, GSE171542, 

and GSE272743. Other public databases used in the current study include GSE129087 and 

GSE100191. 

2.8.In vivo stimulation assays  

To understand the effects of CCN3 in vivo, 2 models were used with different 

administration methods. Recombinant murine CCN3 (R&D system) was administered via 

the implantation of a 1 cm × 1 cm sponge (PELNAC, Tokyo, Japan) soaked in 50 µL of PBS 

containing 4 µg of recombinant mouse CCN3 onto the calvarial bone of 10-week-old 

BALB/cAJc1 mice (CLEA). This model allows direct interaction between the molecules and 

bone as sponges slowly release CCN3 over the calvarial bones. The skulls where the sponge 

was implanted were harvested on day 4 for gene expression analysis and day 7 for bone 

histomorphometry analysis [22]. The fixed calvariae were subjected to high-resolution micro 

computed tomography (micro-CT) scanning R_mCT2 (Rigaku, Tokyo, Japan) at a 10-mm 

isotropic resolution. The percentage of bone pits on the surface of the calvariae was 

calculated via ImageJ (NIH). Next, the 10% formalin-fixed samples were decalcified in 10% 

EDTA (Wako, Osaka, Japan) for 3 days and embedded in paraffin. Five-micron-thick 

http://www.bioinformatics.com.cn/srplot
https://bioturing.com/bbrowserx
https://www.ncbi.nlm.nih.gov/geo/
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sections were prepared, stained with hematoxylin and eosin, and subjected to tartrate 

resistance acid phosphatase (TRAP) staining. The lesions and infiltration of TRAP-positive 

cells were microscopically examined, and images were analyzed with ImageJ (NIH). In a 

separate experiment, recombinant murine CCN3 (R&D system) was administered into the 

left knee joints of 10-week-old BALB/cAJc1 mice (CLEA, Tokyo, Japan). The injections 

were performed three times a week (2-day intervals), and on the seventh day, the knee joints 

were harvested, decalcified with EDTA, embedded in paraffin, and stained for histological 

examination. Sections were stained with HE and an antibody against P53 (GeneTex, 

California, USA). P53-positive cells in the synovium of the sectioned tissues were counted. 

2.9. Collagen antibody-induced arthritis (CAIA) model 

Ten-week-old BALB/cAJc1 mice (CLEA) were intravenously injected via the tail vein 

with 4 mg of an Arthritis-inducing Monoclonal Antibody Cocktail (Cosmo Bio, Tokyo, 

Japan), followed by intraperitoneal injection of 50 μg (100 μl) of lipopolysaccharide (LPS; 

Sigma) on day 3 [23]. On day 3, the mice were randomly divided into two groups: a test 

group, which received intraperitoneal injections of 40 μg (100 μl) anti-CCN3 antibody (Bio-

Techne, Minneapolis, USA), and a control group, which received 40 μg (100 μl) of the 

isotype IgG antibody (Bio-Techne, Minneapolis, USA). The injections were repeated twice 

a week throughout the period of the experiment. The limbs of the mice were observed every 

day, and the severity of arthritis was scored from 0 to 4 points as follows: 0: no inflammation 

in any joint (finger, back, wrist or ankle); 1: inflammation in one joint; 2: inflammation in 

the two joints; 3: inflammation in all joints; and 4: severe swelling in all joints), with a 

maximum of 16 points for all four limbs. On days 14 and 28, the right hind paws were 
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collected, decalcified with EDTA (Wako, Japan), embedded in paraffin, and stained with 

HE and TRAP. The inflammatory cell infiltration area (within a 3 × 2 mm area) and the 

percentage of the TRAP-positive area in the TRAP-stained sections were determined via 

ImageJ (NIH, USA). 

2.10. Statistical analysis 

Statistical analyses were performed via GraphPad Software Prism 9 (CA, USA), with 

tests including one-way ANOVA followed by Tukey’s multiple comparisons procedure 

(multiple groups) and an unpaired Student’s t test (two groups). The results were considered 

statistically significant when *p < 0.05, **p < 0.001, ***p < 0.0001, and ****p < 

0.00001; ns indicates no significant difference. The error bars indicate the SEM. 

3. RESULTS  

3.1. Detection of CCN3 in RA synovial tissues and inflammatory subsets of fibroblasts 

To first confirm the expression of CCN3 in synovial tissues, immunostaining was 

performed with a specific antibody in synovial tissues collected from RA patients. Strong 

signals of CCN3-positive cells were observed in the synovial tissues of the RA knee and wrist 

(Fig. 1A & Supplementary Fig. 1). To further gain additional evidence of the expression of 

CCN3 in synovial tissues, public scRNA-seq data were analyzed to trace the expression of 

CCN3. Human RA synoviocytes (375 cells) [24] included 110 CCN3-positive cells, and the 

majority of the cells were clustered in an inflammatory subset expressing the FAPα marker 

(Fig. 1B, C). Consistent with these results, analysis of database from experimental mouse RA 

joints [25] revealed that Ccn3 is expressed in 844 of 4732 cells in the whole synovial joint, 
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and the majority of the positive cells were positive for the inflammatory synoviocyte marker 

FAPα (Fig. 1C, D). These results revealed that CCN3 is expressed in the synovial tissue of 

RA joints, mainly in the inflammatory fibroblast subset. 

3.2. CCN3 stimulation results in the activation of the senescence pathway in 

synoviocytes in vitro and in vivo 

To explore the role of CCN3 in RA, human fibroblast-like synoviocytes (FLSs) were 

cultured, stimulated with recombinant CCN3 for 24 h and then subjected to bulk RNA-seq 

analysis. A total of 349 genes were significantly upregulated in CCN3-stimulated FLSs, and 

these genes were enriched in the TGF-β signaling, Hippo signaling, osteoclast differentiation 

and lysosome pathways (Fig. 2A, B). GO enrichment analysis revealed that this stimulation 

resulted in the upregulation of genes involved in the collagen metabolic process for the 

biological process and growth factor binding for the molecular function (Fig. 2C, D). 

Transcriptional regulatory network enrichment analysis revealed that the upregulated genes 

were significantly enriched in the tumor protein p53 (p=0.0342). The genes enriched in the 

TP53 term included ADGRB1, HSF1, ID1, KLF, TP53I3, PCBP4, and ZNF385A (Fig. 2E). 

Among these genes, PCBP4 and ZNF385A are known to play essential roles in cellular 

senescence. Venn analysis revealed that 20 genes whose expression was upregulated in 

CCN3-stimulated FLSs were highly expressed in aging cells and were associated with 

cellular senescence (Fig. 2F, G). Similarly, the increased gene expression of SASP genes in 

CCN3-stimulated FLSs was confirmed by qRT‒PCR (Supplementary Fig. 2). Extending the 

stimulation period with CCN3 to 168 h resulted in a significant increase in the protein 

expression of β-galactosidase (β-gal), P53 and P21 as well as the number of β-gal-positive 
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FLSs in the cultures (Fig. 2H, I). To further elucidate the role of CCN3 in the activation of 

cellular senescence, we injected CCN3 into the knee joint and examined the number of p53- 

and β-gal-positive cells after 7 days. Our results revealed a significant increase in the 

percentage of p53-positive cells in the synovium of knees injected with murine recombinant 

CCN3 joints compared with those in PBS-injected mice (Fig. 3A‒C). These collective 

findings suggest that CCN3 activates the senescence pathway in synoviocytes, resulting in 

the development of inflammation in the joints. 

3.3. CCN3 stimulation promotes osteoclastogenesis in vitro and in vivo 

The results demonstrated that stimulating FLSs with CCN3 resulted in increased 

expression of NFATc1 and AP1, which are the major transcription factors involved in 

osteoclast differentiation, raising the question of whether CCN3 can induce osteoclast 

differentiation. Human monocytes were stimulated with CCN3 for 8 days and then stained 

with TRAP and actin ring for morphological evaluation. For their bone-resorbing activity, 

human monocytes were cultured on dentin slices and stimulated with CCN3 for 21 days. 

Importantly, stimulation with CCN3 led to the development of osteoclast-like cells with 

modest bone-resorbing activity in vitro (Fig. 4A-C). Gene expression analysis of osteoclast-

like cells induced by CCN3 stimulation revealed that the genes whose expression was 

upregulated (315 genes) were the most significantly enriched in cellular senescence, 

osteoclast differentiation and the regulation of telomerase activity according to the KEGG 

pathway and biological process enrichment analyses (Fig. 4D-G & Supplementary Figure 3). 

These genes were also significantly enriched in the cell cycle (p=0.00237), TGF-β signaling 

(p=0.00364), and focal adhesion (p=0.0149) pathways (Fig. 4H, I). Importantly, 
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transcriptional regulatory network enrichment analysis demonstrated that the upregulated 

genes were most significantly enriched in SP1, FOS RB1 and TP53 (Fig. 4J). These results 

revealed that CCN3 stimulation led to the activation of signaling pathways that are involved 

in the development of senescence and osteoclastogenesis in monocyte/macrophages. In 

support of these results, stimulation of human macrophages with CCN3 for 168 h (in the 

absence of recombinant MCSF) resulted in a significant increase in β-gal-positive cells in 

vitro (Fig. 4K). In line with these results, co-culturing TNF-α-stimulated FLS with 

monocytes for 7 days resulted in an increase of TRAP+ cells as compared to these cultured 

with non-stimulated FLS (Supplementary Figure 3). The increase of TRAP+ cells was 

associated with an elevation in the level of CCN3 in the supernatant of the TNF-α-stimulated 

FLS (Supplementary Figure 4). To further verify our in vitro findings, CCN3-soaked sponges 

were transplanted onto the calvariae for 7 days, and histological and histomorphometric 

analyses were performed on day 7 (Fig. 5A). Larger bone resorption and TRAP-stained areas 

were observed in the mice that received the CCN3-soaked sponges than in those that received 

the PBS-soaked sponges (Fig. 5B-C). Notably, these mice presented a significant increase in 

the number of pP53- and β-gal-positive cells around the transplanted soaked sponges (Fig. 

5D). Similarly, mice that received CCN3-soaked sponges presented increased expression of 

TNFα, IL-7, and MMP3, which are related to SASP, in calvarial bone harvested 4 days after 

transplantation (Supplementary Fig. 5). These results indicate that CCN3 can promote 

osteoclastogenesis and SASP, which lead to the development of bone erosion and 

inflammation in the joints. 

3.4. Therapeutic effects of CCN3 blockade in a CAIA model 
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Given that CCN3 can promote pathways involved in senescence and osteoclast 

differentiation, which are hallmark characteristics/features of RA joints, we investigated the 

usefulness of targeting CCN3 in an RA mouse model. RA symptoms were induced by the 

administration of an arthritis-inducing monoclonal antibody cocktail and LPS, and treatment 

with a specific antibody against murine CCN3 was performed (Fig. 6A). The limbs of the 

mice were observed daily for assessment of arthritis clinical scores, and the right hind paws 

were collected on days 14 and 28 for histological examination. The administration of the 

CCN3 antibody significantly reduced the arthritis clinical and inflammation scores (Fig. 6B-

D). In line with these results, this treatment significantly reduced the number of β-gal-

positive cells and the TRAP-stained area in the sectioned tissues harvested on days 14 and 

28, respectively (Fig. 6E). Taken together, the beneficial effects of targeting CCN3 in vivo 

highlight it as a new molecular target for the treatment of RA. 

4. DISCUSSION  

Despite recent advances in our knowledge of the pathogenesis of RA, many issues remain 

to be resolved [26]. In fact, recent evidence revealing the mechanism of senescence should 

provide solid clues for the discovery of new therapeutic strategies for autoimmune diseases, 

including RA [10]. These findings raised the question of whether targeting factors 

mediating/inducing senescence in the joint can prevent the progression of the RA process. 

Here, a senescence-related molecule, CCN3, which has been found in RA joints and blood 

patients and is associated with disease severity [18][19][27], was studied as a target for the 

treatment of RA. 
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Our results demonstrated that CCN3 contributed to the pathophysiology of RA by 

activating the senescence pathway in synoviocytes and promoting osteoclast differentiation 

in their precursor cells. In line with our findings, transgenic mice with CCN3 overexpression 

in articular cartilage exhibit characteristic features of senescence in chondrocytes and severe 

degenerative changes in cartilage. Moreover, treating chondrocytes with recombinant CCN3 

resulted in an increase in the expression of P21 and P53 [12]. In contrast to these findings, 

CCN3 administration ameliorates cartilage catabolism in IL-1β-induced osteoarthritis by 

inhibiting the activation of the PI3K/AKT/mTOR pathway and promoting chondrocyte 

autophagy [28]. The ability of CCN3 to activate cyclin-dependent kinase inhibitors has been 

reported in smooth muscle cells in a manner dependent on Notch signaling [29]. On the other 

hand, our data revealed that recombinant CCN3 promoted genes involved in TGF-β signaling 

in macrophages and synoviocytes. A convincing body of evidence shows that TGF-β 

signaling is involved in the activation of senescence pathways via interactions with cyclin-

dependent kinase inhibitors [30][31]. Therefore, the ability of CCN3 to induce senescence in 

tissue provides a possible explanation for the association between inflammatory cytokine 

production and increased levels of CCN3 in blood and tissues [15]. Similarly, the presence 

of CCN3 in the joint promotes the senescence-associated secretory phenotype (SASP) in 

synoviocyte cells, resulting in the development of chronic inflammation that accelerates the 

senescence of immune cells and creates a vicious cycle of inflammation and senescence. 

Furthermore, a wealth of data also supports the notion that CCN3 plays a critical role in 

bone remodeling and osteolytic bone metastases [32][33]. Compared with WT mice, 

transgenic mice overexpressing CCN3 presented a decrease in trabecular bone volume, with 
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no change in osteoblast or osteoclast numbers. Overexpressing CCN3 in the ST-2 stromal 

cell line and recombinant CCN3 at high concentrations (300–600 ng/mL) inhibited osteoblast 

differentiation in vitro via the BMP and Notch signaling pathways [34]. Son and colleagues 

reported that CCN3 activates the Wnt/β-catenin/MITF signaling axis, thereby activating 

EGFR signaling, which promotes metastasis and tumor progression in breast cancer [16]. In 

prostate cancer, CCN3 promotes VEGF-dependent angiogenesis via the activation of focal 

adhesion kinase (FAK)/AKT/NF-κB signaling in endothelial progenitor cells [35]. However, 

another study demonstrated that CCN3 has a negative effect on NF-κB signaling, which is 

needed for the activation of endothelial cells and the production of inflammatory cytokines 

[36]. 

Another important finding from our study is that CCN3 stimulation resulted in the 

formation of osteoclast-like cells that have the ability to resorb bone. This stimulation was 

accompanied by an increase in the expression of integrins in monocytes. In agreement with 

our findings, CCN3 seems to interact with and activate integrins, including αvβ3 and α5β1, 

in endothelial cells to promote cell adhesion, migration, and angiogenesis [37]. Likewise, 

CCN3 has been implicated in cutaneous wound healing via the activation of integrins in 

fibroblasts [38]. Integrins, namely, αvβ3 integrins, are important transduction molecules that 

play essential roles in osteoclastogenesis by facilitating the adhesion and migration of 

osteoclast precursors and sealing zones to form the required cytoskeletal structure of 

osteoclasts [39]. Therefore, the formation of osteoclast-like cells after CCN3 stimulation is 

most likely due to its ability to activate integrins that mediate cell adhesion and fusion. On 

the other hand, our RNA-seq data showed that CCN3 stimulation activated TGF-β signaling 
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which is involved in activation of non-canonical pathway of osteoclastogenesis [40]. 

Collectively, these findings show that CCN3 can activate different transcription factors that 

are involved in multiple biological processes, including cell senescence, adhesion, 

differentiation and angiogenesis, making this molecule a promising target for RA treatment. 

Furthermore, our data demonstrated that systemic treatment with an antibody against 

CCN3 improved clinical symptoms and reduced inflammation in synovial tissues and the 

number of senescent cells as well as osteoclasts in the joint. These are consistent with 

findings reported by Marchal and colleagues, who identified CCN3 as a promising target for 

the treatment of renal diseases, as the inhibition of CCN3 limits inflammatory cell infiltration 

and renal interstitial fibrosis [41]. A wealth of evidence highlights that CCN proteins are 

attractive therapeutic targets in diverse diseases, such as chronic inflammatory diseases, 

interstitial lung disease, chronic kidney disease, hepatic fibrosis and cancer[42]. Importantly, 

CCN2 has been documented as a therapeutic target for pulmonary fibrosis, and its antibody 

(FG-3019) has been clinically used and has achieved significant therapeutic effects in 

patients with idiopathic pulmonary fibrosis [43]. 

In conclusion, our results suggest that CCN3 acts as an autocrine/paracrine factor that 

contributes to the activation of cellular senescence and osteoclastogenesis in joints and that 

systemic blockade of this molecule is associated with a reduction in inflammation and bone 

resorption in an experimental RA model. Our collective data shed light on an attractive target 

for the treatment of RA. 
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Figure legends  

Figure 1. Detection of CCN3 in RA synovial tissues. A) Immunohistochemistry 

examination of knee and wrist synovial tissues stained with CCN3 antibody. Scale bars are 

50 µM. B) Expression of CCN3 in the synoviocytes of RA clinical samples analyzed via 

scRNA sequencing. The left panel shows t-SNE plots for synoviocyte clusters. The right 

panels represent the expression of CCN3 and the inflammatory marker FAP in the cells. C) 

Percentages of cells positive for CCN3 and FAP in each cluster. D) Expression of CCN3 in 
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the synoviocytes of experimental murine RA samples analyzed via scRNA sequencing. The 

left panel represents t-SNE plots for cell types in the joint. The right panels represent the 

expression of CCN3 and the inflammatory marker FAP in the cells. E) Percentages of cells 

positive for CCN3 and FAP in each cell type. 

 

Figure 2. CCN3 stimulation results in the activation of the senescence pathway in 

synoviocytes in vitro. A) Volcano plot representing the molecular response of hFLSs (n = 3) 

to stimulation with recombinant CCN3. Red plots represent significantly upregulated genes, 

and blue plots represent significantly downregulated genes. B) KEGG pathway enrichment 

analysis of the differentially upregulated genes. C, D) Gene Ontology analysis of the 

differentially upregulated genes. E) Heatmap illustrating differentially expressed genes 

involved in the senescence pathway identified via RNA-seq. E) Venn diagram analysis of the 

genes significantly upregulated in stimulated FLSs and those associated with 

senescence/aging in tissues. G) Heatmap illustrating differentially expressed genes 

associated with the aging of tissues identified via RNA-seq. H) Detection of senescence 

markers via Western blot analysis. The panels on the right represent the quantification of 

protein expression. I) Senescent FLSs were detected by immunostaining with β-gal. FLSs 

were stimulated with recombinant CCN3, fixed and stained with an antibody. In the bar charts, 

the symbols represent individual samples, and the bars represent the means ± SEMs. 

Significant differences were determined by two-tailed Student’s t test. * = P < 0.05; *** = P 

< 0.001. 
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Figure 3. CCN3 administration results in the activation of the senescence pathway in 

joints. A) Experimental procedure for the administration of CCN3 in the knee joint. B) 

Histological evaluation after administration of CCN3. The left panels are representative 

images of HE- and pP53 antibody-stained sections. The right panel represents the percentage 

of pP53 cells in the sections. D) Detection of β-gal-positive cells in synovial tissues. The left 

panels are representative images of sections stained with a β-gal antibody. The right panel 

represents the percentage of β-gal-producing cells in the sections. Scale bars, 100 µM. In the 

bar charts, the symbols represent individual samples, and the bars represent the means ± 

SEMs. Significant differences were determined by two-tailed Student’s t test. * = P < 0.05. 

 

Figure 4. CCN3 stimulation promotes osteoclastogenesis and senescence in human 

monocytes in vitro. A) Osteoclast differentiation assay. Human monocytes were stimulated 

with recombinant MCSF plus either RANKL or CCN3 for 8 days and then subjected to TRAP 

staining. The left panels are representative images of TRAP-stained cells. The panels on the 

right represent the number of TRAP-stained cells in each well. B) Actin ring formation in 

stimulated cells. The cells were fluorescently stained with phalloidin for detection of the actin 

ring (red) and cell nuclei (blue). Scale bars represent 100 μm. C) Bone resorption area on 

dentine slices generated from stimulated cells. The right figure shows the bone resorption 

area on a dentine slice. The right panels present the results of the quantitative analysis. D) 

Volcano plot representing the molecular response of human monocytes to stimulation with 

recombinant CCN3 for 8 days. Red plots represent significantly upregulated genes, and blue 

plots represent significantly downregulated genes. E) KEGG pathway enrichment analysis 



27 
 

of the differentially upregulated genes. F) Heatmap illustrating differentially expressed genes 

associated with osteoclast differentiation and senescence pathways in stimulated monocytes 

identified via RNA-seq. G) Gene Ontology analysis of the differentially upregulated genes 

related to biological processes. H, I) Heatmaps illustrating differentially expressed genes 

associated with the TGF-β signaling (H) and focal adhesion (I) pathways in stimulated 

monocytes identified via RNA-seq. J) Transcriptional regulatory network enrichment 

analysis of the DEGs. K) Detection of senescent macrophages by immunostaining with β-

gal. FLSs were stimulated with recombinant CCN3, fixed and stained with a β-gal antibody. 

The left panels are representative images of β-gal-stained cells. The right panel represents 

the percentage of stained cells. In the bar charts, the symbols represent individual samples, 

and the bars represent the means ± SEMs. Significant differences were determined by two-

tailed Student’s t test. * = P < 0.05. 

 

Figure 5. CCN3 administration to calvarial bone results in a local increase in the 

number of osteoclasts and senescent cells. A) Experimental procedure for the 

administration of CCN3 to calvarial bone. B) Osteolytic lesions triggered by administration 

of CCN3 to calvarial bone tissues as determined by micro-CT. The left panels are 

representative images of the micro-CT images. The right panels present the results of the 

quantitative analysis of the osteolytic area in the calvarial bone tissues of the mice. C) 

Detection of osteoclasts via TRAP staining. The left panels are representative images of 

TRAP-stained sections. The right panels present the results of the quantitative analysis of the 

TRAP-stained areas in the calvarial bone tissues. D) Detection of senescent cells in calvarial 
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bone tissues. The left panels are representative images of sections stained with pP53 and β-

galactosidase antibodies. The panels on the right represent the percentage of stained cells. 

Scale bars are 100 µM. In the bar charts, the symbols represent individual samples, and the 

bars represent the means ± SEMs. Significant differences were determined by two-tailed 

Student’s t test. * = P < 0.05, **** = P < 0.0001. 

Figure 6. Therapeutic effects of CCN3 blockade in a CAIA model. A) Experimental 

procedure of the CAIA model and treatment. B) Arthritis clinical scores of the mice over a 

period of 28 days. C) Histological evaluation of inflammatory scores. The left panels are 

representative images of HE-stained sections of right hind paws. The right panels show the 

quantification of the inflammatory area in the joint. D) Detection of β-gal-positive cells in 

sectioned joints. The left panels are representative images of immunostained sections of the 

right hind paws. The panels on the right represent the percentage of β-gal-positive cells. E) 

Detection of TRAP-positive cells in sectioned joints. The left panels are representative 

images of TRAP-stained sections of right hind paws. The panels on the right represent the 

percentage of stained area. Scale bars are 100 µM. In the bar charts, the symbols represent 

individual samples, and the bars represent the means ± SEMs. Significant differences were 

determined by two-tailed Student’s t test. * = P < 0.05 
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