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A B S T R A C T   

Objectives: SPARCL1 is a matricellular protein that mediates the cell–matrix interactions and participates in 
physiological processes such as cell adhesion, differentiation and proliferation. However, its role in chondrocyte 
and osteoarthritis (OA) progression has not been fully characterized. We aimed to evaluate the effects of 
SPARCL1 on OA through in vitro and in vivo experiments. 
Methods: Expression of SPARCL1 was examined in 55 paired human OA samples. Effects of Sparcl1 on chon-
drocytes were identified in vitro. Intra-articular injection was performed in an anterior cruciate ligament tran-
section (ACLT) mouse model. Alterations of SPARCL1-mediated signaling pathway were identified by RNA-seq 
analysis. qPCR and western-blot were used to demonstrate the potential signaling pathway. 
Results: SPARCL1 expression in the OA cartilage was increased compared with undamaged cartilage. Recombi-
nant Sparcl1 protein induced extracellular matrix degradation in chondrocytes. Furthermore, intra-articular 
injection of recombinant Sparcl1 protein in ACLT mice could promote OA pathogenesis. Mechanistically, 
Sparcl1 activated TNF/NF-κB pathway and consequently led to increased transcription of inflammatory factors 
and catabolism genes of cartilage, which could be reversed by NF-κB inhibitor BAY 11–7082. 
Conclusion: SPARCL1 could promote extracellular matrix degradation and inflammatory response to accelerate 
OA progression via TNF/NF-κB pathway. 
The translational potential of this article: The current research could help to gain further insights into the under-
lying molecular mechanism in OA development, and provides a biological rationale for the use of SPARCL1 as a 
potential therapeutic target of OA.   

The translational potential of this article 

The current research could help to gain further insights into the 
underlying molecular mechanism in OA development, and provides a 
biological rationale for the use of SPARCL1 as a potential therapeutic 
target of OA. 

1. Introduction 

Osteoarthritis (OA) is the most common joint disease worldwide, and 

is characterized by pain and functional impairment [1]. OA progression 
is closely related to inflammatory, mechanical, and metabolic factors 
[2], which may ultimately lead to structural destruction, including 
articular cartilage, subchondral bone, synovium, joint capsule, liga-
ments and periarticular muscles [3,4]. Among these destructions, 
dysfunction of the articular cartilage was considered as a hallmark 
feature, which provides critical elastic support to disperse pressure and 
shear stress as joints move [5]. Chondrocytes is the only type of cell in 
articular cartilage responsible for extracellular matrix (ECM) production 
[6]. ECM degradation has also been regarded to be closely associated 
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with OA progression [7]. Therefore, further research on chondrocyte 
metabolism and ECM degradation may help us better understand OA 
pathogenesis and progression, which is essential for the development of 
new treatment strategies. 

The secreted protein acidic rich in cysteine-like 1 (SPARCL1), also 
known as Hevin, MAST9, SC1 and ECM2, is a matricellular protein 
which is a member of SPARC-related protein family [8]. SPARC family 
members could be secreted into the ECM and play different roles in 
regulating cell adhesion, proliferation, metastasis, and growth factor 
signaling to affect the extracellular matrix (ECM) and interactions be-
tween cells [9]. Studies have revealed that SPARCL1 is an adhesion 
molecule mediating the cell–matrix interactions and participates in 
physiological processes such as cell adhesion, differentiation and pro-
liferation [10,11]. Multiple studies have revealed the role of SPARCL1 in 
various cancers, including cervical, colorectal, and ovarian cancer. 
SPARCL1 could inhibit the proliferation and migration of kidney cancer 
cells by inactivating the JNK/ERK/p38 pathway [12]. In ovarian cancer, 
SPARCL1 inhibited cell proliferation and migration by downregulating 
the MEK/ERK signaling pathway [13]. It also exhibits inhibitory effects 
on cell motility and cell adhesion in osteosarcoma via activating 
WNT/β-catenin signaling [14]. Besides tumors, SPARCL1 was reported 
promoting muscle cell differentiation via BMP7-mediated BMP/TGF-β 
cell signaling pathway [15]. These results suggest that the biological 
functions of SPARCL1 are regulated through different signaling path-
ways in different tissues. In OA, SPARCL1 expression was reported 
elevated in OA meniscus through RNA microarray study [16], but its 
expression is still not clear in OA cartilage. Meanwhile, the effects of 
SPARCL1 on chondrocytes or OA progression and the underlying 
mechanism remain elusive, despite of its close relationship with ECM. 

Overall, the functions of SPARCL1, an important ECM molecule, are 
not well-understood in OA progression and chondrocytes. Determining 
the function and mechanism of SPARCL1 in regulating OA progression 
may have important potential application value for treating OA. In this 
study, we evaluated the expression of SPARCL1 in OA cartilage and the 
function of SPARCL1 were also detected. The mechanism about how 
SPARCL1 affect OA progression were also explored. We concluded that 
SPARCL1 could promote inflammation and ECM degradation in chon-
drocytes through Tumor necrosis factor/Nuclear factor-kappa B (TNF/ 
NF-κB) pathway in OA development, and suppression of SPARCL1 may 
provide a new approach for OA treatment. 

2. Materials and methods 

2.1. Chemicals, reagents, and antibodies 

Details of chemicals, reagents, and antibodies used were listed in 
Supplementary Table 1. 

2.2. Patients and specimens 

Articular samples were collected from 55 patients with knee OA who 
underwent knee arthroplasty surgery. Specimens that included all 
cartilage layers and subchondral bone were separately harvested, and 
divided into damaged area (designed as OA) and corresponding un-
damaged area (designed as Undamaged). Inclusion criteria: OA patients 
undergoing total knee replacement. Exclusion criteria: 1. Known meta-
bolic or bone related diseases other than OA, such as renal dysfunction, 
thyroid or parathyroid diseases, malignant tumors, etc.; 2. Other dis-
eases that can affect cartilage structure and quality, such as rheumatoid 
arthritis; 3. Taking drugs that can affect cartilage and bone metabolism, 
such as anti-bone resorptive drugs, calcitonin, thyroxine, parathyroid 
hormone, and sex hormone replacement therapy; 4. History of femoral 
or tibial osteotomy surgery. All human studies were approved by the 
ethics committee of Shanghai Sixth People’s hospital (Approval Num-
ber: 2019-KY-007(K)), and full written consents were obtained before 
the operative procedure. All the experiments described were carried out 

in accordance with The Code of Ethics of the World Medical Association 
(Declaration of Helsinki). Clinical information was collected from pa-
tients’ records (The characteristics of patients were shown in Supple-
mentary Table 2.). 

2.3. Isolation, culture of chondrocytes, and ATDC5 cells 

Primary mouse chondrocytes (MCC) were isolated from cartilage 
fragments, which were dissected from femoral heads, femoral condyles 
and tibial plateau of C57BL/6 mice. Briefly, articular cartilage was 
firstly cut into small pieces and digested with 0.25% trypsin at 37 ◦C for 
30 min. After being washed 3 times by PBS, the pieces were fully 
digested using 0.25% collagenase II at 37 ◦C for 8 h. Afterwards, the cell 
suspension was filtered using 70 μm cell strainer and centrifuged (1000 
rpm) for 5 min to collect primary chondrocytes. The cells were finally 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone) 
supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin 
cocktail. Chondrocytes at passage 3 were used in this study. ATDC5 cells 
were cultured in DMEM/F12 (Gibco) containing 5% FBS. ATDC5 cell 
line has been validated by short tandem repeat (STR) profiling. All cells 
were maintained in a humidified incubator containing 5% CO2 at 37 ◦C. 

2.4. Cell viability assays and micromass culture 

The cell counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) was 
used to measure the cell viability. Cells were seeded onto 96-well plates 
(1,0000 cells per well) and treated with recombinant mouse Sparcl1 
protein (R&D Systems Inc.). At proper time, 90 μL of DMEM and 10 μL of 
CCK-8 were mixed and added to each well and incubated for 2 h at 37 ◦C. 
The absorbance at a wavelength of 450 nm was measured on a micro-
plate reader (Mode 680, Bio-Rad, Hercules, USA). 

For micromass culture assay, ATDC5 cells were trypsinized, washed 
and resuspended at 2 × 107 cells/ml in a chondrogenic medium 
composed of DMEM-F12, 5% FBS, 1 × ITS (Insulin, Transferrin, Sele-
nite) (Sigma Aldrich), recombinant transforming growth factor-β (10 
ng/ml), sodium pyruvate, L-proline, ascorbic acid 2-phosphate and 
dexamethasone. A volume of 10 μl was carefully placed in the center of 
each well of a 24-well plate. Cells were allowed to adhere for 2 h at 37C, 
followed by addition of 500 ml chondrogenic medium. 

2.5. Experimental post-traumatic OA in mice 

Twelve-week-old male wildtype C57BL/6 mice underwent anterior 
cruciate ligament transection (ACLT) surgery of the right knee to induce 
mechanical instability and create an experimental OA model. Briefly, 
after anesthesia with intraperitoneally injection of 0.5% pentobarbital, 
the anterior cruciate ligament of the right knee was transected. A sham 
operation was performed without ligament transection. We randomly 
divided the mice into 3 groups (8 mice in each group): sham-operated 
mice treated with physiological saline (Sham group), ACLT-operated 
mice treated with physiological saline (Vehicle group), and ACLT- 
operated mice treated with recombinant mouse Sparcl1 protein (40 
μg/kg) (Sparcl1 group). Mice were given an intra-articular injection of 
recombinant Sparcl1 protein using 33-gauge needles (Hamilton Com-
pany) and 10 μl CASTIGHT syringes (Hamilton Company). Briefly, 
locate the midpoint of the mouse’s patellar tendon by touching, then 
insert the 33-gauge needle into the joint cavity. When the needle touches 
the middle ridge of the platform, slightly retract the needle, then 
perform the injection. The injection was repeated twice a week for 6 
consecutive weeks. The right knee was harvested for further evaluation. 
All animal experiments were approved by the Animal Care and Use 
Committee of Shanghai Sixth People’s Hospital (No. DWLL2022-0539). 

2.6. Micro-computerized tomography (Micro-CT) analysis 

Briefly, skin and muscles were removed, and the knee joints were 
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obtained. The joint specimens were then fixed in 4% paraformaldehyde 
(PFA). All samples were scanned at 9 μm resolution by a micro-CT 
scanner (SkyScan 1176, Kontich, Belgium). Further analysis was per-
formed with DataViewer (Bruker MicroCT, Kontich, Belgium) and CTAn 
(Bruker MicroCT, Kontich, Belgium) software. Three-dimensional im-
ages were visualized using CTVox software (Bruker MicroCT, Kontich, 
Belgium). The microarchitecture parameters including bone volume 
fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb. 
Th), Bone Surface/Total Volume (BS/TV) Trabecular Bone Separation 
(Tb.Sp), Trabecular Bone pattern factor (Tb.Pf), Bone Surface/Bone 
Volume (BS/BV), structure model index (SMI) were analyzed in sub-
chondral and trabecular bone. 

2.7. Histology and immunohistochemical assay 

Tissues were fixed in 4% paraformaldehyde and subsequently 
decalcified with buffered EDTA (20% EDTA, pH 7.4). The tissues were 
embedded in paraffin, sectioned and stained with safranin O/fast green. 
The cellularity and morphology of cartilage and subchondral bone were 
examined by experienced histology researchers in a blinded manner 
using a microscope. The severity of cartilage degeneration of OA model 
was evaluated by the Osteoarthritis Research Society International 
(OARSI) scoring system. 

For immunohistochemistry (IHC) staining of human samples, sec-
tions were heated at 95 ◦C for 15 min, and then treated with 3% H2O2, 
0.5% Triton X-100. Nonspecific binding was blocked by 10% bovine 
serum albumin for 1 h at room temperature. The sections were then 
incubated with the primary antibody (SPARCL1, 1:100, HUABIO, Cat# 
ER1917-01) overnight at 4 ◦C. Finally, the sections were incubated with 

secondary antibody, counterstained with hematoxylin and visualized by 
DAB solution for IHC. The immunoreactive level was determined by 
Image J software. 

2.8. Quantitative reverse-transcription PCR (qRT-PCR) 

Total RNA from ATDC5 cells and MCCs were extracted using EZ- 
press RNA Purification Kit (EZBioscience) and quantified by the Nano-
Drop 2000 spectrophotometer (Thermo, Waltham, USA). Complemen-
tary cDNA was synthesized through reverse transcription using a 
Reverse Transcription Master Mix (EZBioscience). The qPCR assay was 
performed on QuantStudio 7 (Thermo). Expression levels were 
normalized to β-actin. The primers were listed in Supplementary 
Table 3. 

2.9. Western blotting 

Cells were lysed with RIPA Lysis Buffer added with protease inhibitor 
and phosphatase inhibitor (Epizyme Biotech). Proteins were separated 
by 12% SDS polyacrylamide gel electrophoresis (PAGE), and transferred 
to polyvinylidene fluoride (PVDF) membrane. PVDF membranes were 
incubated with primary antibodies overnight at 4 ◦C, incubated with 
secondary antibodies at room temperature for 1 h, and visualized using 
the BIO-RAD ChemiDoc XRS + system. Proteins were analyzed with 
antibodies against matrix metalloproteinases 3 (MMP3) (1:1000, Santa 
Cruz Cat# sc-21732), ADAMTS5 (1:1 000, Affinity Cat# DF13268), FAK 
(1:1000, Cell Signaling Technology Cat# 3285), Phospho-FAK (1:1000, 
Cell Signaling Technology Cat# 3285), NFκB (1:1000, Cell Signaling 
Technology Cat# 6956), IKKα (1:1000, Cell Signaling Technology Cat# 

Figure 1. The expression level of SPARCL1 in human OA cartilage. A Microarray profiling analysis data of SPARCL1 expression level in OA cartilage and normal 
cartilage. Date was originated from GSE113825. Unpaired T-test were used. B Immunohistochemistry assay with anti-SPARCL1 in undamaged and OA cartilage 
tissues. Scale bar, Left, 100 μm; Right, 50 μm. C Relative SPARCL1 expression level in OA (n = 55) and corresponding undamaged (n = 55) cartilage tissues based on 
an immunohistochemistry assay and significance was evaluated by paired Student’s t test. Data are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. 
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Figure 2. Sparcl1 regulated ECM degradation in chondrocytes. A Alcian blue staining of ATDC5 with micromass culture in chondrogenesis media with or 
without recombinant Sparcl1 protein. Representative image of staining at day 8 is shown. B CCK-8 assay test of the cell viability of MCC treated with different 
concentration of recombinant Sparcl1 protein (10, 25, 50, 100 ng/ml). C Quantification of mRNA levels for Col2a1, Acan and Sox9 in MCC treated with recombinant 
Sparcl1 protein (10 and 50 ng/ml) for 48 h. D Quantification of mRNA levels for Mmp3, Mmp13, Adamts1, Adamts5 in MCC treated with recombinant Sparcl1 
protein (10 and 50 ng/ml) for 48 h. E Quantification of mRNA levels for Col2a1, Acan, Mmp3, Mmp13, Ccl2 and IL-6 in MCC treated with IL-1β (10 ng/ml) and 
recombinant Sparcl1 protein (10, 25 and 50 ng/ml) for 48 h. Data are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA with post-hoc 
Bonferroni correction was used for comparisons. 
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Figure 3. Sparcl1 accelerated OA process in ACLT mice model. A Representative safranin O-fast green images of osteoarthritic knee joints, which were collected 6 
weeks after ACLT surgery. Yellow arrowheads indicated articular cartilage degradation. n = 8; Scale bar, left, 200 μm; right, 100 μm. B The severity of OA-like 
phenotype was analyzed using the Osteoarthritis Research Society International (OARSI) score system (n = 8). C The degree of synovitis was semi-quantified by 
the enlargement of synovial lining layers and density of cells (n = 8). D Three-dimensional models of mice knee joints. Red arrow showed osteophyte formation. Scale 
bar, 250 μm. E, F Osteophytes were semi-quantified by evaluating the osteophyte formation score consisting of two domains, size (E) and maturity (F) (n = 5) Data 
are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA with post-hoc Bonferroni correction was used for comparisons. 
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2682), IKKβ (1:1000, Cell Signaling Technology Cat# 2370), SPARCL1 
(1:1000, Proteintech Cat#13517-1-AP), β-ACTIN (1:1000, Servicebio 
Cat# GB11001), Goat Anti-Rabbit IgG (1:5000, Jackson Cat#111–005) 
and Goat Anti-mouse IgG (1:5000, Jackson Cat#115–005). All the 

antibody used were commercially available and the information were 
provided in Supplementary Table 1. 

Figure 4. Sparcl1 exacerbated deteriorated subchondral bone in ACLT mice. A Representative micro-CT images of tibial plateau in coronal plane. B Repre-
sentative 3D micro-CT images of subchondral trabecular bone of tibial plateau. C-J Quantitative micro-CT analysis of tibial subchondral trabecular bone: BV/TV (C), 
Tb. th (D), Tb.N (E), BS/TV (F), Tb. sp (G), Tb. Pf (H), BS/BV (I) and SMI (J). BV/TV, Bone Volume/Total Volume; Tb.Th, Trabecular Bone Number; Tb.N, Trabecular 
Bone Number; BS/TV, Bone Surface/Total Volume; Tb. Sp, Trabecular Bone Separation; Tb. Pf, Trabecular Bone pattern factor; BS/BV, Bone Surface/Bone Volume; 
SMI, structure model index. n = 5 in each group. Data are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA with post-hoc Bonferroni 
correction was used for comparisons. 
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Figure 5. RNA-seq analysis of Sparcl1 treated chondrocytes. A A volcano plot illustrating differentially regulated gene expression from RNA-seq analysis between 
ctrl and Sparcl1 treated MCCs. Genes upregulated and downregulated are shown in red and blue, respectively. B The Gene Ontology (GO) functional clustering of 
genes in Sparcl1-treated MCC (top 20 most significantly affected categories are shown) C-D Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of total genes 
(C) and upregulated genes (D) in Sparcl1-treated MCC transcriptome. E Pathway network illustrated the relationships of each pathway enriched in KEGG analysis. 
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2.10. Co-immunoprecipitation (Co-IP) 

Co-IP was conducted using Pierce Co-Immunoprecipitation Kit 
(Thermo) according to the manufacturer’s instructions. Briefly, anti-
body or IgG was coupled to resin by incubating Coupling Buffer and 
antibody and resin in the spin column for 90–120 min. In this process, 

cell lysis was prepared. Some of the lysate was retained as input sample. 
Resin was washed, and mixed with lysis and incubated with gentle 
mixing overnight at 4 ◦C. Samples were washed and elution buffer was 
added in column. The flow-through were collected and analyzed for 
western blot. The information of reagents used were provided in Sup-
plementary Table 1. 

Figure 6. Inflammatory response was increased in Sparcl1 treated chondrocytes. A GSEA plots evaluating the changes of inflammatory response related genes. 
B STRING analysis identified protein–protein interactions in the enriched pathways after Sparcl1 stimulation. C Quantification of mRNA levels for DEGs mentioned 
above in chondrocytes treated with Sparcl1 protein (10, 25, 50 ng/ml). Data are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA 
with post-hoc Bonferroni correction was used for comparisons. 
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Figure 7. Sparcl1 regulated inflammation and ECM degradation through TNF/NF-κB pathway. A GSEA plots evaluating the changes of ECM disassembly 
related genes. B Protein expression of FAK, pFAK, ADAMTS5 and MMP3 in chondrocytes treated with recombinant Sparcl1 protein (10, 25, 50 ng/ml) for 72 h 
analyzed by Western blot, and quantification of immunoblots (n = 3). C GSEA plots evaluating the changes of TNFA signaling via NF-κB related genes. D-E Protein 
expression of TNF, IKKα, IKKβ, and NF-κB in chondrocytes treated with recombinant Sparcl1 protein (10, 25, 50 ng/ml) for 72 h analyzed by Western blot, and 
quantification of immunoblots (n = 3). Data are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA with post-hoc Bonferroni correction 
was used for comparisons. 
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2.11. RNA extraction, library construction, and sequencing 

Total RNA was extracted using the EZ-press RNA Purification Kit 
according to the manufacturer’s protocol. RNA purity and quantification 
were evaluated using the NanoDrop 2000 spectrophotometer (Thermo 
Scientific, USA). RNA integrity was assessed using the RNA Nano 6000 
Assay Kit of the Bioanalyzer 2100 system (Agilent. 

Technologies, CA, USA). A total amount of 3 μg RNA per sample was 
used as input material for the RNA sample preparations. Sequencing 
libraries were generated using NEBNext UltraTM RNA Library Prep Kit 
for Illumina (NEB, USA) following manufacturer’s recommendations. 
The clustering of samples was performed on a cBot Cluster Generation 
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to 
the manufacturer’s instructions. After cluster generation, the library 
preparations were sequenced on an Illumina Novaseq6000 platform and 
150 bp paired-end reads were generated. The transcriptome sequencing 
and analysis were conducted by Shanghai Jiayin Biotechnology Co. ,Ltd. 
Raw data (raw reads) of fastq format were firstly processed through in- 
house perl scripts. STAR is used to align clean reads to reference genome 
[17]. HTSeq v0.6.0 was used to count the reads numbers mapped to each 
gene. And then FPKM of each gene was calculated based on the length of 
the gene and reads count mapped to this gene. GO enrichment and KEGG 
[18] pathway enrichment analysis were performed respectively based 
on the hypergeometric distribution. GSEA analysis was performed using 
GSEA software (ver. 4.1.0; Broad Institute, MIT). 

2.12. Statistical analysis 

All data were expressed as mean ± SD. Statistical analyses were 
performed with Prism GraphPad. Student’s t-test followed by the 
Tukey–Kramer test was used to evaluate the differences between two 
groups. Continuous data from the multiple groups were compared using 
One-way ANOVA with post-hoc Bonferroni correction. P < 0.05 was 
considered statistically different. 

3. Results 

3.1. The expression of SPARCL1 is elevated in human osteoarthritic 
articular cartilage 

To determine the role of SPARCL1 in OA development, we analyzed 
RNA sequencing data of the transcriptome of OA cartilage and normal 
cartilage (GSE113825). GEO database revealed that mRNA level of 
SPARCL1 was elevated in OA cartilage (Fig. 1A). To further confirm the 
expression level of SPARCL1 in OA cartilage, we collected 55 pairs of OA 
cartilage tissues and non-lesion cartilage counterparts. The expression of 
SPARCL1 protein was evaluated by immunohistochemical staining. 
Similarly, the results showed that SPARCL1 expression in OA cartilage 
was significantly higher than that in non-lesion tissues (Fig. 1B–C). 

3.2. Sparcl1 induces extracellular matrix degradation in chondrocytes 

Extracellular matrix degradation is closely associated with OA pro-
gression. Alcian blue staining of micromass showed that proteoglycans 
in Sparcl1 group was decreased compared to those in the controls 
(Fig. 2A). In the meantime, according to CCK-8 assay, Sparcl1 showed no 
significant effect in regulating chondrocyte proliferation (Fig. 2B). 
Moreover, we found that addition of Sparcl1 reduced the mRNA 
expression of Aggrecan (Acan), but had no effect on Col2a1 and Sox9 
(Fig. 2C). Expression of Mmp3, Mmp13, Adamts1 and Adamts5 were 
upregulated when treated with Sparcl1 protein (Fig. 2D). 

Pro-inflammatory cytokine IL-1β is closely linked with OA occur-
rence and is usually used to simulate OA in vitro. qPCR results demon-
strated that Sparcl1 could promote IL-1β induced ECM degradation and 
inflammatory response, including downregulation of Col2a1 and upre-
gulation of Mmp3, Mmp13, Ccl2 and IL-6 (Fig. 2E). All these results 

confirmed that Sparcl1 mediates the degradation of the ECM in 
chondrocytes. 

3.3. Sparcl1 exacerbates OA progression in mice 

To examine the function of Sparcl1 on OA development and pro-
gression in vivo, we performed ACLT surgery in 12-week-old C57/BL6 
mice followed with intra-articular administration of recombinant 
Sparcl1 protein twice a week after surgery. At 6 weeks, all mice were 
sacrificed and the knees were harvested. Safranin O/fast green staining 
was used to assess knee joint damage including articular cartilage 
degradation and synovial tissue hyperplasia (Fig. 3A). As expected, 
ACLT induced articular cartilage degeneration and synovial thickening. 
The ACLT + Sparcl1 group showed more severe cartilage erosion and 
synovial hyperplasia compared with the vehicle group, evidenced by 
markedly higher OARSI scores and synovitis scores in Sparcl1 group 
(Fig. 3B–C). Micro-CT showed obvious osteophyte formation in the 
vehicle group (Fig. 2D), in the aspects of osteophyte size and maturity. 
Although it was not statistically significant, Sparcl1 injection promoted 
osteophyte formation (Fig. 3E–F). 

Moreover, micro-CT illustrated that Sparcl1 could accelerate sub-
chondral trabecular bone deterioration after ACLT surgery compared 
with the vehicle group (Fig. 4A–B). BV/TV, Tb.Th, Tb.N, and BS/TV 
showed obvious decline tendency compared to the vehicle group, among 
which the change of BV/TV, Tb.N and BS/TV were statistically signifi-
cant (Fig. 4C–F). Meanwhile, we also found the values of Tb. Pf and BS/ 
BV were increased when treated with Sparcl1. Tb. Sp and SMI were 
slightly enhanced with no statistical significance (Fig. 4G–J). 

3.4. RNA-seq analysis indicates Sparcl1 activates inflammation and ECM 
degradation 

To further analyze how Sparcl1 mediated ECM degradation, we 
conducted RNA-sequencing in chondrocytes treated with recombinant 
Sparcl1 protein. Addition of Sparcl1 resulted in the upregulation of 308 
genes and downregulation of 240 genes (Fig. 5A). Gene ontology (GO) 
analysis showed that Sparcl1 showed significantly influence on the in-
flammatory response (Fig. 5B). KEGG pathway analysis showed rheu-
matoid arthritis, IL-17 signaling pathway and TNF signaling pathway 
were enriched (Fig. 5C). Besides, NF-κB signaling pathway was also 
enriched in upregulated genes (Fig. 5D). Furthermore, pathway network 
analysis revealed that TNF, NF-κB and IL-17 signaling pathway were 
closely related to each other and were the centre part of this pathways 
(Fig. 5E). 

As we know, rheumatoid arthritis, TNF signaling pathway, IL-17 
signaling pathway and NF-κB signaling pathway were all related with 
inflammation and ECM degradation. Meanwhile, GESA analysis also 
confirmed that acute inflammatory response was obviously activated 
(Fig. 6A). Thus, to further elucidate the molecular mechanism of genes 
in the categories described above, we introduced these genes into the 
STRING (https://string-db.org/) database to construct the protein–pro-
tein interaction network. It was demonstrated that these genes are 
closely clustered together and form a complex network (Fig. 6B). We 
then confirmed the expression level of these genes when chondrocytes 
were treated with various concentrations of Sparcl1 proteins. Mmp3 
(Fig. 2D) Cxcl1, Cxcl3, Cxcl5, Ccl5, Fgfl, Fgf23 and Flt4 were signifi-
cantly increased, while Cxcl2, Ccl12, Fgfr4, Fgf21 and Ltb showed 
nonsignificant increasement (Fig. 6C). Accordingly, these data 
confirmed the effect of Sparcl1on inflammatory response and indicated 
that TNF/NF-κB signaling pathway might be the underlying pathway. 

3.5. Sparcl1 regulates ECM degradation through TNF/NF-κB signaling 
pathway 

According to GESA analysis, ECM disassembly related genes were 
obviously upregulated after treatment with Sparcl1 (Fig. 7A). In the 
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meantime, except for regulating ECM, Sparcl1 is also known as an 
adhesion molecule. Therefore, we explored adhesion related proteins 
and catabolic markers of chondrocyte via western blot. The results 
demonstrated that Sparcl1 increased the expression of ADAMTS5 and 
MMP3. Focal adhesion related proteins FAK and pFAK (Phos-FAK) were 
decreased, which indicated that Sparcl1 could impair cell focal adhesion 
(Fig. 7B). GSEA analysis also identified that TNF/NF-κB signaling 
pathway was obviously activated (Fig. 7C). Immunoblot results showed 
that TNF, IKKα, IKKβ and NF-κB were upregulated (Fig. 7D–E). 

When we inhibited TNF/NFκB signaling pathway by BAY 11–7082, 
which is an IκBα phosphorylation and NF-κB inhibitor, micromass ex-
periments showed that ECM degradation induced by Sparcl1 was 
reversed (Fig. 8A). Furthermore, expression of downstream cartilage 
catabolism-related genes which were upregulated by Sparcl1, such as 

Mmp3 and Mmp13, were decreased by the addition of BAY 11–7082 
(Fig. 8B). However, BAY 11–7082 showed little effects on cartilage 
anabolism-related genes, such as Col2a1, Acan and Sox9 (Fig. 8B). Co-IP 
results showed that Sparcl1 was not directly bound to TNFR, which 
implied the important role of TNF in activating the downstream 
signaling pathway (Fig. 8C). All these results indicated that Sparcl1 
regulates ECM degradation through TNF/NFκB pathway. 

4. Discussion 

OA is the most common form of arthritis characterized by progres-
sive degeneration of the articular cartilage. ECM is one of the first 
pathogenesis during the progression of OA [19,20]. Due to the protec-
tive function of ECM, extensive studies focused on the mechanism of 

Figure 8. BAY 11–7082 could reverse Sparcl1 induced ECM degradation and related gene expression. A Alcian blue staining of ATDC5 with micromass culture 
in chondrogenesis media with or without recombinant Sparcl1 protein and BAY 11–7082 (2.5 μM). Representative image of staining at day 8 is shown. B Quan-
tification of mRNA levels for Col2a1, Acan, Sox9, Mmp3, Mmp13, Adamts5 in MCC treated with recombinant Sparcl1 protein (50 ng/ml) and BAY 11–7082 (2.5 μM) 
for 48 h. C Immunoblot analysis of MCC, immunoprecipitated with anti-TNFR and IgG and analyzed by immunoblot with anti-SPARCL1. 
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ECM degradation or maintenance of ECM homeostasis as a treatment 
target [21–24]. However, molecular mechanisms of ECM degradation in 
OA are still poorly understood. RNA microarray study found that 
SPARCL1 expression was elevated in OA meniscus [16], but its expres-
sion is still not clear in OA cartilage. In the current study, we focused on 
the function of SPARCL1, a matricellular protein, in OA cartilage and 
examined how SPARCL1 promotes OA progression. Through GEO 
database and cartilage specimen IHC results, we noticed that SPARCL1 
expression was elevated in OA cartilage. In vitro experiments revealed 
that recombinant Sparcl1 protein could inhibit ECM generation and 
expression of some cartilage anabolism-related gene (Acan), but pro-
mote the expression of catabolism-related genes (Mmp3, Mmp13, 
Adamts1, Adamts5). Importantly, intra-articular injection of recombi-
nant Sparcl1 protein also accelerated OA progression in vivo. Mechani-
cally, RNA-Seq analysis revealed that Sparcl1 could enhance 
inflammatory response. OA and inflammation related gene sets, such as 
rheumatoid arthritis, IL-17 signaling pathway, TNF signaling pathway 
and NF-κB signaling pathway, were also enriched. Related DEGs (dif-
ferential expressed genes) were confirmed and expression of IKKα, IKKβ 
and NF-κB was also elevated. ECM degradation and expression alter-
nation of related genes which were induced by Sparcl1, could be 
reversed when the TNF/NF-kB signaling pathway is inhibited. Accord-
ingly, these data illustrated that SPARCL1 promotes ECM degradation 
and inflammation in OA via TNF/NF-κB signaling pathway (Fig. 9). 

Up to now, studies on SPARCL1 are very limited. In previous studies, 
SPARCL1 has been reported as an antagonist of cell adhesion to the 
underlying substratum [8,25]. Girard et al. found that SPARCL1 could 
inhibit endothelial cell attachment and adhesion, and reduce the ability 
to form focal adhesions [25]. Identically, SPARCL1 has been demon-
strated to provide de-adhesive effects and characterized as 
anti-proliferative factors in distinct cellular contexts [26]. In addition, 
SPARCL1 has been reported to be downregulated in many human 
epithelial cancers, such as non-small-cell lung cancer [27], prostate 
cancer [28], colon cancer [29] and gastric cancer [30]. SPARCL1 could 
inhibit the migration and invasion of cancers [31,32]. Our results also 
showed that SPARCL1 could downregulate the expression of FAK and its 
phosphorylation. However, cellular adhesion was not ranked in GO or 
KEGG analysis, indicating that it might not be the critical reason for ECM 
degradation in chondrocytes. 

RNA-Seq results and known upstream of ECM degradation indicated 
that SPARCL1 would take effect through the TNF/NF-κB pathway. The 
TNF/NF-κB signaling pathway is a relatively thoroughly investigated 

pathway [33]. TNF and NF-κB studies have long been closely associated, 
and many biological effects of TNF are actually mediated by NF-κB [33]. 
The inhibitor of nuclear factor kappa B kinase (IKK) complex, including 
IKKα and IKKβ, could lead to NF-κB phosphorylation and nuclear 
translocation, resulting in the transcription of downstream target genes 
[34,35]. We discovered that Sparcl1 could activate IKKα and IKKβ, 
leading to the increased expression of NF-κB. ECM degradation related 
genes, such as MMP3, and many inflammatory factors, were the 
downstream effectors of NF-κB. Nevertheless, considering that the basic 
function of SPARCL1 is regulating adhesion, which also contributes to 
ECM homeostasis in OA, it is difficult to deny the de-adhesion role of 
SPARCL1 in promoting TNF activation [36,37]. To the best of our 
knowledge, the present study is the first to report the potential rela-
tionship between SPARCL1 and TNF/NF-κB pathway. 

At present, there are still some limitations and unsolved problems 
about the role of SPARCL1 in OA pathogenesis and development in this 
study. One of the limitations is the lack of a large cohort to analyze 
SPARCL1 expression level at different stages of OA. Especially the 
expression level of SPARCL1 in the early stage of OA, which is crucial for 
exploring how SPARLC1 is regulated in OA initiation. It is also unclear 
whether the expression of SPARC, the family member and homolog of 
SPARCL1, is simultaneously altered in OA cartilage. It was reported that 
both SPARC and SPARCL1 could be cleaved by specific members of MMP 
family. In particular, SPARCL1 could be cleaved by MMP3, with the 
consequent release of a shorter C-terminal fragment, known as ‘SPARC- 
like fragment’ (SLF), which was reported to functionally oppose full- 
length SPARCL1 [38,39]. Therefore, how these three proteins, MMP3, 
SPARCL1 and SPARC, regulating each other, is quite complicated and 
might be important to further elucidate the mechanism of SPARCL1 in 
OA progression. Moreover, how Sparcl1 activates TNF/NF-κB is still 
unknow and remains to be further studied. Hence, further investigations 
on the role and underlying mechanism of SPARCL1 in OA is warranted in 
future studies. 

In conclusion, SPARCL1 expression is elevated in OA cartilage. 
SPARCL1 could accelerate OA progression by promoting ECM degra-
dation and inflammatory response via TNF/NF-κB pathway. This study 
may help to gain further insights into the underlying molecular mech-
anism in OA development, which could contribute to the development of 
disease-modifying treatments for OA. 

Figure 9. Mechanism of Sparcl1 in exacerbate osteoarthritis. Diagram illustrating the mechanism how Sparcl1 influences OA pathogenesis through the TNF/ 
NFκB signaling pathway. 
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