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Abstract

:

Objective: Kashin-Beck disease (KBD) is a kind of endemic and chronic osteochondropathy in China. This study aims to explore the functional relevance and potential mechanism of Wnt-inducible signaling pathway protein 1 (WISP1) in the pathogenesis of KBD. Design: KBD and control cartilage specimens were collected for tissue section observation and primary chondrocyte culture. Firstly, the morphological and histopathological observations were made under a light and electron microscope. Then, the expression levels of WISP1 as well as molecular markers related to the autophagy pathway and extracellular matrix (ECM) synthesis were detected in KBD and control chondrocytes by qRT-PCR, Western blot, and immunohistochemistry. Furthermore, the lentiviral transfection technique was applied to make a WISP1 knockdown cell model based on KBD chondrocytes. In vitro intervention experiments were conducted on the C28/I2 human chondrocyte cell line using human recombinant WISP1 (rWISP1). Results: The results showed that the autolysosome appeared in the KBD chondrocytes. The expression of WISP1 was significantly higher in KBD chondrocytes. Additionally, T-2 toxin, a risk factor for KBD onset, could up-regulate the expression of WISP1 in C28/I2. The autophagy markers ATG4C and LC3II were upregulated after the low-concentration treatment of T-2 toxin and downregulated after the high-concentration treatment. After knocking down WISP1 expression in KBD chondrocytes, MAP1LC3B decreased while ATG4C and COL2A1 increased. Moreover, the rWISP1 protein treatment in C28/I2 chondrocytes could upregulate the expression of ATG4C and LC3II at the beginning and downregulate them then. Conclusions: Our study suggested that WISP1 might play a role in the pathogenesis of KBD through autophagy.
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1. Introduction


Kashin-Beck disease (KBD) is a kind of endemic and chronic osteochondropathy, mainly distributed in the southwest and northeast regions of China [1]. Its early damage starts with the chondrocytes in the deep zone of cartilage. The main KBD manifestations include shortened fingers, enlarged joints, bone growth deformity or retardation, joint pain, second-osteoarthritis symptoms, etc. [2]. It mainly occurs during childhood or adolescence and becomes symptomatic with age.



A previous study showed that WISP1 might be a genetic control gene in KBD pathogenesis [3]. WISP1, also known as CCN4, has been found to get involved in the processes of cell differentiation, cell proliferation, tissue regeneration, and regulation of signal transduction [4]. It also plays an important role in the homeostasis, development, and recovery of bone and cartilage [4,5]. The expression of WISP1 was significantly increased in the articular cartilage of mice with experimental osteoarthritis (OA) [6]. A delayed wound healing and joint development can be seen in WISP1-knockout mice but not in the wildtype [4]. Moreover, WISP1 was found to be a trigger for the matrix-modulating enzymes released from chondrocytes, indicating its essential role in chondrocyte homeostasis [5]. WISP1 was also regarded as a potential therapeutic target for diseases related to the mammalian target of the rapamycin (mTOR) signaling pathway, the phosphatidylinositol-3-kinase (PI3-K) pathway, and the protein kinase B (Akt) pathway [7,8].



Defective autophagy was thought to play a role in the pathogenesis of KBD [9,10]. It was found that autophagy markers such as BECN1 and LC3 were dysregulated in KBD chondrocytes [10]. Furthermore, a two-stage genetic association study found that four single nucleotide polymorphisms (SNPs) in the ATG4C gene had significant association relationships with KBD, indicating the implication of ATG4C in the abnormal autophagy during KBD chondrocyte deterioration [9,10]. It was also reported that the autophagic response functions as a protective process in the terminal differentiated chondrocytes to antagonize cartilage damage [11]. Therefore, dysfunctional autophagy in KBD articular cartilage is possibly an important step in the development of KBD.



Cereal contamination by mycotoxin-producing fungi is thought to be a highly risky environmental factor for KBD [1]. T-2 toxin is the most explored among all the myco-toxins in the study of KBD etiology. In several studies, it was identified as being enriched in the cereal from KBD endemic areas or the KBD family [12,13]. Chicks fed with T-2 toxin-contaminated food showed similar cartilage changes to KBD, including the degeneration of knee joints, dysgenopathy, smaller and necrosis chondrocytes, etc. [14]. However, how the chondrocytes respond to the T-2 toxin and finally develop the KBD pathologic changes remains obscure.



In summary, the role of WISP1 in the pathogenesis of KBD is unclear. Therefore, it is hypothesized here that WISP1 may play a role in the deterioration of KBD chondrocytes triggered by T-2 toxin through the autophagy pathway. This study provides novel clues to understand the functional relevance and potential mechanism of WISP1 in KBD development.




2. Results


2.1. The Expression of WISP1 in KBD and Normal Control Articular Cartilage


Immunohistochemistry (IHC) was performed to detect the expression of WISP1 in articular cartilage from five matched pairs of KBD patients and controls. As the result showed, the positively stained cell number of WISP1 was found to be significantly higher in the middle zone of KBD cartilage compared with the control samples (Figure 1a, p = 0.0157). In addition, both the mRNA (Figure 1b, p = 0.0382) and the protein (Figure 1c, p = 0.0482) relative expression ratio of WISP1 in KBD chondrocytes exhibited an obvious increase when compared with control chondrocytes.




2.2. The Exploration of the Functional Role of WISP1 in KBD Chondrocyte Damage


Previous literature indicated that WISP1 can play a role in renal fibrosis through the autophagy pathway [15]. The relationship between WISP1 and the autophagy pathway was detected in this study. Firstly, we used cultured KBD chondrocytes to observe the ultrastructure changes under the TEM. Multiple changes were found in KBD chondrocytes, including the distorted nuclei, the swelling mitochondria, the expanded endoplasmic reticulum, and a great number of liposomes (Figure 2a). Moreover, the autolysosomes were found in the KBD chondrocytes (Figure 2a(i)), suggesting a potential participation of defective autophagy in the development of KBD, which had also been identified by other studies [9,10].



Then, we investigated the expression of autophagy-related genes (ATG4A/4C, ATG5, ATG7, BECN1, LC3A, LC3B) as well as chondrocyte phenotypic genes (COL2A1, ACAN). Paired chondrocyte samples harvested from five KBD patients and five controls with age and gender matching were used for qPCR and Western blot detection Supplementary Table S1). As shown in Figure 2b, no significant differences were found on the transcriptional scale. However, ATG4C, as an essential gene for autophagosome maturation, was found to be significantly up-regulated in KBD chondrocytes (p = 0.0019, Figure 2c,d).



Additionally, we further identified the role of WISP1 in KBD chondrocyte autophagy by siRNA interference based on KBD chondrocytes. KBD with the WISP1 lentivirus of the negative control (NC) and three targets (WISP1-A, WISP1-B, and WISP1-C) were used for the WISP1 knock-down cell model in KBD chondrocytes. As shown in Figure 2e,f, after 96 h of treatment, both lenti-WISP1-A (p = 0.0090) and lenti-WISP1-C (p = 0.0214) had a significant WISP1 gene knock-down effect on KBD chondrocytes. Finally, lenti-WISP1-A, with a better knock-down effect, was selected as a tool for the following experimentation. After incubating KBD chondrocytes (n = 3) with lenti-WISP1-A for 96 h, the mRNA expression of WISP1, ECM-related markers (COL2A1, ACAN, and SOX9), and autophagy-related genes (ATG4A/B/C, ATG5, ATG7, BECN1, and LC3A/B) was detected for WISP1 knock-down KBD chondrocytes and control KBD chondrocytes. As is shown in Figure 2g–i, the expression of WISP1 was significantly decreased both on mRNA (p = 0.0131) and protein scales (p = 0.0345) by lenti-WISP1-A interference treatment. Meanwhile, the mRNA (p = 0.0004) and protein expression (p = 0.0057) of COL2A1 were dramatically higher in the WISP1 knock-down KBD chondrocytes compared with KBD chondrocytes. For autophagy-related genes, both the mRNA (p = 0.0482) and protein (p = 0.0438) expression of ATG4C showed up-regulation in the WISP1 knock-down KBD chondrocytes. Meanwhile, the treatment of siRNA interference also lowered the expression of MAPLC3B (p = 0.0437).




2.3. Effects of T-2 Toxin Intervention on WISP1 Expression in C28/I2 Human Chondrocytes


Since the T-2 toxin is an important inducer of KBD, we also investigated how the WISP1 expression reacted to the T-2 toxin. Firstly, the MTT assay was applied to explore the effect of T-2 toxin on the cell viability of C28/I2 chondrocytes. The results showed that with the increase in T-2 toxin concentration, the cell survival rate of C28/I2 declined gradually. The median inhibitory concentrations (IC50) of T-2 toxin on C28/I2 chondrocytes were measured at 12 h, 24 h, and 72 h time points. Finally, the treatment concentrations of T-2 toxin (2, 5, and 8 ng/mL) and treatment period of 24 h were chosen for further experimentation (Supplementary Figure S1).



TEM-captured images of C28/I2 chondrocytes with or without toxin treatment were also taken (Figure 3a). Autolysosomes were detected in the treatment groups of 2 ng/mL and 5 ng/mL, but not in the group of 8 ng/mL, which suggested the process of autophagy might be triggered by the lower concentrations of T-2 toxin (2 ng/mL and 5 ng/mL) (Figure 3a,c,d).



To investigate how the WISP1 and other molecular markers as described above react to the KBD risk factor (T-2 toxin), we also measured the expression levels of WISP1, ECM-related markers, and autophagy-related genes after the 24-h T-2 toxin treatment (2 ng/mL, 5 ng/mL, and 8 ng/mL). The results showed that WISP1 was induced by T-2 toxin. The expression of WISP1 showed an uptrend with the increase in T-2 toxin concentration. ATG4C and LC3II exhibited upregulation under low-concentration treatment (2 ng/mL, 5 ng/mL) and downregulation under high-concentration treatment (8 ng/mL), indicating autophagy might be activated first, then inhibited with the increase of WISP1 expression. Meanwhile, the amount of COL2A1 ECM marker decreased with increasing concentrations of T-2 toxin treatment (Figure 3b–d), indicating the degeneration of C28/I2 chondrocytes.



Unlike chondrocytes of KBD shown in Figure 2a, chondrocytes in Figure 3a have typical morphology after short-term exposure to T-2 toxin, but WISP1 as well as ECM-related markers and autophagy-related gene expression have significantly changed.




2.4. The Combined Effect of WISP1 and T-2 Toxin on Chondrocytes


To detect how WISP1 exerts its effect on chondrocyte damage with or without T-2 toxin, the rWISP1 treatment under different concentrations (5 ng/mL, 20 ng/mL, 100 ng/mL, and 500 ng/mL) was performed on the C28/I2 human chondrocytes. As shown in Figure 4, with the increasing concentration of rWISP1 (black line), a noticeable up-regulation of WISP1 was observed (p = 0.0021, Figure 4a). In addition, the mRNA expression of COL2A1 (p < 0.0001, Figure 4b) was down-regulated with the increasing expression of WISP1. Meanwhile, the mRNA expression of ATG4C (p = 0.0012), BECN1 (p < 0.0001), and MAP1LC3B (p = 0.0015) showed a significant uptrend with the increasing expression of WISP1 in low-concentration groups (below 100 ng/mL), but a downtrend in the high-concentration group (500 ng/mL), further confirming that autophagy might be activated under low WISP1 levels, then inhibited by the increasing expression of WISP1. However, the mRNA expression of ATG4B (p = 0.0005) decreased in all the groups, while ATG4A and ATG4C had the opposite trend in expression.



Moreover, the combined effect of the rWISP1 protein and T-2 toxin on C28/I2 was also explored (Figure 4). According to the results, the mRNA expression of WISP1 altered markedly under the rWISP1 protein treatment and had distinct trends in the three groups of T-2 toxin treatment (Figure 4a). The mRNA expression of ATG4C was also different in the three groups (Figure 4e). COL2A1 and ATG4A mRNA expression (Figure 4b,c) were significantly overexpressed and positively correlated to the increase in T-2 toxin concentration. In addition, ATG4B mRNA expression showed an overall downtrend in the three groups (Figure 4d). For BECN1 (Figure 4f) and MAP1LC3B (Figure 4g), a significant rise was observed in the three groups, suggesting a potential change in autophagy with an increasing concentration of T-2 toxin.





3. Discussion


In this study, we identified that WISP1 was involved in the pathogenesis of KBD chondrocytes by autophagy via constructing a T-2 toxin-treated chondrocyte cell model and conducting siRNA interference on KBD primary chondrocytes.



WISP1, whose full name is WNT1 inducible signaling pathway protein 1, has been known to be downstream in the WNT1 signaling pathway. Recently, WISP1 has gained more attention in bone and cartilage development and recovery. Bosch et al. found that WISP1 was highly expressed in experimental human OA cartilage and synovium [5]. However, the relationship between WISP1 and KBD is not known yet. Our previous study identified 123 genetic control genes of DNA methylation that may lead to the erosion of cartilage in KBD, among which the WISP1 gene was significantly up-regulated in KBD chondrocytes [3]. Therefore, in this study, we further detected the association between WISP1 and KBD development. Both the mRNA and protein expression of WISP1 were confirmed to be highly expressed in KBD chondrocytes. When knocking down WISP1 in KBD chondrocytes, the expression of COL2A1 was up-regulated, suggesting the potential therapy of WISP1 in chondrocyte recovery. Meanwhile, we also found some relationship between WISP1 and autophagy in KBD chondrocytes.



According to the results, WISP1 as well as ATG4C and LC3II have the same expression trend as the increasing concentration of T-2 toxin intervention, indicating the relationship between WISP1 and the ATG4/LC3II conjugation system [16]. ATG4C protein was significantly up-regulated in KBD chondrocytes, which was in accordance with the level of LC3II in T-2 toxin-treated C28/I2. Autophagy is a lysosomal degradation process that is vital for cell survival, differentiation, and development. ATG4 is the most important protease in the LC3 conjugation system [17]. Up to now, four ATG4 isoforms have been identified in mammals (ATG4A/B/C/D), but their specific mechanisms are still under debate [16]. A previous study indicated that ATG4B was the most active one [18]. The isoform followed is ATG4A, while ATG4C and ATG4D had minimal activities in vitro [18]. BECN1 and LC3 are the critical markers, initiators, and regulators of autophagy [19]. LC3 is known to exist in two forms (LC3I and LC3II). LC3I is mainly found in the cytoplasm. LC3II, converted from LC3I, exists in both the inner and outer membranes of the autophagosome and is responsible for the identification of autophagosomal membranes. Autophagy can be activated by related protein complexes that initiate the sequestration of cytoplasmic parts into double-membrane vacuoles, the autophagosomes [20,21]. The fusion of the autophagosomes with lysosomes is a key step in autophagy. After the fusion, intra-autophagosomal LC3II is degraded by lysosomal proteases [22]. Therefore, changes in cellular LC3II levels are associated with the dynamic turnover of LC3II and also as a marker of autophagic activity [22]. We found that the ATG4/LC3II conjugation system was activated at low WISP1 levels and inhibited when WISP1 rose to a high level (Figure 3 and Figure 4). It could partly explain the different expression of ATG4C in KBD chondrocytes between our study and a previous one, in which ATG4C was found to be decreased in KBD cartilage [9]. The bidirectional results of the abnormal autophagy level were detected in KBD chondrocytes [9,10,23], because the effect of WISP1 on the autophagy of chondrocytes is dynamic.



Changes in cartilage ECM were also observed in this study. It is known that during chondrogenesis, mature chondrocytes can secrete collagen II, proteoglycans, and non-collagenous proteins to form the ECM. Previous studies showed that T-2 toxin could decrease type II collagen [24], which has also been confirmed by this study. With the T-2 toxin concentration increasing, COL2A1 decreased gradually while WISP1 increased gradually. Overexpression of WISP1 was known to be able to regulate cartilage matrix production in human OA [23,25]. In this study, collagen II, the major cartilage ECM component and marker of chondrocytes, was also found to be regulated by WISP1. The expression of COL2A1 decreased under the treatment of rWISP1 (below 100 ng/mL) and slightly increased when rWISP1 was above 500 ng/mL. This indicated the potential relationship between WISP1 and COL2A1. After knocking down WISP1 in KBD chondrocytes, COL2A1 was observed to increase significantly, which further confirmed the role of WISP1 in regulating cartilage matrix production.



There are several limitations to this study. Firstly, when cultured in vitro, the chondrocyte phenotype may change. It is necessary to perform in vivo studies to verify the findings in the future. Secondly, due to the difficulty in collecting age-matched knee cartilage as controls of KBD cartilage, we adopted a compromising design in which cartilage at different anatomical regions (femoral neck) was used for comparisons. This might have some influence on our results. Thirdly, since we had not obtained enough control cartilages due to the ethical issue, we did not provide the TEM images of control chondrocytes for comparison. Previously published TEM images of normal chondrocytes were collected for comparison and to capture the features of KBD chondrocytes [26]. Moreover, the sample size used in this study was relatively small. There were only five KBD and five control samples due to the difficulty of collecting human cartilage samples. Although we had found an overall overexpression of WISP1 in KBD compared with controls, one KBD sample did not appear unregulated. Moreover, we also observed weak expressions of BECN1, ATG4C, and ATG4A in this sample. Therefore, large KBD samples and multilevel studies, including in vitro and in vivo, are still needed to validate the results.




4. Materials and Methods


4.1. Ethical Statement


This research was approved by the Human Ethics Committee of Xi’an Jiaotong University in 2015 (Project Number: 2015-237). The study was conducted in accordance with ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. A written informed consent was signed by all the participants or their relatives.




4.2. Specimen Collection


KBD was diagnosed according to the diagnosis criteria for KBD in China (WS/T 207-2010). In this study, human cartilage samples were collected from nine KBD patients with grade III KBD and eight control subjects (Supplementary Table S1). Specimens of cartilage from KBD patients were harvested from the same anatomic spot of knee femoral condyles, while control samples were collected from total hip arthroplasty and hemiarthroplasty for femoral neck fractures. Patients with osteoporosis, rheumatoid arthritis, primary OA, and other bone and cartilage diseases were excluded from this study. The C28/I2 human chondrocyte cell line was donated by Ms. Marry B. Goldring from Weill Cornell Medical College [27].




4.3. Chondrocyte Culture


Cartilages from KBD and control were isolated from chondrocytes within 10 h after the surgical operation. Cartilage samples were cut into 5–10 mm3 slices, treated with 0.25% trypsin (Xi’an GuoAn Biological Techonology Company, Xi’an, China) for 30 min at RT, and immersed into 0.2% type II collagenase solution (Gibco, 17101-015, CarIsbad, ON, Canada) at 37 °C for 10 h. After that, the isolated chondrocytes were cultured at 37 °C in 5% CO2 in DMEM/F12 supplemented with 10% fetal calf serum (Sijiqing, Zhejiang Tianhang Biotechnology Company, Hangzhou, China) and 1% penicillin/streptomycin (HyClone, Logan, UT, USA). In this study, the passage for the first generation of human chondrocytes was used. The procedure for culturing C28/I2 chondrocytes was the same.




4.4. Tissue Preparation and Hematoxylin-Eosin (H&E) Staining


The human cartilage samples were cut into 30 × 30 mm2, 1–2 cm slices, and embedded in 4% paraformaldehyde within 10 h after the surgical operation. A total of 18% EDTANa2 was used for bone demineralization after cutting the slices to 0.5 mm. Then, the sections were dehydrated, cleared, and embedded in liquid paraffin. After that, the sections were cut into 5 μm slices before the next experiment. For H&E staining, the slices were dewaxed and dehydrated before hematoxylin (8 min) and eosin staining (2 min).




4.5. IHC


The prepared cartilage slices were subjected to dewaxing, rehydration, and antigen retrieval by using citrate buffer (pH 6.0) overnight at 37 °C and 12.5% trypsin (Xi’an GuoAn Biological Technology Company, Xi’an, China.) at 37 °C for 20–30 min. The following process was performed using Rabbit SP reagent (Beijing Zhong Shan Gold Bridge Biological Technology Company, Beijing, China.) according to the manual. After incubating with the primary antibody of WISP1 (1:60, GTX110512, Gene Tex Inc., San Antonio, TX, USA) and the secondary antibody of Rabbit SP reagent, DAB solution was used to treat the sections until the proper color could be seen.




4.6. Morphology Observation by Transmission Electron Microscope (TEM)


KBD chondrocytes as well as C28/I2 human chondrocytes with or without T-2 toxin were observed under TEM. Briefly, 2.5% glutaraldehyde was used to fix the chondrocytes at 4 °C for over 2 h. Then, the sample was washed by 0.1 M PBS for 30 min, fixed with 1% osmic acid at 4 °C for 2 h, and washed again by 0.1M PBS for 10 min. After that, the sample was dehydrated by alcohol, exchanged by propylene oxide, and embedded in epoxy resin before being cut into 50–70 nm sections and observed by TEM (Hitachi 7650, 80 KV, Tokyo, Japan).




4.7. Cell Viability Detection by the Methyl-Thiazol-Tetrazolium (MTT) Assay


T-2 toxin (J&K Scientific Ltd., Beijing, China) was used to make the KBD cell models in C28/I2 chondrocytes as described previously [13,28]. The cytotoxicity was evaluated by MTT assay after exposing C28/I2 to T-2 toxin. Conditions of different T-2 concentrations (1, 2, 5, 8, 10 ng/mL) and times (12 h, 24 h, 72 h) were set to treat C28/I2 cells in 96-well plates. Each condition has five repeats.




4.8. Intervention of rWISP1 Protein in C28/I2 Human Chondrocytes


Four concentrations of rWISP1 protein (Peprotech 120-18) were used here to intervene C28/I2 chondrocytes for 24 h (5, 20, 100, 500 ng/mL) in 6-well plates [5,29].




4.9. WISP1 Knock-Down Cell Model by Lentiviral Transduction


Lentiviral transduction was conducted based on three KBD patients using the recombinant lentivirus WISP1 constructed by Genechem (Shanghai, China). The transduction was made under 100 multiplicities of infection (MOI), according to the pre-experiment results. Chondrocytes were infected by lentivirus for 12 h and cultured in the medium of DMEM/F12 supplemented with 10% fetal calf serum for 96 h. The efficiency of infection was measured to be around 80% by the fluorescence inverse microscope, then the medium was discarded and TRIzol was added to end the infection.




4.10. mRNA Detection by qPCR


Total RNA was extracted from chondrocytes according to the TRIzol reagent protocol (Invitrogen Ltd., CarIsbad, ON, Canada) and reverse-transcribed to cDNA by a one-step kit (TaKaRa PrimeScriptTM, Beijing, China). The mRNA expression of selected genes and GAPDH was measured by qPCR with triplicate analysis (Supplementary Table S2).




4.11. Protein Detection by Western Blot


RIPA reagent (Xi’an Hat Biotechnology Co., Ltd., Xi’an, China) and TRIzol were used to extract protein from chondrocytes in this study. The protein suspension was equally added into the well of the SDS-polyacrylamid gelectrophoresis (SDS-PAGE) for separation, transferred to polyvinylidenedifluoride (PVDF) membranes, and blocked either in 5% nonfat milk (for total proteins) or in 3% FBS (for phosphorylated proteins) solution before being incubated with primary antibodies at 4 °C overnight, such as WISP1 (1:2000, GTX110512, Gene Tex, San Antonio, TX, USA), COL2A1 (1:1000, ab188570, abcam, Cambridge, UK), BECN1 (1:2000, ab207612, abcam), ATG4C (1:1000, ab183516, abcam), ATG4A (1:1000, ab108322, abcam), LC3B (1:2000, ab192890, abcam), and GAPDH (1:10,000, 10494-1-AP, proteintech, Wuhan, China), and the secondary antibody (1:5000, Xi’an Zhuangzhi Biotechnology Co., Ltd., Xi’an, China) for 1 h at RT. Gene Gnome XRQ (Gene Co., Ltd., Hongkong, China) was used to analyze the protein bands.




4.12. Statistical Analysis


A one-way analysis of variance (ANOVA) and an independent sample t-test were used for comparisons of the results. Statistical analyses were performed using SPSS 23.0. The threshold was defined as p < 0.05.





5. Conclusions


This study revealed the important role of WISP1 in the abnormal autophagy of KBD pathogenesis. On one hand, the lower expression of WISP1 would activate the autophagy process in chondrocytes, especially the ATG4/LC3II conjugation system. On the other hand, the higher expression of WISP1 would inhibit the autophagy process in chondrocytes. It indicated a bidirectional and dynamic effect of WISP1 on the autophagy of chondrocytes. Furthermore, WISP1 could regulate the expression of cartilage matrix production (COL2A1) in KBD chondrocytes. In conclusion, this study suggested that WISP1 might play a vital role in the pathogenesis of KBD via the ATG4C/LC3II autophagy process.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242216037/s1.





Author Contributions


Y.W. and F.Z. take responsibility for the integrity of the work, from inception to the finished manuscript. X.G. gave the conception, design, and some critical suggestions for this study. P.L., B.C., Y.Y., W.Y., L.L., S.C., L.Z., M.M. and S.S. performed all analyses. X.Q., C.L., X.C., J.Y. and Y.J. partially performed some experiments. P.L. and Y.W. convinced them of the project and wrote the manuscript. All authors reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China [81972980, 82273753, 81673112], the Natural Science Basic Research Plan in Shaanxi Province of China: 2021JCW-08.




Institutional Review Board Statement


This research was approved by the Human Ethics Committee of Xi’an Jiaotong University (Project Number: 2015-237). The study was conducted in accordance with ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. A written informed consent was signed by all the participants or their relatives.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patient(s) to publish this paper.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


We would like to thank all the authors as well as all the study participants.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Guo, X.; Ma, W.J.; Zhang, F.; Ren, F.L.; Qu, C.J.; Lammi, M.J. Recent advances in the research of an endemic osteochondropathy in China: Kashin-Beck disease. Osteoarthr. Cartil. 2014, 22, 1774–1783. [Google Scholar] [CrossRef] [PubMed]

	



Lü, A.L.; Guo, X.; Aisha, M.M.; Shi, X.W.; Zhang, Y.; Zhang, Y.Y. Kashin-Beck disease and Sayiwak disease in China: Prevalence and a comparison of the clinical manifestations, familial aggregation, and heritability. Bone 2011, 48, 347–353. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Wu, C.; Guo, X.; Wen, Y.; Liu, L.; Liang, X.; Du, Y.; Zhang, L.; Ma, M.; Cheng, S.; et al. Integrative Analysis of Genome-Wide Association Studies and DNA Methylation Profile Identified Genetic Control Genes of DNA Methylation for Kashin-Beck Disease. Cartilage 2021, 13 (Suppl. S1), 780s–788s. [Google Scholar] [CrossRef] [PubMed]

	



Gurbuz, I.; Chiquet-Ehrismann, R. CCN4/WISP1 (WNT1 inducible signaling pathway protein 1): A focus on its role in cancer. Int. J. Biochem. Cell Biol. 2015, 62, 142–146. [Google Scholar] [CrossRef]

	



van den Bosch, M.H.; Gleissl, T.A.; Blom, A.B.; van den Berg, W.B.; van Lent, P.L.; van der Kraan, P.M. Wnts talking with the TGF-β superfamily: WISPers about modulation of osteoarthritis. Rheumatology 2016, 55, 1536–1547. [Google Scholar] [CrossRef]

	



Blom, A.B.; Brockbank, S.M.; van Lent, P.L.; van Beuningen, H.M.; Geurts, J.; Takahashi, N.; van der Kraan, P.M.; van de Loo, F.A.; Schreurs, B.W.; Clements, K.; et al. Involvement of the Wnt signaling pathway in experimental and human osteoarthritis: Prominent role of Wnt-induced signaling protein 1. Arthritis Rheum. 2009, 60, 501–512. [Google Scholar] [CrossRef]

	



Shang, Y.C.; Chong, Z.Z.; Wang, S.; Maiese, K. Tuberous sclerosis protein 2 (TSC2) modulates CCN4 cytoprotection during apoptotic amyloid toxicity in microglia. Curr. Neurovascular Res. 2013, 10, 29–38. [Google Scholar] [CrossRef] [PubMed]

	



Shang, Y.C.; Chong, Z.Z.; Wang, S.; Maiese, K. Wnt1 inducible signaling pathway protein 1 (WISP1) targets PRAS40 to govern beta-amyloid apoptotic injury of microglia. Curr. Neurovascular Res. 2012, 9, 239–249. [Google Scholar] [CrossRef]

	



Wu, C.; Wen, Y.; Guo, X.; Yang, T.; Shen, H.; Chen, X.; Tian, Q.; Tan, L.; Deng, H.W.; Zhang, F. Genetic association, mRNA and protein expression analysis identify ATG4C as a susceptibility gene for Kashin-Beck disease. Osteoarthr. Cartil. 2017, 25, 281–286. [Google Scholar] [CrossRef]

	



Wu, C.; Zheng, J.; Yao, X.; Shan, H.; Li, Y.; Xu, P.; Guo, X. Defective autophagy in chondrocytes with Kashin-Beck disease but higher than osteoarthritis. Osteoarthr. Cartil. 2014, 22, 1936–1946. [Google Scholar] [CrossRef]

	



Srinivas, V.; Shapiro, I.M. Chondrocytes embedded in the epiphyseal growth plates of long bones undergo autophagy prior to the induction of osteogenesis. Autophagy 2006, 2, 215–216. [Google Scholar] [CrossRef] [PubMed]

	



Sokoloff, L. Kashin-Beck disease: Current status. Nutr. Rev. 1988, 46, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Ning, Y.; Zhang, P.; Yang, L.; Wang, Y.; Guo, X. Chondrocytes damage induced by T-2 toxin via Wnt/β-catenin signaling pathway is involved in the pathogenesis of an endemic osteochondropathy, Kashin-Beck disease. Exp. Cell Res. 2017, 361, 141–148. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Han, J.; Guo, X.; Qu, C.; Yu, F.; Wu, X. The effects of T-2 toxin on the prevalence and development of Kashin-Beck disease in China: A meta-analysis and systematic review. Toxicol. Res. 2016, 5, 731–751. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Wang, H.; Tu, Y.; Li, Y.; Zou, Y.; Li, G.; Wang, L.; Zhong, X. WNT1-inducible signaling protein-1 mediates TGF-β1-induced renal fibrosis in tubular epithelial cells and unilateral ureteral obstruction mouse models via autophagy. J. Cell. Physiol. 2020, 235, 2009–2022. [Google Scholar] [CrossRef] [PubMed]

	



Agrotis, A.; Pengo, N.; Burden, J.J.; Ketteler, R. Redundancy of human ATG4 protease isoforms in autophagy and LC3/GABARAP processing revealed in cells. Autophagy 2019, 15, 976–997. [Google Scholar] [CrossRef] [PubMed]

	



Maruyama, T.; Noda, N.N. Autophagy-regulating protease Atg4: Structure, function, regulation and inhibition. J. Antibiot. 2017, 71, 72–78. [Google Scholar] [CrossRef]

	



Li, M.; Hou, Y.; Wang, J.; Chen, X.; Shao, Z.M.; Yin, X.M. Kinetics comparisons of mammalian Atg4 homologues indicate selective preferences toward diverse Atg8 substrates. J. Biol. Chem. 2011, 286, 7327–7338. [Google Scholar] [CrossRef]

	



Song, S.J.; Tao, J.J.; Li, S.F.; Qian, X.W.; Niu, R.W.; Wang, C.; Zhang, Y.H.; Chen, Y.; Wang, K.; Zhu, F.; et al. 17beta-estradiol attenuates rat articular chondrocyte injury by targeting ASIC1a-mediated apoptosis. Mol. Cell. Endocrinol. 2020, 505, 110742. [Google Scholar] [CrossRef]

	



Zheng, K.; Li, Y.; Wang, S.; Wang, X.; Liao, C.; Hu, X.; Fan, L.; Kang, Q.; Zeng, Y.; Wu, X.; et al. Inhibition of autophagosome-lysosome fusion by ginsenoside Ro via the ESR2-NCF1-ROS pathway sensitizes esophageal cancer cells to 5-fluorouracil-induced cell death via the CHEK1-mediated DNA damage checkpoint. Autophagy 2016, 12, 1593–1613. [Google Scholar] [CrossRef]

	



Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27–42. [Google Scholar] [CrossRef] [PubMed]

	



Tanida, I.; Ueno, T.; Kominami, E. LC3 and Autophagy. Methods Mol. Biol. 2008, 445, 77–88. [Google Scholar] [PubMed]

	



van den Bosch, M.H.J.; Ramos, Y.F.M.; den Hollander, W.; Bomer, N.; Nelissen, R.; Bovée, J.; van den Berg, W.B.; van Lent, P.; Blom, A.B.; van der Kraan, P.M.; et al. Increased WISP1 expression in human osteoarthritic articular cartilage is epigenetically regulated and decreases cartilage matrix production. Rheumatology 2019, 58, 1065–1074. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zou, N.; Wang, J.; Wang, K.W.; Li, F.Y.; Chen, F.X.; Sun, B.Y.; Sun, D.J. TGF-beta1/Smad3 Signaling Pathway Mediates T-2 Toxin-Induced Decrease of Type II Collagen in Cultured Rat Chondrocytes. Toxins 2017, 9, 359. [Google Scholar] [CrossRef] [PubMed]

	



Poole, A.R.; Kobayashi, M.; Yasuda, T.; Laverty, S.; Mwale, F.; Kojima, T.; Sakai, T.; Wahl, C.; El-Maadawy, S.; Webb, G.; et al. Type II collagen degradation and its regulation in articular cartilage in osteoarthritis. Ann. Rheum. Dis. 2002, 61 (Suppl. S2), ii78–ii81. [Google Scholar] [CrossRef] [PubMed]

	



Pascarelli, N.A.; Collodel, G.; Moretti, E.; Cheleschi, S.; Fioravanti, A. Changes in Ultrastructure and Cytoskeletal Aspects of Human Normal and Osteoarthritic Chondrocytes Exposed to Interleukin-1β and Cyclical Hydrostatic Pressure. Int. J. Mol. Sci. 2015, 16, 26019–26034. [Google Scholar] [CrossRef]

	



Claassen, H.; Schicht, M.; Brandt, J.; Reuse, K.; Schadlich, R.; Goldring, M.B.; Guddat, S.S.; Thate, A.; Paulsen, F. C-28/I2 and T/C-28a2 chondrocytes as well as human primary articular chondrocytes express sex hormone and insulin receptors--Useful cells in study of cartilage metabolism. Ann. Anat. Anat. Anz. Off. Organ Anat. Ges. 2011, 193, 23–29. [Google Scholar] [CrossRef]

	



Li, P.; Ning, Y.; Wang, W.; Guo, X.; Poulet, B.; Wang, X.; Wen, Y.; Han, J.; Hao, J.; Liang, X.; et al. The integrative analysis of DNA methylation and mRNA expression profiles confirmed the role of selenocompound metabolism pathway in Kashin-Beck disease. Cell Cycle 2020, 19, 2351–2366. [Google Scholar] [CrossRef]

	



Li, F.J.; Wang, X.J.; Zhou, X.L. WISP-1 overexpression upregulates cell proliferation in human salivary gland carcinomas via regulating MMP-2 expression. OncoTargets Ther. 2016, 9, 6539–6548. [Google Scholar] [CrossRef]








[image: Ijms 24 16037 g001] 





Figure 1. The expression of WISP1 in KBD and control chondrocytes. (a) The scale bars are 500 μm and 100 μm individually. * p < 0.05. (b) The mRNA expression of WISP1 in KBD and control chondrocytes. * p < 0.05. n = 5. (c) The protein expression of WISP1 in KBD and control chondrocytes. * p < 0.05. n = 5. 
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Figure 2. The functional role of WISP1 in KBD chondrocyte damage. (a) The TEM results of KBD chondrocytes. Red arrows represent (a(i)) The autolysosome in KBD chondrocyte, (a(ii)) The mitochondria in KBD chondrocyte, and (a(iii)) The endoplasmic reticulum in KBD chondrocyte. The yellow arrows represent a great number of liposomes. The scale bars are 2 μm, 500 nm, and 200 nm, respectively, from left to right. (b) The mRNA expression of selected genes in KBD and control chondrocytes. n = 5. (c) The protein expression of markers in KBD and controls. n = 5. (d) The Western blot results of markers in KBD and controls. (e) The bright field and dark field of the efficiency of three targets of the WISP1 lentivirus in KBD chondrocytes. The magnification is 100×. (f) The mRNA expression of WISP1 in KBD chondrocytes and KBD with the WISP1 lentivirus of the negative control (NC) and three targets (WISP1-A, WISP1-B, and WISP1-C). (g) The mRNA expression of WISP1 and other genes in controls, KBD chondrocytes, and KBD of the WISP1-A lentivirus. n = 3. (h) The Western blot result from markers in WISP1 knock-down KBD chondrocytes and KBD chondrocytes. (i) The protein expression of WISP1 and other markers in WISP1 knock-down KBD chondrocytes and KBD chondrocytes. n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Effects of T-2 toxin intervention in C28/I2 human chondrocytes. (a) The TEM results of C28/I2 human chondrocytes. (a(i)) The mitochondria in control C28/I2 human chondrocytes; (a(ii)) The autolysosome (red arrows) in C28/I2 chondrocytes treated with T-2 toxin (2 ng/mL); (a(iii)) The autolysosome (red arrows) in C28/I2 chondrocytes treated with T-2 toxin (5 ng/mL); (a(iv)) The mitochondria in C28/I2 chondrocytes treated with T-2 toxin (8 ng/mL). The scale bars are 2 μm, 500 nm, and 200 nm, respectively, from left to right. (b) The mRNA expression of target genes in C28/I2 intervened by T-2 toxin. (c) The protein expression of target markers in C28/I2 intervened by T-2 toxin. (d) The results of Western blots in C28/I2 intervened by T-2 toxin. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. The combined effect of rWISP1 with or without T-2 toxin in C28/I2 human chondrocytes. The mRNA expression of WISP1 (a), COL2A1 (b), ATG4A (c), ATG4B (d), ATG4C (e), BECN1 (f), and MAP1LC3B (g) in C28/I2 was influenced by the four different concentrations of rWISP1 protein with or without three different concentrations of T-2 toxin. The abscissa stands for the four different concentrations of rWISP1 protein (5, 20, 100, and 500 ng/mL). The black, green, red, and blue lines stand for 0, 2, 5, and 8 ng/mL of T-2 toxin separately. NS stands for no sense. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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