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Abstract

:

Umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs) are accessible, available in abundance, and have been shown to be a promising source that can regenerate cartilage in patients with osteoarthritis or other orthopedic diseases. Recently, a three-dimensional (3D) cell culture system was developed to mimic the naive tissue microenvironment. However, the efficacy of cells generated from the 3D spheroid culture system has not yet been elucidated. In the present study, we demonstrate the changes in superoxide dismutase 2 (SOD2) gene expression, an indicator of oxidative stress, on 3D spheroid MSCs. Moreover, siRNA transfection and neutralizing antibody investigations were performed to confirm the function of SOD2 and E-cadherin. Overall, we found that SOD2 siRNA transfection in the spheroid form of MSCs increases the expression of apoptotic genes and decreases the clearance of mitochondrial reactive oxygen species (ROS). As a result, we confirm that 3D spheroid formation increases E-cadherin and SOD2 expression, ultimately regulating the phosphoinositide 3-kinase (PI3K/pAkt/pNrf2 and pERK/pNrf2 signaling pathway. Additionally, we show that SOD2 expression on 3D spheroid MSCs affects the regeneration rates of destructive cartilage in an osteoarthritic model. We postulate that the impact of SOD2 expression on 3D spheroid MSCs reduces oxidative stress and apoptosis, and also promotes cartilage regeneration.
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1. Introduction


Mesenchymal stems cell (MSCs), which are multipotent progenitor cells, can be isolated from adult bone marrow or other prenatal tissues. These promising cell sources have been previously shown to regenerate several tissues types, such as neurons, bone, and cartilage, regardless of origin [1,2]. Further, MSCs have been shown to have the capacity to repair cartilage damage in osteoarthritic and other orthopedic models [3,4,5]. Osteoarthritis is the main cause of joint pain and stiffness that results from the breakdown of cartilage tissue and underlying bone in joints. In severe cases, surgeries such as joint replacement or osteotomy are necessary; however, they incur high costs [6]. The symptoms, namely joint swelling and difficulty of movement, develop over many years [7,8]. Umbilical cord blood-derived MSCs (UCB-MSCs) are easily accessible, available in abundance, and have been shown to be a promising source for the potential clinical applications of stem cell therapy, especially osteoarthritis [9].



The current standard of cell culture systems involves the plating of cells in a monolayer. However, two-dimensional (2D) culture systems lack the ability to mimic the naive tissue microenvironment. Specifically, chondrocytes lose their native phenotype of expressing type I collagen; however, this does not occur in articular cartilage formed in a monolayer culture [10]. Furthermore, common cell culture systems for chondrogenesis are the pellet culture and micromass culture systems [11,12]. Three-dimensional (3D) cell culture increases direct cell-to-cell interaction, starting from an initial aggregation that is caused by the tight interactions of long extracellular matrix fibers with multiple arginylglycylaspartic acid (RGD) motifs with integrin on the surface of cell membranes. As a result, these interactions elicit the enhanced expression of N-cadherin in the cell membrane [13]. The 3D cell aggregate (also known as spheroid) culture system is a new approach to increase cell-cell interactions. 3D spheroid culture comprises the complexity of tissues and mimics physiological conditions like cell-cell and cell-matrix interactions [14]. MSCs in spheroid culture showed higher levels of gene expression in pluripotency marker genes, NANOG, SRY-Box transcription factor 2 (SOX-2), and octamer binding transcription factor 4 (OCT4), with the enhanced capacity of colony formation, suggesting an increase in stemness [15,16]. Moreover, 3D spheroid culture improved the survival of stem cells after transplantation by upregulating the anti-apoptotic factor, Bcl-2, and downregulating other apoptotic factors such as Bcl-2-associated X protein (BAX) [17,18]. Additionally, 3D spheroid formation enhanced the therapeutic potential of spheroid MSCs as increases have been observed in their angiogenic, anti-inflammatory, and immunomodulatory properties [16,17,19,20,21].



Recently, the application of aggregated adipose-derived stem cells (ACSC), bone marrow-derived stem cells (BMSCs), and Wharton’s jelly cells (WJCs) from umbilical cord demonstrated increased osteogenic and chondrogenic activity in osteochondral disease models [22,23,24,25,26]. Additionally, preclinical animal studies, whereby animals received transplantation of 3D spheroid UCB-MSCs in cases of liver disease, have reported increases of hepatic differentiation. This highlights the improved liver regenerative capabilities of the UCB-MSCs [27,28]. Transplantation of UCB-MSCs enhanced endothelial and cardiomyocyte differentiation in a rat myocardial infarction model [29]. Further, the transplantation of these UCB-MSCs has shown to enhance vascularization in models of ischemia [17,30]. However, a 3D spheroid culture of UCB-MSCs has not yet been fully elucidated in the context of osteochondral disease. Furthermore, there is no evidence on a key factor for 3D spheroid MSCs which will enable their survival upon transplantation.



Mitochondrial superoxide dismutase 2 (SOD2) is a well-known anti-apoptotic molecule scavenging mitochondrial reactive oxygen species (ROS). As a result, SOD2 has roles in protection against cell death, oxidative stress, ionizing radiation, and inflammatory cytokines [31,32]. Mitochondrial SOD2 regulates epithelial-mesenchymal transition and, as a result, the downregulation of E-cadherin, an epithelial marker, in SOD2 knockdown cells is partly inhibited [33]. Additionally, an E-cadherin increase in spheroid formation is proposed to be a key factor that elicits the formation of the spheroid and promotes therapeutic potency of the proliferative and paracrine activity seen in UCB-derived MSCs [29].



In this study, we propose that our 3D spheroid MSC culture system, containing aggregated cells tightly adhering to each other, can maintain intracellular functions that are similar to physiological conditions in vivo. 3D spheroid formation of MSCs transfected with siRNA SOD2 increased the expression of apoptotic related genes, caspase-3, poly (ADP-ribose) polymerase (PARP), and BAX. Next, we show that E-cadherin, a key mediator in 3D spheroid formation, regulates ERK/Nrf2 and PI3K/Akt signaling to increase SOD2 activity. Furthermore, the transplantation of siRNA transfected spheroid MSCs showed inhibition of cartilage regeneration in the rat monosodium iodoacetate (MIA)-induced osteoarthritis (OA) model. We further hypothesize that the effect of the aggregated cells in a spheroid form will be effective in increasing cell survival and decreasing oxidative stress by enhanced SOD2 expression in 3D spheroid MSCs.




2. Materials and Methods


2.1. UCB-MSCs Culture


Neonatal UCB samples were collected from the umbilical vein after obtaining informed consent from the 5 different donors. This protocol was approved by the Institutional Review Board of MEDIPOST Co. Ltd. (MP-2014-04). The UCB samples were isolated by separating mononuclear cells (MNCs) using a Ficoll-Hypaque solution (Sigma, St. Louis, MO, USA). Separated mononuclear cells were suspended in a minimum essential medium (a-MEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 50 μg/mL gentamicin (Gibco, Carlsbad, CA, USA), respectively. The cells were cultured and incubated at 37 °C in a humidified atmosphere containing 5% CO2. The culture medium was replaced with fresh medium twice a week, as previously described [34]. Neutralizing antibody treatment was performed to block E-cadherin expression. After trypsinization of the monolayered UCB-MSCs, as described above, they were then cultured in hanging drops that contained 20 μL of spheroid medium containing 100,000 cells/drop with E-cadherin neutralizing antibody (Sigma, St. Louis, MO, USA) or immunoglobulin G (R&D Systems, Minneapolis, MN, USA). The spheroid was incubated at 37 °C for 72 h. UCB-MSCs used in all experiments were at passage 6.




2.2. Spheroid Formation of UCB-MSCs


3D spheroids of UCB-MSCs were formed using the hanging drop technique, cell density of 1 × 104 (10k) or 1 × 105 (100k) per 20 μL to allow spheroid formation for up to 3 days (Figure S1). Spheroid cultures were maintained in DMEM/F12 medium containing 20% KnockOut serum replacement (SR, Gibco, Carlsbad, CA, USA), 50 μg/mL gentamicin, 100 mM nonessential amino acid (Invitrogen, Carlsbad, CA, USA), and 0.1 mmol/L 2-mercaptoethanol (Sigma, St. Louis, MO, USA). Drops were added to a non-tissue culture-treated petri dish by using a multichannel pipette, and phosphate-buffered saline (PBS) was added to the bottom of the dish to prevent evaporative loss. After 72 h, spheroids were collected via a pipette.




2.3. 2-D Electrophoresis


Parental naive and spheroid cells were solubilized with 2-dimensional electrophoresis (DE) buffer (7 M urea, 2.8 M thiourea, 40 mM Tris, 4% CHAPS, pH 8.5), sonicated using a probe sonicator, and centrifuged at 12,000× g rpm. 2-DE with immobilized pH gradients (IPG) using IPG strips, pH 4–7 or pH 3–10, and the IPGphor isoelectric focusing system was conducted for resolving protein extracts. The IPG strips were equilibrated in a solution containing 6 M urea, 50 mM Tris (pH 8.8), 30% glycerol, 2% sodium dodecylsulfate (SDS), and 0.5% dithiothreitol (DTT). Solution containing 4.5% iodoacetamide instead of DTT in previous solution was newly changed. Second-dimension sodium dodecylsulfate polyacrylamide gel (sodium dodecylsulfate polyacrylamide gel (SDS-PAGE), 12.5%) was used for following electrophoresis in a PROTEAN II xi 2-D cell (50 mA, Bio-Rad Laboratories, Hercules, CA, USA) system with instruction manual. Thereafter, the silver-staining was performed to visualize the all protein spots in 2-DE gels.




2.4. In-Gel Digestion and Mass Spectrometry Analysis


The protein species of interest were manually excised from gels and prepared for liquid chromatography-tandem mass spectrometry (LC-MS/MS). All spots were isolated from resolved gels, de-stained of silver dye using a 1:1 solution of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate. Further, in-gel digestion was conducted with trypsin (10 ng/μL, Promega, Madison, WI, USA). A matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) plate containing a solution of alpha-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) in 50/50 CAN/0.2% trifluoroacetic acid (TFA, Fisher Scientific GmbH, Waltham, MA, USA) was then applied onto digested-peptide sections, followed by the manufacturer’s protocol. Analysis of mass spectrometry was done with a Voyager-DE™ STR workstation (Applied Biosystems, Framingham, MA, USA). Mascot was used to search the edited peak list against the Swiss-Prot database. Protein scores (>56) were accepted as positive matches based on probability (p ≤ 0.05). In case of multiple hits for the same set of m/z values, the sequences of each peak were manually checked.




2.5. Reverse Transcription Polymerase Chain Reaction and RNA Interference


Total RNAs were isolated from 3D spheroids of UCB-MSCs and their adherent cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was prepared using the cDNA synthesis kit (Roche, Basel, Switzerland), according to the manufacturer’s instructions. UCB-MSCs were prepared and transfected with 25 nM SOD2 siRNA and scrambled-control siRNA (Dharmacon, Inc., Lafayette, CO, USA) with DharmaFECT reagent for 24 h. Transfected MSCs were then trypsinized and used to form the spheroid in the culture at 37 °C for 3 days. The primer pairs and siRNA targeting sequence are described in Table S1.




2.6. Western Blot Analysis


Proteins were collected from 3D spheroids of UCB-MSCs using the radioimmunoprecipitation assay buffer (RIPA), which is a lysis buffer containing protease inhibitors (Thermo Fisher Scientific, Waltham, MA, USA); proteins were then sonicated. Protein samples were separated and transferred onto nitrocellulose membranes. After blocking, the membranes were stained with primary antibodies: PARP, p-ERK, t-ERK, p-AKT and t-AKT (cell signaling, Danvers, MA, USA), BAX, SOD2, E-cadherin, PI3K and p-Nrf2 (Abcam, Cambridge, UK), caspase-3 (Santa Cruz Biotech., Dallas, TX, USA), GAPDH (AbClon, Seoul, Korea), and β-actin (Sigma), respectively. After washing, the membranes were incubated with the HRP-conjugated secondary antibody. Protein bands were visualized using an Amersham™ ECL Plus system (GE Healthcare, Chicago, IL, USA) and imaged using a ChemiDoc XRS camera (Bio-Rad Laboratories, Hercules, CA, USA). Band densities were analyzed via Image Lab software 6.0.1 (BioRad) and calculated by normalization to GAPDH or β-actin.




2.7. Immunofluorescent Staining


Spheroids were dissociated into single cells with 0.1% collagenase solution. Dissociated cells were washed and then seeded at a density of 4 × 104 cells/2 cm2. Fixed and permeabilized cells were blocked, followed by staining with primary antibodies for super-oxidative dismutase (Abcam, Cambridge, UK), and then incubated with Alexa 488-conjugated secondary antibodies (BD Biosciences, San Jose, CA, USA). Stained cells were photographed using a confocal laser-scanning microscope (LSM 700, Zeiss, Oberkochen, Germany).




2.8. Superoxide Dismutase 2 Activity Assay


Prior to measuring activity of SOD2, mitochondrial protein extracted from spheroid cells was isolated using the mitochondria/cytosol fraction kit (Abcam, Cambridge, UK). Superoxide dismutase activity was measured using the superoxide dismutase assay kit, according to the manufacturer’s instructions (Sigma). SOD2 activity was measured in the presence of a copper/zinc superoxide dismutase inhibitor (Cu/Zn SOD). Data were normalized to protein content. Absorbance values were measured at 450 nm. Each sample be assayed in triplicates. The calculation of SOD activity (inhibition rate %) followed the manufacturer’s equation.




2.9. Acquisition and Treatment of Spheroid with Hyaluronic Acid/Synovial Fluid


All patients provided written informed consent. This protocol was approved by the Institutional Review Board of Samsung Medical Center (SMC-2012-10-078-019). Synovial fluid (SF) was withdrawn from the knee joints of patient diagnosed with grade 4 OA. SF samples were centrifuged at 300× g for 5 min to remove macromolecules and cell debris, the supernatants were stored at –80 °C until required for analysis. SF was diluted twice with 1% hyaluronic acid (HA), and then the cells were exposed with HA/SF (3 × 106 cells/400 μL) mixture in an e-tube for 16 h.




2.10. Live/Dead Staining


Apoptotic and living cells in spheroids were stained with two distinct fluorescence dyes (Molecular Probes, MoBiTec, Göttingen, Germany). Spheroids were harvested and incubated for 10 min with 2 μM Calcein-AM and 4 μM ethidium homodimer-1, respectively. The spheroids were then separated into a single cell with 0.1% collagenase solution for accurate cell counting and fluorescent analysis. In order to compare pictures, fluorescence intensities were normalized using the maximum value, using Image J 1.5 software (NIH, Bethesda, MD, USA).




2.11. Determination of ROS Levels


The levels of intracellular ROS were determined by a 2′,7′-dichlorodihydro-fluorescein diacetate assay (DCFH-DA, Cayman). Briefly, spheroids and their adherent cells were exposed to a HA/SF (3 × 106 cells/400 μL) mixture at 37 °C for 16 h. The washed cells were co-treated with 0.1% collagenase and 10 μM DCFH-DA, respectively, at 37 °C for 30 min. Then, the cells were evaluated by flow cytometry using a MACS Quant analyzer (Miltenyi Biotec, Gladbach, Germany).




2.12. Animal Models and Histopathological Analysis


This study was performed in accordance with the Animal Experimentation Policy of KNOTUS Co. Ltd. The protocol and procedures involving the care or use of animals in this study were reviewed and approved by the Study Facility Institutional Animal Care and Use Committee before the initiation of any such procedures (KNOTUS IACUC 16-KE-084). In brief, Sprague-Dawley male rats (6 weeks old, 200 g) were anesthetized by intra-peritoneal injection of Zoletil 50 (VIRBAC, Carros, France, 5 mg/kg) and xylazine (Rompun®, Bayer AG, Leverkusen, Germany, 2.5 mg/kg). A medial para-patellar arthrotomy was made, full flexion position of the right knee was then set in order to expose the intra-articular joint space. The anterior cruciate ligament (ACL) was then transected with scissors and the skin was closed. After 7 days, rats were injected with 3 mg of monosodium iodoacetate (MIA, Sigma) in 50 µL volume; a 26 G needle was inserted through the patellar ligament into the intra-articular space of the knee. After 2 weeks from the MIA injection, ten 100k spheroids (1 × 105 cells) in 50 μL of 0.5% HA were injected using a 1 mL needle. After 8 weeks, the rats were euthanized using carbon dioxide. The number of rats used in this experiment is described in Table S2.



For histopathological analysis, the joints were cut 0.5 cm above and below the joint line, fixed with 10% formalin, and then decalcified with 12.5% ethylenediaminetetraacetic acid (EDTA). Then hematoxylin and eosin (H&E), Safranin O, and type II collagen stained slides were prepared after paraffin embedding and micro-sectioning. For type II collagen staining, the slides were stained with primary antibody against type II collagen (Millipore, Billerica, MA, USA), followed by detection using the DAB kit (K4006, DAKO, Carpinteria, CA, USA).



For in vivo imaging, the cells (1.0 × 106 cells/mL) were re-suspended in phosphate-buffered saline. After cell labeling with Neostain 749 (NEO science, Gyeonggi, Korea) for 20 min, the cells were left to form the spheroid. Then, labeled cells were transplanted into the rat knee as described above, and the rats were observed for 8 weeks. The rats were anesthetized and placed into the in vivo imaging system chamber (FOBI Ver3.1, NEO science, Gyeonggi, Korea). Images were acquired at week 1, 2, 3, 4, 6, and 8, respectively, using fluorescence filters [Cy7]. Data analysis was performed using NEOimage for FOBI software (NEO science, Gyeonggi, Korea).




2.13. Statistical Analyses


Data are presented as mean ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA with Fisher’s least significant difference posthoc test for multiple comparisons in GraphPad Prism version 6 software (GraphPad Software, La Jolla, CA, USA); p-values less than 0.05 were considered statistically significant.





3. Results


3.1. Identification of SOD2 in 3D Spheroid Form of UCB-MSCs


To better understand the aggregation of MSCs, comparative proteomic analysis was employed on 3D spheroid UCB-MSCs formed by the hanging drop technique and cultured for 3 days. The proteins extracted from the control and 3D spheroid groups were resolved by IPG 2DE. Assignments were obtained for non-redundant 2D gel spots resolved at pH 3–10 and pH 4–7 gradients, respectively, as well as acrylamide concentrations (Figure 1a). Densitometric quantification of relative spot intensities for the protein species resolved within the 2D-gel revealed a distribution in terms of the extent of protein change by silver staining. However, there were significant changes of spot intensities for protein species that were detected in gels of the 3D spheroid culture. Numbered spots correspond to changed protein species listed in Figure 1b and Table 1. Among the 17 protein species with significant changes of intensities, 7 specific spots of upregulated proteins were detected, and 10 proteins decreased in overall abundance (Figure 1b). Protein identification was stratified by iterative bio-informative screening using the Proteome Discoverer search engine (Table 1).



Except for non-identified proteins (spot 1 and 17) who exhibited upregulation when in spheroid formation, the relative intensity of spot 3 had a high 4.14-fold change. To determine specific protein alterations between control and 3D spheroid MSCs, distinct secretome analysis was carried out by ion trap MS/MS from the 2D gel sample after in-gel trypsin digestion. The protein identity of spot 3 was confirmed by matching multiple peptide spectra, or by a single peptide with manual inspection of the MS/MS ion spectrum. The corresponding sequence was identified as SOD2 peptide 157–170. Thus, by the analysis of secretome data, this complementary protein identification demonstrated that the enhanced SOD2 expression was associated with 3D spheroid formation of MSCs.




3.2. The Increased Expression of SOD2 in 3D Spheroid Formation


To verify the expression of SOD2 in the 3D spheroid of MSCs, an investigation into the immunofluorescent detection of SOD2 in spheroid was performed. There was an increase of SOD2 protein expression on a density of 105 aggregated cells (100k), compared to that of 104 aggregated cells (10k) in a spheroid form (Figure 2a). SOD2 increased, up to 5-fold, the proportion of MSCs on the 100k MSC spheroid form by analyzing the optical density and comparing it to the nucleus (Figure 2b). Moreover, the activity of SOD2 revealed that a significant increase was observed on the spheroid of 100k MSCs. Further, a 1.5-fold increase in the proportion of the spheroid of 100k MSCs was detected. However, no significant increase in SOD2 activity on the spheroid of 10k MSCs was measured (Figure 2c). The gene expression and protein level of SOD2 on the spheroid forms of MSCs were determined by RT-PCR (Figure 2d).



We determined the clearance of mitochondrial ROS in spheroid MSCs to further examine the function of SOD2. The levels of extracellular ROS were measured by DCFH-DA and flow cytometry. Synovial fluid (SF), obtained from the knee joints of patients who had been diagnosed with OA, was treated on MSCs for 16 h to mimic severe osteoarthritic conditions. After labeling with DCFH-DA, ROS production on control and 3D spheroid culture was assessed. The fluorescence intensity of ROS on control and 3D spheroid showed no significant difference between the control (10.28%) and the 3D (10.22%) spheroid group which had no treatment of SF. However, with the treatment of SF on MSCs, the fluorescence intensity of ROS was 80.69%. However, the ROS level in the 3D spheroid group substantially decreased to 32.63% when compared to the control group with the osteoarthritic condition (Figure 2e). Taken together, these findings indicated that spheroid MSCs in 3D cellular interactions increased the expression of SOD2, triggering the clearance of mitochondrial ROS.




3.3. SOD2 in 3D Spheroid MSCs Related to Apoptosis


To determine the role of SOD2 in 3D spheroid MSCs, and as a result, elicit protective properties against cell death, we suppressed the SOD2 gene expression by transfecting MSCs with 25 nM SOD2 siRNAs for 24 h. After transfection, the spheroid formed for 72 h was incubated in SF overnight. Live and apoptotic MSCs were stained with calcein-AM (green) and ethidium homodimer (red), respectively, following dissociation with 0.1% collagenase. Apoptotic cells in cell densities of 10k and 100k with 3D spheroid form had decreased, compared to the control in naive condition. However, the SOD2 knockdown MSCs did not have a significant difference of apoptotic cells between the control and spheroidal shape groups. The increase in percentages of apoptotic cells was detected in 3D spheroid form of SOD2 siRNA transfected MSCs compared to the control and control siRNA transfected groups (Figure 3a,b). The level of apoptotic-related proteins on 3D spheroid MSCs transfected with SOD2 siRNA was analyzed by way of Western blot analysis. BAX, caspase-3 (cleaved), and PARP (cleaved) protein levels were decreased on 3D spheroid MSCs (10k and 100k) on both naive and control siRNA groups compared to control. Additionally, SOD2 protein levels were decreased on both control and 3D spheroid MSCs with SOD2 siRNA transfection. The 3D spheroid formation of the SOD2 siRNA transfected MSCs showed a significant increase of caspase-3 (cleaved) compared to control. The degree of decrease in BAX and PARP (cleaved) proteins was slightly reduced with SOD2 siRNA transfection in the spheroid form of MSCs (Figure 3c,d). Overall, SOD2 expression increased in the spheroid form of MSCs and promoted the suppression of apoptotic related genes, BAX, caspase-3 (cleaved), and PARP (cleaved). As a result, a decrease in the levels of apoptosis in cells was observed.




3.4. Mechanism Related to SOD2 Mediated by E-Cadherin in 3D Spheroid Form of MSCs


According to previous studies, the formation of 3D spheroids is dependent on the calcium-dependent cell adhesion molecule, E-cadherin. Furthermore, it has also been identified as a critical component of stem cells ability to resist against oxidative stress [29,35,36]. To clarify the relationship of E-cadherin and the high expression of SOD2 seen in 3D spheroid formation, a neutralizing antibody (400 μg/mL) of E-cadherin was used over a period of 72 h while the spheroid was forming. The restoration of cell-to-cell interaction via 3D spheroid formation improved the expression of E-cadherin. We confirmed that E-cadherin was necessary for the 3D spheroid formation in MSCs. E-cadherin neutralization inhibited 3D spheroid formation (Figure S2). Through Western blot analysis, there was a significant increase in E-cadherin and SOD2 expression in the 3D spheroid formation of MSCs (Figure 4a). However, the treatment of neutralizing antibody bound to E-cadherin directly interfered with its function, resulting in no expression of E-cadherin on 3D spheroid MSCs. Also, the downstream signaling proteins of E-cadherin, PI3K, p-AKT, p-ERK, and p-Nrf2, were increased with 3D spheroid formation of MSCs. The neutralization of E-cadherin on 3D spheroid MSCs led to the significant inhibition of PI3K, p-AKT, p-ERK, or the activation of p-Nrf2. The protein expressions of t-AKT and t-ERK showed no significant change with 3D spheroid formation. Interestingly, the SOD2 expression of 3D spheroid MSCs was downregulated with the blocking of E-cadherin (Figure 4b). As a result, we confirmed that 3D spheroid formation increased E-cadherin and SOD2 expression, which caused upregulation of the PI3K/pAkt/pNrf2 and pERK/pNrf2 signaling pathways.




3.5. Enhanced Cartilage Repair in Spheroid-Injected OA Animal Model


Having observed the association of enhanced SOD2 expression in 3D spheroid MSCs, we next explored the influence of SOD2 in regeneration of cartilage in an MIA-induced OA rat model. Thus, we first examined the ability of spheroid MSCs to reside in the knee of our rat models. 3D spheroid MSCs labeled with Neostain 749 were transfected for an 8-week observation period (Figure 5a and Figure S3). The integrated density of 3D spheroid MSCs was similar among the control, Con siRNA, and SOD2 siRNA groups, respectively. The leftover of transfected 3D spheroid MSCs with con siRNA and SOD2 siRNA was observed for 8 weeks. The majority of transplanted cells had disappeared after 8 weeks (Figure 5b).



To determine whether SOD2 expression, enhanced by 3D spheroid MSCs, has an effect on the regeneration of cartilage, we implanted 3D spheroid MSCs transfected with SOD2 siRNAs. Histological analysis revealed that the chondrogenic response was well generated in the control and Con siRNA transfected spheroid MSCs groups. Both groups showed that newly generated cartilage was evident. However, the SOD2 siRNA transfected spheroid MSC group had not regenerated as an incomplete structure of the knee remained. The generation of structural cartilage by MSCs was not clear in the SOD2 siRNA transfected group. Non-cartilaginous tissue filled up the osteochondral defect at 8 weeks in spheroid SOD2 siRNA transfected MSCs. The deposition of sGAG and proteoglycan in regenerated cartilage on the defect site was markedly augmented by spheroid MSCs and confirmed by safranin O staining. Immunohistochemical staining for collagen type II antibody and mature hyaline cartilage was observed at 8 weeks and showed significant staining for type II collagen. Overall, in vivo imaging and immunohistochemical analysis highlighted that the SOD2 expression on 3D spheroid MSCs induces optimum cartilage regeneration.





4. Discussion


In this study, we investigated a new approach that has the potential to optimize the characteristics of MSCs cultured using a 3D spheroid culture system. Tightly adhered and condensed cells in 3D spheroid MSCs maintain and mimic intercellular functions, showing the ability to recapitulate characteristics of tissue in vivo. We found that the knockdown of SOD2, which is highly expressed in 3D spheroid MSCs, resulted in an increase in the apoptosis of MSCs. Furthermore, this study evaluated that cell adhesion molecule, E-cadherin, is enhanced in 3D spheroid MSCs and as a result, it regulates ERK/Nrf2 and PI3K/Akt signaling, followed by an increase of SOD2 expression. Additionally, we confirmed that the knockdown of SOD2 affected the regeneration of cartilage in an MIA-induced OA rat model. Taken together, our results demonstrated that our 3D spheroid culture system is efficient for maximizing the efficacy of MSCs by increasing overall cell survival, decreasing oxidation stress, and increase chondrogenic activity by triggering SOD2 expression.



There were several strategies for optimizing the functions of MSCs, including genetic modifications or manipulation of culture conditions [37]. Spheroid culture resembles the features of tissues and serves as a model system to study cell-cell interactions in a 3D environment. For instance, the aggregation of MSCs in 3D spheroid form can significantly enhance the differentiation capacity, anti-inflammatory properties, proangiogenic ability, and therapeutic potency [19,29,38,39]. Even though the altered gene expression profiles, which are related to hypoxia, angiogenesis, inflammation, stress response, proliferation, migration, and redox signaling, in MSC spheroids were performed with microarray analysis, the molecular mechanisms, however, are largely unknown [18,40]. Additionally, maximizing therapeutic efficacy and safety still remains a great challenge for MSC-based therapies [41]. Therefore, spheroid formation of cell culture has the potential to improve therapeutic efficacy.



From the secretome analysis and mass spectrum of 3D spheroid MSCs, we identified the specific increased protein as SOD2. We listed the significantly increased and decreased proteins with identification on Table 1 (Figure 1b). In our results, the expression of SOD2 in spheroid MSCs was significantly increased compared to the control group (Figure 1). The 105 aggregated cells (100k) had higher expression and activity of SOD2 than 104 aggregated cells (10k) by immunofluorescence and activity analysis (Figure 2a–c). Also, there was an increase in SOD2 gene expression observed in 3D spheroid MSCs (Figure 2d). Intracellular reactive oxygen species levels, such as ROS and H2O2, increased after the introduction of SF taken from the knee joints of OA patients. However, in spheroid MSCs, ROS levels were decreased. This reduction of ROS is thought to be due to the increase of SOD2 expression seen in our spheroid MSCs (Figure 2e).



SOD2 is known to limit the detrimental effects of ROS and is crucial for various cellular processes, including cell growth, apoptosis, cell adhesion, and immune responses [42]. SOD2 transforms toxic superoxide into hydrogen peroxide, allowing the clearance of mitochondrial ROS and protection against cell death [43]. Previous research has shown that the transplantation of SOD2-overexpressed UCB-MSCs through the tail veins of rats results in a decrease in inflammatory cytokines, tumor necrosis factor (TNF-α), interleukin-8 (IL-8), and ICAM-1 in the bronchoalveolar lavage fluid (BALF) of paraquat-induced lung injured rat. Also, the overexpression of SOD2 changed the oxidative stress index in lung tissues and attenuated lung injury [44]. Overall, SOD2 has a role in preventing apoptosis due to its protective role against oxidative stress as an endogenous scavenger of oxygen free radicals, ionizing radiation, and inflammatory cytokines, [32,45,46]. Various reports suggest that ROS allows NF-κB translocation to the nucleus, activating the transcription genes for inflammatory factors, cytokines, and chemokines [42,46]. Considering the relationship between oxidative stress and apoptosis, we then expected to observe the increase in apoptosis-related genes, BAX, caspase-3, and PARP, in spheroid form with SOD2 knockdown MSCs. Caspase-3 are crucial mediators of the initiation and execution of apoptotic processes directly involved in programmed cell death [47]. In our study, cleaved caspase-3, which reflects the progression of apoptosis of 3D spheroid formation, was significantly decreased. However, the knockdown of SOD2 in spheroid MSCs increased the expression of cleaved caspase-3. Similarly, cleaved PARP and BAX, hallmarks of apoptosis, were significantly increased with the knockdown of SOD2 in spheroid MSCs (Figure 3). Thus, we postulate that the anti-apoptotic effects in 3D spheroid MSCs compared to single cells can be due to highly expressed SOD2 in spheroid MSCs, with anti-apoptotic properties due to the protective role of SOD2 against oxidative stress.



Although the current study may not be able to conclusively prove the mechanisms by which the spheroid consistently outperformed the attached cells, we show convincingly that aggregated MSCs allows better extracellular and intercellular communication. Cell-to-cell interaction on aggregated MSCs is the main factor that increases SOD2 expression in spheroid cultures, as seen in our results. Cadherins, which are mediators of specific cell–cell adhesion in a calcium-dependent manner, have critical roles in morphogenesis and cell adhesion in a variety of organs [48]. Based on the change of SOD2 expression seen in our 3D spheroid culture, we assumed that E-cadherin could be a key mediator in the formation of the spheroidal MSCs. To assess the role of E-cadherin in intercellular adhesion of spheroid formation, we blocked E-cadherin. Neutralization of the extracellular domain of E-cadherin using a neutralizing antibody inhibited the formation of MSCs. According to previous research, E-cadherin was significantly increased during the process of spheroid formation, which is in accordance with our results (Figure 4). No previous reports have described the direct relationship between E-cadherin and SOD2 on MSCs. The reports related to the relationship between E-cadherin and MSCs are limited to epithelial-mesenchymal transition (EMT) of stem cells. SOD2 is involved in the earlier stage of transition of E-cadherin-to-N-cadherin during EMT of stem cells [33]. Given the requirement of mitochondrial superoxide at the onset of EMT, SOD2 may inhibit EMT in epithelial cells by suppressing mitochondrial ROS. As suggested in epithelial cells, E-cadherin homophilic interactions on aggregated MSCs activated the regulatory mechanism of cell survival via the AKT and ERK signaling pathways [29,48,49]. This activation of the AKT/ERK signal pathway correlated with our results that the blockade of E-cadherin using a neutralizing antibody inhibited the signaling pathways of PI3K/pAKT/pNrf2 and ERK/pNrf2, leading to activation of proliferative and paracrine properties of spheroid MSCs.



OA, caused by aging and incurs injury to joints, is a slow progressive degenerative disease characterized by degradation of the matrix and cell death, which ultimately results in joint pain and stiffness [50,51]. Previously, mitochondrial dysfunctions have been associated with the pathological onset of osteoarthritis. An increased level of oxidative stress is observed in OA models [52]. Superoxide is a ROS, mainly generated during mitochondrial respiration and metabolized by SOD2 in mitochondria. An increase of ROS could potentially contribute to the onset of senescence, triggered in OA [53,54]. From the analysis of the degenerative cartilage in osteoarthritis patients, a pathological relationship between SOD2 downregulation and cartilage degeneration has been observed [55,56,57]. However, the protective and regenerative effects of SOD2 related to osteoarthritis have not been fully elucidated. Previous investigations suggest that intra-articular injection of a permeable antioxidant effectively suppresses mitochondrial superoxide generation and cartilage degeneration in SOD2 knockout mice [55]. In the present study, we found that the spheroid of SOD2 siRNA transfected MSCs had no significant effect on cartilage regeneration in MIA-induced OA rats. However, histological analysis of the knee joints clearly revealed that cartilage destruction was significantly attenuated after the intra-articular injection of the spheroid MSCs. Together, we suggest that SOD2 is a critical factor in improving the regeneration of cartilage in OA patients (Figure 5c).



Nrf2 is an important endogenous regulator of antioxidative stress and plays a pivotal role in oxidative-stress management through antioxidation and anti-inflammatory effects. Nrf2 signaling is related to antioxidative and damage-control processes [58,59,60]. Previously, SOD2 overexpression in UCB-MSCs was reported to induce Nrf2 expression, revealed in the lung of injured rats. There were protective effects against the lung injury through the activation of Nrf2 signaling [44]. Our experimental data showed that pNrf2 was increased with the spheroid formation of MSCs. However, the knockdown of SOD2 in spheroid MSCs had shown the downregulation of Nrf2 expression. To our knowledge, our results demonstrate that increased expression of E-cadherin by spheroid formation of MSCs regulated the ERK/Nrf2 and PI3K/pAkt/pNrf2 signaling pathways to accelerate SOD activity, which is directly related to cell survival through antioxidative action (Figure 6).




5. Conclusions


This is the first study to analyze the effects of spheroid MSCs, which exhibit high expression of SOD2. Downregulation of oxidative stress, apoptosis, and degeneration of cartilage in knee joints of OA has been highlighted in our study. Herein, we propose a new therapeutic approach, 3D spheroid formation of MSCs, for improving the regeneration process in the course of OA. The increase in SOD2 in the spheroid form of MSCs is a particularly relevant finding relative to the improvement of therapeutic potency by enhancing cell survival and suppressing the oxidative stress seen in OA.
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	Akt
	Alpha serine/threonine-protein kinase



	Nrf
	Nuclear respiratory factor



	ERK
	Extracellular signal-regulated kinases







References


	



Ankrum, J.A.; Ong, J.F.; Karp, J.M. Mesenchymal stem cells: Immune evasive, not immune privileged. Nat. Biotechnol. 2014, 32, 252–260. [Google Scholar] [CrossRef]

	



Mahla, R.S. Stem Cells Applications in Regenerative Medicine and Disease Therapeutics. Int. J. Cell Biol. 2016, 2016, 6940283. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.J.; Han, M.A.; Shin, J.Y.; Jeon, J.H.; Lee, S.J.; Yoon, M.Y.; Kim, H.J.; Choi, E.J.; Do, S.H.; Yang, V.C.; et al. Intra-articular delivery of synovium-resident mesenchymal stem cells via BMP-7-loaded fibrous PLGA scaffolds for cartilage repair. J. Control. Release 2019, 302, 169–180. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Li, Z.; Yang, A.Y.; Gao, J.L.; Velez, D.S.; Cho, E.J.; McDermott, D.H.; Murphy, P.M. Mechanisms of Sustained Neutrophilia in Patient WHIM-09, Cured of WHIM Syndrome by Chromothripsis. J. Clin. Immunol. 2018, 38, 77–87. [Google Scholar] [CrossRef] [PubMed]

	



Bian, L.; Zhai, D.Y.; Tous, E.; Rai, R.; Mauck, R.L.; Burdick, J.A. Enhanced MSC chondrogenesis following delivery of TGF-beta3 from alginate microspheres within hyaluronic acid hydrogels in vitro and in vivo. Biomaterials 2011, 32, 6425–6434. [Google Scholar] [CrossRef]

	



Huey, D.J.; Hu, J.C.; Athanasiou, K.A. Unlike bone, cartilage regeneration remains elusive. Science 2012, 338, 917–921. [Google Scholar] [CrossRef]

	



March, L.; Smith, E.U.R.; Hoy, D.G.; Cross, M.J.; Sanchez-Riera, L.; Blyth, F.; Buchbinder, R.; Vos, T.; Woolf, A.D. Burden of disability due to musculoskeletal (MSK) disorders. Best Pract. Res. Clin. Rheumatol. 2014, 28, 353–366. [Google Scholar] [CrossRef]

	



James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.; et al. Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392, 1789–1858. [Google Scholar] [CrossRef]

	



Gomez-Leduc, T.; Hervieu, M.; Legendre, F.; Bouyoucef, M.; Gruchy, N.; Poulain, L.; de Vienne, C.; Herlicoviez, M.; Demoor, M.; Galera, P. Chondrogenic commitment of human umbilical cord blood-derived mesenchymal stem cells in collagen matrices for cartilage engineering. Sci. Rep. 2016, 6, 32786. [Google Scholar] [CrossRef]

	



Huey, D.J.; Hu, J.C.; Athanasiou, K.A. Chondrogenically tuned expansion enhances the cartilaginous matrix-forming capabilities of primary, adult, leporine chondrocytes. Cell Transplant. 2013, 22, 331–340. [Google Scholar] [CrossRef]

	



Zhang, L.; Su, P.; Xu, C.; Yang, J.; Yu, W.; Huang, D. Chondrogenic differentiation of human mesenchymal stem cells: A comparison between micromass and pellet culture systems. Biotechnol. Lett. 2010, 32, 1339–1346. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, K.; Zhu, S.; Tremblay, M.S.; Payette, J.N.; Wang, J.; Bouchez, L.C.; Meeusen, S.; Althage, A.; Cho, C.Y.; Wu, X.; et al. A stem cell-based approach to cartilage repair. Science 2012, 336, 717–721. [Google Scholar] [CrossRef] [PubMed]

	



McMillen, P.; Holley, S.A. Integration of cell-cell and cell-ECM adhesion in vertebrate morphogenesis. Curr. Opin. Cell Biol. 2015, 36, 48–53. [Google Scholar] [CrossRef] [PubMed]

	



Hildebrandt, C.; Buth, H.; Thielecke, H. A scaffold-free in vitro model for osteogenesis of human mesenchymal stem cells. Tissue Cell 2011, 43, 91–100. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, N.C.; Wang, S.; Young, T.H. The influence of spheroid formation of human adipose-derived stem cells on chitosan films on stemness and differentiation capabilities. Biomaterials 2012, 33, 1748–1758. [Google Scholar] [CrossRef] [PubMed]

	



Guo, L.; Zhou, Y.; Wang, S.; Wu, Y. Epigenetic changes of mesenchymal stem cells in three-dimensional (3D) spheroids. J. Cell. Mol. Med. 2014, 18, 2009–2019. [Google Scholar] [CrossRef]

	



Bhang, S.H.; Lee, S.; Shin, J.Y.; Lee, T.J.; Kim, B.S. Transplantation of cord blood mesenchymal stem cells as spheroids enhances vascularization. Tissue Eng. Part A 2012, 18, 2138–2147. [Google Scholar] [CrossRef]

	



Cesarz, Z.; Tamama, K. Spheroid Culture of Mesenchymal Stem Cells. Stem Cells Int. 2016, 2016, 9176357. [Google Scholar] [CrossRef]

	



Petrenko, Y.; Sykova, E.; Kubinova, S. The therapeutic potential of three-dimensional multipotent mesenchymal stromal cell spheroids. Stem Cell Res. Ther. 2017, 8, 94. [Google Scholar] [CrossRef]

	



Bartosh, T.J.; Ylostalo, J.H.; Bazhanov, N.; Kuhlman, J.; Prockop, D.J. Dynamic compaction of human mesenchymal stem/precursor cells into spheres self-activates caspase-dependent IL1 signaling to enhance secretion of modulators of inflammation and immunity (PGE2, TSG6, and STC1). Stem Cells 2013, 31, 2443–2456. [Google Scholar] [CrossRef]

	



Hsueh, Y.Y.; Chiang, Y.L.; Wu, C.C.; Lin, S.C. Spheroid formation and neural induction in human adipose-derived stem cells on a chitosan-coated surface. Cells Tissues Organs 2012, 196, 117–128. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.L.; Ong, H.S.; Zhu, Y.; Liu, S.W.; Liu, L.M.; Zhou, K.H.; Xu, Z.Q.; Gao, J.; Zhang, Y.; Ye, J.H.; et al. In Situ Release of VEGF Enhances Osteogenesis in 3D Porous Scaffolds Engineered with Osterix-Modified Adipose-Derived Stem Cells. Tissue Eng. Part A 2017, 23, 445–457. [Google Scholar] [CrossRef] [PubMed]

	



Sridharan, B.; Lin, S.M.; Hwu, A.T.; Laflin, A.D.; Detamore, M.S. Stem Cells in Aggregate Form to Enhance Chondrogenesis in Hydrogels. PLoS ONE 2015, 10, e0141479. [Google Scholar] [CrossRef] [PubMed]

	



Winter, A.; Breit, S.; Parsch, D.; Benz, K.; Steck, E.; Hauner, H.; Weber, R.M.; Ewerbeck, V.; Richter, W. Cartilage-like gene expression in differentiated human stem cell spheroids: A comparison of bone marrow-derived and adipose tissue-derived stromal cells. Arthritis Rheumatol. 2003, 48, 418–429. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, H.H.; Bhang, S.H.; Shin, J.Y.; Shin, J.; Kim, B.S. Enhanced cartilage formation via three-dimensional cell engineering of human adipose-derived stem cells. Tissue Eng. Part A 2012, 18, 1949–1956. [Google Scholar] [CrossRef] [PubMed]

	



Baptista, L.S.; Kronemberger, G.S.; Cortes, I.; Charelli, L.E.; Matsui, R.A.M.; Palhares, T.N.; Sohier, J.; Rossi, A.M.; Granjeiro, J.M. Adult Stem Cells Spheroids to Optimize Cell Colonization in Scaffolds for Cartilage and Bone Tissue Engineering. Int. J. Mol. Sci. 2018, 19, 1285. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Guo, G.; Li, L.; Chen, F.; Bao, J.; Shi, Y.J.; Bu, H. Three-dimensional spheroid culture of human umbilical cord mesenchymal stem cells promotes cell yield and stemness maintenance. Cell Tissue Res. 2015, 360, 297–307. [Google Scholar] [CrossRef]

	



Talaei-Khozani, T.; Borhani-Haghighi, M.; Ayatollahi, M.; Vojdani, Z. An in vitro model for hepatocyte-like cell differentiation from Wharton’s jelly derived-mesenchymal stem cells by cell-base aggregates. Gastroenterol. Hepatol. Bed Bench 2015, 8, 188–199. [Google Scholar]

	



Lee, E.J.; Park, S.J.; Kang, S.K.; Kim, G.H.; Kang, H.J.; Lee, S.W.; Jeon, H.B.; Kim, H.S. Spherical bullet formation via E-cadherin promotes therapeutic potency of mesenchymal stem cells derived from human umbilical cord blood for myocardial infarction. Mol. Ther. 2012, 20, 1424–1433. [Google Scholar] [CrossRef]

	



Sun, Y.; Wang, Y.; Zhou, L.; Zou, Y.; Huang, G.; Gao, G.; Ting, S.; Lei, X.; Ding, X. Spheroid-cultured human umbilical cord-derived mesenchymal stem cells attenuate hepatic ischemia-reperfusion injury in rats. Sci. Rep. 2018, 8, 2518. [Google Scholar] [CrossRef]

	



Pias, E.K.; Ekshyyan, O.Y.; Rhoads, C.A.; Fuseler, J.; Harrison, L.; Aw, T.Y. Differential effects of superoxide dismutase isoform expression on hydroperoxide-induced apoptosis in PC-12 cells. J. Biol. Chem. 2003, 278, 13294–13301. [Google Scholar] [CrossRef] [PubMed]

	



Becuwe, P.; Ennen, M.; Klotz, R.; Barbieux, C.; Grandemange, S. Manganese superoxide dismutase in breast cancer: From molecular mechanisms of gene regulation to biological and clinical significance. Free Radic. Biol. Med. 2014, 77, 139–151. [Google Scholar] [CrossRef] [PubMed]

	



Yi, L.; Shen, H.; Zhao, M.; Shao, P.; Liu, C.; Cui, J.; Wang, J.; Wang, C.; Guo, N.; Kang, L.; et al. Inflammation-mediated SOD-2 upregulation contributes to epithelial-mesenchymal transition and migration of tumor cells in aflatoxin G1-induced lung adenocarcinoma. Sci. Rep. 2017, 7, 7953. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, J.H.; Kim, M.; Bae, Y.K.; Kim, G.H.; Choi, S.J.; Oh, W.; Um, S.; Jin, H.J. Decorin Secreted by Human Umbilical Cord Blood-Derived Mesenchymal Stem Cells Induces Macrophage Polarization via CD44 to Repair Hyperoxic Lung Injury. Int. J. Mol. Sci. 2019, 20, 4815. [Google Scholar] [CrossRef] [PubMed]

	



Smyrek, I.; Mathew, B.; Fischer, S.C.; Lissek, S.M.; Becker, S.; Stelzer, E.H.K. E-cadherin, actin, microtubules and FAK dominate different spheroid formation phases and important elements of tissue integrity. Biol. Open 2019, 8. [Google Scholar] [CrossRef]

	



Capra, J.; Eskelinen, S. Correlation between E-cadherin interactions, survivin expression, and apoptosis in MDCK and ts-Src MDCK cell culture models. Lab. Investig. 2017, 97, 1453–1470. [Google Scholar] [CrossRef]

	



Zhang, Q.; Nguyen, A.L.; Shi, S.; Hill, C.; Wilder-Smith, P.; Krasieva, T.B.; Le, A.D. Three-dimensional spheroid culture of human gingiva-derived mesenchymal stem cells enhances mitigation of chemotherapy-induced oral mucositis. Stem Cells Dev. 2012, 21, 937–947. [Google Scholar] [CrossRef]

	



Bartosh, T.J.; Ylostalo, J.H.; Mohammadipoor, A.; Bazhanov, N.; Coble, K.; Claypool, K.; Lee, R.H.; Choi, H.; Prockop, D.J. Aggregation of human mesenchymal stromal cells (MSCs) into 3D spheroids enhances their antiinflammatory properties. Proc. Natl. Acad. Sci. USA 2010, 107, 13724–13729. [Google Scholar] [CrossRef]

	



Chatterjea, A.; LaPointe, V.L.; Barradas, A.; Garritsen, H.; Yuan, H.; Renard, A.; van Blitterswijk, C.A.; de Beor, J. Cell aggregation enhances bone formation by human mesenchymal stromal cells. Eur. Cell Mater. 2017, 33, 121–129. [Google Scholar] [CrossRef]

	



Potapova, I.A.; Gaudette, G.R.; Brink, P.R.; Robinson, R.B.; Rosen, M.R.; Cohen, I.S.; Doronin, S.V. Mesenchymal stem cells support migration, extracellular matrix invasion, proliferation, and survival of endothelial cells in vitro. Stem Cells 2007, 25, 1761–1768. [Google Scholar] [CrossRef]

	



Xie, L.; Mao, M.; Zhou, L.; Jiang, B. Spheroid Mesenchymal Stem Cells and Mesenchymal Stem Cell-Derived Microvesicles: Two Potential Therapeutic Strategies. Stem Cells Dev. 2016, 25, 203–213. [Google Scholar] [CrossRef] [PubMed]

	



Candas, D.; Li, J.J. MnSOD in oxidative stress response-potential regulation via mitochondrial protein influx. Antioxid. Redox Signal. 2014, 20, 1599–1617. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, M.; Zhu, B.T. Mitochondrial superoxide dismutase SOD2, but not cytosolic SOD1, plays a critical role in protection against glutamate-induced oxidative stress and cell death in HT22 neuronal cells. Free Radic. Biol. Med. 2010, 48, 821–830. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.C.; Wang, Y.; Liu, W.; Zhang, X.M.; Fan, M.; Zhao, M. Protective effects of SOD2 overexpression in human umbilical cord mesenchymal stem cells on lung injury induced by acute paraquat poisoning in rats. Life Sci. 2018, 214, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, J.Z.; Wu, Y.J.; Li, W.G. Anti-inflammatory effect of recombinant human superoxide dismutase in rats and mice and its mechanism. Acta Pharmacol. Sin. 2002, 23, 439–444. [Google Scholar]

	



Toygar, M.; Aydin, I.; Agilli, M.; Aydin, F.N.; Oztosun, M.; Gul, H.; Macit, E.; Karslioglu, Y.; Topal, T.; Uysal, B.; et al. The relation between oxidative stress, inflammation, and neopterin in the paraquat-induced lung toxicity. Hum. Exp. Toxicol. 2015, 34, 198–204. [Google Scholar] [CrossRef]

	



Nagata, S. Apoptosis and Clearance of Apoptotic Cells. Annu. Rev. Immunol. 2018, 36, 489–517. [Google Scholar] [CrossRef]

	



van Roy, F.; Berx, G. The cell-cell adhesion molecule E-cadherin. Cell. Mol. Life Sci. 2008, 65, 3756–3788. [Google Scholar] [CrossRef]

	



Onder, T.T.; Gupta, P.B.; Mani, S.A.; Yang, J.; Lander, E.S.; Weinberg, R.A. Loss of E-cadherin promotes metastasis via multiple downstream transcriptional pathways. Cancer Res. 2008, 68, 3645–3654. [Google Scholar] [CrossRef]

	



Aigner, T.; Hemmel, M.; Neureiter, D.; Gebhard, P.M.; Zeiler, G.; Kirchner, T.; McKenna, L. Apoptotic cell death is not a widespread phenomenon in normal aging and osteoarthritis human articular knee cartilage: A study of proliferation, programmed cell death (apoptosis), and viability of chondrocytes in normal and osteoarthritic human knee cartilage. Arthritis Rheumatol. 2001, 44, 1304–1312. [Google Scholar] [CrossRef]

	



Kim, H.A.; Blanco, F.J. Cell death and apoptosis in osteoarthritic cartilage. Curr. Drug Targets 2007, 8, 333–345. [Google Scholar] [CrossRef] [PubMed]

	



Scott, J.L.; Gabrielides, C.; Davidson, R.K.; Swingler, T.E.; Clark, I.M.; Wallis, G.A.; Boot-Handford, R.P.; Kirkwood, T.B.; Taylor, R.W.; Young, D.A. Superoxide dismutase downregulation in osteoarthritis progression and end-stage disease. Ann. Rheum Dis. 2010, 69, 1502–1510. [Google Scholar] [CrossRef] [PubMed]

	



Chung, Y.P.; Chen, Y.W.; Weng, T.I.; Yang, R.S.; Liu, S.H. Arsenic induces human chondrocyte senescence and accelerates rat articular cartilage aging. Arch. Toxicol. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Martin, J.A.; Buckwalter, J.A. Aging, articular cartilage chondrocyte senescence and osteoarthritis. Biogerontology 2002, 3, 257–264. [Google Scholar] [CrossRef] [PubMed]

	



Koike, M.; Nojiri, H.; Ozawa, Y.; Watanabe, K.; Muramatsu, Y.; Kaneko, H.; Morikawa, D.; Kobayashi, K.; Saita, Y.; Sasho, T.; et al. Mechanical overloading causes mitochondrial superoxide and SOD2 imbalance in chondrocytes resulting in cartilage degeneration. Sci. Rep. 2015, 5, 11722. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Romero, C.; Calamia, V.; Mateos, J.; Carreira, V.; Martinez-Gomariz, M.; Fernandez, M.; Blanco, F.J. Mitochondrial dysregulation of osteoarthritic human articular chondrocytes analyzed by proteomics: A decrease in mitochondrial superoxide dismutase points to a redox imbalance. Mol. Cell. Proteom. 2009, 8, 172–189. [Google Scholar] [CrossRef] [PubMed]

	



Coleman, M.C.; Brouillette, M.J.; Andresen, N.S.; Oberley-Deegan, R.E.; Martin, J.M. Differential Effects of Superoxide Dismutase Mimetics after Mechanical Overload of Articular Cartilage. Antioxidants 2017, 6, 98. [Google Scholar] [CrossRef]

	



Motohashi, H.; Yamamoto, M. Nrf2-Keap1 defines a physiologically important stress response mechanism. Trends Mol. Med. 2004, 10, 549–557. [Google Scholar] [CrossRef]

	



Lacher, S.E.; Lee, J.S.; Wang, X.; Campbell, M.R.; Bell, D.A.; Slattery, M. Beyond antioxidant genes in the ancient Nrf2 regulatory network. Free Radic. Biol. Med. 2015, 88, 452–465. [Google Scholar] [CrossRef]

	



Sun, Q.; Wu, X.; Wang, H.; Chen, W.; Zhao, X.; Yang, Y.; Chen, W. Protective Effects Of Astragalus Polysaccharides On Oxidative Stress In High Glucose-Induced Or SOD2-Silenced H9C2 Cells Based On PCR Array Analysis. Diabetes Metab. Syndr. Obes. 2019, 12, 2209–2220. [Google Scholar] [CrossRef]








[image: Antioxidants 09 00066 g001 550] 





Figure 1. The 3D spheroid culture of mesenchymal stem cells (MSCs) caused significant changes in superoxide dismutase 2 (SOD2) gene expression. (a) Representative silver-stained 2-dimensional electrophoresis (DE) gels (pH 3–10, pH 4–7 isoelectric focusing (IEF), 12.5% sodium dodecylsulfate polyacrylamide gel (SDS-PAGE)) of protein extracts from 3D-spheroid MSCs were shown to determine the difference in protein expression. Identified spots are numbered with the corresponding identities of the definitive secretome proteins listed in Table 1. (b) Increased and decreased spots in the secretome analysis of 3D spheroid are listed. (c) A representative liquid chromatography-tandem mass spectrometry (LC-MS/MS) product obtained from spot 3 indicate the detection of b-ions in red and y-ions in blue. The corresponding peptide sequence was identified as SOD2 peptide 157–170. Abbreviations: a.a.—amino acids. 
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Figure 2. Enhanced expression of SOD2 in spheroids of UCB-MSCs. UCB-MSCs, and spheroids (3D) were cultured for 3 days under at 37 °C and 5% CO2 conditions. 3D spheroid MSCs were maintained in DMEM/F12 medium containing 20% serum replacement (SR) for aggregation. (a) Immunofluorescent staining of human SOD2 on 3D-spheroid MSCs was done after dissociation into single cells with 0.1% collagenase. The nuclei were stained by DAPI. (b) The optical density of SOD2 normalized to DAPI. (c) The activity test of SOD2 was measured after the fraction of mitochondria. (d) RT-PCR of SOD2 was analyzed on spheroids and monolayers in UCB-MSCs. (e) Intracellular reactive oxygen species (ROS, H2O2) generation was reduced by 3D spheroid formation of MSCs. SF obtained from the knee joints of osteoarthritis (OA) patients was treated. 2D and 3D spheroid MSCs (100k) were exposed to SF/HA mixture for 16 h. ROS (H2O2) was monitored by FACS analysis to observe any increase in fluorescence probe, 2′,7′-dichlorodihydro-fluorescein diacetate assay (DCFH-DA). Fluorescent intensity was determined at excitation wavelength 488 nm and emission wavelength 525 nm. Scale bars = 10 μm. Data is presented as mean ± SD, n = 3 per group. * p < 0.05. ** p < 0.01. Abbreviations: SOD2—superoxide dismutase; DAPI—(4′,6-diamidino-2-phenylindole); FACS—Fluorescence Activated Cell Sorting. 
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Figure 3. SOD2 knockdown induces apoptosis of 3D spheroid MSCs. 3D spheroid (10k and 100k) MSCs were transfected with 25 nM scramble-siRNA (Con siRNA) and SOD2 siRNA, respectively, for 24 h. The spheroid (10k and 100k) of transfected MSCs was collected via pipette after 72 h incubation in synovial fluid to mimic the OA in in vitro. (a) 3D spheroid MSCs (10k and 100k) embedded in HA/SF mixture (SF:HA = 1:1) overnight were stained with live/dead staining after 0.1% collagenase dissociation. (b) Live (green, 2 μM calcein-AM) and dead (red, 4 μM ethidium homodimer-1) cells were counted for quantitative analysis of dead cells. (c) Western blot analysis was done for apoptosis-related proteins of 3D spheroid MSCs in SF after SOD2 siRNA transfection for 24 h. GAPDH was used as a loading control. (d) Relative value of protein expression, BAX, Caspase-3 (cleaved), and PARP (cleaved), and SOD2 was normalized to GAPDH. Scale bars = 10 μm. Data are presented as mean ± SD, n = 3 per group. ** p < 0.01. Abbreviations: SOD2—superoxide dismutase 2; BAX—BCL2 associated X; PARP—poly (ADP-ribose) polymerase; SF—synovial fluid. 
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Figure 4. Mechanism of SOD2 mediated by E-cadherin of 3D spheroid MSCs. (a) MSCs were treated with E-cadherin neutralizing antibody or IgG isotype control antibody. The 3D spheroid MSCs were formed after 72 h incubation. Protein extracts from 3D spheroid and 2D MSCs were stained with immuno-blot antibodies, E-cadherin, PI3K, p-AKT, t-AKT, p-ERK, t-ERK, p-Nrf2, and SOD2. (b) Relative value of each protein level was normalized to β-actin. Data are presented as mean ± SD, n = 3 per group. ** p < 0.01. Abbreviations: SOD2—superoxide dismutase 2. 
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Figure 5. In vivo imaging and histopathological analysis in an monosodium iodoacetate (MIA)-induced osteoarthritis (OA) rat model. (a) In vivo imaging. 3D spheroid formed by MSCs labeled with Neostain 749 were transplanted into the MIA-induced OA rat knee for an 8-week observation period. Anesthetized rats were scanned through the in vivo imaging system (FOBI) chamber. The images were taken at week 1, 2, 3, 4, 6 and 8, respectively, with fluorescence filters [Cy7]. SOD2 siRNA transfected MSCs were used to form the 3D spheroid (100k). (b) Integrated density was analyzed using the NEOimage program at week 1, 2, 3, 4, 6 and 8, respectively. (c) SD rats were injected with 3 mg of monosodium iodoacetate (MIA) to induce the osteoarthritis in knee. The knee joints from MIA-induced OA rats treated with 3D spheroid of SOD2 siRNA transfected MSCs (100k) with 0.5% HA. The knee joints were stained with hematoxylin and eosin (H&E), safranin O fast green, and type II collagen (Col II) antibody. Scale bars = 250 μm. n = 3 for 2D, Control, SOD2 siRNA group. n = 2 for Con siRNA group. n = 3 for Naive, SOD2 siRNA group. n = 2 for Con siRNA group. Abbreviations: SOD2—superoxide dismutase 2; DCFH-DA—dichloro-dihydro-fluorescein diacetate; OA—osteoarthritis; HA—hyaluronic acid; MIA—monosodium iodoacetate. 
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Figure 6. Schematic mechanism of SOD2 mediated by E-cadherin. The E-cadherin on aggregated cells mediates cell-cell adhesion. Activated E-cadherin from interaction with other cells triggered the pERK and PI3K pathways, followed by the activation of pAkt and pNrf2. Consequently, pNrf2 regulates the expression of SOD2 in mitochondria to decrease oxidative stress and increase cell survival. Symbol: E-cadherin (yellow), Increased action (red and purple), and Decreased action (blue). 
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Table 1. Mass spectrometry analysis by 3D spheroids identified by 2-D gel electrophoresis.






Table 1. Mass spectrometry analysis by 3D spheroids identified by 2-D gel electrophoresis.















	Spot No.
	Name
	MW
	PI
	Score (MOWSE)
	Cov %
	Swiss-Prot Assession No
	±Fold/ (Control)





	1
	No identification
	
	
	
	
	
	4.81



	2
	Guanylyl cyclase-activating protein 1
	22,920
	4.3
	7341
	29.4
	P43080
	0.61 (–1.64)



	3
	Superoxide dismutase [Mn], mitochondrial
	24,722
	8.3
	181
	71.0
	P04179
	4.14



	4
	Transgelin-2
	22,392
	8.4
	17,935
	36.2
	P37802
	0.64 (–1.56)



	5
	No identification
	
	
	
	
	
	0.62 (–1.61)



	6
	Aldose reductase
	35,854
	6.5
	16,298
	24.4
	P15121
	1.41



	7
	Myosin regulatory light chain 12A
	19,794
	4.7
	10,303
	40.1
	P19105
	0.27 (–3.70)



	8
	Myosin regulatory light chain 12B
	19,779
	4.7
	25,759
	40.1
	O14950
	0.41 (–2.44)



	9
	Serum albumin (Bovin)
	69,294
	5.8
	5,100,000
	19.4
	P02769
	2.88



	10
	Cathepsin D
	44,553
	6.1
	1,930,000
	34.5
	P07339
	2.95



	11
	Glutathione S-transferase omega-1
	27,566
	6.2
	41,480
	25.7
	P78417
	0.66 (–1.52)



	12
	Ribosomal RNA small subunit methyltransferase NEP1
	26,720
	9.3
	2202
	27.9
	Q92979
	0.62 (–1.61)



	13
	Guanylyl cyclase-activating protein 1
	22,920
	4.3
	7341
	29.4
	P43080
	0.61 (–1.64)



	14
	Triosephosphate isomerase
	26,670
	6.4
	7037
	30.5
	P60174
	1.54



	15
	Myosin regulatory light chain 12A
	19,794
	4.7
	11,511
	34.9
	P19105
	0.27 (–3.70)



	16
	Myosin regulatory light chain 12B
	19,779
	4.7
	25,759
	40.1
	O14950
	0.45 (–2.22)



	17
	No identification
	
	
	
	
	
	5.60







MW—Molecular Weight; PI—Isoelectric point; MOWSE—Molecular Weight Search; Cov—covariance; NEP—nucleolar essential protein 1.
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