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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder, characterized by the loss of upper and lower motor neurons, for which an effective treatment has yet to be developed. Previous reports have shown that excessive oxidative stress, related to mitochondrial dysfunction and the accumulation of misfolding protein, contributes to ALS pathology. In terms of treatment, it remains necessary to identify effective medicines for multiple therapeutic targets and have additive effects against several disorders. In this study, we investigated stem cells from human exfoliated deciduous teeth (SHED), which release many factors, such as neurotrophic factors and cytokines, and are applied to treat neurological diseases. Specifically, we examined whether SHED-conditioned medium (CM), i.e., the serum-free culture supernatant of SHED, reduced mutant SOD1-induced intracellular aggregates and neurotoxicity. We found that SHED-CM significantly suppressed the mutant SOD1-induced intracellular aggregates and neurotoxicity. The neuroprotective effects of SHED-CM are partly related to heat shock protein and the activation of insulin-like growth factor-1 receptor. SHED-CM also had a protective effect on induced pluripotent stem cell-derived motor neurons. Moreover, SHED-CM was effective against not only familial ALS but also sporadic ALS. Overall, these results suggest that SHED-CM could be a promising treatment for slowing the progression of ALS.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a severe intractable neurodegenerative disease characterized by the degeneration of upper and lower motor neurons. The initial symptoms of ALS are weakness of the muscles in the hands, feet, tongue, and throat, as well as bulbar symptoms such as dysphagia and dyspnea; eventually, ALS leads to death due to respiratory muscle paralysis (Julien et al., 2001; Ling, et al., 2013; Norris et al., 2020).
Significant geographical differences exist in the clinical features of ALS. In Europe and the USA, the incidence of ALS is estimated at 1.75–3.00 cases per 100,000 people per year and the prevalence is 10–12 cases per 100,000 people. Men have a higher risk of sporadic ALS than women, with a global male-to-female ratio of 1.2–1.5 (Julien et al., 2001; Mathis, et al., 2019). About 5%–10% of ALS patients suffer from hereditary ALS, whereas about 90%–95% suffer the onset of ALS regardless of genetics. In the last 20 years, chromosome 9 open reading frame 72 (C9ORF72), Cu/Zn superoxide dismutase (SOD1), TAR DNA-binding protein 43 (TARDBP), and fused in sarcoma/translated in liposarcoma (FUS) have been revealed as the most commonly mutated genes in ALS (Julien et al., 2001; Mathis, et al., 2019).
In particular mutations of SOD1, first discovered as an ALS-associated gene in 1993, account for about 20% of familial ALS (FALS) (also known as ALS1). Several studies have shown oxidative stress as a feature of ALS pathogenesis (Liu, et al., 2015; Bond, et al., 2018), which involves increased production of reactive oxygen species (ROS) and oxidative damage to proteins and lipids (D’Amico, et al., 2013). In addition, excessive endoplasmic reticulum (ER) stress, mitochondrial dysfunction, and disruption of the degradative system (e.g., autophagy, ubiquitin proteasome, etc.) have been associated with the progression and development of ALS. Furthermore, these disorders cause the accumulation of abnormal aggregates in motor neurons (Kikuchi et al., 2006; Cheroni, et al., 2009; Shi et al., 2010). Evidence now indicates that suppressing the accumulation of aggregates is the most effective therapy against ALS.
Several mutant SOD1 mouse models have been created that present mitochondrial dysfunction, aggregate accumulation of SOD1, and neuronal cell death; effective therapeutic agents against ALS have been identified using such models (Gurney et al., 1994; Bruijn, et al., 1997). However, effective drugs for treating patients with ALS have yet to be developed. Although two therapeutic medicines for ALS treatment are on the market and are in clinical use, riluzole (a potential antiglutamatergic agent) and edaravone (a free-radical scavenger) (Yoshino et al., 2019), these medicines only prolong patient survival by a few months. Furthermore, these two agents are not necessarily effective when used in ALS model mice. Thus, identifying novel therapeutic agents for ALS is challenging. Indeed, it is difficult to suppress the onset and progression of the disease with a single drug; it is more important to suppress ALS with a combination of agents. This strategy applies not only to ALS but also to other neurodegenerative diseases such as Alzheimer’s disease (Kondo, et al., 2017). Therefore, there is a need to identify effective drugs for multiple therapeutic targets in ALS and drugs that have additive effects against the disease.
Accordingly, we investigated stem cells from human exfoliated deciduous teeth (SHED), which have become a focus in the field of regenerative medicine. SHED, which are localized around blood vessels in the pulp of deciduous teeth, were isolated from deciduous teeth for the first time in 2003. They are an ideal stem cell source and have great potential in stem cell therapy. In addition, SHED can differentiate into various cells such as chondrocytes, endothelial cells, and functionally and structurally active neurons (Miura, et al., 2003; Fujii, et al., 2015). Previous reports showed that SHED release many factors, such as neurotrophic factors, and promote recovery from central neuropathy (Inoue, et al., 2013; Yamagata, et al., 2013). Furthermore, SHED-conditioned medium (CM), which contains a variety of growth factors such as insulin and hepatocyte growth factor (HGF) at levels much higher than those found in bone marrow-derived stem cell-CM (Matsubara, et al., 2015), is expected to have protective effects. Recently, preclinical studies using animal models have shown the therapeutic abilities of SHED. Indeed, SHED-CM has protective effects against Alzheimer’s disease, acute lung injury, and diabetes (Izumoto-Akita, et al., 2015; Mita, et al., 2015; Wakayama, et al., 2015). In ALS model mice, dental pulp stem cell-derived serum-free culture supernatant has been reported to suppress the loss of motor function (Wang, et al., 2019). However, the effects of SHED-CM against ALS have not yet been revealed.
In the present study, we investigated whether SHED-CM has neuroprotective effects against mutant SOD1-induced neurotoxicity in a cellular model and in patient-derived disease-specific induced pluripotent stem (iPS) cells. Additionally, we investigated whether SHED-CM reduces intracellular aggregates of mutant SOD1. This research could lead to analysis of the additive effects of various active factors released from SHED and the development of novel therapeutic agents for ALS.
MANUSCRIPT FORMATTING
Materials and Methods
Ethics
All experiments on iPS cells and SHED-CM were approved by the Ethics Committees of Gifu Pharmaceutical University and Gifu University, and they were performed in accordance with the Ethical Guidelines for Medical and Health Research Involving Human Subjects in Japan as well as the Ethical Guidelines for Human Genome/Gene Analysis Research in Japan (Gifu Pharmaceutical University approval numbers: 1–23 and 1–25; Gifu University approval numbers: 29–501 and 2020–162; registered ID: UMIN000038561and 000030101).
Plasmid Cell Culture and Transfection
As in our previous study, we used expression plasmids (pmCherry-N1; Clontech Laboratories Inc., CA, USA) harboring human SOD1 (wild-type, G85R, or G93A) (Ueda et al., 2018; Ueda et al., 2019). Briefly, N2a cells were maintained in Dulbecco’s modified Eagle medium (DMEM; Wako Pure Chemical Industries, Ltd., Osaka Japan) containing 10% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific Inc., Waltham, MA, USA). The cells were passaged by trypsinization every 3–4 days. Transient plasmid expression in N2a cells was accomplished with Lipofectamine 2000 according to the manufacturer’s protocol (Thermo Fisher Scientific Inc.).
Cell Viability and Neurotoxicity Assays
Cell viability and neurotoxicity assays were performed according to the methods in our previous study (Ueda, et al., 2018; Ueda, et al., 2019). Briefly, for cell viability, N2a cells were seeded at 1.0 × 105 cells/ml in 96-well plates in DMEM containing 10% FBS. Following plasmid transfection, the cells were differentiated for 48 h in low glucose (1.0 g/L glucose) DMEM supplemented with 2% FBS and 2-mM N,N-dibutyladenosine 3′,5′-phosphoric acid (dbcAMP; Nacalai Tesque, Kyoto, Japan) N2a cells expressing mCherry-SOD1G85R incubated for 48 h with SHED-CM and neutralizing IGF-2 antibodies (bio-techne), Insulin-like Growth Factor-II, Human, recombinant (rhIGF-II: 0.5 ng/ml, 48 h) (Wako Pure Chemical Industries Ltd.) and a HSP 70 inhibitor, Pifithrin mu (Pi mu: 1 µM, 48 h) (StressMarq Biosciences Inc.). The number of live cells was estimated using a Cell Counting Kit-8 (Wako Pure Chemical Industries Ltd.). Briefly, the reagent was added to the wells and the plate was incubated at 37°C for 2 h. Cell viability was calculated by detecting the optical density of formazan at 450 nm using GloMax® (Promega, Madison, WI, USA). A 600-nm wavelength was used as a reference. For neurotoxicity, N2a cells were also seeded at 1.0 × 105 cells/ml in 96-well plates in DMEM containing 10% FBS. Following plasmid transfection, the cells were differentiated for 48 h in low glucose (1.0 g/L glucose) DMEM or SHED-CM supplemented with 2% FBS and 2-mM dbcAMP. The number of dead cells was estimated using an LDH Assay Kit (Wako Pure Chemical Industries Ltd.). Briefly, the reagent was added to the wells and the plate was incubated at room temperature for 30 min. Cell toxicity was calculated by detecting the optical density of formazan at 490 nm using GloMax®. In this case, a 630-nm wavelength was used as a reference.
Aggregation Rate Analysis
After 24 h of vector transfection into N2a cells, the cells were treated with SHED-CM for 24 h and neutralizing IGF-2 antibodies (bio-techne), Insulin-like Growth Factor-II, Human, recombinant (rhIGF-II: 0.5 ng/ml, 24 h) (Wako Pure Chemical Industries Ltd.) and Pifithrin mu (Pi mu: 1 µM, 24 h) (StressMarq Biosciences Inc.). Then subsequently washed twice with PBS for 5 min before being fixed with 4% paraformaldehyde for 15 min. Fluorescent microscopy images were acquired with a confocal fluorescence microscope (LSM700; Carl Zeiss). To count the number of aggregates, we used an IN Cell Investigator 2200 (GE Healthcare, Buckinghamshire, UK). In each experiment, at least 3,000 cells were counted. To quantify aggregate formation, the intensity of even and diffuse fluorescence was set as a threshold and the number of cells showing over-threshold fluorescence intensities within each field was counted. In particular, three or more aggregates in a single cell were counted as intracellular aggregate cells. To measure the percentage of SOD1 aggregates. First, we stained nuclei with Hoechst 33342 and measured the number of all cells. After that, we measured the number of cells in which SOD1 aggregation and then, the percentage (mCherry positive cells/Hoechst positive cells) was calculated in the study. Following threshold analysis, the presence of aggregates within each field was confirmed by eye, based on methods from previous studies (Ueda et al., 2018; Ueda et al., 2019).
Western Blot Analysis
Western blot analysis was completed according to the method from our previous study (Ueda et al., 2019; Ueda et al., 2018). Briefly, after 24 h of vector transfection into N2a cells, the cells were treated with SHED-CM (30%, 50%, 70%/24 h). The cells were then lysed with RIPA buffer [50-mM Tris-HCl (pH. 7.4), 150-mM NaCl, 0.1% Triton-X, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), protease inhibitor cocktail, and phosphatase inhibitor] before being centrifuged at 15,000 × g and 4°C for 30 min. Protein concentration was measured using a BCA Protein Assay Kit (Thermo Fisher Scientific Inc.) with bovine serum albumin (BSA) as the standard. Lysates were mixed with sample buffer containing 10% 2-mercaptoethanol and subjected to 12%, 10%, and 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). To separate proteins of a given molecular weight, 20 µg of protein were applied to SDS-PAGE. SDS-PAGE was performed under a constant 200 V at room temperature for 40 min. The proteins that were separated into poly acrylamide gel were transferred to a PVDF membrane in transfer buffer (0.3% Tris, 1.44% glycine, and 20% methanol) under a constant 100 V at 4°C for 90 min. First, the membranes were incubated for 60 min with 5% BSA (Wako) and then incubated overnight with the following primary antibodies: mouse monoclonal antibodies against Bip, Chop (1:1,000; Cell Signaling Technology, Danvers, USA), and β-actin (1: 2,000; Santa Cruz Biotechnology, Dallas, TX USA), and rabbit antibodies HSP90, HSP70, HSP60, pIGF-1receptor, p-AKT, AKT, p-ERK, ERK, p-GSK-3β, and GSK-3β (1:1,000; Cell Signaling Technology). Following the reaction with primary antibodies, the PVDF membrane was washed twice with TBS-T for 7 min. Then the membranes were incubated with secondary antibodies [goat anti-rabbit antibody conjugated with HRP (1:2,500; Millipore) and goat anti-mouse HRP antibody conjugated with HRP (1:2,500; Millipore)]. Following the reaction with secondary antibodies, the PVDF membrane was washed twice with TBS-T for 7 min. Finally, they were incubated in ECL prime (GE Healthcare) to generate HRP antibody chemiluminescence, which was detected using a Fusion system (Vilber-Lourmat). Image J software (NIH, New York, NY, USA) was used to measure band density.
Immunoprecipitation
Cells were lysed with RIPA buffer (contents detailed in section 3.1.5.) and then centrifuged at 15,000 × g and 4°C for 30 min. The immunoprecipitation procedure was performed using Protein G magnetic beads (Millipore). Protein G was incubated until the supernatant became bound to antimisfolded SOD1 antibody (MS785/MS27) at 4°C overnight. The next day, beads were collected by magnets and washed three times. Lysates were mixed with sample buffer containing 10% 2-mercaptoethanol and subjected to 12% SDS-PAGE. Membranes were blocked with Blocking One (Nacalai Tesque) and immunoblotted with SOD1 antibodies (1:1,000; ENZO). Finally, they were incubated in ECL prime (GE Healthcare) to generate HRP antibody chemiluminescence, which was detected using the aforementioned Fusion system.
ROS Production
ROS production about oxidative stress was measured according to methods reported in our previous study (Ueda T et al., 2019; Ueda T et al., 2018). Briefly, after 24 h of vector transfection into N2a cells, the cells were treated with SHED-CM (30%, 50%, 70%/24 h). To detect mutant SOD1-induced ROS production, a redox-sensitive dye, CellROX® Green (Thermo Fisher Scientific Inc.), and a red mitochondrial superoxide indicator, MitoSOX® Red (Thermo Fisher Scientific Inc.), was used in accordance with the manufacturer’s instructions. The N2a cells were prepared in uncoated glass-bottomed microwells. Following plasmid transfection, CellROX® Green and MitoSOX® Red were added to the cell culture to a final concentration of 5 μM, and the cells were incubated for 30 min at 37°C. Fluorescent microscopy images were acquired using a confocal fluorescence microscope (LSM700; Carl Zeiss) and were analyzed using ZEN software (Carl Zeiss).
Quantitative RT-PCR
After 24 h of vector transfection into N2a cells, the cells were treated with SHED-CM (30%, 50%, 70%/24 h). These RNA sample were extracted and reverse transcription was performed using ReverTra Ace qPCR RT Master Mix in accordance with the manufacturer’s instructions (TOYOBO). qRT-PCR was performed using SYBR Green on a StepOne Real-Time PCR System according to the manufacturer’s instructions (Life Technologies). The sequences of gene-specific primer sets are shown in Table 1. The expression levels of mRNA were normalized using the expression levels of β-actin and Gapdh mRNA.
TABLE 1 | Real time qPCR primers.
[image: Table 1]Phospho-Receptor Tyrosine Kinase Array
We conducted parallel determination of the relative level of tyrosine phosphorylation of human receptor tyrosine kinases (RTKs) (R&D Systems). The cells were treated with SHED-CM (70%) for 30 min. After treatment, the sample collection and storage conditions listed on the product sheet were used. The next day, the membrane was washed twice with wash buffer. The wash buffer was carefully removed and then diluted anti-phospho tyrosine-HRP was added. Finally, the cells were incubated in ECL prime (GE Healthcare) to generate HRP antibody chemiluminescence, which was detected by the aforementioned Fusion system.
Differentiation of Motor Neurons
We used iPSCs in which polycistronic vectors containing Lhx3, Ngn2, and Isl1 (LNI cassette) were provided by the Center for iPS Cell Research and Application. The cells were passaged using TrypLE (Thermo Fisher Scientific Inc.) every 7 days. When these cells were differentiated into motor neurons, they were plated onto Matrigel (Corning)-coated dishes with STEM Fit (Ajinomoto, Tokyo, Japan). The next day, all media were changed to Neurobasal Medium (Thermo Fisher Scientific Inc.), including an N2 supplement (Thermo Fisher Scientific) and doxycycline (1 mg/ml) (Takara), and the cells were cultured for 7 days. Generation and use of human iPSCs was approved by the Ethics Committees of the respective departments including Kyoto University. The study using iPS cells was approved by the Ethics Committees of Kyoto University (R0091, G259) and performed in accordance with the Ethical Guidelines for Medical and Health Research Involving Human Subjects in Japan as well as the Ethical Guidelines for Human Genome/Gene Analysis Research in Japan.
Experiment Using ALS Motor Neurons
iPSCs with the LNI cassette were dissociated to single cells using TrypLE (Thermo Fisher Scientific Inc.) and then plated onto Matrigel-coated 12-well plates (BD Biosciences) with Neurobasal Medium, including an N2 supplement and doxycycline (1 mg/ml), in which they were cultured for 7 days. When the cells had differentiated into motor neurons, SHED-CM was added and the cells were stained on day 14. SHED-CM and fibroblast-CM (Fb-CM) were concentrated by about 20-fold via ultrafiltration (for example, 4 ml was concentrated to 200 µl). In this iPS cell study, both concentrated CMs were treated with 25 µl in 1 ml of Neurobasal Medium including an N2 supplement and doxycycline (1 mg/ml). The number of surviving motor neurons was counted using staining for SMI-32.
Preparation of CM
SHED-CM and Fb-CM were provided by Tokushima University. Briefly, SHED and fibroblasts at 70%–80% confluence were washed with PBS, and the culture medium was replaced with serum-free DMEM. After 48-h incubation, the medium was collected and centrifuged for 4–5 min at 440 g. The supernatant was then collected and centrifuged for 1 min at 4°C and 17,400 g. All experiments on SHED-CM were approved by the Ethics Committees of Gifu Pharmaceutical University, Tokushima University (3,269-1) and performed in accordance with the Ethical Guidelines for Medical and Health Research Involving Human Subjects in Japan as well as the Ethical Guidelines for Human Genome/Gene Analysis Research in Japan.
Statistical Analysis
The results are presented as means ± standard error of the mean (SEM). Statistical comparisons were performed using either Student’s t-test or ANOVA followed by the Bonferroni/Dunn test for post-hoc comparisons (StatView, Abacus; Baltimore, MD, USA). p values <0.05 were considered statistically significant.
Results
SHED-CM Suppresses Mutant SOD1 Intracellular Aggregates and Protects Against Mutant SOD1-Induced Neurotoxicity
Among the 150 types of pathogenic SOD1 mutations reported, the SOD1G85R mutation is known to lead to rapid loss of motor neurons regardless of its enzymatic activity (Ripps, et al., 1995). Based on our previous study, SOD1G85R- and SOD1G93A-transfected N2a cells were created as mutant SOD1 models (Ueda T et al., 2019; Ueda T et al., 2018). These cells show accumulation of intracellular aggregates and decreased cell viability. Using these model cells, we examined the effect of SHED-CM against mutant SOD1-induced neurotoxicity. We confirmed that SHED-CM (50%–70%) decreased the accumulation of SOD1G85R and SOD1G93A aggregates, although the intensity of the fluorescence was not linear with respect to the quantity of proteins in aggregates (Figures 1A,B,E,F). To investigate the effect of SHED-CM against SOD1G85R- and SOD1G93A -induced neurotoxicity, CCK-8 and LDH assays were performed (Figures 1C,D,G,H). We found that SHED-CM (50%–70%) prevented SOD1G85R- and SOD1G93A -induced neurotoxicity; however, the protective effect of SHED-CM slightly decreased at higher concentrations. This may have been due to a lack of the nutrients that are required for survival in vitro. We also examined the effect of the serum-free culture supernatant of human skin fibroblasts (i.e., Fb-CM); we found that Fb-CM (30%) suppressed the intracellular aggregates of mutant SOD1, although not to the same extent as the suppression produced by SHED-CM. Furthermore, Fb-CM had no neuroprotective effect on cell viability (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | SHED-CM protects against SOD1G85R- and SOD1G93A-induced aggregation and neurotoxicity. (A–E) shows data on the G85R variant, whereas (E–H) shows data on the G93A variant. (A and E): Representative fluorescent microscopy images of N2a cells expressing mCherry-SOD1G85R and mCherry-SOD1G93A incubated for 24 h with SHED-CM (5%–100%). Arrow heads show SOD1 aggregates. (B and F): Quantified data on intracellular SOD1 aggregates (expressed as means ± SEM of three independent experiments). In each experiment, at least 2,000 cells were counted. (C and G): Cell viability was measured via a CCK-8 assay. (D and H): Cell toxicity was measured via an LDH assay. N2a cells were differentiated under culture medium (2-mM dbcAMP and 2% FBS) in the presence or absence of SHED-CM (5%–100%/24 h). Results are presented as means ± SEM of three independent experiments or as a percentage of “mock” (mock = 100%). ###p < 0.001 vs. WT; ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R and G93A. Scale bar: 10 µm.
SHED-CM Suppresses Mutant SOD1-Related Oxidative Stress
In our previous study, oxidative stress was recorded at high levels in N2a cells with SOD1 pathogenic variants (Ueda, et al., 2018; Ueda, et al., 2019). Oxidative stress is a feature of ALS pathogenesis (Liu, et al., 2015; Bond, et al., 2018), and is related to increased production of ROS and oxidative damage to proteins (D’Amico, et al., 2013). In addition, suppression of oxidative stress is considered to inhibit the progression of ALS (Carrera-Juliá, et al., 2020). Therefore, we examined the effect of SHED-CM against mutant SOD1-related oxidative stress using CellROX Green MitoSOX Red. Results showed that SHED-CM treatment suppressed mutant SOD1-related oxidative stress (Figures 2A–D). To determine whether the suppression of oxidative stress was related to gene expression, real-time qPCR was performed for GCLM, NQO1, and HO-1, which are known as markers of antioxidative stress. Results showed that SHED-CM had no effect on the expression of these genes (Figures 2E–G).
[image: Figure 2]FIGURE 2 | SHED-CM suppresses SOD1G85R-induced oxidative stress. (A): N2a cells expressing mCherry-SOD1G85R were treated with SHED-CM (30%, 50%, and 70%) for 24 h. Subsequently, CellROX Green was added to the cell culture to a final concentration of 5 μM and incubated for 30 min at 37°C. (B): MitoSOX Red was added to the cell culture to a final concentration of 5 μM and incubated for 30 min at 37°C. (C and D): The relative fluorescence intensities of CellROX and MitoSOX were respectively quantified by computerized image analysis with Image J. Results are presented as the means ± SEM of three independent experiments, based on the fluorescence intensity of the “mock” (mock = 1). ###p < 0.001 vs. WT; ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R. Scale bar: 100 µm. (E–G): Expression of Gclm, Nqo1, and Ho-1 are presented as a ratio of β-actin, respectively. N2a cells expressing mCherry-SOD1G85R were treated with SHED-CM (30%, 50%, and 70%) for 24 h, and mRNA expressions were analyzed using a SYBR Green-based RT-qPCR assay. The expression levels of mRNAs were normalized to the expression level of β-actin mRNA. Results are presented as means ± SEM from three independent experiments based on the fluorescence intensity of the “mock” (mock = 1). n.s.: not significant.
SHED-CM Suppresses Mutant SOD1-Induced ER Stress and Increases HSP70 Levels
In our previous study, we reported that ER stress is high in mutant SOD1 model cells (Ueda, et al., 2019). Additionally, ER stress is a known feature of ALS pathogenesis (Kikuchi, et al., 2006). Therefore, we examined the effect of SHED-CM against mutant SOD1-related ER stress. SHED-CM decreased mutant SOD1-induced ER stress (Figures 3A–C) and suppressed mutant SOD1 aggregates (Figure 1). To understand how SHED-CM suppresses these aggregates, we focused on HSPs, which are universally present in all cells and have a variety of functions. In particular, HSP expression levels are known to increase when cells are exposed to stresses such as heat and oxygen deprivation (Jacob, et al., 2017). Furthermore, HSPs such as HSP90, HSP70, HSP60, HSP40, and HSP27 play roles in maintaining the correct structure of intracellular proteins as chaperones. Several reports have shown the relationship between HSPs and misfolding proteins including SOD1, synuclein, and tau (Auluck, et al., 2002; Dedmon, et al., 2005; Sharp, et al., 2008). Here, we hypothesized that the effects of SHED-CM against mutant SOD1 involve HSPs; thus, we performed western blots for representative HSPs, i.e., HSP60, HSP70, and HSP90. Results showed that the expression of HSP70 in particular was increased by SHED-CM treatment (Figures 3D–G). To determine whether the increase in HSP70 was related to gene expression, real-time qPCR for Hspd1, Hspa1, and Hsp90aa1 was performed. Data showed that SHED-CM had no effect on the expression of the HSP-related genes in the studies using β-actin mRNA (Figures 3H–J) and also using Gapdh mRNA (Supplementary Figure S2). To clarify the involvement of HSP70 in the protective effect of SHED-CM against mutant SOD1, intracellular aggregates and cell viability were examined using a HSP70 inhibitor (Pifithrin mu). Cotreatment with SHED-CM and the HSP70 inhibitor increased mutant SOD1-induced intracellular aggregates and attenuated the protective effect of SHED-CM (Figures 4A–C). These results indicate that the molecular chaperone HSP70 is partly responsible for the protective effect of SHED-CM.
[image: Figure 3]FIGURE 3 | SHED-CM suppresses SOD1G85R -induced ER stress and increases HSP70 levels. (A): N2a cells expressing mCherry-SOD1G85R were treated with SHED-CM (30%, 50%, and 70%) for 24 h. Subsequently, immunoblot analysis of Bip and Chop was conducted in relation to ER stress. (B and C): Densitometric quantification of Bip and Chop. ###p < 0.001 vs. WT; ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R. (D): Immunoblot analysis of HSP60, HSP70, and HSP90. (E–G): Densitometric quantification of HSP60, HSP70, and HSP90. Results are presented as means ± SEM of three independent experiments based on the fluorescence intensity of the “mock” (mock = 1). ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R. n.s.: not significant. (H–J): N2a cells expressing mCherry-SOD1G85R were treated with SHED-CM (30%, 50%, and 70%) for 24 h, HSP-related gene mRNA expression of HSP60, HSP70, and HSP90 (Hspd1, Hspa1, and Hsp90aa1, respectively) were analyzed using the SYBR Green-based RT-qPCR assay. The expression levels of mRNAs were normalized to the expression level of β-actin mRNA. Results are presented as means ± SEM of three independent experiments based on the fluorescence intensity of the “mock” (mock = 1). n.s.: not significant.
[image: Figure 4]FIGURE 4 | HSP70-related protective effects of SHED-CM. (A): Representative fluorescent microscopy images of N2a cells expressing mCherry-SOD1G85R incubated for 24 h with SHED-CM (30%, 50%, and 70%) and the HSP70 inhibitor Pifithrin mu (Pi mu) (1 μM/24 h). Arrow heads show SOD1 aggregates. (B): Quantified data of intracellular SOD1 aggregates are expressed as means ± SEM of three independent experiments. In each experiment, at least 2,000 cells were counted. ###p < 0.001 vs. WT; ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R; †p < 0.05 vs. G85R treatment of SHED-CM. Scale bar: 10 µm. (C): mCherry-, mCherry-SOD1WT-, and mCherry-SOD1G85R-expressing N2a cells were differentiated in culture medium (2-mM dbcAMP and 2% FBS) in the presence or absence of SHED-CM (30%, 50%, and 70%/48 h) and the HSP 70 inhibitor (Pi mu) (1 μM/48 h). Cell viability was measured via a CCK-8 assay. Results are presented as means ± SEM of three independent experiments or as a percentage of the “mock” (mock = 100%). ###p < 0.001 vs. WT; ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R; †p < 0.05.
SHED-CM has Neuroprotective Effects via IGF-1 Receptor
SHED-CM includes a variety of growth factors (Yamagata M et al., 2013). Therefore, to investigate the neuroprotective effects of SHED-CM in relation to receptor activation, an RTK array was performed to detect receptor phosphorylation. Among a number of receptors, IGF-1R tended to be activated; thus, western blotting was used to confirm the activation of IGF-1R by treatment with SHED-CM (Supplementary Figure S3 and Figure 5A). To identify the signal transduction pathway, we focused on AKT and ERK, which are downstream signal proteins of IGF-1R and are associated with ALS (Halon-Golabek, et al., 2018; Yin, et al., 2015; Ionescu, et al., 2019; Wang, et al., 2018). SHED-CM activated AKT and phosphorylated its downstream signal, GSK-3β (Figures 5B–F). AKT inactivates GSK-3β; previous studies have shown that phosphorylation of the AKT–GSK-3β pathway has neuroprotective effects in SOD1 mouse models (Allodi, et al., 2016). Therefore, the neuroprotective effect of SHED-CM is partly related to the phosphorylation of IGF-1R, AKT, and GSK-3β. Furthermore, to clarify the relationship between SHED-CM and IGF-1R, the effects of SHED-CM were also examined using human recombinant IGF2 (hrIGF2) and neutralizing IGF-2 antibodies. First, hrIGF2 showed a significant protective effect, although not as strong as the protective effect of SHED-CM (Figure 5G). Second, the protective effect of SHED-CM was suppressed by treatment with neutralizing IGF antibody (Figure 5H). These results suggest that IGF-1R may be involved in the protective effect of SHED-CM.
[image: Figure 5]FIGURE 5 | SHED-CM effects the activation of IGF-1 receptor. (A): N2a cells were treated with SHED-CM (50%) for 5, 15, and 30 min. Subsequently, immunoblot analysis of p-IGF-1R was conducted. (B and E): The lysates were analyzed by immunoblotting with antibodies for phosphorylated AKT (p-AKT), phosphorylated ERK (p-ERK), phosphorylated GSK-3β (p-GSK-3β), and β-actin. (C, D, and F): Densitometric quantification of p-AKT, p-ERK, and p-GSK-3β. Results are presented as means ± SEM of three independent experiments based on the fluorescence intensity of the “mock” (mock = 1). ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R. (G): N2a cells expressing mCherry-SOD1G85R were treated with SHED-CM (30%, 50%, and 70%) and h-recombinant IGF-2 (same amount as included in SHED-CM) for 24 h. Cell viability was measured using a CCK-8 assay. (H): N2a cells expressing mCherry-SOD1G85R were treated with SHED-CM (30%, 50%, and 70%) and neutralizing anti-IGF-2 antibody for 24 h. Cell viability was measured via a CCK-8 assay. Results are presented as means ± SEM of three independent experiments based on the fluorescence intensity of the “mock” (mock = 100). ###p < 0.001 vs. WT; ***p < 0.001, **p < 0.01, and *p < 0.05 vs. G85R; †p < 0.05.
SHED-CM has a Protective Effect on iPS Cell-Derived Motor Neurons
To examine the effect of SHED-CM on human-derived cells, we used iPS cells derived from FALS (F144LVX) patients and differentiated them into motor neurons over 7 days (Imamura, et al., 2017). These cells expressed high levels of SMI-32, a marker for motor neurons. After 7 days of differentiation, SHED-CM and Fb-CM were added to the culture medium for another 7 days; at day 14, the surviving motor neurons were measured using immunostaining for SMI-32 (Figure 6A). However, since the culture mediums of iPS cells and SHED are different, SHED-CM was concentrated by ∼20-fold by ultrafiltration. Results showed that most of the cells in the untreated group were dead by day 14, whereas the survival rate in the SHED-CM-treated group recovered to ∼60% (Figures 6B,C). In addition, iPS cells derived from a sporadic ALS (SALS) patient were also used, and we found SHED-CM treatment had a similar efficiency against SALS as was observed against FALS (Figures 6D,E). To further examine the protective effect of SHED, the accumulation of abnormal proteins in motor neurons was detected by immunoprecipitation using an antibody that specifically recognizes misfolding SOD1. Results showed that SHED-CM reduced misfolding SOD1 in FALS (Figure 6F). These results suggest that SHED-CM is effective not only against FALS but also against SALS; therefore, it has the potential to be an effective therapeutic medicine.
[image: Figure 6]FIGURE 6 | Neuroprotection of ALS motor neurons using (or treated with) SHED-CM. (A): The scheme of this study. (B and D): Generation of motor neurons from iPSCs derived from ALS patient. Representative images of ALS motor neurons on day 7 and day 14 after treatment with vehicle, ultrafiltered SHED-CM (50%), or Fb-CM (50%). Treatment with SHED-CM increased survival of ALS motor neurons compared with the survival of vehicle-treated ALS motor neurons. Scale bar: 200 µm. (C and E): Cell viability was measured by staining SMI-32. Results are presented as means ± SEM of three independent experiments based on the fluorescence intensity of the “mock” (mock = 100). ###p < 0.001 vs. Day 7; ***p < 0.001 vs. Day 14. Scale bar: 200 µm. (F): Accumulation of misfolded SOD1 protein in ALS patient iPSC-derived motor neurons was detected using an immunoprecipitation assay.
DISCUSSION
Here, we reveal that SHED-CM is a promising candidate for the treatment of ALS using iPS cells. Previously, we created a mutant SOD1-induced neurotoxicity model using N2a cells that resembles the characteristics of motor neurons of patients. In our prior studies, we identified new candidate processes such as activation of autophagy via the AMPK-mTOR pathway and antioxidant effects that can remove various ROS (Ueda, et al., 2017; Ueda, et al., 2018). The approved drugs currently used to treat ALS in Japan, e.g., edaravone and riluzole, have extremely limited effects (Lacomblez, et al., 1996). To solve this problem, we have attempted to identify drugs that produce additive effects. Here, we focused on SHED, which release factors such as neurotrophic factors (Matsubara, et al., 2015) and biometals (unpublished data). The efficacy of SHED and SHED-CM are now being actively studied worldwide (Shimojima, et al., 2016; Shi, et al., 2020). However, the effects of SHED-CM on the nervous system, especially in ALS, had previously not been investigated. In the present study, SHED-CM exhibited protective effects in mutant SOD1-transfected N2a cells and ALS patient-derived iPS cells.
Mutant SOD1 accounts for about 20% of FALS in Japan and intracellular aggregates are observed in the motor neurons of these patients (Grad, et al., 2014). Inhibition of such aggregates is one strategy for ALS treatment (Watanabe, et al., 2014). In the current study, SHED-CM was shown to reduce mutant SOD1 intracellular aggregates in both the N2a cell model and iPS cells. HSPs are involved in inhibiting this aggregation (Auluck, et al., 2002; Dedmon, et al., 2005; Sharp, et al., 2008). Previous reports showed that arimoclomol, a coinducer of HSP responses, recovered motor function and survival in SOD1Tg mice (Kieran, et al., 2004; Kalmar, et al., 2008). In addition, a double-blind placebo study using arimoclomol in ALS patients with SOD1 mutants showed that the therapeutic effects were not detected at a statistically significant level, although the treatment was potentially effective for ALS patients with several mutations (Benatar, et al., 2018). In our present study, HSP70 levels were increased by SHED-CM treatment, while HSP90 also showed an increasing trend. These results suggest that HSPs are partly involved in the protective effect of SHED-CM against mutant SOD1. However, the study using a HSP 70 inhibitor may not be fully sufficient data, HSP70 is thought to be partially involved in the protective effect of SHED-CM against mutant SOD1. I addition, previous studies showed that HSPs have protective effects not only against mutant SOD1 but also against TDP-43 aggregates, which are known to accumulate in the motor neurons of SALS patients (Chen, et al., 2016). Considering these results, SHED-CM seems to produce protective effects on the motor neurons SALS patients via the same mechanism by which such effects are produced in FALS patients.
Based on these results of Cellrox and Mitosox, we hypothesized that SHED-CM increased the expression of the antioxidant gene (Gclm, Nqo1, and Ho1). However, SHED-CM had no effect on the expression of antioxidant genes (Figures 2E–G). The reason for no changes in the antioxidant gene is thought to be due to that the inhibition of aggregate formation reduces oxidative stress. Several reports have shown the relationship between HSPs and misfolding proteins including SOD1, synuclein, and tau (Auluck, et al., 2002; Dedmon, et al., 2005; Sharp, et al., 2008). In addition, SHED-CM increased the protein level of HSP70 in this study. Therefore, we thought that SHED-CM suppresses oxidative stress via the HSP70 without the intervention of genes such as Gclm, Nqo1, and Ho1.
To investigate the downstream of signals induced by SHED-CM, we used an RTK array to determine which receptors were phosphorylated by SHED-CM. We found that SHED-CM activated various receptors (Supplementary Figure S3). Previous reports showed that activation of IGF-1R prolongs survival in a mouse ALS model (Allodi et al., 2016; Wen, et al., 2019). Indeed, IGF-1R is a key molecule; our results suggest that IGF-1R, AKT, and GSK3-β pathways contribute significantly to cell survival. Many other studies have reported the existence of a relationship between GSK3-β and mutant SOD1. The use of GSK-3β inhibitors prevents apoptosis and ultimately suppresses the onset of symptoms and disease progression in SOD1Tg mice (Koh, et al., 2007; Ahn, et al., 2012). These results suggest that the phosphorylation of GSK-3β is partly involved in the observed protective effects of SHED-CM. In this study, we reveal the activation of IGF receptor and HSP 70 was partly related to neuroprotective effects against the neurotoxicity of mutant SOD1. However, these protective effects are less effective than those of SHED-CM (Figure 4, Figures 5G,H).
Previous studies showed that HGF was shown to increase the number and diameter of motor neurons, restore the shape of the neuromuscular junction, improve motor function, and prolong survival rate in SOD1Tg mice (Lee, et al., 2019; Lee, et al., 2019). In the current study, SHED-CM did not activate the HGF receptor in N2a cells (Supplementary Figure S3). In addition, a previous report showed that stem cell-derived CM increases the expression of antioxidant factors (Ra, et al., 2020). However, SHED-CM could not increase in the expression of antioxidant factors such as Gclm, Nqo1, and Ho-1 in our study. We suppose that the reactions and pathways induced by SHED-CM are different among kinds of cells, injuries and species, because SHED-CM contains various neurotrophic factors and biometals, and additionally unknown substances.
A previous study has reported that the effect of DPC-derived CM on mutant SOD1Tg mice (Wang, et al., 2019) Historically, however, many differences in the expression of receptors, reactions and toxicity exist between humans and mice. Recently, iPS cells have been used in drug discovery research for ALS. Consequently, ropinirole, a medicine used to treat Parkinson’s disease, was identified as a novel therapeutic drug for ALS (Okano, et al., 2020). Therefore, we used iPS cells to examine the protective effects of SHED-CM from a clinical perspective. This is the first study in which SHED-CM and iPS cells were used against mutant SOD1. The iPS cells used here were differentiated into motor neurons in 7 days and showed characteristic symptoms of FALS and SALS.
There are some limitations to our research. For control, in future, we think it is necessary to study the isogenic control genetically corrected usingCRISPR-Cas9 technique). Although we examined the efficacy of SHED-CM on some motor neurons in vitro, additional patient-derived iPS cells with other variants should be examined to produce definitive conclusions. Furthermore, in future research, the efficacy of SHED-CM should be evaluated not only in neurons but also in glial cells in vivo. In vivo studied might be also necessary for clinical trails. Taken together, our iPS study using SHED-CM is a pioneering and promising study for ALS. Currently, the two research in which iPS cells are used to identify new medicines for ALS have been clinically developed in Japan (Okano H et al., 2020, Imamura K et al., 2017).
Few clinical trials in which SHED was used have been reported to date. However, many studies have been conducted for the purpose of developing the clinical application of SHED. Now clinical application of SHED into patients is a focus of regenerative medicine (Taghipour, et al., 2012; Fujii, et al., 2015). Indeed, SHED exists in young human bodies. In addition, long-term monitoring of SHED treatment shows that it is safe and does not produce adverse reactions (Nakashima, et al., 2017; Nakashima, et al., 2017). Moreover, SHED can differentiate into various cells including chondrocytes, endothelial cells, and functionally and structurally active neurons (Miura, et al., 2003; Fujii, et al., 2015). Therefore, SHED has great potential for use in stem cell therapy. In the future, SHED and SHED-CM are expected to be developed as clinical grade agents that could be widely used against various diseases.
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