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Abstract

:

Background: Myotonic dystrophy type 1 (DM1) is an autosomal dominant disorder clinically characterized by progressive muscular weakness and multisystem degeneration, which correlates with the size of CTG expansion and MBLN decrease. These changes induce a calcium and redox homeostasis imbalance in several models that recapitulate the features of premature tissue aging. In this study, we characterized the impact of a new family of FKBP12 ligands (generically named MPs or MP compounds) designed to stabilize FKBP12 binding to the ryanodine receptors and normalize calcium dysregulation under oxidative stress. Methods: Human primary fibroblasts from DM1 patients and control donors, treated with MP compounds or not, were used for functional studies of cell viability, proliferation, and metabolism. The gene expression profile in treated cells was determined using RNA sequencing. The impact of MP compounds in vivo was evaluated in a Drosophila model of the disease using locomotor activity and longevity studies. Results: The treatment with different MP compounds reversed oxidative stress and impaired cell viability and proliferation, mitochondrial activity, and metabolic defects in DM1-derived primary fibroblasts. RNA sequencing analysis confirmed the restoration of molecular pathways related to calcium and redox homeostasis and additional pathways, including the cell cycle and metabolism. This analysis also revealed the rescue of alternative splicing events in DM1 fibroblasts treated with MP compounds. Importantly, treatment with MP compounds significantly extended the lifespan and improved the locomotor activity of a Drosophila model of the DM1 disease, and restored molecular defects characteristic of the disease in vivo. Conclusions: Our results revealed that MP compounds rescue multiple premature aging phenotypes described in DM1 models and decipher the benefits of this new family of compounds in the pre-clinical setting of DM1.
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1. Introduction


Myotonic dystrophy (DM) is the most common inherited form of adult-onset muscular dystrophy. DM is an RNA-dominant disorder caused by the expression of expanded CTG trinucleotide repeats located in the 3′ untranslated region (UTR) of the DM1 protein kinase (DMPK) gene in DM type 1 (DM1) [1] and by a tetra-nucleotide CCTG expansion in the zinc finger protein 9 (CNBP) gene in DM type 2 (DM2) [2]. DM1 is more common and represents a more severe phenotype than DM2 [3]. In DM1, mutant DMPK transcripts containing an expanded CUG tract are retained within the nucleus as discrete foci. Due to their high affinity for CUG expansions, RNA binding proteins, such as the Muscleblind-like (MBNL) family, are sequestered within the CUG-RNA foci, leading to their functional depletion [4]. At the same time, the RNA binding activity of CUG-binding protein 1 (CUG-BP1 or CELF1) rises. These alterations promote alternative splicing changes, impaired gene expression, and additional changes in protein translation, microRNA metabolism, and additional non-coding RNAs, which determine the defects and clinical symptoms observed in the disease [5,6,7]. The length of the triplet expansion increases with age and each generation, and correlates with an earlier age of onset of the disease and a more severe phenotype [8].



Patients with DM1 are characterized by progressive myotonia and muscle weakness and atrophy. Additionally, they display a multisystemic degenerative process characterized by cardiac defects, endocrine disorders, cognitive impairment, insulin resistance, cataracts, increased cancer incidence, neurodegeneration, and premature death [6,9]. Overall, these phenotypes resemble premature aging, leading to the postulate that DM1 is a progeria-like disease [9,10]. Supporting this hypothesis, several pathogenic mechanisms, including senescence accumulation [11,12,13], mitochondrial dysfunction [14], telomere shortening [15], and alteration of autophagy [16], all hallmarks of aging [17], have been associated with DM1 phenotypes.



Despite several ongoing trials, to date there is no treatment to cure or delay the progression of the disease in the clinical setting yet. Supportive treatments, preventative measures, and clinical surveillance are the only options for DM1 patients nowadays [18]. Several novel compounds and strategies have been proposed as anti-DM1 therapy [19,20]. They have primarily been focused on targeting CUG repeats and DMPK via reducing its expression and/or preventing interactions with MBNL1. However, it remains to be seen whether any of these strategies are safe and effective in DM1 patients. Indeed, the most advanced therapeutic strategies in the clinical evaluation of DM1 are small molecules that target symptoms or downstream defects, such as metformin, mexiletine, or tideglusib [19,20,21]. Therefore, developing new small molecule compounds targeting critical downstream aspects of the disease remains a priority to complement therapeutics aiming at the root cause of DM1.



Imbalances in calcium and redox homeostasis are common features in aging and neurodegenerative disorders, profoundly contributing to their severity and progression [22,23,24]. Diseases caused by DNA expansion repeats such as DM1 also show defects in calcium and redox homeostasis [24,25,26]. DM1 patients have a chronic increase in cytosolic calcium levels [27,28] and dysregulated calcium metabolism. Interestingly, DM1 patients also display altered alternative splicing events of several genes involved in calcium homeostasis and muscle weakness. In this regard, abnormal skipping in exon 29 of the calcium channel CACNA1S aggravates myopathy in the HSALR mouse model of DM1 [29]. In addition, fetal variants of ryanodine receptor type 1 (RyR1), which is involved in the calcium release from intracellular organelles, and SERCA1, which is responsible for calcium transport from the cytosol into the sarcoplasmic reticulum, are significantly increased in skeletal muscles from DM1 patients and in HSALR mouse [30,31]. Regarding redox homeostasis, DM1 patients present an increase in Reactive Oxygen Species (ROS) levels and oxidative stress biomarkers [32], and an imbalanced oxidant and antioxidant ratio in blood samples [33]. Moreover, in vitro studies showed an increased susceptibility of DM1 cells to oxidative stress, which correlated with CTG repeat expansion [34,35].



Ryanodine receptors (RyRs) are intracellular channels that regulate calcium release from the endoplasmic reticulum into the cytosol of many cell types. They play a role in intracellular calcium homeostasis and are also sensors of the redox state. Consequently, RyRs are essential for numerous cellular functions. RyRs are large complexes comprising several regulatory subunits, including FK506-binding proteins (FKBPs), calmodulin, CaM-dependent kinase II, or protein phosphatases 1 and 2A [36,37]. RyR channels are subject to stress-induced calcium leak, which has been demonstrated to be involved in muscle weakness during extreme fatigue or aging [38], cognitive dysfunction [39], cardiac arrhythmias, and heart failure [40], as well as in muscular dystrophy [41]. Thus, the normalization of RyR channel activity has recently become a therapeutic target for cardiac and muscular disorders [42].



Among the different approaches, compounds to stabilize FKBP12 binding to the RyR, including Rycals, have shown promising results in muscular dystrophies. The better-known agents are benzodiazepines JTV510/K102, S107, and ARM210, which presented cardioprotective effects and improved muscle function and exercise performance in a Duchenne muscular dystrophy mouse model [41,42,43,44,45].



In order to modulate some of the main pathological manifestations induced by DM1, we have designed and synthesized a novel family of 4-arylthioalkyl-1-carboxyalkyl-1,2,3-triazoles (MP compounds) capable of normalizing the FKBP12/RyR1 interaction and modulating calcium dysregulation under oxidative stress conditions [21,46] to further evaluate their impact in experimental models of DM1 disease. Of note, MP compounds showed a similar recovery of the FKBP12/RyR1 interaction compared to S107, with a much higher safety profile [46]. In this work, we studied for the first time the potential impact of novel FKBP12 ligands in DM1, studying the activity of MP compounds in human primary fibroblasts of DM1 patients and a Drosophila model of DM1 disease.




2. Material and Methods


2.1. Compounds


MP compounds have been previously described [46]. In these studies, MP-001 and MP-002 were previously reported as 10b [46] and AHK2 [21], respectively.




2.2. Cell Culture


Cultures from different DM1 patients and healthy controls were established and have been previously described [13,14]. Briefly, for the isolation of primary fibroblasts, punch skin biopsies were chopped into 2–3 mm3 fragments and placed on a surface moistened with modified Eagle’s medium containing 13% newborn calf serum, 0.4% penicillin/streptomycin (Gibco, Waltham, MA, USA), and 2 mM L-glutamine (Gibco). Flasks were incubated vertically for 3–6 h at 37 °C in a 5% CO2 atmosphere and then returned to the horizontal position. Human fibroblasts were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) containing 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA), 1% L-glutamine (Gibco), and 1% penicillin/streptomycin (Gibco). When indicated, fibroblasts were treated with MP compounds for 72 h. Experiments were performed in early passage cultures (range of 5 to 10 passages). Fibroblasts were tested regularly for mycoplasma contamination. Detailed information of cells used in the manuscript is included in Supplementary Table S1.




2.3. Measurement of Cell Growth and Viability and Cell Proliferation


For cell viability, fibroblasts were seeded in 96-well plates followed by treatment with 0.1 µM MP compounds for 72 h. Viable cells were quantified using the modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (M5655, Sigma-Aldrich) assay in six replicates per condition. For P-H3 immunofluorescence assays, 5 × 103 fibroblasts were seeded in immunofluorescence chambers and, after 14–16 h, were treated with MP compounds for 72 h. After that, cells were processed following standard procedures [14]. Primary antibody against phospho Histone H3 Ser10 (ab14955, Abcam, Cambridge, UK) was used.




2.4. Total ROS Measurement


A total of 0.1 × 104 fibroblasts was plated in 96-well plates and, after 14–16 h, was treated with 0.1 µM MP compounds for 72 h. Afterwards, ROS-Glo H2O2 Assay (G8820, Promega, Madison, WI, USA) was performed according to the manufacturer’s instructions to measure H2O2 concentration. White flat-bottom plates (Corning, Steuben County, NY, USA) were used in a PHERAstar (BMG Labtech, Ortenberg, Germany) luminometer plate reader for the final readout.




2.5. Metabolic Measurements


The measurement of OCR and ECAR was performed in XF96 plates with XF Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA). Fibroblasts were seeded in collagen (BD Biosciences, Franklin Lakes, NJ, USA)-coated XF 96-well plates (Agilent) in octuplicates at 5 × 103 cells/well in 100 μL growth medium and after 14–16 h were treated with 0.1 µM MP compounds for 72 h. Mitochondrial activity was evaluated using the Seahorse XF Cell Mito Stress Test Kit, according to the manufacturer’s instructions (Agilent). Oligomycin (75351, Sigma-Aldrich), FCCP (C2920, Sigma-Aldrich), and Rotenone/Antimycin A, (R8875 and A8674, Sigma-Aldrich) were used at 1.5 μM concentration, after a titration experiment. Cell content was normalized using crystal violet. The post-normalization values of OCR and ECAR reflect the cells’ metabolic activities and the number of cells being measured. Data were further processed using the manufacturer’s calculation matrix.




2.6. RNA-Seq Study


RNA was extracted using Trizol (Life Technologies, Carlsbad, CA, USA), and 200 ng of high-quality total RNA was processed for library construction. First, the mRNA was fragmented randomly; then, the cDNA was synthesized. Short fragments were purified and resolved with EB elution buffer for end repair and the addition of single nucleotide A (adenine). After that, the short fragments were ligated with sequencing adapters. Next, the double-stranded cDNA library was completed through size selection and PCR enrichment. During the QC steps, Agilent 2100 Bioanalyzer (Agilent) and ABI StepOnePlus Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) were used to quantify and qualify the sample library. Lastly, the qualified RNA-seq libraries were sequenced using Illumina NovaSeq6000 in CD Genomics (Shirley, NY, USA) after pooling according to its effective concentration and expected data volume. The sequencing was paired-end 150 bp. For the alignment, we used human GRCh38 as the reference genome using the STAR (V2.7.10a) aligner; gene expression was quantified using RSEM (V1.3.1) and differential expression for each gene was performed using the edgeR package (v 4.0.3). Genes with log2 fold change over or under 1 and an adjusted p-value under 0.05 were considered significantly altered. Splicing analysis was performed using Vast-Tools (V2.3.0). We pooled the reads for each state using the merge option and considered a change in Percentage of splice In (PSI) significant if it was above 15 percent and the adjusted p-value was under 0.05 using the compare module.




2.7. mRNA Expression Analysis


Total RNA was extracted using TRIzol (Life Technologies). Reverse transcription was performed using random priming and the Maxima First Strand cDNA Synthesis Kit for RT-qPCR with dsDNase (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s guidelines. Quantitative PCR was performed in a CFX384 thermocycler (Bio-Rad, Hercules, CA, USA) using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific), 10 mM of each primer, and 20 ng of cDNA. Variations in RNA input were corrected by analyzing the expression of GAPDH (human) or rp49 (Drosophila) as housekeeping genes. The ΔΔCT method was used for relative quantification. Primer sequences are in Supplementary Table S5.




2.8. Transgenic Drosophila Melanogaster


We used the transgenic Mhc-Gal4 UAS-i(CTG)480 flies [47], referred to as REC2. Flies were housed at 70% humidity and 12 h/12 h light/dark cycles. All crosses were carried out at these conditions with standard fly food or plus MP-002 10 or 100 µM for the treated group. For the longevity study, 50–80 newly emerged flies were collected in freshly prepared tubes containing standard feed with or without MP-002. Males and females were kept in separate tubes at 25 °C. The number of dead flies was scored daily. Flies were transferred to new tubes twice a week. Survival curves were obtained using the Kaplan–Meier method, and the results were analyzed using the log-rank test. For locomotor activity, 20- and 25-day old flies were analyzed in groups of five. They were placed in a tube with an 8 cm mark from the bottom. The assays were recorded and archived. The number of flies that passed the 8 cm mark in 10 s was counted (3 times/tube). mRNA was isolated from the thorax of a mix of 6 flies per sample and condition.




2.9. Statistics


Data are presented as mean values ± S.E.M., with the number of experiments (n) in parentheses. Unless otherwise indicated, statistical significance (p-values) was calculated using the Student’s t-test. Asterisks (≠, *, **, and ***) indicate statistical significance (p < 0.1, p < 0.05, p < 0.01, and p < 0.001, respectively).





3. Results


3.1. MP Compounds Restore Cell Growth and ROS Levels in DM1 Primary Fibroblasts


First, we examined cell growth and viability in primary fibroblasts from DM1 patients and healthy controls of similar age performing MTT studies. The comparison between both groups revealed a significant reduction of ~50% in DM1 fibroblasts (Figure 1A). The impaired cell growth was paralleled by a ~50% increase in intracellular calcium levels (Figure 1B) and a marked accumulation in ROS levels in DM1 fibroblasts compared to healthy controls (Figure 1C). In this context, we tested the effect of MP compounds on cell growth and viability. For this, we cultured DM1 fibroblasts with a single dose of 0.1 µM of 12 MP compounds for 72 h. Interestingly, several MP agents improved the impaired cell viability of DM1 fibroblasts (Figure 1D). Among them, MP-001 and MP-002 were the compounds that restored cell growth and viability more robustly. Therefore, we treated cells with increasing concentrations of 0.1, 1, and 10 µM of MP-001 and MP-002 for 72 h. These compounds did not exhibit cell toxicity and increased the cell viability in DM1 fibroblasts from the minimal dose of 0.1 µM and 10 µM in controls (Figure 1E,F).



Next, we measured the calcium levels and found that the treatment with MP-002 significantly rescued the increased levels in DM1 cells (MP-001 trended towards normalization but did not reach statistical significance), whereas no effect was detected in control cells (Figure 1G). Regarding ROS levels, the treatment with the minimal dose of 0.1 µM of MP-001 and MP-002 notably decreased them in both genotypes, but especially in DM1, reaching intensity values like those of the controls (Figure 1H). These results reveal that MP compounds rescued cell growth in DM1, paralleling the normalization of ROS levels.




3.2. MP Compounds Normalize Premature Aging Phenotypes in DM1 Primary Fibroblasts


DM1 fibroblasts display decreased proliferative capacity, mitochondrial function and metabolism, and enhanced senescence [14], all hallmarks of cellular aging [48]. Next, we investigated the functional impact of MP-001 and MP-002 on those processes. First, as previously described, we found fewer phospho-Histone H3 (pH3)-positive cells in DM1 cells than in controls (Figure 2A). Notably, the treatment with 0.1 µM of MP-001 and MP-002 increased the number of pH3 positive cells by almost 3- and 4-fold in DM1 cells, respectively, reaching the levels of control cells (Figure 2A). Impaired proliferation and enhanced senescence in DM1 cells have been linked to elevated levels of p16INK4A and p21CIP cell cycle inhibitors [10,49]. Consistent with this, we also found an increased expression of p16INK4A, p21CIP, and p14ARF, an additional cell cycle inhibitor closely related to p16INK4A in DM1 cells (Figure 2B). Interestingly, MPs reduced the expression of p16INK4A, p14ARF, and p21CIP in DM1 fibroblasts (Figure 2C).



Next, we evaluated cellular metabolism and mitochondrial activity using SeaHorse. First, we confirmed that DM1 fibroblasts displayed a reduced basal oxygen consumption rate, maximal respiration, and ATP production (Figure 2D–F). Interestingly, 0.1 µM of MP-001 and MP-002 improved the basal oxygen consumption rate and maximal respiration of DM1 fibroblasts (Figure 2D,E). Moreover, MP-001 and MP-002 also significantly restored ATP production via oxidative phosphorylation with no, or a discrete, effect in control fibroblasts (Figure 2F,G). In most experiments, the effect of MP-002 was stronger than other MP product variants, thus becoming the most promising candidate within this family.




3.3. Transcriptomic Analysis Reveals That MP-002 Normalizes Altered Molecular Pathways in DM1 Primary Fibroblasts


To comprehensively understand the impact of MP compounds in DM1 fibroblasts, we performed an unbiased high-throughput RNA-sequencing (RNA-seq) in three independent DM1 fibroblasts in response to MP-002 for 72 h. The transcriptome-wide study showed many genes altered in DM1 cells cultured with MP-002. Among them, genes related to the RyR channel and calcium homeostasis, such as Calmodulin, CAMK2N1 (calcium/calmodulin-dependent protein kinase II inhibitor 1), and CAMK2D (calcium/calmodulin-dependent protein kinase II delta) [24,36] were elevated (Supplementary Tables S2 and S3). In this line, genes related to redox homeostasis, such as Sestrins (SESN1, SESN2) or Superoxide dismutase 2 (SOD2), were altered, further validating the activity of MP compounds on the normalization of calcium and redox homeostasis. In this line, q-RTPCR validations confirmed the restoration of genes related to calcium and redox homeostasis such as SOD1, Catalase, or GPX1 genes (Figure 3A). MBNL depletion is a primary contributor to DM1 phenotypes. In this line, MPs also partially rescued the expression of MBNL1 (Figure 3B). Moreover, Gene Ontology (GO) enrichment analysis showed that cell cycling, metabolism, and cell signaling were the processes most significantly upregulated in MP-002-treated fibroblasts compared to non-treated cells (Figure 3C and Supplementary Tables S2 and S3). On the contrary, cell-signaling genes associated with response to stimulus and intracellular organization were downregulated with the treatment of MP-002 (Figure 3D and Supplementary Tables S2 and S3).




3.4. Transcriptomic Analysis Reveals That MP-002 Normalizes Altered Molecular Pathways and Splicing Defects in DM1 Primary Fibroblasts


The abnormal regulation of alternative splicing is a molecular hallmark of DM1 [50]. Therefore, we characterized the impact of MPs in alternative splicing defects. We performed a splicing event analysis over RNA-seq data obtained from three biological replicas of the Control, DM1, and DM1 treated with MP-002 samples. We performed three comparisons: Control vs. DM1, to identify disease related splicing events; DM1 vs. DM1 MP, to identify the effect of our treatment in the cell model of the disease; and Control vs. DM1 MP, to assess the differences after treatment. We tested different cut points with 10, 15, 20, and 25 dPSI for each comparison, from which we selected dPSI15 since it presented enough splicing events (779) without identifying a lot of smaller events (2585) that could possibly mask biologically relevant information (Figure 4A). The conformation of the splicing events in all comparisons is presented in the Figure 4B. Notably, we identified 132 events altered by the disease and by the effects of MP treatment and 5 events altered by all three comparisons; these 137 splicing events were considered the specific effect of the treatment over the disease model (Figure 4C). To further understand the alteration of these events, we analyzed the direction of the alterations for each comparison, finding that 132 events presented a contrary direction of the one present in the Control vs. DM1 suggesting a recovery (Figure 4D). Since none of the events was present in the comparison of Control vs. DM1 MP we could indicate a full recovery corresponding to 16.9% of all the altered events in the Control vs. DM1 comparison. The remaining five events corresponded to non-specific effects and covered 0.6% of the altered splicing events present in the Control vs. DM1 comparison. All 137 events are presented in Supplementary Table S4, and among them, we present the top 10 genes and 11 events recovered by MP treatment (Figure 4E). Notably, GO enrichment analysis of the rescued alterations showed processes such as cell cycling, metabolism, intracellular organization, cell signaling, and DNA repair (Figure 4F), revealing a correlation between the improvements in gene expression and splicing alterations. Moreover, MP-002 rescued alternative splicing events in several genes previously linked to the pathobiology of the disease, such as MLF1, CAPN3, ANK2, BIN1, ARFGAP2, and FHOD1 [51]. Of note, experimental validation confirmed the restoration of MBNL1, MLF1, and BIN1 genes with MP treatment (Figure 4G,H). Moreover, among the restored genes, there were several which have been related to aging (Supplementary Figure S1).




3.5. MP-002 Rescues Critical Phenotypes in a Drosophila Model of DM1 Disease


Next, we extended the results of MP compounds in vivo and characterized the effect of MPs in a Drosophila melanogaster model of DM1 (REC2), which expresses 480 interrupted CUG repeats in somatic muscle under the Mhc-Gal4 driver [34,37,47]. In this case, we selected MP-002, as we had previously shown that this compound had the most potent effect in vitro and crossed the blood–brain barrier.



First, we measured the expression of several genes involved in cell proliferation and mitochondrial metabolism in the thoraces of adult DM1 and control flies, mainly including indirect flight muscles. This comparison showed that Dacapo (homolog of p21CIP/p27KIP) was elevated, whereas Psc (homolog of BMI1, upstream negative regulator of p21CIP) and CyclinD were reduced in DM1 flies (Figure 5A). Regarding metabolism, HexokinaseA and Hsp22 were elevated in DM1 flies (Figure 5B), likely as a compensatory mechanism consequence of the deleterious accumulation of stress and damage [52]. Notably, MP-002 decreased the levels of Dacapo, whereas it increased Psc and CyclinD (Figure 5C). At the same time, the levels of HexokinaseA and Hsp22 were further increased (Figure 5D).



Reduced Mbl levels have been previously described in the REC2 DM1 Drosophila model [16]. Consistent with this, Mbl levels were reduced in DM1 flies, while MP-002 increased Mbl expression, reaching the levels of the controls (Figure 5E,F). Since muscle weakness is a major characteristic of the disease, we tested the impact of MP compounds on muscle function markers. First, we measured the expression of Ct, Zflh1, and Mp20, all genes related to muscle activity. The reduced expression of the three genes in the muscle of thoraces of DM1 flies was significantly rescued with MP-002 (Figure 5G,H). The restoration of their levels upon MP-002 administration was dose-dependent, except for Mp20, suggesting a direct effect of MP compounds in muscle tissue.



To test whether the increased expression of muscle genes was correlated with improved functional locomotion, we studied the motility and flight capacity in DM1 flies upon administering MP compounds. Notably, MP-002 significantly increased the motility of DM1 flies. The percentage of flies with climbing ability at 25 days was 10% in non-treated DM1 flies compared to 40 and 50% with 10 and 100 µM of MP-002 (Figure 5I). In summary, these results confirm that MP-002 restored muscle function in an in vivo model of the disease, and these rescues were correlated with increased Mbl levels.




3.6. MP Compounds Rescue Reduced Longevity in a Drosophila Model of DM1 Disease


DM1 patients have reduced life expectancy due to multisystem defects, including muscle wasting and cardiac deficiencies [53], the main known targets of Rycal compounds [42]. Similarly, the REC2 DM1 Drosophila model also displays a reduced lifespan [16]. Consistent with this, our studies showed an over 50% reduction in the median and maximal lifespan in both sexes in REC2 DM1 compared to wt flies (Figure 6A–D). In this context, we performed a longevity curve experiment, treating DM1 flies with two doses of 10 and 100 µM throughout larval development and adulthood. Interestingly, MP-002 administration since the larval stage significantly extended the lifespan of DM1 flies in a dose-dependent manner in both sexes (Figure 6A,B). Moreover, we investigated the effect of MP-002 in adult flies, i.e., flies that emerged from untreated DM1 larvae, to assess whether the phenotypes were reversed once already manifested in the animal. In this case, MP-002 extended by more than double the lifespan of DM1 flies, reaching the survival levels of control flies in both sexes. Thus, MP-002 extended the median survival from 40 to more than 80 days in males and from 45 to more than 70 days in female flies (Figure 6C,D). Since MPs have positively affected some activities of control fibroblasts, we studied whether they could influence longevity in wt flies. MP-002 extended both the median and maximal longevity in wt adult flies, suggesting that MP compounds could exert beneficial effects on key aging-related pathways (Figure 6E). In summary, we revealed the benefit of MP-002 in critical DM1 phenotypes in vivo.





4. Discussion


MP compounds are a novel family of 4-arylthiometyl-1,2,3-triazoles designed to normalize calcium dysregulation under nitro-oxidative stress. Confirming previous experiments [46], we observed a restoration of calcium and redox homeostasis in DM1 cells in vitro and in vivo. A limitation of our study is that the detailed and precise molecular mechanism was not determined. This limitation, however, is characteristic of all the compounds directed against ryanodine receptors [54]. In this regard, the normalization of calcium and redox homeostasis has been shown to regulate cell metabolism and proliferation, and has been linked to muscle activity and longevity [55,56]. Several observations suggest that the results obtained are better explained by the rescue of alterations in redox homeostasis, namely, (i) the reduction in ROS levels was higher than calcium in DM1 fibroblasts; (ii) MP compounds exerted some protective effects at the cellular and physiological level in wt cells, which correlated with decreased ROS accumulation; and (iii) the free radical hypothesis of oxygen toxicity, which is supported by multiple studies in different animal models, proposes that aging is the consequence of the harmful activities of free radicals endogenously formed during normal metabolic processes. In line with this, normal aging is associated with the oxidation of a wide range of cellular proteins, and it has been proposed that ROS selectively modify proteins, ultimately resulting in a loss of calcium homeostasis. Over time, oxidative damage to cells and tissues accumulates, impairing cellular function and leading to aging. ROS-induced damage is believed to contribute to a variety of age-related conditions such as neurodegeneration, cardiovascular disease, diabetes, and cancer. Mitochondria are primary sources of ROS production, and we have previously reported that mitochondrial metabolism is altered in DM1 fibroblasts [14]. The accumulation of toxic RNA in DM1 cells can damage mitochondria and interfere with their normal function, leading to mitochondrial dysfunction and increased ROS generation. Mitochondrial damage exacerbates oxidative stress, creating a vicious cycle of further cellular injury. [55,56].



It is known that most molecular DM1 alterations stem from the depletion of MBNL proteins and the limited availability of MBNLs is a primary contributor to DM1 phenotypes. Indeed, the loss of MBNL proteins is responsible for myotonia in the context of human skeletal muscle and loss of MBNL1 function accounts for more than 80% of mis-splicing events and nearly 70% of expression defects in a murine model expressing 250 CTG repeats. In this regard, MP-002 rescued Mbl expression. The rescue of normal splicing patterns is a promising therapeutic approach in DM1 such as through antisense oligonucleotides (ASOs) or small molecule modulators. It is important to emphasize that MP compounds restored different types of mis-splicing events affecting genes and processes previously described to be involved in the pathobiology of the disease including MBNL1 [51]. The ability to restore splicing events differs from rapamycin [46], a potent anti-aging compound [57], with which MP compounds share some characteristics. Rapamycin is also a ligand of FKBP12; however, it displaces FKBP12 from RyR1 channels, resulting in increased calcium leakage through RyR1 from the sarcoplasmic reticulum into the cytosol [58]. It also exerts several functions, including mTOR inhibition and autophagy modulation, which might explain the different activities in DM1, including negative effects in cell proliferation [59] and an improvement in muscle strength [43].



With age, the capacity for cellular proliferation tends to decline, contributing to the overall aging process and the development of age-related diseases. This decline is not limited to a reduction in the number of dividing cells, but also includes dysregulated cell cycle control, altered cellular responses to stress, and the accumulation of DNA damage. The interplay between cellular proliferation and aging is complex and involves a variety of molecular pathways, many of which are tightly regulated to balance cell survival, function, and tissue homeostasis. Here, we described a reduction in cell proliferation in DM1 fibroblasts and alterations in genes related to proliferation, supporting the idea of a premature aging phenotype in DM1. This reduction in the proliferative capacity was rescued with MP compounds.



In summary, our results revealed that the MP compounds, a new family of FKBP12 ligands, rescued multiple and critical DM1 phenotypes in two different models of the disease: elevated ROS production, impaired proliferation and metabolism in human primary fibroblasts in vitro; and reduced longevity and impaired locomotor activity in a Drosophila model in vivo. Notably, all these phenotypes are critical in aging. The results of RNA-seq analysis and the additional molecular validations indicated that MPs regulate the original targets and influence additional molecular and signaling pathways important for the aging process.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells13231939/s1, Table S1: Characteristics of individuals from whom fibroblasts have been used; Table S2: List of downregulated genes; Table S3: List of uregregulated genes; Table S4: Dysregulated splicing events; Table S5: List of primers used in the manuscript; Figure S1: AHK rescue splicing events in aging related genes.





Author Contributions


M.G.-P. performed the experiments in fibroblasts, analyzed the transcriptomic results, and completed the figures. G.G., A.B. and R.A. performed experiments on fruit flies. L.M.-M. and A.V.-I. performed calcium experiments. J.E.-E. processed the transcriptomic data and performed the bioinformatic splicing analysis. J.M.A., M.S.-A., A.V.-I. and A.L.d.M. generated the compounds and A.L.d.M. obtained the biopsies. A.M. and A.L.d.M. directed the project, contributed to data analysis, and wrote the manuscript with feedback from all authors. All authors have read and agreed to the published version of the manuscript.




Funding


MG-P and LM-M received a predoctoral fellowship from the University of the Basque Country (PIF 15/245 and PIF19/184, respectively). GG was funded by the Juan de la Cierva-Incorporación (ISCIII, IJC2019-039965-I) and IKERBASQUE (RF/2023/010) research programs. This work was supported by grants from the Instituto Salud Carlos III and the European Union (PI19/01355, PI21/00557 and PI22/01905), the Health department from Basque Country (2017222021, 2018222021, 2020333008), the Education department from Basque Country (IKUR strategy, NEURODEGENPROT), and the PROMETEO/2020/081 project from the Generalitat Valenciana and CIBERNED funds (CB06/05/1126, Group 609).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Donostia University Hospital (protocol code ALM-DM1-2015-01 and date of approval 22 September 2015).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and are accessible in GSE186494.




Conflicts of Interest


Adolfo Lopez de Munain, Jesus María Aizpúrua, and Ainara Vallejo Illarramendi are coinventors of MP compounds and cofounders of MIRAMOON Pharma, a company that has licensed the patent (PCT/WO2017203083A1).




Abbreviations


Myotonic dystrophy type 1 (DM1), MP compounds (MPs), DM1 protein kinase (DMPK), muscleblind like splicing regulator 1 (MBNL), CUG-binding protein 1 (CUG-BP1 or CELF1), ryanodine receptor type 1 (RyR1), Reactive Oxygen Species (ROS).




References


	



Harper, P.S. Myotonic Dystrophy—The Facts: A Book for Patients and Families; Oxford University Press: Oxford, UK; New York, NY, USA, 2002; 113p. [Google Scholar]

	



Liquori, C.L.; Ricker, K.; Moseley, M.L.; Jacobsen, J.F.; Kress, W.; Naylor, S.L.; Day, J.W.; Ranum, L.P. Myotonic dystrophy type 2 caused by a CCTG expansion in intron 1 of ZNF9. Science 2001, 293, 864–867. [Google Scholar] [CrossRef] [PubMed]

	



Theadom, A.; Rodrigues, M.; Roxburgh, R.; Balalla, S.; Higgins, C.; Bhattacharjee, R.; Jones, K.; Krishnamurthi, R.; Feigin, V. Prevalence of muscular dystrophies: A systematic literature review. Neuroepidemiology 2014, 43, 259–268. [Google Scholar] [CrossRef] [PubMed]

	



Miller, J.W.; Urbinati, C.R.; Teng-Umnuay, P.; Stenberg, M.G.; Byrne, B.J.; Thornton, C.A.; Swanson, M.S. Recruitment of human muscleblind proteins to (CUG)(n) expansions associated with myotonic dystrophy. EMBO J. 2000, 19, 4439–4448. [Google Scholar] [CrossRef] [PubMed]

	



Udd, B.; Krahe, R. The myotonic dystrophies: Molecular, clinical, and therapeutic challenges. Lancet Neurol. 2012, 11, 891–905. [Google Scholar] [CrossRef]

	



Meola, G.; Cardani, R. Myotonic dystrophies: An update on clinical aspects, genetic, pathology, and molecular pathomechanisms. Biochim. Biophys. Acta 2015, 1852, 594–606. [Google Scholar] [CrossRef]

	



Mikhail, A.I.; Nagy, P.L.; Manta, K.; Rouse, N.; Manta, A.; Ng, S.Y.; Nagy, M.F.; Smith, P.; Lu, J.Q.; Nederveen, J.P.; et al. Aerobic exercise elicits clinical adaptations in myotonic dystrophy type 1 patients independently of pathophysiological changes. J. Clin. Investig. 2022, 132, e156125. [Google Scholar] [CrossRef]

	



Martorell, L.; Monckton, D.G.; Gamez, J.; Johnson, K.J.; Gich, I.; de Munain, A.L.; Baiget, M. Progression of somatic CTG repeat length heterogeneity in the blood cells of myotonic dystrophy patients. Hum. Mol. Genet. 1998, 7, 307–312. [Google Scholar] [CrossRef]

	



Mateos-Aierdi, A.J.; Goicoechea, M.; Aiastui, A.; Fernandez-Torron, R.; Garcia-Puga, M.; Matheu, A.; de Munain, A.L. Muscle wasting in myotonic dystrophies: A model of premature aging. Front. Aging Neurosci. 2015, 7, 125. [Google Scholar] [CrossRef]

	



Meinke, P.; Hintze, S.; Limmer, S.; Schoser, B. Myotonic Dystrophy—A Progeroid Disease? Front. Neurol. 2018, 9, 601. [Google Scholar] [CrossRef]

	



Renna, L.V.; Cardani, R.; Botta, A.; Rossi, G.; Fossati, B.; Costa, E.; Meola, G. Premature senescence in primary muscle cultures of myotonic dystrophy type 2 is not associated with p16 induction. Eur. J. Histochem. 2014, 58, 2444. [Google Scholar] [CrossRef]

	



Hasuike, Y.; Mochizuki, H.; Nakamori, M. Expanded CUG Repeat RNA Induces Premature Senescence in Myotonic Dystrophy Model Cells. Front. Genet. 2022, 13, 865811. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Puga, M.; Saenz-Antonanzas, A.; Gerenu, G.; Arrieta-Legorburu, A.; Fernandez-Torron, R.; Zulaica, M.; Saenz, A.; Elizazu, J.; Nogales-Gadea, G.; Gadalla, S.M.; et al. Senescence plays a role in myotonic dystrophy type 1. JCI Insight 2022, 7, e159357. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Puga, M.; Saenz-Antonanzas, A.; Fernandez-Torron, R.; Munain, A.L.; Matheu, A. Myotonic Dystrophy type 1 cells display impaired metabolism and mitochondrial dysfunction that are reversed by metformin. Aging 2020, 12, 6260–6275. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Best, A.; Fernandez-Torron, R.; Alsaggaf, R.; Garcia-Puga, M.; Dagnall, C.L.; Hicks, B.; Thompson, M.; Fernandez, A.M.; Ijurco, M.Z.; et al. Leukocyte telomere length in patients with myotonic dystrophy type I: A pilot study. Ann. Clin. Transl. Neurol. 2020, 7, 126–131. [Google Scholar] [CrossRef]

	



Bargiela, A.; Sabater-Arcis, M.; Espinosa-Espinosa, J.; Zulaica, M.; de Munain, A.L.; Artero, R. Increased Muscleblind levels by chloroquine treatment improve myotonic dystrophy type 1 phenotypes in in vitro and in vivo models. Proc. Natl. Acad. Sci. USA 2019, 116, 25203–25213. [Google Scholar] [CrossRef]

	



Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186, 243–278. [Google Scholar] [CrossRef]

	



Gutierrez Gutierrez, G.; Diaz-Manera, J.; Almendrote, M.; Azriel, S.; Barcena, J.E.; Garcia, P.C.; Salas, A.C.; Rodriguez, C.C.; Cobo, A.M.; Guardiola, P.D.; et al. Clinical guide for the diagnosis and follow-up of myotonic dystrophy type 1, MD1 or Steinert’s disease. Med. Clin. 2019, 153, 82.e1–82.e17. [Google Scholar] [CrossRef]

	



Thornton, C.A.; Wang, E.; Carrell, E.M. Myotonic dystrophy: Approach to therapy. Curr. Opin. Genet. Dev. 2017, 44, 135–140. [Google Scholar] [CrossRef]

	



Pascual-Gilabert, M.; Lopez-Castel, A.; Artero, R. Myotonic dystrophy type 1 drug development: A pipeline toward the market. Drug Discov. Today 2021, 26, 1765–1772. [Google Scholar] [CrossRef]

	



Passannante, R.; Gómez-Vallejo, V.; Sagartzazu-Aizpurua, M.; Vignau Arsuaga, L.; Marco-Moreno, P.; Aldanondo, G.; Vallejo-Illarramendi, A.; Aguiar, P.; Cossío, U.; Martín, A.; et al. Pharmacokinetic Evaluation of New Drugs Using a Multi-Labelling Approach and PET Imaging: Application to a Drug Candidate with Potential Application in Neuromuscular Disorders. Biomedicines 2023, 11, 253. [Google Scholar] [CrossRef]

	



Kim, G.H.; Kim, J.E.; Rhie, S.J.; Yoon, S. The Role of Oxidative Stress in Neurodegenerative Diseases. Exp. Neurobiol. 2015, 24, 325–340. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Zhou, T.; Ziegler, A.C.; Dimitrion, P.; Zuo, L. Oxidative Stress in Neurodegenerative Diseases: From Molecular Mechanisms to Clinical Applications. Oxid. Med. Cell. Longev. 2017, 2017, 2525967. [Google Scholar] [CrossRef] [PubMed]

	



Vallejo-Illarramendi, A.; Toral-Ojeda, I.; Aldanondo, G.; de Munain, A.L. Dysregulation of calcium homeostasis in muscular dystrophies. Expert Rev. Mol. Med. 2014, 16, e16. [Google Scholar] [CrossRef] [PubMed]

	



Moulin, M.; Ferreiro, A. Muscle redox disturbances and oxidative stress as pathomechanisms and therapeutic targets in early-onset myopathies. Semin. Cell Dev. Biol. 2017, 64, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



La Rosa, P.; Petrillo, S.; Bertini, E.S.; Piemonte, F. Oxidative Stress in DNA Repeat Expansion Disorders: A Focus on NRF2 Signaling Involvement. Biomolecules 2020, 10, 702. [Google Scholar] [CrossRef]

	



Jacobs, A.E.; Benders, A.A.; Oosterhof, A.; Veerkamp, J.H.; van Mier, P.; Wevers, R.A.; Joosten, E.M. The calcium homeostasis and the membrane potential of cultured muscle cells from patients with myotonic dystrophy. Biochim. Biophys. Acta 1990, 1096, 14–19. [Google Scholar] [CrossRef]

	



Hlaing, P.M.; Scott, I.A.; Jackson, R.V. Dysregulation of calcium metabolism in type 1 myotonic dystrophy. Intern. Med. J. 2019, 49, 1412–1417. [Google Scholar] [CrossRef]

	



Tang, Z.Z.; Yarotskyy, V.; Wei, L.; Sobczak, K.; Nakamori, M.; Eichinger, K.; Moxley, R.T.; Dirksen, R.T.; Thornton, C.A. Muscle weakness in myotonic dystrophy associated with misregulated splicing and altered gating of Ca(V)1.1 calcium channel. Hum. Mol. Genet. 2012, 21, 1312–1324. [Google Scholar] [CrossRef]

	



Kimura, T.; Nakamori, M.; Lueck, J.D.; Pouliquin, P.; Aoike, F.; Fujimura, H.; Dirksen, R.T.; Takahashi, M.P.; Dulhunty, A.F.; Sakoda, S. Altered mRNA splicing of the skeletal muscle ryanodine receptor and sarcoplasmic/endoplasmic reticulum Ca2+-ATPase in myotonic dystrophy type 1. Hum. Mol. Genet. 2005, 14, 2189–2200. [Google Scholar] [CrossRef]

	



Vihola, A.; Sirito, M.; Bachinski, L.L.; Raheem, O.; Screen, M.; Suominen, T.; Krahe, R.; Udd, B. Altered expression and splicing of Ca2+ metabolism genes in myotonic dystrophies DM1 and DM2. Neuropathol. Appl. Neurobiol. 2013, 39, 390–405. [Google Scholar] [CrossRef]

	



Ihara, Y.; Mori, A.; Hayabara, T.; Namba, R.; Nobukuni, K.; Sato, K.; Miyata, S.; Edamatsu, R.; Liu, J.; Kawai, M. Free radicals, lipid peroxides and antioxidants in blood of patients with myotonic dystrophy. J. Neurol. 1995, 242, 119–122. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Kumar, V.; Singh, S.K.; Muthuswamy, S.; Agarwal, S. Imbalanced oxidant and antioxidant ratio in myotonic dystrophy type 1. Free Radic. Res. 2014, 48, 503–510. [Google Scholar] [CrossRef] [PubMed]

	



Usuki, F.; Ishiura, S. Expanded CTG repeats in myotonin protein kinase increase susceptibility to oxidative stress. Neuroreport 1998, 9, 2291–2296. [Google Scholar] [CrossRef] [PubMed]

	



Usuki, F.; Takahashi, N.; Sasagawa, N.; Ishiura, S. Differential signaling pathways following oxidative stress in mutant myotonin protein kinase cDNA-transfected C2C12 cell lines. Biochem. Biophys. Res. Commun. 2000, 267, 739–743. [Google Scholar] [CrossRef] [PubMed]

	



Wehrens, X.H.; Lehnart, S.E.; Marks, A.R. Intracellular calcium release and cardiac disease. Annu. Rev. Physiol. 2005, 67, 69–98. [Google Scholar] [CrossRef]

	



Zalk, R.; Clarke, O.B.; Georges, A.D.; Grassucci, R.A.; Reiken, S.; Mancia, F.; Hendrickson, W.A.; Frank, J.; Marks, A.R. Structure of a mammalian ryanodine receptor. Nature 2015, 517, 44–49. [Google Scholar] [CrossRef]

	



Andersson, D.C.; Betzenhauser, M.J.; Reiken, S.; Meli, A.C.; Umanskaya, A.; Xie, W.; Shiomi, T.; Zalk, R.; Lacampagne, A.; Marks, A.R. Ryanodine receptor oxidation causes intracellular calcium leak and muscle weakness in aging. Cell Metab. 2011, 14, 196–207. [Google Scholar] [CrossRef]

	



Liu, X.; Betzenhauser, M.J.; Reiken, S.; Meli, A.C.; Xie, W.; Chen, B.X.; Arancio, O.; Marks, A.R. Role of leaky neuronal ryanodine receptors in stress-induced cognitive dysfunction. Cell 2012, 150, 1055–1067. [Google Scholar] [CrossRef]

	



Wehrens, X.H.; Lehnart, S.E.; Huang, F.; Vest, J.A.; Reiken, S.R.; Mohler, P.J.; Sun, J.; Guatimosim, S.; Song, L.S.; Rosemblit, N.; et al. FKBP12.6 deficiency and defective calcium release channel (ryanodine receptor) function linked to exercise-induced sudden cardiac death. Cell 2003, 113, 829–840. [Google Scholar] [CrossRef] [PubMed]

	



Bellinger, A.M.; Reiken, S.; Carlson, C.; Mongillo, M.; Liu, X.; Rothman, L.; Matecki, S.; Lacampagne, A.; Marks, A.R. Hypernitrosylated ryanodine receptor calcium release channels are leaky in dystrophic muscle. Nat. Med. 2009, 15, 325–330. [Google Scholar] [CrossRef]

	



Capogrosso, R.F.; Mantuano, P.; Uaesoontrachoon, K.; Cozzoli, A.; Giustino, A.; Dow, T.; Srinivassane, S.; Filipovic, M.; Bell, C.; Vandermeulen, J.; et al. Ryanodine channel complex stabilizer compound S48168/ARM210 as a disease modifier in dystrophin-deficient mdx mice: Proof-of-concept study and independent validation of efficacy. FASEB J. 2018, 32, 1025–1043. [Google Scholar] [CrossRef] [PubMed]

	



Brockhoff, M.; Rion, N.; Chojnowska, K.; Wiktorowicz, T.; Eickhorst, C.; Erne, B.; Frank, S.; Angelini, C.; Furling, D.; Ruegg, M.A.; et al. Targeting deregulated AMPK/mTORC1 pathways improves muscle function in myotonic dystrophy type I. J. Clin. Investig. 2017, 127, 549–563. [Google Scholar] [CrossRef] [PubMed]

	



Eghtesad, S.; Jhunjhunwala, S.; Little, S.R.; Clemens, P.R. Rapamycin ameliorates dystrophic phenotype in mdx mouse skeletal muscle. Mol. Med. 2011, 17, 917–924. [Google Scholar] [CrossRef] [PubMed]

	



Foltz, S.J.; Luan, J.; Call, J.A.; Patel, A.; Peissig, K.B.; Fortunato, M.J.; Beedle, A.M. Four-week rapamycin treatment improves muscular dystrophy in a fukutin-deficient mouse model of dystroglycanopathy. Skelet. Muscle 2016, 6, 20. [Google Scholar] [CrossRef] [PubMed]

	



Aizpurua, J.M.; Miranda, J.I.; Irastorza, A.; Torres, E.; Eceiza, M.; Sagartzazu-Aizpurua, M.; Ferron, P.; Aldanondo, G.; Lasa-Fernandez, H.; Marco-Moreno, P.; et al. Discovery of a novel family of FKBP12 “reshapers” and their use as calcium modulators in skeletal muscle under nitro-oxidative stress. Eur. J. Med. Chem. 2021, 213, 113160. [Google Scholar] [CrossRef]

	



Fernandez-Costa, J.M.; Garcia-Lopez, A.; Zuniga, S.; Fernandez-Pedrosa, V.; Felipo-Benavent, A.; Mata, M.; Jaka, O.; Aiastui, A.; Hernandez-Torres, F.; Aguado, B.; et al. Expanded CTG repeats trigger miRNA alterations in Drosophila that are conserved in myotonic dystrophy type 1 patients. Hum. Mol. Genet. 2013, 22, 704–716. [Google Scholar] [CrossRef]

	



Lopez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–1217. [Google Scholar] [CrossRef]

	



Bigot, A.; Klein, A.F.; Gasnier, E.; Jacquemin, V.; Ravassard, P.; Butler-Browne, G.; Mouly, V.; Furling, D. Large CTG repeats trigger p16-dependent premature senescence in myotonic dystrophy type 1 muscle precursor cells. Am. J. Pathol. 2009, 174, 1435–1442. [Google Scholar] [CrossRef]

	



Philips, A.V.; Timchenko, L.T.; Cooper, T.A. Disruption of splicing regulated by a CUG-binding protein in myotonic dystrophy. Science 1998, 280, 737–741. [Google Scholar] [CrossRef]

	



Nakamori, M.; Sobczak, K.; Puwanant, A.; Welle, S.; Eichinger, K.; Pandya, S.; Dekdebrun, J.; Heatwole, C.R.; McDermott, M.P.; Chen, T.; et al. Splicing biomarkers of disease severity in myotonic dystrophy. Ann. Neurol. 2013, 74, 862–872. [Google Scholar] [CrossRef]

	



Morrow, G.; Tanguay, R.M. Drosophila melanogaster Hsp22: A mitochondrial small heat shock protein influencing the aging process. Front. Genet. 2015, 6, 1026. [Google Scholar] [CrossRef] [PubMed]

	



Yum, K.; Wang, E.T.; Kalsotra, A. Myotonic dystrophy: Disease repeat range, penetrance, age of onset, and relationship between repeat size and phenotypes. Curr. Opin. Genet. Dev. 2017, 44, 30–37. [Google Scholar] [CrossRef] [PubMed]

	



Connell, P.; Word, T.A.; Wehrens, X.H.T. Targeting pathological leak of ryanodine receptors: Preclinical progress and the potential impact on treatments for cardiac arrhythmias and heart failure. Expert Opin. Ther. Targets 2020, 24, 25–36. [Google Scholar] [CrossRef] [PubMed]

	



Gorlach, A.; Bertram, K.; Hudecova, S.; Krizanova, O. Calcium and ROS: A mutual interplay. Redox Biol. 2015, 6, 260–271. [Google Scholar] [CrossRef] [PubMed]

	



Madreiter-Sokolowski, C.T.; Thomas, C.; Ristow, M. Interrelation between ROS and Ca2+ in aging and age-related diseases. Redox Biol. 2020, 36, 101678. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, J.; Wang, S. The Role of Rapamycin in Healthspan Extension via the Delay of Organ Aging. Ageing Res. Rev. 2021, 70, 101376. [Google Scholar] [CrossRef]

	



Brillantes, A.B.; Ondrias, K.; Scott, A.; Kobrinsky, E.; Ondriasova, E.; Moschella, M.C.; Jayaraman, T.; Landers, M.; Ehrlich, B.E.; Marks, A.R. Stabilization of calcium release channel (ryanodine receptor) function by FK506-binding protein. Cell 1994, 77, 513–523. [Google Scholar] [CrossRef]

	



Song, K.Y.; Guo, X.M.; Wang, H.Q.; Zhang, L.; Huang, S.Y.; Huo, Y.C.; Zhang, G.; Feng, J.Z.; Zhang, R.R.; Ma, Y.; et al. MBNL1 reverses the proliferation defect of skeletal muscle satellite cells in myotonic dystrophy type 1 by inhibiting autophagy via the mTOR pathway. Cell Death Dis. 2020, 11, 545. [Google Scholar] [CrossRef]








[image: Cells 13 01939 g001] 





Figure 1. MP compounds restore DM1 cell viability and redox homeostasis. (A–C) Cell viability, intracellular calcium measurement, and ROS levels in fibroblasts derived from DM1 patients and controls. Values in DM1 are relative to controls. Dots represent mean values from control and patient individuals. Delineated dots in B represent average values from at least 30 cells, represented as non-delineated dots. (D) Cell viability of DM1 fibroblasts after treatment with 0.1 µM of indicated MP compounds for 72 h (n = 3, different individuals). (E,F) Cell viability of control and DM1 fibroblasts after treatment with 0.1, 1, and 10 µM of MP-001 and MP-002 for 72 h (n = 3). (G) Intracellular calcium measurement in same conditions as ((E); n = 3). (H) ROS levels in fibroblasts derived from DM1 patients and controls after treatment with 0.1 µM of MP-001 and MP-002 for 72 h (n = 3). ≠ p < 0.1, * p < 0.05, and ** p < 0.01. 
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Figure 2. MP compounds restore DM1 cell proliferation and metabolism. (A) Quantification of the number of P-H3-positive cells in independent control and DM1 fibroblasts (n > 3) after treatment with 0.1 µM of MP-001 and MP-002 for 72 h. (B) mRNA levels of p16INK4A, p21CIP1, and p14ARF in control and DM1 fibroblasts (n ≥ 3), (C) and after treatment with 0.1 µM of MPs for 72 h. (D–F) Quantification of basal, maximal respiration, and ATP production in controls and DM1 (n > 3) fibroblasts after 0.1 µM MP compound treatment. (G) Kinetic normalized OCR response in DM1 fibroblasts in the absence or presence of 0.1 µM of MP-001 and MP-002. ≠ p < 0.1, * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 3. MP-002 rescues molecular alterations in DM1 fibroblasts. (A,B) mRNA levels of indicated genes in control and DM1 fibroblasts (n = 3). (C,D) Bar plot of the -log10 (p-value) of the significantly upregulated and downregulated GO terms in DM1 fibroblasts treated with MP-002 (n = 3). ≠ p < 0.1, and * p < 0.05. 
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Figure 4. MP-002 rescues splicing events. (A) Quantity of splicing events in each dPSI. (B) Quantity of types of splicing events in each comparison. (C) Venn diagram of common genes in each comparison. (D) Change in direction of the splicing events affected by the treatment. (E) Point plot of the top 10 recovered genes. (F) Bar plot of the -log10 (p-value) of the significantly altered GO terms from genes with aberrant splicing events in DM1 fibroblasts treated with MP-002 (n = 3). (G,H) Quantification of splicing in BIN, MLF1, and MBNL1 in control and DM fibroblasts and restoration after MP treatment (n = 3). ≠ p < 0.1, * p < 0.05, and *** p < 0.001. 
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Figure 5. MP-002 restores molecular and functional defects in DM1 Drosophila melanogaster. (A–D) mRNA levels of indicated genes in the thorax of DM1 and control fruit flies (n = 3, each point represents a pool of six flies). (E–H) mRNA levels of indicated genes from the thorax of DM1 fruit flies in the presence of 10 and 100 µM of MP (n = 3, each datapoint comes from a pool of six flies). (I) Locomotor activity of non-treated DM1 (n = 50) flies or in the presence of 10 and 100 µM of MP (n = 50) at the indicated time points. Student t-test values are at 20 days p = 0.02 and p = 0.002, and at 25 days p <0.0001 compared to non-treated flies. ≠ p < 0.1, * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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[image: Cells 13 01939 g005]







[image: Cells 13 01939 g006] 





Figure 6. MP-002 extends lifespan in DM1 Drosophila melanogaster. (A,B) Survival curves of control (wt), non-treated DM1 (DM1 -), and DM1 flies in the presence of 10 µM (DM1 MP2 10) and 100 µM (DM1 MP2 100) of MP-002 treated since larval stage divided by sexes; male (A), female (B), (n = 100). LogRank values are p < 0.0001 for both sexes compared to non-treated flies. (C,D) Survival curves of control flies, DM1 flies non-treated, and DM1 flies in the presence of 10 and 100 µM of MP-002 treated since adulthood divided by sexes; male (C), female (D), (n = 100). LogRank values are p < 0.0001 for both sexes. (E) Survival curve of control flies, non-treated, or in the presence of 10 µM of MP-002 treated since adulthood (n = 50). LogRank value is p < 0.05. 
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