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Multi-omics comparisons of different forms of centronuclear myopathies and the effects of several therapeutic strategies
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Mtm1 /y knockout mouse develops a progressive myopathy with a histopathology mimicking patient hallmarks 23 . Additional Mtm1 knockout lines were generated and showed a similar phenotype, while the Mtm1 RC/y knock-in led to a milder phenotype [24][25][26] . Concerning Dnm2, knock-in mice for the most common mutations in the mildest form (Arg465Trp ; Dnm2 RW/+ ) or the severe neonatal form (Ser619Leu ; Dnm2 SL/+ ) were generated and reproduce a mild or severe muscle weakness, respectively, with CNM-like histopathology without centralized nuclei 27,28 . For Bin1, full loss of BIN1 in mice is perinatally lethal, preventing the comparison with the other CNM models 29,30 . We recently created a mouse model with a skeletal muscle specific Bin1 deletion that is viable and faithfully reproduces the decreased muscle force and most histopathological hallmarks of CNM ( ). Here, we focus on omics analysis of Mtm1 /y , Dnm2 SL/+ mice, since they represent faithful models for the three canonical CNM forms and the mice share a similar skeletal muscle organization with patients.

Several therapeutic proof-of-concepts were recently validated in different CNM models, including the three CNM mice investigated here 17 . Adeno-associated virus (AAV) transduction of MTM1 or its closer homolog MTMR2 rescued the Mtm1 /y mouse, and AAV-MTM1 was further validated in the MTM1

Labrador model and recently injected in patients in a clinical trial [31][32][33] . Downregulation of DNM2 level were found increased at least in Mtm1 /y mice and MTM1 patients, whereas normalization of DNM2 level rescued the Mtm1 /y mouse, the and Dnm2 RW/+ Dnm2 SL/+ mice 28, 34-36 . DNM2 was reduced through three methods : genetic cross with a Dnm2 +/- TgBIN1 mouse or AAV-BIN1 expressing human BIN1 rescued Mtm1 /y and mice 39 .

Mtm1 /y
mouse, potentially representing a drug repurposing strategy 40,41 . Additional potential therapies have been tested in mice and other CNM models, and include Dnm2 allele-specific silencing or trans-splicing, Pik3c2b downregulation, mTOR or acetylcholine esterase inhibitors 17 .

Mtm1 /y , Dnm2 SL/+ mice either developing the disease or treated with 3 different therapies including two methodological approaches for one of the targets. We identified disease and therapeutic molecular signatures common to the three main forms of CNM.

Results

Animal models, treatments and omics strategies Mtm1 /y mice Dnm2 SL/+ mice Mtm1 /y mice Mtm1 /y mice (

Mtm1 /y mice Mtm1 /y TgBIN1
Dnm2 +/-mice (Mtm1 /y Dnm2 +/- Dnm2 SL/+ mice and compared to injection of PBS or control ASO. All these treated cohorts were analyzed by RNAseq in TA at 7 w and compared to the above untreated mice. In addition, RNAseq and mass spectrometry of TA from Mtm1 /y Dnm2 +/-mice was performed at

Influence of the genetic and environment backgrounds

Mtm1 /y mouse line Mtm1 /y mouse Mtm1 /y mice through disease progression Mtm1 /y mice at pre-symptomatic age (E18.5), early (2 w) and late (7 w) disease stages (Figure 1a). We used the cohort MTM1-a, including untreated Mtm1 /y mice, Mtm1 /y mice rescued by Dnm2 genetic downregulation, treated and healthy Mtm1 /y Dnm2 +/-mice, and their WT littermates (Table S1).

Table S7)

Mtm1 /y mice compared to WT disease signature and a common therapy signature indicating potential therapeutic targets and biomarkers to follow disease severity or progression and therapy efficacy.

Discussion

We performed a multi-omics meta-analysis of centronuclear myopathies through the comparison of mouse models for the three main CNM forms and the comparison of three therapies with different targets.

We identified disease signatures for MTM1-CNM conserved in different genetic and environmental backgrounds and in different species (mouse, dog, human). Longitudinal transcriptome and proteome analysis of Mtm1 /y mice suggested early causal pathomechanisms and late compensatory adjustments.

A disease signature common to the three CNM forms was defined, suggesting a common pathomechanism for CNM independent of the mutated genes. Comparison of the molecular effect of the different therapies revealed a correlation between the molecular normalization and the phenotypic rescue.

In addition, novel potential therapeutic targets were suggested. Further molecular and biochemical investigations identified several biomarkers for disease state and therapy efficacy in muscle (RNA, proteins) and in plasma.

Pathomechanism of centronuclear myopathies

We compared the muscle transcriptomes of the Mtm1 /y , Bin1 mck-/-and Dnm2 SL/+ mice faithfully reproducing the muscle weakness and histological hallmarks of the three main CNM forms 28,49 . The overall transcriptomes easily distinguished the CNM models from their WT littermates.

For MTM1-CNM, to identify the specific disease signature independent from the genetic backgrounds or environment, we increased data heterogeneity by characterizing several Mtm1 /y groups on 129Pas, C57BL/6J or mixed backgrounds bred in different animal houses, and then focused on the common transcriptome dysregulation. Next, this signature was compared to available transcriptome data from one MTM1 canine model and to a partial microarray analysis (4200 genes) of patient muscle biopsies 45,46 .

Our conclusions were supported by previous findings. Dysregulation of NMJ components (CHRNA1, CHRND, CHRNG) were recently reported in the MTM1 dog and alteration of NMJ function was suggested in a mtm1 knockdown zebrafish and in Mtm1 mouse models 46,50,51 . We found a high increase in Sln expression in the three CNM mouse models, and upregulation of Sln was previously reported following microarray analysis of the Mtm1 /y mouse 49 . In addition, longitudinal analyses of the muscle transcriptome and proteome of Mtm1 /y mice at pre-symptomatic (E18.5), early (2 w) and late (7 w) disease stages highlighted the same dysregulated pathways, although the same dysregulated genes/proteins were not necessarily found (Figures 3,4). These ages were chosen to potentially distinguish between early causes of the disease and late consequences or compensatory mechanisms.

Further functional investigations are needed to confirm their causality. In addition, the proteome analysis only covered the most abundant proteins. For example, BIN1 and DNM2 were not detected in the muscle proteomes. However, BIN1 and DNM2 proteins were both increased in Mtm1 /y mice using specific antibodies by western blot (Table 3) 34,39 . Interestingly, we recently showed that the Mtm1 /y mice can be rescued by either decreasing DNM2 or increasing BIN1 37,39 , strongly supporting the idea that DNM2 increase is a disease cause while BIN1 increase is a compensatory mechanism.

The comparison of the Mtm1 /y , Bin1 mck-/-and Dnm2 SL/+ muscle transcriptomes revealed a common disease signature, encompassing sarcomere organization, muscle contraction, muscle development and cell adhesion. All these pathways were already the main ones found dysregulated at 2 w in Mtm1 /y mice, supporting the hypothesis that their dysregulation represents the main pathomechanism for all CNM forms (Figures 3, 4, 5). In addition to these pathways, inflammation activation (transcriptome) and ribosomal biogenesis (proteome) were found only at 7 w suggesting that their dysregulation is a consequence or a response to the disease state. Based on these data and on the knowledge that the three CNM proteins regulate membrane remodeling, we propose a model for the pathomechanism of CNM.

Alteration of the triad membrane structure would lead to impaired calcium signaling and defective muscle contraction, explaining the strong muscle weakness and hypotonia seen in patients. The myofiber hypotrophy seen in patients and mouse models correlates with alteration of muscle development and regeneration RNA markers, and may be related to dysregulation of IGF modulators as IGFBP2 or/and to the reported decrease in satellite cells in patients 52 . The strong myofiber hypotrophy would then trigger a later adaptation on protein homeostasis, as underlined by the increase of the ribosome biogenesis genes found only at 7 w. Indeed, defects of protein homeostasis correlate with the alteration of autophagy and the ubiquitin-proteasome pathways found in Mtm1 /y mice 25,53,54 . In parallel, a primary defect in cell adhesion would impact the basement membrane and mechanotransduction and may explain defects in muscle contraction and also the altered fiber shape found in patients and mice. This is in agreement with the accumulation of integrins in Mtm1 /y mouse and patient myofibers, and with the proposed link between MTM1 and beta integrin recycling 39,55,56 . The observed increased in interfiber space, together with the alteration of muscle regeneration, would cause the late increase in genes implicated in inflammation activation. As we detected a significant increase in RNA markers of inflammatory cells while performing whole tissue RNAseq, we conclude there is a significant infiltration of inflammatory cells that was confirmed by immunofluorescence labelling and quantification (Figure 5d-e). An inflammatory component was not previously reported for CNM but is common in dystrophies 57 .

Furthermore, the dysregulated pathways found here were barely underlined previously in the other CNM forms linked to BIN1 or DNM. Overall, although some of these pathways were previously found altered in MTM1-CNM, these omics analyses allowed to obtain a more complete and detailed overview of the pathomechanisms and extend it to several other CNMs. The GO term analysis of the common disease signature identified here for different CNM forms mostly reflects general muscle dysfunction and compensatory mechanisms put in place by the myofibers to cope with these defects, and thus highlights pathways also dysregulated in a large number of muscle diseases. However, differences appear when looking at the gene level that may reveal plasticity to impact or compensate the main muscle pathways depending on the sub-class of myopathies and on the primary genetic defect.

To a greater extent, we found several genes mutated in different neuromuscular diseases in the common CNM disease signature. Notably, LMNA is mutated in Emery-Dreifuss muscular dystrophy and the encoded protein lamin A/C regulates nuclear envelope stability (MIM#181350, 616516) 58 . Of note, lamin A/C and BIN1 both bind the LINC complex that regulates nuclear shape and positioning and BIN1-CNM patients have an altered nuclear envelope structure 59 . KLHL40 is mutated in another congenital myopathy and is a substrate adaptor for the E3-ubiquitin ligase Cullin-3 (MIM#615348) 60,61 . Similarly, MTM1 binds the Cullin-3 partner UBQLN2 and MTM1-CNM is linked to defects in the ubiquitinproteasome pathway 54 . Several dysregulated genes in all CNM models are mutated in cardiomyopathy :

SCN5A (MIM#601154), TNNT2 (MIM#601494) and MYL4 (MIM#617280). In addition, MYH2 and TNNC1 found upregulated in the proteome of 2 w Mtm1 /y mice are also mutated in a proximal myopathy (MIM#605637) or a cardiomyopathy (MIM#611879), respectively. Such findings are commonly observed in myopathies where upregulation of genes usually expressed in embryonic muscle or adult cardiac muscle are re-expressed in the affected skeletal muscle. Finally, CHRNA1 (MIM#601462) and CHRND (MIM#616322) are mutated in congenital myasthenic syndromes, correlating with the defect in NMJ found in MTM1-CNM models 50,51,62 .

Common therapeutic targets for centronuclear myopathies

We compared here three therapies involving three different targets in MTM1-CNM models, BIN1 overexpression, tamoxifen treatment and DNM2 regulation, and two methodologies for the latter target.

For the first time, this allows a molecular comparison of the different therapies for CNM. BIN1 overexpression appears to be the most efficient therapy to normalize the molecular defects. The percentage of rescued genes varies greatly with 96% for BIN1 overexpression, 36% for DNM2 downregulation and 0.5% for tamoxifen in the MTM1-CNM mouse model. In the AAV-MTM1 treated dogs, the percentage of rescued genes was 52% and 43% depending on the muscles analyzed 46 . These findings highlight a correlation between the phenotypic and molecular rescue, as modulations of either MTM1, BIN1 or DNM2 improved the lifespan, locomotor and histological phenotypes very efficiently, while tamoxifen treatment resulted in a partial increase in lifespan and a significant amelioration of the histopathology, although to a lesser extent than with genetic crosses 17,31,34,37,[39][40][41] . As a potential explanation to the different rescue efficiency of the transcriptome dysregulation, BIN1 may directly modulate the general transcription program in a disease context, while MTM1 and DNM2 may directly impact on the cellular (proteins, membrane) defects. Indeed, BIN1 binds the transcription factor MYC and can shuttle between the cytoplasm and the nucleus in muscle cells [63][64][65] . Of note, BIN1 overexpression was achieved through genetic cross and is thus chronic from embryogenesis, while AAV-MTM1 and tamoxifen treatments are postnatal. However, transcriptomes comparison between chronic (Dnm2 +/- genetic cross for MTM1-a) and acute DNM2 downregulation (ASO Dnm2 injection for DNM2 and BIN1 cohorts) showed similar percentages of rescued genes: 36% in MTM1-a, 43% in DNM2 and 47% in BIN1 cohorts (Figure 6). The rescuing effect of tamoxifen treatment is not based on transcriptome remodeling but might directly involve membrane and protein functions.

We evaluated the toxicity of the different therapies used in this study by comparing the WT treated versus WT mice. Treatment of WT mice did not show a strong impact on the transcriptomes, while it was not reported in AAV-MTM1 treated dogs. For example, injection of ASO Dnm2 decreased Dnm2 expression but had few off-targets. No detectable phenotypic toxicity were observed in the treated WT mice.

However, in human, even if the same gene will be targeted (either BIN1 or DNM2), the therapeutic compound and formulation may differ and the delivery method and corresponding dose will change.

Here, for BIN1 overexpression we used the human cDNA while for DNM2 downregulation we used antisense oligonucleotides specific to the mouse Dnm2 gene. We also detected the expected overexpression of the human BIN1 gene in the MTM1-b cohort. BIN1 overexpression only changed the expression of three genes in the treated WT mice (Figure S9), while rescuing most transcriptome dysregulation in the Mtm1 /y mice, suggesting this therapy modulates the transcriptome mainly in a disease context (i.e. normalization).

The present data revealed several potential targets that were not directly targeted in the experiments (i.e. not MTM1, BIN1 nor DNM2). Genes of interest are expected to be dysregulated in disease and normalized upon efficient therapies, i.e. part of the therapy signature. In addition, known drugs targeting these gene products may be an asset, as it will allow drug repurposing and a faster clinical development.

Several genes coding for subunits of the acetylcholine receptor are dysregulated. In particular acetylcholine esterase inhibitors used in clinical trial to treat myasthenic syndromes were tested with some success in different CNM forms 62 . Scn5a is also found upregulated in the disease signature and normalized in the therapy signature, and encodes a subunit of the sodium channel that can be inhibited by quinidine, a stereoisomer of quinine. Mstn encoding the myokine myostatin, an inhibitor of muscle growth, is significantly decreased in disease models of all cohorts except the Bin1 mck-/-mouse (Log2FC = -0.6 while our threshold was -1). Inhibitors of myostatin are being tested in the clinic for other muscle diseases, and one of them (ActRIIB-mFc) showed only a very mild amelioration of the Mtm1 RC/y knockin mouse 66 . The mild amelioration can be explained by the fact that myostatin is already strongly decreased in the disease state and thus could hardly be better suppressed 67 . Sln encoding the calcium regulator sarcolipin is strongly upregulated in disease models of all cohorts except the MTM1-c cohort.

Reducing sarcolipin expression through genetic cross or shRNA improved Duchenne muscular dystrophy phenotypes in mice 68 . As a last example, myosins and troponins also meet these criteria and are targeted by several pharmacological regulators that may improve the muscle contraction defects of CNM. Indeed, all discussed modulations should be first validated in laboratory models, as it is unclear if dysregulation of some pathways are disease causing or compensatory.

Potential biomarkers for disease progression and therapy efficacy

We developed a strategy to identify potential biomarkers, combining RNAseq, RT-qPCR and western blotting in muscle with mass spectrometry and ELISA assays in blood, supported by database and literature mining. The validity of these biomarkers for monitoring disease progression and therapy efficacy has to be confirmed in human samples. This will require muscle and blood sampling of untreated and treated patients with different CNM forms together with adequate aged-matched controls. We found that Mstn RNA level is strongly decreased in Mtm1 /y and Dnm2 SL/+ mice and to a lesser extent in Bin1 mck- /-(Log2FC=-0.6), and was normalized upon modulation of MTM1, BIN1 and Dnm2 (Figures S5, S9, S10, S11) 46 . In agreement, MSTN was recently found decreased in plasma from MTM1-and DNM2-CNM patients and responded to ASO Dnm2 treatment in Mtm1 /y mice 69 . In addition, MSTN plasma level was also normalized upon BIN1 overexpression (Figure 7c). ANXA2 is a calcium-dependent phospholipidbinding protein that has a role in muscle repair 70 , and was validated here as a muscle biomarker for all the CNM forms that we have tested. ANXA2 was detected in plasma, increased in the Bin1 mck-/-mouse model, and normalized upon ASO Dnm2 injection. Moreover, several reports cited ANXA2 to be a valuable biomarker in different cancers 71,72 .

In particular, these potential biomarkers could be used in clinical trials to monitor the progression/reversion of the disease or/and efficacy of the therapy. Currently, there are two clinical trials ongoing to treat CNM. Firstly, the clinical trial (NCT03199469) for X-linked myotubular/centronuclear myopathy in patient under 5 years old based on MTM1 gene replacement using AAV. Secondly, a clinical trial based on the decrease/normalization of DNM2 with ASO (DYN101) is ongoing in patients with mutations in MTM1 and DNM2 over 16 years old (NCT04033159) and is planned for patients between 2 and 17 years old (NCT04743557).

Conclusions

Here, we report the first multi-omics analysis of animal models for several CNM forms, and of the effect of different therapies allowing to reveal a common disease signature and a common therapy signature.

We determined the global pathological mechanism and deciphered the molecular impact of therapies.

Longitudinal analyses of the treated and untreated MTM1-CNM model highlight potential causes and consequences of the pathology. In addition, we identified several novel biomarkers detectable in muscle and/or plasma through different validated methodologies. These findings and the associated data should be an asset to the community for further investigations. More generally, this study validates the concept of using omics to identify molecular signatures common to different disease forms or to several therapeutic strategies.

Materials and Methods

Animals

In this study we used different cohorts of mice. The sample size is given in Table S1. The cohort MTM1a (WT, Dnm2 +/-, Mtm1 /y , and Mtm1 /y Dnm2 +/-) was previously phenotyped on a 129Pas genetic 

RNA extraction and RNAseq

Transcriptome analysis

Table S17

Liquid digestion Disease signature refers to the common dysregulated genes in the three mouse models compared to WT littermates, while the therapy signature refers to the common genes rescued following the different treatments. mouse models at 7 w. Protein levels are represented as the fold difference from the average of the WT Table S9. List of the 155 common differentially expressed genes for the MTM1-a, MTM1-b, MTM1-c, DNM2 and BIN1 cohorts.

LC-MS/MS Analysis

Table S10. List of DEGs in cohort MTM1-b.

Table S11. List of DEGs in cohort MTM1-c.

Table S12. List of DEGs in cohort DNM2.

Table S13. List of DEGs in cohort BIN1.

Table S14. List of the specific dysregulated genes expressed in MTM1, DNM2 and BIN1 cohorts (Fig 5b).

Table S15. List of the 42 common differentially expressed genes for the MTM1-a, MTM1-b, DNM2 and BIN1 cohorts.

Table S16. List of proteins retrieved by mass spectrometry in serum of WT mice at 8 w.

Table S17. List of primers used for RT-qPCR. Figure S3. GO enrichment analysis for biological processes (BP), cellular component (CC) and molecular function (MF) of the differentially expressed genes in Mtm1 -/y vs WT mice (N =1175 genes) at (a) 2 w and (b) at 7 w (N=1981 genes). GO terms with highest ratio and lowest q-value are represented.

The ratio represents the number of genes dysregulated divided by the total number of genes in the 
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background 34 .

 34 The cohort MTM1-b (WT, TgBIN1, Mtm1 /y , and Mtm1 /y TgBIN1) was previously phenotyped on a 50% 129Pas and 50% C57BL/6N genetic background 39 . Both cohorts MTM1-a and MTM1-b were bred in IGBMC animal house in France. The cohort MTM1-c (WT, WT + tamoxifen, Mtm1 /y , and Mtm1 /y + tamoxifen) was previously treated and phenotyped on a 129Pas genetic background40 . Tamoxifen was administered via supplement pellets of diet (30mg/kg of tamoxifen). This cohort was bred in the animal house of the School of Pharmaceutical Sciences of the University of Geneva, Switzerland. The cohort DNM2 (WT + ASO Ctrl, WT + ASO Dnm2, Dnm2 SL/+ + ASO Ctrl, Dnm2 SL/+ + ASO Dnm2) was previously treated and phenotyped on a C57BL/6N genetic background 28 .The cohort BIN1 (WT + PBS, WT + ASO Dnm2, Bin1 mck/-+ PBS, Bin1 mck-/-+ ASO Dnm2) was previously treated and phenotyped on a C57BL/6N genetic background (unpublished). Both DNM2 and BIN1 cohorts were bred in IGBMC animal house in France. DNM2 and BIN1 cohorts were treated weekly from 3 to 7 weeks of age with intraperitoneal injections of 25mg/kg of ASO (IONIS Pharmaceuticals) targeting Dnm2. Only males were analyzed in this study as only Mtm1 /y males but not Mtm1 +/-females are affected. TA muscles were dissected at E18.5, 2w or 7w and obtained from the previous studies. Data from MTM1-d cohort (WT, Mtm1 /y ) was retrieved from Maani et al.41 . This cohort was analyzed on a C57BL/6J genetic background and bred in University of Toronto animal house in Canada. Quadriceps muscle from 5 w old animals were considered.
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 1 Figure 1. Experimental design. (a) Timeline of the different steps occurring during muscle development
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 2 Figure 2. MTM1-CNM signature in different species. (a) Venn diagram illustrating the shared dysregulated genes based on the Mtm1 /y vs WT comparison of four mouse cohorts. The percentages of
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 3 Figure 3. Longitudinal mRNA profiling of Mtm1 -/y mice. (a) Principal component analysis of RNAseq
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 4 Figure 4. Longitudinal protein profiling of Mtm1 -/y mice. (a) Principal component analysis of mass
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 5 Figure 5. CNM disease signature in mouse. (a) PCA on RNAseq data on the 155 genes commonly
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 6 Figure 6. Common therapy signature in CNM mice treated with different therapies. (a) PCA on RNAseq
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 7 Figure 7. Muscle and circulating biomarkers for disease and rescue states. (a) Venn diagram illustrating
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  Figure S1. (a)Venn diagram illustrating the common dysregulated genes based on the MTM1 vs controls
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 S2 Figure S2. PCA related to Fig 5b. (a) PC1 and PC2 and (b) PC1 and PC3 are represented.
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 S9 Figure S9. Number of dysregulated genes and the associated PCA for each cohort for four comparisons
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 S10 Figure S10. mRNA expression levels of genes of interest in diseased, rescued and control mice in the
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 S14 Figure S14. Blot related to Fig 7b.
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