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Dynamin-2 reduction rescues the skeletal myopathy of a SPEG-deficient mouse model

Introduction

Centronuclear myopathy (CNM), a type of congenital myopathy (CM), is clinically characterized by hypotonia and muscle dysfunction ranging in severity from mild delays in motor milestones to fatal weakness of respiratory organs [START_REF] Nance | Congenital myopathies: an update[END_REF]. The histopathological and molecular findings of CNM include increase in central nucleation of myofibers, variability of myofiber size, disruptions in the triad structure, and defective excitation-contraction coupling [START_REF] Nance | Congenital myopathies: an update[END_REF][START_REF] Pierson | X-linked myotubular and centronuclear myopathies[END_REF][START_REF] Qualls | Novel SPEG mutations in congenital myopathies: genotype-phenotype correlations[END_REF]. Mutations in genes including MTM1 (MIM 300415; myotubularin), DNM2 (MIM 602378; dynamin 2), BIN1 (MIM 601248; bridging integrator 1), RYR1 (MIM 180901; ryanodine receptor 1), CACNA1S (MIM 114208; alpha 1s subunit of the dihydropyridine receptor, DHPR), TTN (MIM 188840; titin), and SPEG (MIM 615950; striated preferentially expressed protein kinase) have been identified for over 60% of patients with CNM [START_REF] Jungbluth | Pathogenic mechanisms in centronuclear myopathies[END_REF][START_REF] Agrawal | SPEG interacts with myotubularin, and its deficiency causes centronuclear myopathy with dilated cardiomyopathy[END_REF].

We have previously demonstrated that constitutive SPEG-deficient mice develop dilated cardiomyopathy (DCM), and a majority of them die in utero or shortly after birth due to heart failure [START_REF] Liu | Disruption of striated preferentially expressed gene locus leads to dilated cardiomyopathy in mice[END_REF]. To overcome the perinatal lethality, we created floxed Speg mice and crossed them with muscle creatine kinase (MCK) Cre-expressing mice, which give rise to striated muscle-specific Speg-KO mice wherein Cre expression starts at embryonic day 17, peaks at postnatal day 10, and remains high thereafter (7). Speg-KO mice demonstrate poor skeletal and cardiac function along with defective triad formation, abnormal excitation-contraction coupling, and calcium mishandling in skeletal muscles also seen in other CNM [START_REF] Jungbluth | Pathogenic mechanisms in centronuclear myopathies[END_REF]7).

CMs and cardiomyopathies can coexist in certain genetic conditions [START_REF] Petri | Congenital myopathies are mainly associated with a mild cardiac phenotype[END_REF][START_REF] Carmignac | C-terminal titin deletions cause a novel early-onset myopathy with fatal cardiomyopathy[END_REF], which complicates therapeutic strategies, especially if the protein is large with diverse genetic mutations and variable tissue-specific functional consequences. SPEG is one such gene, which encodes 2 large proteins (260 kDa and 350 kDa Striated preferentially expressed protein kinase (SPEG), a myosin light chain kinase, is mutated in centronuclear myopathy (CNM) and/or dilated cardiomyopathy. No precise therapies are available for this disorder, and gene replacement therapy is not a feasible option due to the large size of SPEG. We evaluated the potential of dynamin-2 (DNM2) reduction as a potential therapeutic strategy because it has been shown to revert muscle phenotypes in mouse models of CNM caused by MTM1, DNM2, and BIN1 mutations. We determined that SPEG-β interacted with DNM2, and SPEG deficiency caused an increase in DNM2 levels. The DNM2 reduction strategy in Speg-KO mice was associated with an increase in life span, body weight, and motor performance. Additionally, it normalized the distribution of triadic proteins, triad ultrastructure, and triad number and restored phosphatidylinositol-3-phosphate levels in SPEG-deficient skeletal muscles. Although DNM2 reduction rescued the myopathy phenotype, it did not improve cardiac dysfunction, indicating a differential tissue-specific function. Combining DNM2 reduction with other strategies may be needed to target both the cardiac and skeletal defects associated with SPEG deficiency. DNM2 reduction should be explored as a therapeutic strategy against other genetic myopathies (and dystrophies) associated with a high level of DNM2. JCI Insight 2022;7 [START_REF] Gu | Direct dynamin-actin interactions regulate the actin cytoskeleton[END_REF]:e157336 https://doi.org/10.1172/jci.insight.157336 for SPEG-α and SPEG-β, respectively), and when mutated, causes CNM and/or DCM in humans [START_REF] Qualls | Novel SPEG mutations in congenital myopathies: genotype-phenotype correlations[END_REF][START_REF] Agrawal | SPEG interacts with myotubularin, and its deficiency causes centronuclear myopathy with dilated cardiomyopathy[END_REF][START_REF] Sewry | Myopathology in congenital myopathies[END_REF][START_REF] Wang | Insights from genotype-phenotype correlations by novel SPEG mutations causing centronuclear myopathy[END_REF]. SPEG belongs to the myosin light chain kinase protein family, which are involved in the structure and regulation of cytoskeletal function in myocytes [START_REF] Sutter | Orthologous relationship of obscurin and Unc-89: phylogeny of a novel family of tandem myosin light chain kinases[END_REF]. SPEG-α and SPEG-β contain a variable number of Ig-like, 3 fibronectin type III, and 2 tandemly arranged serine/threonine kinase domains arranged in tandem and are predominantly expressed in skeletal and cardiac muscles [START_REF] Luo | Striated preferentially expressed protein kinase (SPEG) in muscle development, function, and disease[END_REF]. Patients with recessive mutations affecting both SPEG-α and SPEG-β isoforms demonstrated both CNM and DCM, with the disease being less severe if one or both variants affect only SPEG-β, the larger isoform [START_REF] Qualls | Novel SPEG mutations in congenital myopathies: genotype-phenotype correlations[END_REF][START_REF] Agrawal | SPEG interacts with myotubularin, and its deficiency causes centronuclear myopathy with dilated cardiomyopathy[END_REF][START_REF] Wang | Insights from genotype-phenotype correlations by novel SPEG mutations causing centronuclear myopathy[END_REF]. To date, over 21 patients have been identified with recessive SPEG mutations, with 11 deaths associated with respiratory or cardiac failure. Unfortunately, no precise treatments are available for such disorders, and there is an urgent need to develop them.

One of the other genes mutated in CNM is DNM2 that encodes dynamin-2 (DNM2), a large ubiquitously expressed GTPase protein implicated in membrane remodeling, endocytosis, and cytoskeleton organization [START_REF] Antonny | Membrane fission by dynamin: what we know and what we need to know[END_REF][START_REF] Gu | Direct dynamin-actin interactions regulate the actin cytoskeleton[END_REF]. Elevated levels or activity of DNM2 have been reported as a consequence of mutations in MTM1, DNM2, and BIN1, all associated with CNM [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF][START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF][START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF]. Reducing DNM2 levels can rescue the CNM phenotypes of Mtm1-KO, Bin1-KO, and Dnm2-knockin mice [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF][START_REF] Trochet | Allele-specific silencing therapy for dynamin 2-related dominant centronuclear myopathy[END_REF][START_REF] Tasfaout | Single intramuscular injection of AAV-shRNA reduces DNM2 and prevents myotubular myopathy in mice[END_REF][START_REF] Tasfaout | Antisense oligonucleotide-mediated Dnm2 knockdown prevents and reverts myotubular myopathy in mice[END_REF][START_REF] Toussaint | Defects in amphiphysin 2 (BIN1) and triads in several forms of centronuclear myopathies[END_REF][START_REF] Al-Qusairi | T-tubule biogenesis and triad formation in skeletal muscle and implication in human diseases[END_REF], suggesting that these CNM proteins may participate in an interdependent functional network [START_REF] Jungbluth | Pathogenic mechanisms in centronuclear myopathies[END_REF][START_REF] Demonbreun | Dynamin 2 the rescue for centronuclear myopathy[END_REF][START_REF] Cowling | Defective membrane remodeling in neuromuscular diseases: insights from animal models[END_REF].

The goal of our study was to test if DNM2 reduction can be an effective strategy to rescue SPEG deficiency. The rationale included: 1) MTM1, DNM2, BIN1, and SPEG mutations cause CNM [START_REF] Agrawal | SPEG interacts with myotubularin, and its deficiency causes centronuclear myopathy with dilated cardiomyopathy[END_REF][START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF][START_REF] Laporte | MTM1 mutations in X-linked myotubular myopathy[END_REF][START_REF] Claeys | Phenotype of a patient with recessive centronuclear myopathy and a novel BIN1 mutation[END_REF]; 2) mouse models of CNM genes show an abnormal triad structure and defective calcium handling in skeletal muscles (7,[START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF][START_REF] Al-Qusairi | T-tubule disorganization and defective excitation-contraction coupling in muscle fibers lacking myotubularin lipid phosphatase[END_REF][START_REF] Tjondrokoesoemo | Disrupted membrane structure and intracellular Ca 2+ signaling in adult skeletal muscle with acute knockdown of Bin1[END_REF]; and 3) in this study we show that DNM2 levels were increased in SPEG-deficient mice and SPEG-β interacted with DNM2. We elucidated that reducing DNM2 levels in SPEG-deficient mice could rescue the skeletal muscle phenotype.

Results

SPEG-β interacts with DNM2 and its deficiency causes an increase in DNM2 levels.

To test for potential interaction between SPEG and DNM2, we performed coimmunoprecipitation (co-IP) experiments using differentiated C2C12 myotube, soleus, and triceps lysates. Full-length SPEG (including both SPEG-β and SPEG-α) and DNM2 co-immunoprecipitated with each other using anti-SPEG and anti-DNM2 antibodies, confirming their interaction between DNM2 and SPEG-β exclusively (Figure 1A and Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.157336DS1).

To evaluate the effects of SPEG deficiency on DNM2 levels, skeletal muscles from wild-type (WT) and Speg-KO mice were tested. We found that Speg-KO mice had a 1.7-fold increase in DNM2 level over WT (Figure 1B). Additionally, transverse and longitudinal sections of tibialis anterior (TA) muscle in Speg-KO mice displayed an abnormal accumulation of DNM2 (Figure 1C). Interestingly, elevated levels or activity of DNM2 have been reported as a consequence of mutations in MTM1, BIN1, and DNM2 causing CNM [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF][START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF].

Generating Speg-KO/DNM2 +/-mice to test rescue potential of DNM2 reduction strategy. To evaluate if DNM2 reduction may rescue Speg-KO mice, we first generated Speg-KO mice that were DNM2 haploinsufficient (Speg fl/fl MCK-Cre + Dnm2 +/-; Speg-rescue). The breeding strategy is shown in Supplemental Figure 2, and breeding outcome for Speg-rescue mice is listed in Supplemental Table 1. Representative images of control, Speg-KO, and Speg-rescue mice at 3 months and genotyping strategy are shown in Figure 2A. To further evaluate the effects of Dnm2 haploinsufficiency at the protein level, different types of striated muscles, including the diaphragm, heart, gastrocnemius (gastroc), and triceps muscles, were collected at 12 weeks of age from Speg-rescue, Speg-KO, and control mice. The amount of DNM2 protein was lower in the Speg-rescue versus the Speg-KO mice, especially in gastroc and triceps muscles (showing 76% and 71% decrease, respectively) compared with diaphragm and heart (showing 36.5% and 33% reduction, respectively) (Figure 2B and Supplemental Figure 3).

DNM2 reduction improves survival and increases body weight. The life span of Speg-rescue, Speg-KO, and control mice was monitored until 48 weeks of age, and their weight was checked once per week. We found that a reduction in DNM2 significantly improved the survival rate of Speg-KO mice (Figure 3A, P < 0.01). Although 100% of Speg-KO mice died by 18 weeks of life, 30% of Speg-rescue mice lived beyond that time (Figure 3A). The median ages of survival for male and female Speg-KO mice were 8 and 12 weeks, which increased to 12 and 20 weeks, respectively, in Speg-rescue mice (Figure 3, B and C). A higher body weight was also observed for Speg-rescue mice than that of KO mice, although body weight of male rescue mice was still significantly reduced compared with control mice. As an example, the average mouse weight at 13 weeks was 22.9 ± 1.6 g for male KO mice versus 26.9 ± 1.9 g for male rescue mice (P < 0.05) (Figure 3, D and E, and Supplemental Figure 4). These findings show that DNM2 reduction can partially improve the life span and growth delay observed in Speg-KO mice.

Interestingly, sex-related differences were observed in survival with a longer maximum life span seen in both female KO (~18 weeks) and female rescue (~46 weeks) mice compared with males (~13 weeks in Speg-KO and ~40 weeks in Speg-rescue mice). This sex-related difference may be related to hormonal influences and a higher expression of MCK in male mice [START_REF] Kloosterboer | Effect of hormones on the development of creatine kinase activity in rat skeletal muscle[END_REF][START_REF] Baltusnikas | Efflux of creatine kinase from isolated soleus muscle depends on age, sex and type of exercise in mice[END_REF][START_REF] Amelink | Sex-linked variation in creatine kinase release, and its dependence on oestradiol, can be demonstrated in an in-vitro rat skeletal muscle preparation[END_REF]. Improved motor function and increase in fiber size. To evaluate if DNM2 reduction improves overall activity, Speg-KO, Speg-rescue, and control mice were placed in a novel open-field activity box. Their motor function, including locomotor and rearing activities, were measured monthly at 2 and 3 months of age (Figure 4). Figure 4A shows the representative activity (fast, slow, and resting) of control, Speg-KO, and Speg-rescue mice. Speg-KO mice spent significantly more time resting and significantly less time moving fast compared with control mice (Figure 4B). Further, the Speg-rescue mice spent less time resting and more time moving fast compared with Speg-KO mice, although this did not reach statistical significance (Figure 4B). Speg-KO mice traveled a significantly shorter distance (Figure 4C) and reared significantly less frequently compared with control mice (Figure 4D). The travel distance and rearing frequency of Speg-rescue mice fell between the control and Speg-KO. Speg-rescue mice traveled a longer distance compared with Speg-KO mice (848 ± 561 vs. 302 ± 230, P = 0.08), albeit this difference was not statistically significant (Figure 4C). Additionally, Speg-rescue mice reared more frequently than Speg-KO mice (22 ± 12 vs. 6 ± 7, P = 0.07, Figure 4D). Thus, these data demonstrate that the mouse activity, distance, and number of rearings in Speg-rescue mice were improved compared with Speg-KO mice.

Speg-rescue had larger TA muscles compared with Speg-KO mice (Figure 5A). Further, while the fibers from Speg-KO TA were for the most part small and rounded (Figure 5B), the Speg-rescue TA fibers were larger and comparable in size and morphology to the control mice. Fiber cross-sectional area (CSA) distribution in Speg-KO mice was shifted toward smaller fibers (peak CSA, ~800 μm 2 ), whereas it ranged from 1000 to 1500 μm 2 in Speg-rescue mice, similar to that of control mice (Figure 5C). The mean fiber CSA in Speg-rescue mice was also significantly increased compared with Speg-KO mice (1384 ± 596 μm 2 vs. 900 ± 405 μm 2 , P < 0.0001, Figure 5D). Restoration of contractile function of hind limb muscles. To evaluate the contractility in skeletal muscle, the extensor digitorum longus (EDL) muscles from control, Speg-KO, and Speg-rescue mice were studied using an in vitro preparation. The absolute peak tetanic force of the EDL was significantly depressed (Figure 5E, P < 0.01) in Speg-KO mice. Force of Speg-rescue muscles fell between control and Speg-KO values, suggesting a partial restoration of contractile function. To further examine this potential therapeutic effect, force was normalized to CSA of each muscle (Figure 5F). Per unit CSA, EDL muscles of Speg-KO mice produced only 57.3% the force of EDL muscles from control mice. Importantly, muscles of Speg-rescue animals attained a mean peak force that was significantly elevated (P < 0.01) above the mean of the untreated Speg-KO mice. Because this beneficial effect is on a per unit CSA basis, it suggests that DNM2 treatment targeted intracellular mechanisms underlying the functional deficit of the Speg-KO mice.

We previously reported that the Speg-KO EDL muscles produced less force than control through measuring the force and stimulation frequency curves (7). Therefore, in this study, we measured force at stimulation frequencies ranging from 30 to 400 Hz (Figure 5G). For each individual muscle, forces were expressed relative to the muscle's peak force. The relationship between relative force and stimulation frequency was described by a sigmoid function, relative force = P min + ([P max -P min ]/[1+([K/Hz] H )]), where P min is the minimum force, P max is the maximum force, K is the stimulation frequency that corresponds to the inflection point of the relationship, and H is a unitless parameter describing the slope of the relationship. The slopes of the curves (H) were similar for all groups. However, the force-frequency relationship for EDL muscles of Speg-KO mice was shifted to the right as indicated by a significant increase (P < 0.001) in the parameter K (146 ± 6 Hz, mean ± SE) compared with the control mice (111 ± 3 Hz) in Figure 5H. This means that for a given stimulation frequency, EDL muscles from Speg-KO mice on average produced a lesser proportion of their peak force than muscles from control mice. The force-frequency curve for the Speg-rescue mice fell between the control and Speg-KO curves. Thus, DNM2 reduction resulted in a partial shift of the Speg-KO force-frequency relationship back toward that of control mice. Normalized localization of triadic proteins. We have previously shown that SPEG deficiency leads to abnormal distribution of multiple triadic proteins [START_REF] Luo | SPEG binds with desmin and its deficiency causes defects in triad and focal adhesion proteins[END_REF]. To study the potential benefit of DNM2 reduction on the localization of triadic proteins, mouse TA muscles were stained with antibodies against DHPRα1 (marker for T-tubule), RyR1, SERCA1 (markers for terminal and longitudinal sarcoplasmic reticulum [SR]), and DNM2 (Figure 6A). We observed an abnormal accumulation of DHPRα1, SERCA1, and DNM2 in discrete areas of Speg-KO myofibers, indicating disorganized T-tubules and triads after SPEG depletion. However, these abnormalities observed in Speg-KO myofibers were not seen in Speg-rescue myofibers, suggesting that DNM2 reduction can normalize the abnormal localization of triadic proteins.

Increase in triad number and improved triad ultrastructure. To further evaluate effects of DNM2 reduction on triad structure, sections of quadriceps muscle were examined using electron microscopy (EM). The Speg-KO muscle revealed structural triad abnormalities with regions of disoriented or absent triads, while Speg-rescue muscle displayed well-organized triad structure (Figure 6B). Additionally, quantitative analysis of 10 EM images revealed that triad density (the number of triads per 50 μm 2 ) in Speg-rescue muscle was significantly improved (33.4 ± 6.0) compared with KO (8.5 ± 2.8) and approached control muscle (39.3 ± 3.5) (Figure 6C). Together, these findings suggest that DNM2 reduction improves the ultrastructure and number of triads in Speg-rescue skeletal muscle.

SPEG deficiency leads to increase in phosphatidylinositol-3-phosphate levels and reduction in MTM1, whereas reducing DNM2 restores phosphatidylinositol-3-phosphate levels but not MTM1. SPEG interacts with MTM1 (5, 35), a lipid phosphatase that catalyzes the dephosphorylation of phosphatidylinositol-3-phosphate (PI3P) and phosphatidylinositol-3,5-bisphosphate [START_REF] Raess | WANTED -dead or alive: myotubularins, a large disease-associated protein family[END_REF][START_REF] Tronchere | Production of phosphatidylinositol 5-phosphate by the phosphoinositide 3-phosphatase myotubularin in mammalian cells[END_REF] and regulates membrane trafficking between endosomal and secretory compartments [START_REF] Ketel | A phosphoinositide conversion mechanism for exit from endosomes[END_REF]. We investigated the impact of SPEG deficiency on MTM1 expression in skeletal muscle using Western blot. The skeletal muscle samples obtained from both Speg-KO and Speg-rescue mice had significantly lower MTM1 protein levels (P < 0.0001) compared with control at 12 weeks (Figure 7A).

Loss of MTM1 results in an increased level of PI3P in human and animal skeletal muscles [START_REF] Pierson | Modeling the human MTM1 p.R69C mutation in murine Mtm1 results in exon 4 skipping and a less severe myotubular myopathy phenotype[END_REF][START_REF] Sabha | PIK3C2B inhibition improves function and prolongs survival in myotubular myopathy animal models[END_REF][START_REF] Gupta | Loss of catalytically inactive lipid phosphatase myotubularin-related protein 12 impairs myotubularin stability and promotes centronuclear myopathy in zebrafish[END_REF][START_REF] Bachmann | Cellular, biochemical and molecular changes in muscles from patients with X-linked myotubular myopathy due to MTM1 mutations[END_REF]. We next measured PI3P levels in quadriceps extracted from control, Speg-KO, and Speg-rescue mice. The PI3P levels were similar in control and rescue mice, but they were significantly elevated (P < 0.0001) in Speg-KO mice (Figure 7B). To confirm this finding, we stained mouse TA muscles with PI3P antibody and observed accumulation of PI3P (Figure 7C) in Speg-KO myofibers, which normalized in Speg-rescue mice. Overall, this suggests that DNM2 reduction restores PI3P levels but not MTM1 in Speg-rescue mice. [START_REF] Qualls | Novel SPEG mutations in congenital myopathies: genotype-phenotype correlations[END_REF][START_REF] Luo | Striated preferentially expressed protein kinase (SPEG) in muscle development, function, and disease[END_REF]. Speg-KO mice demonstrated cardiac dysfunction and evidence of increased left ventricular internal diameter and heart-to-body weight ratio [START_REF] Shu | Pressure overload in mice with haploinsufficiency of striated preferentially expressed gene leads to decompensated heart failure[END_REF]. To evaluate the effects of DNM2 reduction on cardiac functions, we performed echocardiogram (echo) on Speg-KO, rescue, and control mice (Supplemental Figure 5A). The function of the left ventricle was assessed by measuring ejection fraction (Supplemental Figure 5B) and fractional shortening (Supplemental Figure 5C) at about 3 months of age. Speg-rescue mice showed no improvement in cardiac function compared to Speg-KO mice. Hearts were harvested after echo, and representative images of hearts from each group of mice were obtained (Supplemental Figure 5D). Notably, the heart of Speg-rescue mice was enlarged. We also measured the cardiac function of surviving Speg-rescue mice at 9 months of age and found that it was severely impaired (Supplemental Figure 6) compared with litter-matched control mice, indicative of DCM in older Speg-rescue mice.

To exclude the possibility that DNM2 reduction alone may affect the cardiac function in mice, 2 pairs of Dnm2 +/-and litter-matched control mice (1 male and 1 female from each group) at 5 months of age were selected for echo (Supplemental Figure 7A). We found that ejection fraction (Supplemental Figure 7B) (D) The mean CSA of Speg-rescue TA muscles is significantly larger than that of Speg-KO (****P < 0.0001, over 500 fibers were analyzed from each group; 1-way ANOVA with Tukey's post hoc test). (E) Absolute peak tetanic force was significantly reduced in EDL muscles from Speg-KO mice compared with muscles from control animals. Muscles from the Speg-rescue mice were not different from either of the other groups. (F) Peak tetanic force expressed relative to EDL physiological CSA. Peak force/CSA was significantly reduced in Speg-KO animals (compared with control) but was restored to control levels in the Speg-rescue group. (G) Force-frequency relationships of EDL muscles. Forces obtained at different frequencies of stimulation were expressed relative to peak force and fit by the equation P min + ([P max -P min ]/[1+([K/Hz] H )]), where P min is the minimum force, P max is the maximum force, K is the frequency corresponding to the inflection point of the curve, and H is a unitless parameter defining the curve's slope. (H) The parameter K was significantly greater for the Speg-KO and the Speg-rescue EDL muscles compared with control, indicating a significant shift of the Speg-KO curve to the right. The parameter H did not differ between control and fractional shortening (Supplemental Figure 7C) were comparable in both groups of mice. Additionally, the heart size (Supplemental Figure 7D) and the heart-to-body weight ratio (mg/g) of Dnm2 +/-and litter-matched control mice were similar (Dnm2 +/-7.7 ± 0.7 vs. control 6.0 ± 1.1). These findings suggest DNM2 reduction has no effect on cardiac function.

Discussion

Recessive variants in SPEG cause a severe human disease with skeletal muscle (CNM) and cardiac (DCM) phenotypes. Developing precise therapies against SPEG mutations is complicated by SPEG's large size, heterogeneity of the variants, and involvement of various tissues (skeletal muscle and heart). In this study, we evaluated DNM2 reduction as a potential strategy to rescue defects associated with SPEG deficiency. An investigational antisense oligonucleotide-based drug to reduce DNM2 levels and rescue We have previously characterized a striated muscle-specific SPEG-deficient mouse model that recapitulates human disease (7,[START_REF] Shu | Pressure overload in mice with haploinsufficiency of striated preferentially expressed gene leads to decompensated heart failure[END_REF] with disruption of the triad structure and calcium homeostasis in skeletal muscles (7,[START_REF] Li | Striated preferentially expressed protein kinase (SPEG)-deficient skeletal muscles display fewer satellite cells with reduced proliferation and delayed differentiation[END_REF]. In this study, we demonstrate that SPEG-β interacted with DNM2, and loss of SPEG led to an increase in DNM2, similar to Mtm1-and Bin1-KO mouse models [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF]. Reduction of DNM2 in Speg-KO mice was associated with an increased life span, improved body weight, amelioration of motor behavior, and alleviated myopathy-associated pathological features. We also observed a significant improvement in the force-frequency relationship (which is sensitive to impaired excitation-contraction coupling) and peak force per unit muscle CSA in Speg-rescue mice (Figure 5, F-H). Additionally, the localization of triadic proteins (DHPRα1, RyR1, and SERCA1), triad number, and triad ultrastructure were normalized in Speg-rescue mice. These findings suggest that reducing DNM2 may serve as a therapeutic strategy for SPEG-related myopathy.

Prior research elucidates a functional network in which MTM1, BIN1, and DNM2 interact with one another to regulate triad formation through a mechanism of membrane trafficking and remodeling [START_REF] Jungbluth | Pathogenic mechanisms in centronuclear myopathies[END_REF][START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF][START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF][START_REF] Demonbreun | Dynamin 2 the rescue for centronuclear myopathy[END_REF][START_REF] Lionello | Amphiphysin 2 modulation rescues myotubular myopathy and prevents focal adhesion defects in mice[END_REF]. The interaction of BIN1 with DNM2 inhibits DNM2's GTPase activity to promote membrane tubulation over fission during T-tubule development [START_REF] Cowling | Amphiphysin (BIN1) negatively regulates dynamin 2 for normal muscle maturation[END_REF][START_REF] Cowling | Defective membrane remodeling in neuromuscular diseases: insights from animal models[END_REF], and MTM1 binding to BIN1 enhances tubulation activity [START_REF] Royer | The myotubularin-amphiphysin 2 complex in membrane tubulation and centronuclear myopathies[END_REF]. MTM1 also generates phosphatidylinositol-5-phosphate, a lipid precursor that is converted to phosphatidylinositol-4,5-bisphosphate by type II PI-5-P 4-kinases, and this conversion is critical for the recruitment of both BIN1 and DNM2 to the T-tubule membrane [START_REF] Raess | WANTED -dead or alive: myotubularins, a large disease-associated protein family[END_REF][START_REF] Picas | BIN1/M-Amphiphysin2 induces clustering of phosphoinositides to recruit its downstream partner dynamin[END_REF]. Mutations in DNM2 and MTM1 give rise to CNM phenotypes that greatly overlap with SPEG-related CNM (Table 1), including defects in triad formation and elevated levels or activity of DNM2.

We have previously demonstrated that SPEG interacts with the phosphatase and coiled-coil domains of MTM1 (5), and its deficiency causes defects in triad formation, similar to those seen in Mtm1-KO mice [START_REF] Sabha | PIK3C2B inhibition improves function and prolongs survival in myotubular myopathy animal models[END_REF][START_REF] Lionello | Amphiphysin 2 modulation rescues myotubular myopathy and prevents focal adhesion defects in mice[END_REF][START_REF] Hnia | Myotubularin controls desmin intermediate filament architecture and mitochondrial dynamics in human and mouse skeletal muscle[END_REF]. In this study, we detected a marked reduction of MTM1 protein levels and an increased PI3P level in Speg-KO mice, which was also observed in Mtm1-KO mice [START_REF] Pierson | Modeling the human MTM1 p.R69C mutation in murine Mtm1 results in exon 4 skipping and a less severe myotubular myopathy phenotype[END_REF][START_REF] Sabha | PIK3C2B inhibition improves function and prolongs survival in myotubular myopathy animal models[END_REF]. These findings suggest that SPEG may play a role in stabilizing MTM1 protein, thereby regulating its phosphatase activity and/or function in the processes of endosomal trafficking, autophagy, and proteasome degradation. Additionally, we show that SPEG interacted with DNM2, and lowered DNM2 levels markedly improved triadic proteins' localization, ultrastructure, and number and normalized the PI3P level in Speg-KO mice. The elevation of DNM2 level and the reduction of MTM1 associated with SPEG deficiency may disrupt a critical balance among endosomal dynamics, autophagy, and proteasomal degradation, which may be partially restored by DNM2 reduction [START_REF] Gavriilidis | The MTM1-UBQLN2-HSP complex mediates degradation of misfolded intermediate filaments in skeletal muscle[END_REF][START_REF] Puri | A DNM2 centronuclear myopathy mutation reveals a link between recycling endosome scission and autophagy[END_REF]. These findings indicate shared molecular pathways in the regulation of triad development and maintenance, which deserve further investigation.

SPEG may have fiber type-specific and tissue-specific roles, which may affect the efficacy of DNM2 reduction in rescuing Speg-related myopathy and cardiomyopathy phenotypes. While DNM2 reduction could rescue the skeletal muscle defects and extend the life span in SPEG-deficient mice, it had little effect on improving cardiac function. A previous study reported that the protein expression of human SPEG-β was 65% greater in MyHC type IIx fibers than type I (50). We have previously found that the CSA and force of Speg-KO soleus muscle (oxidative/type I predominant) was considerably less affected than those of Speg-KO EDL (glycolytic/ type II) muscle in mice (7), though SPEG-β did co-immunoprecipitate with DNM2 in the soleus (Supplemental Figure 1). A previous study found that RyR2 and JPH2 (junctional membrane proteins in the heart) could bind to only SPEG-β (longer isoform) and SPEG-α (shorter isoform), respectively [START_REF] Quick | SPEG (striated muscle preferentially expressed protein kinase) is essential for cardiac function by regulating junctional membrane complex activity[END_REF]. Additionally, the interacting partners of SPEG differ between skeletal and cardiac muscle [START_REF] Luo | Striated preferentially expressed protein kinase (SPEG) in muscle development, function, and disease[END_REF]. The Ig-like/fibronectin type III domains of SPEG interact with MTM1 and desmin in skeletal muscle [START_REF] Agrawal | SPEG interacts with myotubularin, and its deficiency causes centronuclear myopathy with dilated cardiomyopathy[END_REF][START_REF] Luo | SPEG binds with desmin and its deficiency causes defects in triad and focal adhesion proteins[END_REF], while the kinase domain of SPEG interacts with JPH2, RyR2, SERCA2a, and tropomyosins in cardiac muscle [START_REF] Liu | Disruption of striated preferentially expressed gene locus leads to dilated cardiomyopathy in mice[END_REF][START_REF] Quick | SPEG (striated muscle preferentially expressed protein kinase) is essential for cardiac function by regulating junctional membrane complex activity[END_REF][START_REF] Quan | SPEG controls calcium reuptake into the sarcoplasmic reticulum through regulating SERCA2a by its second kinase-domain[END_REF][START_REF] Campbell | Loss of SPEG inhibitory phosphorylation of ryanodine receptor type-2 promotes atrial fibrillation[END_REF]. These findings suggest differential tissue-specific roles of SPEG isoforms. Indeed, patients with recessive mutations affecting both SPEG-α and SPEG-β demonstrate more severe clinical and molecular phenotypes, while patients with mutations affecting only SPEG-β are associated with a milder phenotype, and without cardiac involvement [START_REF] Luo | Striated preferentially expressed protein kinase (SPEG) in muscle development, function, and disease[END_REF]. The differential rescue response of DNM2 reduction in skeletal and cardiac muscles needs further exploration, and novel approaches are needed to overcome the cardiac dysfunction associated with SPEG deficiency.

In summary, we show that SPEG-β interacted with DNM2 in the skeletal muscle and that SPEG deficiency caused an increase in DNM2 levels. Reducing DNM2 could increase the life span, body weight, and motor performance of SPEG-deficient mice, thereby rescuing SPEG-related myopathy, but not alleviate the cardiac dysfunction. This suggests differential interaction among SPEG, MTM1, and DNM2 in skeletal and cardiac muscles. Combination therapeutic strategies should be considered to target both the cardiac and skeletal defects associated with SPEG deficiency. Further, DNM2 reduction should be explored as a therapeutic strategy against other genetic CMs (and dystrophies) that are associated with a higher level of DNM2.

Methods

Additional methods are in Supplemental Methods. Additional data supporting the figures are in Supplemental Data 1. Study design. Speg-KO mice were generated as previously described (7). Homozygous Speg-conditional KO mice (Speg fl/fl ) were bred with male transgenic mice that have the Cre recombinase driven by MCK promoter

Table 1. Overlapping pathological findings of MTM1-, DNM2-, and SPEG-related CNMs

SPEG MTM1 DNM2

Triad structure Speg-KO mice: poor integrity and low number of triads (7).

Human and zebrafish (MO knockdown):

various degrees of dilatation and disorganization of the T-tubules and adjacent SR [START_REF] Dowling | Loss of myotubularin function results in T-tubule disorganization in zebrafish and human myotubular myopathy[END_REF]. Mtm1-KO mice: fewer triads and abnormal longitudinally oriented T-tubules [START_REF] Al-Qusairi | T-tubule disorganization and defective excitation-contraction coupling in muscle fibers lacking myotubularin lipid phosphatase[END_REF].

Mouse (AAV-R465W DNM2): enlarged or misoriented T-tubules

and swollen SR [START_REF] Cowling | Increased expression of wild-type or a centronuclear myopathy mutant of dynamin 2 in skeletal muscle of adult mice leads to structural defects and muscle weakness[END_REF]. Zebrafish (DNM2-S619L): extensive swelling and vacuolization in the region of the SR and T-tubules [START_REF] Gibbs | The myopathy-causing mutation DNM2-S619L leads to defective tubulation in vitro and in developing zebrafish[END_REF], structural disruption or the absence of triads [START_REF] Zhao | Insights into wild-type dynamin 2 and the consequences of DNM2 mutations from transgenic zebrafish[END_REF]. DNM2 protein level/activity Speg-KO mice: ~1.7-fold increase of DNM2 protein, DNM2 mislocalization and accumulation (this study).

MTM1-KO patients: ~1.5-fold increase in DNM2 protein [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF]. Mtm1 -/Y mice: ~2-fold increase of DNM2 protein [START_REF] Cowling | Reducing dynamin 2 expression rescues X-linked centronuclear myopathy[END_REF].

In vitro: DNM2-mutant cells are hypermorphic with enhanced membrane fission activity [START_REF] Chin | Dynamin-2 mutations associated with centronuclear myopathy are hypermorphic and lead to T-tubule fragmentation[END_REF]. Dnm2 S619L/+ mice: ~2-fold increase of DNM2 protein [START_REF] Muñoz | Physiological impact and disease reversion for the severe form of centronuclear myopathy linked to dynamin[END_REF] Muscle contractility. The functional properties of skeletal muscles of control, Speg-KO, and Speg-rescue mice were directly assessed using the ex vivo methods described in our earlier work with this model (7). EDL muscles were dissected and attached via their tendons to the lever arm of a dual-mode muscle lever system (Aurora Scientific, model 300B-LR) and a stationary post. The muscles were submerged in a temperature-controlled (35°C) bicarbonate buffer continuously equilibrated with 95% O 2 , 5% CO 2 .

Contractions were induced via output from a biphasic muscle stimulator delivered to platinum electrodes flanking the preparation. Data were collected at the muscle length (optimal length) that maximized tetanic force (300 Hz). Muscles were stimulated with trains of square wave pulses of increasing frequency (from 10 up to 400 Hz). The force-frequency data were fit by a sigmoidal curve as described previously (7), yielding parameters specifying the minimal force (equivalent to twitch force), maximum force (equivalent to peak tetanic force), inflection point of the curve, and curve's slope. Physiological CSA area, used to normalize tetanic force, was calculated as mass/(fiber length × muscle density). Fiber length was calculated as muscle optimal length × 0.44, where 0.44 is the fiber length-to-muscle length ratio of the EDL [START_REF] Brooks | Contractile properties of skeletal muscles from young, adult and aged mice[END_REF]. Muscle density was taken as 1.06 mg/mm 3 [START_REF] Méndez | Density and composition of mammalian muscle[END_REF].

Transmission EM. Skeletal muscle samples of quadriceps (1-2 mm cubes) were fixed in 2.5% glutaraldehyde, 1.25% paraformaldehyde, and 0.03% picric acid in 0.1 M sodium cacodylate buffer (pH 7.4) overnight at room temperature and stored at 4°C. They were then washed in 0.1 M cacodylate buffer and postfixed with 1% osmium tetroxide/1.5% potassium ferrocyanide for 1 hour, washed in water 3 times, and incubated in 1% aqueous uranyl acetate for 1 hour followed by 2 washes in water and subsequent dehydration in grades of alcohol (10 minutes each; 50%, 70%, 90%, twice for 10 minutes 100%). The samples were then put in propylene oxide for 1 hour and infiltrated overnight in a 1:1 mixture of propylene oxide and TAAB Epon (Marivac Canada Inc.). The following day, the samples were embedded in TAAB Epon and polymerized at 60°C for 48 hours. Ultrathin sections (~60 nm) were cut on a Reichert Ultracut-S microtome, picked up onto copper grids stained with lead citrate, and examined in a JEOL 1200EX Transmission electron microscope, and images were recorded with an AMT 2k charge-coupled device camera. This was performed at the Electron Microscopy Facility of Harvard Medical School.

PI3P ELISA. PI3P Mass ELISA was performed on lipid extracts from whole quadriceps skeletal muscle preparations according to the manufacturer's recommendations (K-3300, Echelon Biosciences). Briefly, quadriceps were isolated, weighed, ground in a mortar and pestle under liquid nitrogen, and homogenized before the addition of ice-cold 0.5 M trichloroacetic acid to extract lipids. Extracted lipids were transferred into a clean Eppendorf tube and dried in a vacuum dryer. PI3P extraction samples were resuspended in PBS-Tween with 3% protein stabilizer and then spotted on PI3P Mass ELISA plates in triplicate. PI3P levels were detected by measuring absorbance at 450 nm on a plate reader according to the protocol.

Statistics. Results were analyzed with GraphPad Prism (v.8.0; GraphPad Software) and expressed as mean ± SD. Survival curve was analyzed with GraphPad Prism using the log rank test (Mantel-Cox test). Unpaired 2-tailed t test was used to determine statistically significant differences for 2-group comparisons. One-way ANOVA followed by Tukey's post hoc test was used for multiple-group comparisons. The numbers of samples per group (n) and statistical significance for all comparisons are specified in the figure legends. P < 0.05 was considered statistically significant.

Study approval. All studies were approved by the Institutional Animal Care and Use Committee at Children's Hospital Boston (approval number 20-05-4179). The work followed the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011) and all the regulatory protocols set forth by the Boston Children's Hospital Animal Resources at Children's Hospital facility.

Figure 1 .

 1 Figure 1. DNM2 expression and distribution in skeletal muscle from Speg-KO and WT mice. (A) SPEG-β and DNM2 coimmunoprecipitated from differentiated C2C12 myotube lysates with the use of rabbit anti-SPEG generated against a FLAG-tagged aortic preferentially expressed gene-1 fusion protein and anti-DNM2 antibodies. (B) Western blot analysis for DNM2 protein in Speg-KO skeletal muscles. Left panel shows representative image of DNM2 protein in Speg-KO versus WT quadriceps. Tubulin is used as a loading control. Right panel represents quantification of DNM2 expression relative to the expression of tubulin. Speg-KO mice demonstrated an average of 1.7-fold increase in DNM2 expression over WT in quadriceps and gastrocnemius muscles (**P ˂ 0.01, n = 7 per group; unpaired 2-tailed t test). (C) Immunostaining for DNM2 protein in tibialis anterior (TA) muscle from Speg-KO and WT mice (over 100 fibers were analyzed from each group, n = 3 per group). Speg-KO mice displayed an abnormal DNM2 accumulation (denoted by asterisks). Scale bars: 100 μm.

Figure 2 .

 2 Figure 2. Generation of Speg-KO mice with DNM2 haploinsufficiency. (A) Representative images of control, Speg-KO, and Speg-rescue mice at 3 months of age and agarose gel analysis of DNA isolated from tails of mice showing the presence or absence of MCK-Cre (top), floxed Speg (middle), and DNM2 (bottom). MCK-Cre + mice displayed bands for the transgene (~450 bp) and internal positive control (200 bp) while the floxed Speg allele is 485 bp in size versus 422 bp for the WT. DNM2-heterozygous mice displayed 2 bands at 553 bp and 1432 bp versus 1 band at 1432 bp for the WT. Ctrl, control; KO, Speg-KO; Res, Speg-rescue. (B) Immunoblot analysis and quantification of DNM2 in various types of striated muscles, including gastrocnemius (gastroc), triceps, diaphragm, and heart. (*P ˂ 0.05; **P ˂ 0.01, ***P ˂ 0.001, ****P < 0.0001, n = 4 per genotype; 1-way ANOVA with Tukey's post hoc test.)

Figure 3 .

 3 Figure 3. DNM2 reduction increases the life span and whole-body weight in Speg-rescue mice. (A) Life span of all Speg-rescue, Speg-KO, and control mice was monitored until 48 weeks of age. Data were represented as percentage survival (control, n = 35; Speg-KO, n = 26; Speg-rescue, n = 35). Survival rate for male (B) and female mice (C) were shown separately (for males: control, n = 21; Speg-KO, n = 12; Speg-rescue, n = 21; for females: control, n = 14; Speg-KO, n = 14; Speg-rescue, n = 14). Body weight of male (D) and female mice (E) was measured at different time points once per week and monitored until 32 weeks (for males: control, n = 14; Speg-KO, n = 6; Speg-rescue, n = 15; for females: control, n = 12; Speg-KO, n = 9;Speg-rescue, n = 10). The average body weight of male Speg-rescue mice begins to differentiate from that of Speg-KO mice at 13 weeks of age (*P ˂ 0.05; 1-way ANOVA with Tukey's post hoc test) and remains higher afterward, while the average body weight of female Speg-KO and Speg-rescue mice is not significantly different at most of the time points.

Figure 4 .

 4 Figure 4. DNM2 reduction improves mouse motor function of Speg-KO mice. (A) Representative mouse activity maps from each genotype of mice and the corresponding activity type distribution graphs at 2 months of age. A clear improvement in ability to explore the arena is observed in Speg-rescue mice as compared with Speg-KO mice. R, resting time; S, slow movement; F, fast movement. (B) Distribution of mouse resting time, slow movement, and fast movement. Although not statistically significant, (C) Speg-rescue mice travel a longer horizontal distance (P = 0.08) than Speg-KO mice and (D) exhibit increased hind limb rearing behavior (P = 0.07) compared with Speg-KO mice. Control, n = 23; Speg-KO, n = 6; Speg-rescue, n = 9. *P < 0.05; **P < 0.01; ***P < 0.001; 1-way ANOVA with Tukey's post hoc test.

Figure 5 .

 5 Figure 5. DNM2 reduction rescues skeletal muscle histology and improves contractility in extensor digitorum longus muscles of Speg-rescue mice. (A) Representative TA muscle images of control, Speg-KO, and Speg-rescue mice at 3 months of age. (B) H&E stains of TA muscles from control, Speg-KO, and Speg-rescue mice at 3 months of age. Scale bar: 100 μm. (C) Distribution of the cross-sectional area (CSA) in control, Speg-KO, and Speg-rescue TA muscles (n = 4 per group).(D) The mean CSA of Speg-rescue TA muscles is significantly larger than that of Speg-KO (****P < 0.0001, over 500 fibers were analyzed from each group; 1-way ANOVA with Tukey's post hoc test). (E) Absolute peak tetanic force was significantly reduced in EDL muscles from Speg-KO mice compared with muscles from control animals. Muscles from the Speg-rescue mice were not different from either of the other groups. (F) Peak tetanic force expressed relative to EDL physiological CSA. Peak force/CSA was significantly reduced in Speg-KO animals (compared with control) but was restored to control levels in the Speg-rescue group. (G) Force-frequency relationships of EDL muscles. Forces obtained at different frequencies of stimulation were expressed relative to peak force and fit by the equation P min + ([P max -P min ]/[1+([K/Hz] H )]), where P min is the minimum force, P max is the maximum force, K is the frequency corresponding to the inflection point of the curve, and H is a unitless parameter defining the curve's slope. (H) The parameter K was significantly greater for the Speg-KO and the Speg-rescue EDL muscles compared with control, indicating a significant shift of the Speg-KO curve to the right. The parameter H did not differ between control (4.05 ± 0.21), Speg-KO (3.74 ± 0.04), and Speg-rescue (4.32 ± 0.22) muscles. *P ˂ 0.05; **P ˂ 0.01; ***P ˂ 0.001, n = 5 per genotype; 1-way ANOVA with Tukey's post hoc test.
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Figure 6 .

 6 Figure 6. DNM2 reduction restores the localization of triadic proteins, triad ultrastructure, and triad number in Speg-rescue skeletal muscle. (A) Transverse TA muscle sections stained for DHPRα1, RyR1, SERCA1, and DNM2. Abnormally accumulated DHPRα1 (denoted by arrowheads), SERCA1 (denoted by arrows), and DNM2 (denoted by asterisks) were evident in discrete areas of Speg-KO myofibers yet absent in Speg-rescue mice (over 100 fibers were analyzed from each group, n = 3 per genotype). Scale bar: 50 μm. (B) Electron micrographs in quadriceps specimens obtained from control, Speg-KO, and Speg-rescue mice at 3 months of age. The upper panel shows an overall organization of muscle structure, and the lower panel shows an enlarged view of triad ultrastructure (white arrows) from each group. Abnormal and fewer triads (white asterisk) are noted in Speg-KO mice. (C) The number of triads per 50 μm 2 was significantly decreased in Speg-KO mice compared with control mice. However, the triad number in Speg-rescue mice was remarkably increased compared with Speg-KO mice. Each dot represents a randomly selected field to count the triad number; *P ˂ 0.05; ****P < 0.0001; n = 3 per genotype; 1-way ANOVA with Tukey's post hoc test.

Figure 7 .

 7 Figure 7. Restoration of PI3P levels in the Speg-rescue mice. (A) Immunoblot and quantification of MTM1 expression in triceps (****P ˂ 0.0001, n = 3 per genotype; 1-way ANOVA with Tukey's post hoc test). (B) PI3P levels are increased in Speg-KO muscle, while PI3P levels in Speg-rescue muscle are similar to control muscle, as determined using a PI3P ELISA kit [purified lipid (pmol)/mass (g) of quadriceps muscle]. PI3P levels in control muscle = 71.5 ± 15.1 pmol/g (n = 4), Speg-KO muscle = 166.5 ± 6.5 pmol/g (n = 4), and Speg-rescue muscle = 78.1 ± 10.8 pmol/g (n = 3). ****P < 0.0001; 1-way ANOVA with Tukey's post hoc test. (C) Immunostaining for PI3P on TA muscle. Abnormal PI3P accumulation (denoted by arrows) was detected in discrete areas of Speg-KO myofibers yet absent in Speg-rescue mice. Scale bar: 50 μm; over 100 fibers were analyzed from each group, n ≥ 3 per genotype.

  

  rabbit IgG (H+L) secondary antibody-Alexa Fluor 488 (catalog A-11008, 1:1000 dilution, Thermo Fisher Scientific) were used for secondary antibodies. Slides were coverslipped using EverBrite mounting medium (23001, Biotium). Images were captured using a Nikon Eclipse 90i microscope in conjunction with NIS-Elements AR software (Nikon Instruments Inc.).
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