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Spinal muscular atrophy (SMA) is a devastating neuromuscular disorder caused by the depletion of the ubiquitously expressed survival motor neuron (SMN) protein. While the genetic cause of SMA has been well documented, the exact mechanism(s) by which SMN depletion results in disease progression remain elusive. A wide body of evidence has highlighted the involvement and dysregulation of autophagy in SMA. Autophagy is a highly conserved lysosomal degradation process which is necessary for cellular homeostasis; defects in the autophagic machinery have been linked with a wide range of neurodegenerative disorders, including amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson’s disease. The pathway is particularly known to prevent neurodegeneration and has been suggested to act as a neuroprotective factor, thus presenting an attractive target for novel therapies for SMA patients. In this review, (a) we provide for the first time a comprehensive summary of the perturbations in the autophagic networks that characterize SMA development, (b) highlight the autophagic regulators which may play a key role in SMA pathogenesis and (c) propose decreased autophagic flux as the causative agent underlying the autophagic dysregulation observed in these patients.
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Spinal muscular atrophy

Spinal muscular atrophy (SMA) is a devastating autosomal recessive neuromuscular disorder, presenting with an overall incidence rate of 1 in 6,000 to 1 in 10,000 live births and a carrier frequency of around 1 in 40 Caucasian adults (Crawford and Pardo, 1996; Verhaart et al., 2017). It is caused by the reduced expression of the ubiquitous survival motor neuron (SMN) protein, resulting in (a) degeneration of the α-motor neurons in the anterior horn of the spinal cord, (b) neuromuscular junction (NMJ) maturation defects, (c) progressive muscle atrophy and (d) ultimately death (Monani and De Vivo, 2014). It is now well-documented that two genes code for the SMN protein in humans: the telomeric survival motor neuron 1 (SMN1) and the centromeric survival motor neuron 2 (SMN2), both located on chromosome 5q13. Heterozygous carriers of the disease harbor a single copy of SMN1, however due to a gene duplication event, multiple copies of SMN2 can be presented (Lorson et al., 1999; Monani et al., 1999). The SMN1 gene codes for a fully functional SMN protein, while a single C > T nucleotide change in SMN2 disrupts an exonic splicing enhancer, a DNA sequence motif which promotes the inclusion of exons into mature transcripts. This genetic change instead creates a new exonic splicing silencer that results in exon 7 skipping and the formation of a truncated variant of the SMN protein - known as SMNΔ7 with diminished function and stability (Lorson et al., 1999; Cartegni and Krainer, 2002; Kashima and Manley, 2003; Figure 1). Approximately 85–90% of the SMN2 gene product accounts for SMNΔ7, while 10–15% codes for a functional SMN protein (Kolb and Kissel, 2015). The latter is not adequate to prevent SMA; although, it is of note that more copies of SMN2 result in less severe forms of the disease (Wirth, 2021).
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FIGURE 1
SMA associated genes SMN1 and SMN2 on human chromosome 5. SMA patients display deletions or mutations in both copies of SMN1; although SMN2 is expressed, most of the SMN2 mRNA transcripts lack exon 7 due to a C > T nucleotide change. Thus, most of the product deriving from the SMN2 gene is mostly unstable and rapidly degraded (SMNΔ7).



Clinical presentations of SMA

Spinal muscular atrophy is typically categorized as proximal and distal SMA. Proximal SMA is the most common form of the disease, accounting for up to 95% of cases and manifests during infancy or early childhood, affecting the proximal regions. Conversely, distal SMA is significantly less common and occurs during childhood but progresses at a slower rate into adulthood (Farrar and Kiernan, 2015). SMA is clinically divided into four types, types I-IV with type 0 referring to prenatal SMA. Diagnosis of disease depends on the severity, age of onset and motor function. Type 0 SMA refers to neonates with one copy of SMN2, displaying severe weakness and a history of decreased fetal movements in utero (MacLeod et al., 1999). Type I SMA, which is often referred to as Werdnig-Hoffmann disease, manifests within 6 months of age and is characterized by hypotonia, poor head control and an inability to sit unaided. Type I SMA patients have two copies of SMN2 and apart from poor motor neuron function, they usually develop respiratory complications within 2 years of symptom onset (Thomas and Dubowitz, 1994; Zerres and Rudnik-Schöneborn, 1995; Finkel et al., 2014). In contrast, children with three copies of SMN2 are categorized under type II SMA (an intermediate form of disease), can sit without aid during their development and display independent head control present with limited hypotonia. SMA type III subjects have three or four SMN2 copies and are known to walk independently at some point in their lives, although patients present with a progressive weakness in leg muscles. Life expectancy of patients with type III SMA is not affected (Zerres et al., 1997). Patients with more than four copies of SMN2 are characterized by type IV SMA, which is the mildest form of the disease, making up less than 5% of all cases. Onset of type IV is typically during adulthood and is characterized by mild muscle weakness and reduced fine motor control (Zerres and Rudnik-Schöneborn, 1995).



Molecular mechanisms underlying SMA

Various in vitro and in vivo models have been used to understand the molecular and cellular mechanisms underlying SMA pathogenesis (Monani et al., 2000; Edens et al., 2015; O’Hern et al., 2017; Nishio et al., 2023). Although a detailed report on SMA pathogenesis is beyond the scope of this review, a few important aspects are discussed below.

Survival motor neuron is expressed in the nucleus and cytoplasm. Its canonical function is the assembly of small nuclear ribonucleoproteins (snRNPs), which are critical for pre-mRNA splicing, through interactions with the Gemin complex (Fischer et al., 1997). Hence, it is of note that splicing defects are described in many aspects of SMA pathology (Burghes and Beattie, 2009; Singh and Singh, 2018). Besides SMN’s canonical role, the protein is also involved in RNA transport and local translation in axons, an event particularly important in neuronal cells for proper neuronal development (Fallini et al., 2012). SMN binds RNA via a domain implicated in the localization of β-actin mRNA to the axonal growth cones of motor neurons, a process necessary for correct axonal development (Rossoll et al., 2003). Furthermore, SMN is known to interact with proteins involved in cytoskeletal dynamics and it has been observed that granules containing SMN are associated with cytoskeletal microfilaments essential for cell shape, integrity and transport along the axonal compartment in neurons (Béchade et al., 1999). Thus, the interaction of SMN with β-actin further highlights the integral role of SMN in cytoskeletal and microtubule dynamics. Interestingly, SMN also binds profilin2a, a neuron specific actin-binding protein (Giesemann et al., 1999). Profilin2a is regulated by Rho-Associated Kinase (ROCK) and ROCK inhibition displayed increased lifespan and amelioration of defects at the NMJ of intermediate SMA mice (Bowerman et al., 2010, 2012). SMN protein has also been implicated in improper proteostasis (Zhang et al., 2013; Lambert-Smith et al., 2020). Proteomic studies revealed SMN depletion resulted in reduced expression of ubiquitin-like modifier activating enzyme 1 (UBA1) – a highly conserved protein ubiquitously expressed throughout all human tissues, canonically tasked with a role in the unfolded protein response and autophagy (Chang et al., 2013; Lambert-Smith et al., 2020). Reduced UBA1 resulted in disrupted proteosome degradation and perturbed axonal morphology (Hosseinibarkooie et al., 2017), whereas restoration of UBA1 mRNA rescued functional and morphological defects in SMA zebrafish (Powis et al., 2016). Furthermore, a growing body of evidence has also highlighted the role of SMN in endocytosis (Dimitriadi et al., 2010; Hosseinibarkooie et al., 2017; Riessland et al., 2017). Given the dependence of endocytosis on cytoskeletal remodeling (Montagnac et al., 2013; Franck et al., 2019), involvement of the SMN protein in endocytosis is not a surprise. Research on mammalian and nematode SMA models demonstrated perturbations in the endocytic pathway. In the nematode Caenorhabditis elegans, SMN ortholog depletion impaired synaptic transmission by interfering with the recycling of endocytic synaptic vesicles (Dimitriadi et al., 2010). Furthermore, diminished levels of SMN were noted to cause varying widespread endocytic defects including atypical localization of endosomal proteins, aberrant endosomal trafficking in both neuronal and non-neuronal tissue and impairments in JC polyomavirus infection – a clathrin-mediated endocytosis process (Dimitriadi et al., 2010). It was also documented that endocytic defects arise due to dysregulation of F-actin and calcium dynamics (Hosseinibarkooie et al., 2017). Plastin 3 (PLS3), an actin-bundling protein which interacts with F-actin and calcium, was shown to rescue motor neuron pathology, NMJ structure and function when overexpressed in a variety of SMA animal models (Oprea et al., 2008; Dimitriadi et al., 2010; Hosseinibarkooie et al., 2017). Similar rescue was observed when levels of neurocalcin delta, a negative regulator of endocytosis, were decreased (Riessland et al., 2017; Torres-Benito et al., 2019). Additionally, overexpression of coronin 1C, a calcium dependent F-actin binding protein which binds to PLS3, also rescued SMA defects in zebrafish (Hosseinibarkooie et al., 2017). Alternative roles of the SMN protein have been described in cell proliferation/differentiation (Grice and Liu, 2011), phosphatase and tensin homolog-mediated protein synthesis (Ning et al., 2010), energy homeostasis/mitochondrial function (Acsadi et al., 2009), priming of ribosomes to modulate translation (Lauria et al., 2020) and autophagy (Garcera et al., 2013; Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018; Sansa et al., 2021). Despite the various documented cellular roles of SMN, the specific interaction most pertinent to the development of SMA remains elusive. Treatment for SMA patients involves gene-targeted therapy in which the defective SMN1 gene is being replaced or the SMN2 gene splicing pattern is modulated.



Therapeutic strategies

Three treatments are currently approved by the European Medicines Agency and the US Food and Drugs Administration: Nusinersen (Spinraza; Biogen), Onasemnogene abeparvovec (Zolgensma; Novartis) and Risdiplam (Evrysdi; Roche).

Nusinersen is the first gene therapy for SMA patients to be approved and is administered intrathecally. It costs up to $125,000 per dose and relies on the manipulation of SMN2 gene splicing to increase the production of full-length, functional SMN protein. Exclusion of exon 7 is regulated by multiple surrounding elements; the most important one for nusinersen treatment is the intronic splicing silencer N1, deletion of which is known to significantly increase exon 7 inclusion in the SMN2 mRNA transcript (Singh et al., 2006). Fundamentally, targeting this regulatory region via antisense oligonucleotides (ASOs) - modified chains of nucleotides with the ability to target a gene product of interest - forms the basis of nusinersen treatment. Effectiveness of this treatment was tested initially using a mild mouse model of SMA at embryonic, neonatal, and adult stages and it was noted that SMN protein levels were increased resulting in an improvement of the SMA phenotype (Hua et al., 2010). Additionally, the study by Hua et al. (2010) suggested that early treatment, at either the embryonic or neonatal stages resulted in stronger amelioration of the phenotypes observed in mild SMA mice. Furthermore, the ASO displayed an ability to significantly improve lifespan and motor function in severe mouse models of SMA (Passini et al., 2011). Subsequent clinical trials showed nusinersen to be most effective in infants treated before 6 months of life (Finkel et al., 2017) – however, more recent studies have reported improvements in patients of different stages and ages, covering the whole spectrum of SMA (Coratti et al., 2021; Łusakowska et al., 2023).

Onasemnogene abeparvovec is an SMN1 gene replacement therapy which is administered as a single intravenous injection at a cost of $2,125,000 per dose. Expression of SMN1 cDNA under the control of a ubiquitous promoter using intravenous delivery of the adeno-associated viral vector serotype 9 (AAV9) was efficient in transducing motor neurons in the spinal cord of mice (Dominguez et al., 2010). Through this technique, SMN1 gene expression mediated by AAV9 significantly improved lifespan and motor function in SMA mouse models and non-human primates; similarly to nusinersen it was found that earlier intervention resulted in better outcomes (Valori et al., 2010; Meyer et al., 2015). In addition, clinical trials with type I SMA infants treated with onasemnogene abeparvovec displayed significant improvements in motor neuron function, although hepatotoxicity was observed as an adverse side effect (Mendell et al., 2017). Therefore, most patients require the corticosteroid prednisolone to mitigate the negative effects of liver toxicity (Chand et al., 2021). Overall, the aforementioned treatment is targeted at patients below 2 years of age, with bi-allelic mutations in the SMN1 gene and up to three copies of SMN2 (Wirth, 2021; Day et al., 2022; Ogbonmide et al., 2023).

Risdiplam, unlike its predecessors, is an orally administered small molecular drug that acts as an SMN2 splice modulator with a cost of up to $340,000 per year. The molecule binds directly to SMN2 pre-mRNA at two sites and promotes exon 7 inclusion by facilitating the recruitment of U1-snRNP1 particles to the splice donor site of intron 7, thus increasing the production of full-length SMN protein (Sivaramakrishnan et al., 2017). In preclinical trials, risdiplam was found to increase full-length functional SMN protein in both mild and severe SMA mice, drastically increasing lifespan and improving motor function defects (Poirier et al., 2018). Risdiplam treatment is offered to type I, II and III SMA patients aged 2 months and older with one to four copies of SMN2 (Paik, 2022).

Other treatments in development include the myostatin inhibitor apitegromab. Myostatin is primarily expressed in skeletal muscle and serves to inhibit muscle growth (Sharma et al., 2015). Multiple preclinical SMA models have highlighted the effectiveness of myostatin inhibition in maintaining muscle mass and function (Rose et al., 2009; Feng et al., 2016). Apitegromab treatment has shown promise in milder type II and type III forms of disease (Barrett et al., 2021); the inhibitor has passed phase 1 and 2 trials having shown evidence to improve and/or stabilize motor function in SMA patients (Day et al., 2022). The identification of myostatin as a potential target for SMA treatment and the clinical benefit of apitegromab has led to the development of other therapies targeting myostatin as well as phase 3 trials of combination therapy with nusinersen or risdiplam (Day et al., 2022).

Fundamentally, while multiple pipeline treatments are in development and therapies are commercially available, there is no cure for SMA. It remains unclear which of the SMN function(s) result in disease pathogenesis. Firstly, it may be that the canonical role of SMN is the key cause of the disease, stemming from a global decrease in SMN protein function, subsequently interfering with the splicing of essential mRNA transcripts required for correct motor neuron development. There is also the possibility that one of the alternative functions of SMN, which is disrupted by SMN protein depletion results in a gradual deterioration of motor neurons. Our intention is to provide an overview of the role of autophagy in SMA which may in turn identify combinatory approaches that include SMN-dependent and -independent treatments for optimal benefits.




Autophagy

Autophagy is known to play a vital role in cell survival and maintenance of cellular integrity through proteostasis (Das et al., 2012). Autophagy can be upregulated in response to a wide range of stimuli; these include infection, starvation, oxidative stress, temperature, growth and development (Levine and Kroemer, 2008; Mizushima et al., 2008; Mizushima and Levine, 2010; Shang et al., 2011; Summers and Valentine, 2020). It is categorized into three types: macroautophagy, microautophagy and chaperone-mediated autophagy (Figure 2). While each type of autophagy ultimately results in lysosomal-mediated degradation of cytoplasmic components, the mode of delivery differs. Macroautophagy involves the formation of an intermediary double membrane vesicle, which engulfs cargo and transports it to the lysosome. Selective macroautophagy, in which specific cellular cargo are targeted for sequestration is dependent on the substrate; for example, the degradation of mitochondria (also known as mitophagy) is controlled by macroautophagy (Shimizu et al., 2014). In contrast, microautophagy involves direct invagination of cytoplasmic material into the lysosome. Chaperone-mediated autophagy is distinct from macro- and microautophagy due to the lack of transporter vesicles. During chaperone-mediated autophagy, cytoplasmic material containing the pentapeptide KFERQ motif are bound and chaperoned by the heat shock cognate 71 kDa protein Hsc70 which is recognized by the lysosomal LAMP2A receptor.
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FIGURE 2
Three main forms of autophagy. (A) Macroautophagy is characterized by engulfment and transfer of cargo to lysosomes via an intermediary double membrane vesicle. (B) Microautophagy is characterized by direct invagination of cytoplasmic material into the lysosome. (C) Chaperone-mediated autophagy involves delivery of cargo marked by the Hsc70 chaperone complex to the lysosome via the LAMP2A receptor.


Macroautophagy (henceforth referred to as autophagy) is the main form of autophagy used for the clearance of aggregated proteins and damaged organelles due to its bulk degradation capabilities. As this review focuses on macroautophagy, microautophagy and chaperone-mediated autophagy will not be discussed; they have been extensively described in reviews by Li et al. (2012) and Kaushik and Cuervo (2018), respectively. During autophagy, the cytoplasmic material marked for degradation is sequestered by a nascent membrane known as the phagophore, which is believed to originate from the endoplasmic reticulum (Axe et al., 2008). The phagophore fuses with itself to form the autophagosome; upon completion of this process, the autophagosome fuses with a lysosome to form an autolysosome where lysosomal enzymes facilitate the degradation of cargo (Yorimitsu and Klionsky, 2005). Ultimately, autophagy occurs via five distinct stages: (i) autophagy induction, (ii) vesicle nucleation (iii) vesicle elongation (iv) docking and lysosomal fusion and (v) degradation. The ability of the pathway to progress through these stages is referred to as autophagic flux.

Autophagy is characterized by a multi-step process in which cytoplasmic contents are sequestered within double-membrane vesicles known as autophagosomes (Figure 3). In selective autophagy, recognition and delivery of ubiquitinated cargo to the autophagosome is orchestrated by the autophagic receptor Sequestosome 1 (p62/SQSTM1), hereafter referred to as p62 (Kumar et al., 2022). Initiation of the process begins with the dissociation of the mechanistic target of rapamycin (mTOR) from the ULK1/2-ATG13-FIP200 autophagy induction complex (Jung et al., 2009). Subsequent nucleation of the phagophore is orchestrated by a Class III phosphatidylinositol 3-kinase (PI3K) complex composed of Beclin 1, VPS34, VPS15 and ATG14 (Itakura et al., 2008; Burman and Ktistakis, 2010). The nucleated vesicle then expands through maturation of the membrane, guided by an ATG12-ATG5-ATG16L1 complex which catalyzes insertion of LC3 into the vesicle (Fujita et al., 2008). Prior to LC3 insertion into the membrane, LC3 undergoes proteolytic processing by ATG4 into LC3-I, subsequently bound by ATG7 and ATG3 and lastly, conjugated by phosphatidylethanolamine (PE) - the resulting mature form of LC3 is referred to as LC3-II (Kirisako et al., 2000; Ohsumi, 2001; Mizushima et al., 2011). Following LC3-II incorporation, the extending ends of the phagophore fuse with one another, forming the double membraned autophagosome which engulfs a segment of cytoplasm and cargo (Yorimitsu and Klionsky, 2005). The autophagosome is transported along microtubules and fuses with a lysosome to form an autolysosome; the cargo is then degraded by hydrolytic proteases (Pankiv and Johansen, 2010). The docking and fusion of the lysosome to the autophagosome is enabled through the action of small GTPases (such as RAB7), SNAREs and the HOPS complex/EPG5 tethering factors (Lörincz and Juhász, 2020). Ultimately, dismantled cellular components are actively transported for reconstitution into new macromolecules or alternatively, for energy metabolism (Yorimitsu and Klionsky, 2005).
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FIGURE 3
Main steps of macroautophagy. The pathway begins with the initiation step in which mTOR dissociates from the ULK1/2-ATG13-FIP200 autophagy induction complex in order for the phagophore to be formed. Subsequently, nucleation of the phagophore is orchestrated by a PI3K complex composed of Beclin 1, VPS34, VPS15 and ATG14. As the vesicle elongates, LC3 undergoes proteolytic cleavage by ATG4 into LC3-I. LC3-I is then bound by ATG7 and ATG3 and finally conjugated by phosphatidylethanolamine (PE); the resultant form is known as LC3-II. Once LC3-II incorporates into the autophagosome membrane, the extending ends join, engulfing cellular cargo. During the process, p62 delivers ubiquitinated cargo to the autophagosome where it binds with LC3-II. The autophagosome is then transported along microtubules to the lysosome which will dock and fuse through the action of small GTPases, SNAREs and the HOPS complex/EPG5 tethering factors. Cellular cargo then undergoes lysosomal degradation and dismantled components are recycled.


Autophagy is upregulated to act as a protective process to promote survival (Kataura et al., 2022; Yang et al., 2023). However, impaired or excessive autophagy can be detrimental and could result in the accumulation of protein aggregates – a characteristic of many neurodegenerative disorders. The autophagic pathway is particularly known to be perturbed in neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS) (Ravikumar et al., 2004; Bandyopadhyay and Cuervo, 2007; Hetz et al., 2009; Sarkar et al., 2011; Nilsson and Saido, 2014) and is emerging as a popular topic of investigation in SMA pathogenesis.



Autophagy dysregulation in SMA


Autophagosomes

An increasing body of in vitro and in vivo evidence suggests dysregulation of autophagy as a key factor in SMA pathogenesis (Table 1). LC3-I conversion to LC3-II is considered a general marker of autophagosome formation, while autophagosome abundance is linked with LC3-II protein levels (Mizushima et al., 2004). The presence of autophagosomes and autolysosomes were analyzed in the neurites and cytoplasm of Smn-depleted motor neurons (Garcera et al., 2013). Motor neurons were transduced with lentivirus containing short hairpin RNA sequences targeting specific sites of mouse Smn and it was identified that Smn reduction resulted in an increased autophagosome and autolysosome number compared to controls (Garcera et al., 2013). This increase was observed in both motor neuron soma and neurites. Similar findings were also recapitulated in vivo; LC3-II levels were increased in more severe SMA mice [Smn(-/-); SMN2] motor neurons, further reinforcing autophagy dysregulation in SMA (Garcera et al., 2013). A study by Custer and Androphy (2014) highlighted similar findings. An NSC-34 cell line – a hybrid line produced by fusing mouse neuroblastoma cells N18TG2 and motor neurons from mouse embryo spinal cords (Cashman et al., 1992), was transfected with GFP-LC3. The latter is known to appear as discrete puncta following lipidation and incorporation to the autophagosome membrane (Custer and Androphy, 2014). It was identified that Smn-depleted cultures displayed increased autophagic puncta, suggesting an increase in autophagosome number. The accumulation of LC3-positive puncta is not unique to the NSC-34 model; SMA-derived human fibroblasts transfected with LC3-GFP also displayed an increased number of puncta/cells, further highlighting an increase in autophagosome number in SMA patients. In agreement with these findings, Periyakaruppiah et al. (2016) also demonstrated elevated number of autophagosomes in severe SMA mice [Smn(-/-); SMN2] by detecting increased LC3-II levels in their spinal cord motor neurons. These findings were also echoed in the SMNdelta7 mouse model, presenting a severe SMA phenotype; lumbar spinal cord motor neurons obtained from SMNdelta7 mice displayed increased LC3-II and Beclin 1 – a protein component of the vesicle nucleation complex, indicating an increased number of autophagosomes (Piras et al., 2017).


TABLE 1    Summary of the autophagic perturbations reported in SMA.
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Autophagic flux

Elevated numbers of autophagosomes could be the result of increased synthesis or reduced degradation, the latter being the result of impaired autophagic flux. To determine the cause of increased LC3-II levels, Smn-depleted motor neurons were treated with bafilomycin A1 – a lysosomal degradation inhibitor (Yamamoto et al., 1998; Garcera et al., 2013). LC3-II levels are expected to increase in the presence of bafilomycin A1 demonstrating an efficient autophagic flux (Menzies et al., 2012). Interestingly, bafilomycin-treated Smn motor neurons displayed a further increase in LC3-II compared to non-treated Smn controls (Garcera et al., 2013), an observation which would indicate some degree of functional autophagic flux. While the authors initially stated that autophagic flux was unaffected (Garcera et al., 2013), subsequent studies by the same group identified that flux was in fact reduced in Smn motor neurons by using a more comprehensive analysis (Periyakaruppiah et al., 2016; Sansa et al., 2021). It should be noted that even a partial blockage during the autophagy process could also result in LC3-II increase when bafilomycin A1 treatment is applied; this could be incorrectly interpreted as an unaffected flux (Klionsky et al., 2012). It is therefore important for researchers to assess LC3-II turnover in the presence of bafilomycin A1 with appropriate positive controls such as rapamycin treatment as well as examining the degradation of the autophagy specific substrate p62 (Klionsky et al., 2012).

To further clarify whether the accumulation of autophagosomes is due to an impaired autophagic flux or enhanced generation of autophagosomes, Custer and Androphy (2014) treated NSC-34 cultures with the autophagy activator rapamycin and expressed mRFP-LC3-GFP – a marker which allows for the differentiation between autophagosomes and autolysosomes by initially appearing yellow and subsequently transitioning to red after successful fusion with the lysosome (Custer and Androphy, 2014). An increased ratio of yellow puncta was observed in the Smn-depleted cultured cells treated with rapamycin, highlighting a failure of the autophagosome to fuse with the lysosome and thus, pointing to a reduced autophagic flux. Autophagic flux was further examined by assessing levels of the p62 protein, which is known to be degraded together with bound ubiquitinated substrates by autophagy following fusion with the lysosome. Increased p62 protein levels were observed in the NSC-34 cell line indicative of reduced autophagic flux (Custer and Androphy, 2014). Importantly, these findings were replicated in human SMA patient fibroblasts, as well as in the Taiwanese severe SMA mouse model (Smn-/-; SMN2tg/0) – animals carrying the Hung targeted deletion of murine Smn and a human SMN2 transgene (Hsieh-Li et al., 2000; Custer and Androphy, 2014). However, Piras et al. (2017) found p62 levels to be unchanged in severe SMNdelta7 mice suggesting flux not to be affected. It is noteworthy that Custer and Androphy (2014) employed a more severe SMA mouse model, while Piras et al. (2017) drew conclusions from severe SMA mice which may be the cause of the discrepancies observed. Agreeing with the findings of Custer and Androphy (2014) and contrasting the findings of Garcera et al. (2013) and Piras et al. (2017), it was found that p62 protein levels were also significantly increased in the spinal cord motor neurons of more severe SMA mice, further indicating a reduced autophagic flux (Periyakaruppiah et al., 2016). Moreover, wild-type mouse motor neurons cultured with bafilomycin A1 in the presence of neurotrophic factors displayed increased LC3-II and reduced Smn levels relative to untreated controls, suggesting that inhibitors of autophagic flux resulted in reduced Smn protein levels in healthy controls (Periyakaruppiah et al., 2016). In line with these findings, SMA patient fibroblasts treated with lysosomal inhibitors displayed an accumulation of p62, while LC3-II increase was significantly lower than the increase observed in control fibroblasts, suggesting that autophagosome formation was not impaired (Rodriguez-Muela et al., 2018) A potential mechanism that could underlie the autophagic flux defects observed in SMA may be due to the disrupted SNARE complex assembly, an observation that has recently been described following SMN depletion (Kim et al., 2023). Fundamentally, the SNARE complex is required for autophagosome-lysosome fusion and therefore, when impaired, autophagic flux is expected to be reduced (Mohamud et al., 2018). SNAP25, a core component of the SNARE complex that is capable of mediating autophagosome-lysosome fusion was significantly reduced in more severe SMA mice (Mu et al., 2018; Kim et al., 2023). However, the interaction between SNAP25 and SMN has not been explored in the context of autophagy dysregulation. Overall, these studies point to an increase in autophagosome number, but it remains controversial whether autophagic flux is affected in SMA.



Drug modulators of autophagy

Autophagic drug modulators have also been utilized to study the effect of autophagy in SMA. As mTOR is widely accepted as a major negative regulator of autophagy, rapamycin – an mTOR inhibitor, is commonly used to study autophagy activation (Noda and Ohsumi, 1998; Ravikumar et al., 2004; Berger et al., 2006). Wild-type mouse motor neurons cultured in the presence of neurotrophic factors and treated with rapamycin showed elevated Smn and LC3-II protein levels, while the same type of tissue when treated with bafilomycin A1 displayed reduced Smn protein levels (Periyakaruppiah et al., 2016). Conversely, administration of 3-methyladenine – which inhibits PI3K and subsequently autophagy initiation - reduced Beclin 1 and LC3-II and increased Smn protein levels in SMA cell cultures (Piras et al., 2017). Moreover, it was found that 3-methyladenine significantly increased the lifespan and number of motor neurons in SMA pups, suggesting that autophagy inhibition delayed motor neuron degeneration (Piras et al., 2017). While these studies seem contradictory, it should be noted that the findings of Periyakaruppiah et al. (2016) are based on control animals, whereas those by Piras et al. (2017) derive from severe SMA mice. Therefore, under normal conditions, activating autophagy is able to increase SMN levels. Moreover, it has been shown that rapamycin can increase autophagic flux in primary neurons (Rubinsztein and Nixon, 2010) and 3-methyladenine, surprisingly, presents a dual-role in autophagic regulation being able to inhibit the pathway but also promote autophagic flux due to its transient effects on varying classes of PI3K (Wu et al., 2010). The rescue observed by Piras et al. (2017) when administering 3-methyladenine may be a result of alleviating the defects in autophagic flux and the burden of autophagosome accumulation. Thus, the conclusions driven by the administration of these drugs may not be as straightforward as previously thought, and it is possible that the effect on autophagic flux is responsible for the contradictory findings.



Autophagy-related regulators

Apart from studies on SMA focusing on (i) autophagosome number, (ii), autophagic flux and (iii) SMN endogenous levels following drug treatment, several studies have linked autophagy-related proteins to SMA. Diminished Smn protein levels are known to cause neurite degeneration and non-apoptotic cell death in spinal cord motor neurons of mice (Garcera et al., 2011). This was prevented by overexpression of Bcl-XL - a protein known to inhibit autophagy by binding to Beclin 1 (Pattingre et al., 2005) - without increasing Smn levels in embryonic mouse motor neurons (Garcera et al., 2011). Thus, Smn-depleted motor neurons expressing human Bcl-XL showed significant decreases in LC3-II protein levels (Garcera et al., 2013). This decrease was not observed in controls, suggesting the aforementioned Bcl-XL reduction of LC3-II levels to be specific to the dysregulation caused by Smn knockdown (Garcera et al., 2013).

Furthermore, calpain, a calcium-dependent protease involved in neuronal homeostasis has been suggested to play a role in Smn regulation (Cowan et al., 2008; Fuentes et al., 2010; Yamashima, 2013; de la Fuente et al., 2019). Elevated levels of free cytosolic calcium activate calpains, which in turn inhibit autophagy in an mTOR-independent manner (Kaiser et al., 2006; Williams et al., 2008; Gou-Fabregas et al., 2009). The reduction of endogenous calpain in SMA mice motor neurons resulted in increased autophagy and Smn protein levels (Periyakaruppiah et al., 2016).

Coimmunoprecipitation experiments in SMA mouse motor neurons revealed Smn to interact with p62 (Rodriguez-Muela et al., 2018). Smn protein depletion resulted in increased mTOR signaling activity that was characterized by (i) a reduction in autophagic activity and (ii) a decrease in lysosomal gene expression (Rodriguez-Muela et al., 2018). This was accompanied by increased p62 levels and subsequently a further Smn reduction, which in turn led to elevated mTOR activity (Rodriguez-Muela et al., 2018). In line with this cycle, autophagy induction by starvation in human fibroblasts gave rise to decreased SMN levels, whereas blocking autophagic activity with the lysosomal inhibitors ammonium chloride and leupeptin elevated SMN levels (Rodriguez-Muela et al., 2018). Furthermore, reducing p62 levels promoted motor neuron survival in vitro and increased the lifespan in the SMA fly model as well as SMNdelta7 severe SMA mice (Rodriguez-Muela et al., 2018). Ultimately, SMN depletion further exacerbated the observed autophagic dysregulation in SMA and overall, these findings suggest that SMN levels can be altered by targeting autophagy-related regulators.



Tissue-specificity in SMA

It has been well established that SMA is not solely a motor neuron disease and that SMN depletion results in tissue specific aberrations and multi-organ dysfunction (Shababi et al., 2014; Sansa et al., 2021). In relation to autophagy and SMA, while the skeletal muscle of more severe SMA mice showed a decrease in autophagosome formation and an increase in autophagic flux, motor neurons displayed enhanced autophagosome formation and reduced autophagic flux (Sansa et al., 2021). Investigation into patient fibroblasts also revealed decreased LC3-II and increased p62 levels, suggesting decreased autophagosome number and autophagic flux, respectively. Additionally, it was noted that mTOR phosphorylation was reduced in patient fibroblasts and mouse skeletal muscle cells but increased in motor neurons (Sansa et al., 2021). Ultimately, these studies highlight a dysregulation of autophagy and an accumulation of autophagosomes as contributors to SMA pathogenesis. However, the effect of SMN depletion on autophagic flux remains contradictory; it is still poorly explored whether autophagy is in fact a destructive or beneficial factor underlying SMA development. Furthermore, these findings highlight the challenges that would be presented by targeting autophagy in SMA treatment given the observed differences in tissue-dependent autophagic activity.




Autophagy: a key player in SMA onset with therapeutic implications


Autophagosome accumulation: a key feature in SMA

The autophagic pathway is vital for homeostasis; cell functionality and survival are significantly reduced when autophagosome formation is compromised and autophagic bodies accumulate (Garcera et al., 2013; Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018; Sansa et al., 2021). In normal circumstances, neurons particularly rely on the autophagic pathway to maintain a healthy environment (Nixon, 2013). However, autophagy is considered a ‘double-edged sword’ which can both contribute to and protect from neuronal damage (Martinet et al., 2009). In neurodegenerative diseases where mutant protein aggregates are observed, it has been suggested that the autophagosome accumulation results in impaired intracellular trafficking and may also become the source of cytotoxic products (Ravikumar et al., 2004; Wong and Cuervo, 2010). While there are no recorded observations of aggregated proteins accumulating in SMA to date, autophagosome accumulation is known to perturb axonal transport which in turn results in neuronal degeneration; a hallmark of SMA pathogenesis observed in vitro and in vivo models (Rossoll et al., 2003; Burghes and Beattie, 2009; Garcera et al., 2011; Lee et al., 2011).



Autophagy modulators: novel therapeutic targets

Pharmacological inhibition of autophagy using 3-methyladenine reduced autophagosome formation, delayed motor neuron degeneration and significantly improved lifespan in severe SMA mice (Piras et al., 2017). These findings imply that while the underlying cause of axonal deficiencies observed in SMA remains unclear, induction of autophagy and subsequent accumulation of autophagosomes may be a major contributing factor; a hypothesis supported by the finding that inhibition of Beclin 1, a regulator of autophagy required for induction, significantly delayed neuronal degeneration (Garcera et al., 2013). Moreover, autophagy induction with rapamycin resulted in decreased SMN and SMNΔ7 levels, suggesting both to be directly regulated by autophagy (Rodriguez-Muela et al., 2018). Furthermore, treatment with rapamycin demonstrated a failure in autophagosome-lysosome fusion and reduced lifespan in severe SMA mice (Custer and Androphy, 2014). While these findings demonstrate a possibility of therapy by inhibiting autophagy, the findings of Periyakaruppiah et al. (2016) put this scenario into question as autophagy induction has also been shown to increase full length SMN protein levels. Nevertheless, three studies agree that autophagic flux is reduced (Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Rodriguez-Muela et al., 2018). Custer and Androphy (2014) suggested the use of new rapamycin analogues as these may be beneficial to stimulate autophagy beyond the capabilities of traditional rapamycin and in turn, overcome the altered autophagic flux levels.



ALS and SMA: autophagy markers in two histopathologically similar motor neuron diseases

As previously mentioned, autophagy has been implicated in a range of neurodegenerative disorders. A prime example is ALS, which presents with aggregation of ubiquitinated proteins (such as SOD1, FUS, and TDP-43), while sharing histopathological findings with SMA (Blokhuis et al., 2013; Comley et al., 2016). In ALS, motor neuron survival is directly affected by an impairment in the autophagic pathway. More specifically, axonal transport defects are suggested to be responsible for the autophagosome accumulation observed in ALS mice (Cozzi and Ferrari, 2022). Autophagy is known to be dysregulated in ALS at different steps of the pathway, which results in autophagosome accumulation and a defective autophagic flux (Song et al., 2012; Lee et al., 2015; Nguyen et al., 2019). The aggregation of ALS-associated SOD1 – an antioxidant enzyme highly mutated in more than 20% of familial ALS cases (Corson et al., 1998; Gruzman et al., 2007; Berdyński et al., 2022) and TDP-43–a protein involved in RNA processing regulation (Hergesheimer et al., 2019) occurs in motor neuron axons and results in autophagy dysregulation (Sasaki, 2011; Wei, 2014; Budini et al., 2017). In ALS, autophagy inhibition by 3-methyladenine does not protect from motor neuron degeneration (as seen in SMA) and was suggested to induce TDP-43 aggregation (Caccamo et al., 2009). On the other hand, autophagy induction by rapamycin reduced TDP-43 accumulation, rescued mRNA processing (a key role of the SMN protein), resulted in migration of TDP-43 to its proper nuclear compartment (Caccamo et al., 2009) and significantly improved neuronal survival in ALS models (Barmada et al., 2014). In line with the protective role of autophagy in motor neuron diseases, it has been shown that motor neuron death due to glutamate-induced toxicity could be the result of autophagic pathway impairment (Fulceri et al., 2011). Therefore, the role of autophagy in ALS is especially important in the context of SMA given the similarities of the two diseases. The use of rapamycin showed consistency in its ability to improve disease symptoms in both ALS and SMA, while 3-methyladenine highlighted contrasting views (Caccamo et al., 2009; Periyakaruppiah et al., 2016). However, it must be noted that while SMA is a monogenic disease and primarily affects lower motor neurons, the genetic cause of ALS is complex affecting both upper and lower motor neurons (Burghes and Beattie, 2009; Ragagnin et al., 2019). Therefore, while the two diseases share histopathological similarities, the differences observed in modulating autophagy may be due to the distinct mechanisms of neuromuscular disruption underlying ALS but not SMA pathogenesis (Comley et al., 2016).



Autophagy regulators: understanding the mechanisms behind autophagy dysregulation in SMA

Despite an established body of evidence that autophagosome number increases across a variety of SMA models (Garcera et al., 2013; Custer and Androphy, 2014; Periyakaruppiah et al., 2016; Piras et al., 2017; Rodriguez-Muela et al., 2018; Sansa et al., 2021), it is still debated whether autophagic flux is affected and subsequently whether autophagy itself is increased or decreased. Findings point to autophagy perturbations in SMA and an interaction between SMN and p62 has been suggested (Rodriguez-Muela et al., 2018). While it is documented that the SMN protein levels are regulated by the autophagic pathway, it may be of benefit to further understand the interactions between SMN and autophagy regulators. It was previously established that SMN depletion resulted in decreased levels of UBA1 (Lambert-Smith et al., 2020). Mutations in UBA1 are shown to induce a rare, non-SMN gene associated form of SMA with similar clinical symptoms (Ramser et al., 2008). UBA1 was able to regulate autophagy in an ATG7- and ATG3-independent manner in Drosophila, although the exact mechanism remains speculative (Chang et al., 2013). Thus, UBA1 decrease, which inevitably follows SMN depletion, may be contributing to impairments in the autophagic machinery. Moreover, various autophagy marker mRNAs (primarily the autophagy regulator Beclin 1, Atg5, LC3 and p62/SQSTM1) were shown to be elevated in severe SMA mouse models, suggesting dysregulated autophagy induction as a compensatory mechanism in response to disease progression (Oliván et al., 2016). Injection of tetanus toxic heavy chain (TTC) – a recombinant protein known to display neurotrophic capabilities – in SMA mice resulted in neuroprotective effects (Oliván et al., 2016). Interestingly, TTC administration also downregulated Beclin 1, Atg5, LC3 and p62 expression to wildtype levels which implied a return to constitutive autophagy function (Oliván et al., 2016) and highlighted autophagy regulators as potential therapeutic targets. Furthermore, Bcl-2 – a protein derived from the same family as the aforementioned Bcl-XL – is known to regulate autophagy by binding to Beclin 1 and inhibiting the pathway (Marquez and Xu, 2012). This is noteworthy as SMN has been shown to directly interact with Bcl-2 (Iwahashi et al., 1997), further demonstrating the importance of examining the functional interactions of SMN with key autophagy players.

Recent findings suggest an important role for microRNAs (miRNAs) - small RNAs tasked with regulating post-transcriptional gene expression in the pathogenesis of several motor neuron diseases including SMA (Magri et al., 2018). A handful of miRNAs implicated in SMA have also been shown to have a regulatory effect in the autophagic pathway. For example, miRNA-206, a miRNA involved in skeletal muscle that drives development and regenerative pathways at the neuromuscular junction, was upregulated in SMA and potentially delayed motor neuron degeneration, albeit not enough to rescue motor neuron integrity (Valsecchi et al., 2015, 2020). miRNA-206 overexpression in severe SMA mice resulted in improved motor neuron function and lifespan in mammalian models (Valsecchi et al., 2015, 2020). These findings prove to be highly relevant as evidence has suggested that miRNA-206 overexpression also resulted in increased autophagy in head and neck squamous cell carcinoma cells (Li et al., 2020). Similarly, it was found that miRNA-9, which promotes neuronal function/differentiation by activating autophagy was decreased upon SMN depletion (Yuva-Aydemir et al., 2011; Zhang et al., 2015; Magri et al., 2018). Furthermore, miRNA-183, which constitutes a role in axon outgrown (Wang et al., 2017), was found to be overexpression in more severe SMA mice (Kye et al., 2014). Intriguingly, miRNA-183 was established as an inhibitor of the autophagic pathway (Huangfu et al., 2016; Yuan et al., 2018). Kye et al. (2014) suggested that reduced SMN protein levels alter miRNA expression and distribution in neurons, whereas inhibition of miRNA-183 rescued Smn-knockdown axonal phenotypes in rat-derived neurons. Moreover, overexpression of miRNA-23a, a regulator of oligodendrocyte differentiation, increased the lifespan of severe SMA mice and inhibited autophagy (Lin et al., 2013; Si et al., 2018; Kaifer et al., 2019). Similarly, it was found that increased miRNA-146, a regulator of the inflammatory response, induced autophagy, while upregulation of this miRNA was observed in SMA mice (Cheng et al., 2013; Sison et al., 2017; Roy, 2021). Lastly, more severe SMA mice showed a marked reduction of miRNA-132 - which was known to promote dendritic growth and synaptic function - in the spinal cord (Catapano et al., 2016). In contrast, miRNA-132 levels were increased in more severe SMA mice skeletal muscles (Catapano et al., 2016). Interestingly, miRNA-132 overexpression was able to inhibit autophagy and its knockdown resulted in increased LC3 and reduced p62, indicative of autophagy induction (Ucar et al., 2012). Together, these findings clearly highlight the effect of SMN depletion on autophagy regulators. The aforementioned studies reveal the extent to which abnormal miRNA expression is related to disease. Future studies could employ the use of miRNA mimics and inhibitors which are capable of enhancing or rescuing the downregulation of targets, respectively. Additionally, these miRNA mimics and inhibitors should be observed for their effects on the autophagic pathway in the context of SMA. Interestingly. miRNA-155 inhibition which is known to alleviate autophagic flux defects in a pancreatitis mouse model (Wan et al., 2019) was also able to prolong survival in SOD1 mutant mice (Koval et al., 2013; Seto et al., 2018; Gallant-Behm et al., 2019), highlighting that miRNAs could also serve as potential therapeutic targets for SMA.



Mitophagy

A hallmark of neurodegenerative disorders including SMA is the observed structural and functional mitochondrial defects prior to symptom development (Miller et al., 2016); thus, mitophagy – mitochondrial degradation via the macroautophagy pathway - should also be considered. Deguise et al. (2016) observed autophagic vacuoles (autophagosomes and autolysosomes) containing mitochondria in severe SMA mice, suggesting mitophagy to be activated. Importantly, muscle tissue in severe SMA mice revealed an accumulation of dysfunctional mitochondria with reduced clearance as well as a downregulation of mitochondria and lysosomal expressed genes (Chemello et al., 2023). The same study highlighted that apart from reduced mitochondrial clearance, proteins that mark mitochondria for mitophagy (i.e., PINK and Parkin) as well as p62 were also elevated indicating a decline in autophagic flux. Furthermore, Chemello et al. (2023) noted a downregulation of genes involved in lysosomal biogenesis, which may underlie a defect in autophagosome-lysosome fusion. Additionally, type I, II and III SMA patient muscle tissue analysis revealed reduced mitochondrial DNA content (Berger et al., 2003; Ripolone et al., 2015), confirming mitochondrial defects in human samples.

Mitochondria play a key role in the activation of apoptosis (Xiong et al., 2014) and it has been shown that accumulation of autophagosomes resulted in the activation of the apoptotic pathway and subsequently, cell death (Mariño et al., 2014). Piras et al. (2017) hypothesized that the increase in autophagosomes and autolysosomes may be responsible for the degeneration of lower motor neurons in SMNdelta7 severe mice as the increase in autophagosomes is likely to result in increased apoptotic cell death. Moreover, an increase in apoptotic nuclei and reduced levels of antiapoptotic proteins have been observed in more severe SMA mice and patient’s motor neurons, while inhibition of apoptosis has been shown to block motor neuron cell death in SMA stem cell models (Sareen et al., 2012; Sansa et al., 2021). The observed mitochondrial damage is correlated with the severity of the disease; more severe SMA mice present with lower numbers of active mitochondria (Torres-Benito et al., 2011), suggesting that autophagy may in part influence disease phenotype. Therefore, it is possible that the presence of defective mitochondria results in autophagy activation which presents with reduced flux due to the downregulation of lysosomal genes. Thus, autophagosomes accumulate and subsequently signal the apoptotic pathway, resulting in motor neuron death. Ultimately, this may suggest that impaired autophagic flux – and not increased autophagy - could be the causative agent underlying autophagy-related development of symptoms in SMA (Figure 4).
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FIGURE 4
Autophagy in healthy and SMA motor neurons. In healthy motor neurons autophagic stimuli would lead to an increased mitophagy/autophagic activity, degradation and recycling of cellular cargo. In SMA motor neurons, decreased SMN levels result in dysfunctional mitochondria, reduced autophagic activity and downregulation of lysosomal gene expression. These aberrations drive autophagosome accumulation and diminished autophagic flux, potentially leading to apoptotic and non-apoptotic cell death in motor neurons of SMA patients.


The information presented herein highlights the autophagy networks perturbed in SMA and identifies these as a gateway to explore potential therapeutic interventions. While the potential of autophagy modulation holds significant promise, it is necessary to navigate through the appropriate considerations to overcome the boundaries of clinical applicability.




Autophagy as a therapeutic target for SMA: considerations and limitations

It is paramount for SMA researchers to initially consider the stage of autophagy that is mainly affected in SMA. Given the contradictory findings regarding (a) autophagic flux and (b) the lack of verdict on whether autophagy is in fact upregulated in SMA, future research should be aimed at elucidating these discrepancies.

It would be beneficial to study fluorescent probes (i.e., mRFP-EGFP-LC3B) that are degraded by the autolysosome and show specificity for autophagic flux (Chapin et al., 2015). Moreover, the tissue-specificity of autophagic dysregulation in SMA could present a barrier in translating research evidence into clinical practice for SMA patients. Particularly, SMA patient-derived motor neurons displayed a reduced flux while skeletal muscle from SMA mice showed the opposite phenotype, and as such, the development of autophagy-targeted therapy for SMA must account for the varying levels of autophagic activity in different tissues (Sansa et al., 2021). This is equally as relevant when considering the different models used in these studies. For example, severe SMA mice indicated no change in flux according to Piras et al. (2017), although Rodriguez-Muela et al. (2018) documented reduced flux in the same model. On the other hand, more severe SMA mice and type I-III patient fibroblasts exhibited an impaired one (Sansa et al., 2021). Together, this suggests that further analysis is needed to elucidate the autophagic flux defects in severe SMA mice.

It would be of benefit to identify whether the observed therapeutic effects in the context of SMA are a result of autophagic inhibition or a rescue of flux defects in order to consider the stage of autophagy the intended therapy should be acting on. This is of particular importance when considering the literature findings of using the autophagic inhibitor 3-methyladenine (Piras et al., 2017), which we previously mentioned can play a dual role in modulating autophagy (Wu et al., 2010).

Besides, many of the known autophagic activators like rapamycin are known to act through mTOR inhibition; mTOR is also involved in autophagy independent pathways, such as lipid and nucleotide synthesis, protein synthesis, cell growth and immunosuppression (Saxton and Sabatini, 2017). For example, SMA patients present with a higher susceptibility to infection (Deguise and Kothary, 2017) and given the immunosuppression which follows prolonged mTOR inhibition, it may be more advantageous to consider compounds capable of activating autophagy independent of mTOR inhibition. Alternatively, clinicians would be required to regularly monitor liver and renal functions as well as cholesterol and triglycerides, a commonplace practice for patients taking rapamycin for the treatment of other diseases (Kahan et al., 2000).

When identifying potential new agents for treating SMA, one important consideration is that they should be capable of penetrating the blood-brain barrier. Furthermore, sex dependent limitations of treatments for SMA patients must be considered. This is specifically relevant in SMA where the protective capabilities of genetic modifiers such as PLS3 are known to be sex specific (Yanyan et al., 2014). For example, rapamycin-mediated increase in lifespan has been shown to be higher in female than in male mice across various doses (Miller et al., 2014). Therefore, future research should aim at highlighting any potential sex-specific differences following administration of autophagy modulators.

Finally, the identification of any autophagy-targeted treatment(s) should be considered complimentary to the current therapeutic strategies for SMA and administered at the earliest possible stage of the disease. As such, any potential treatments should be studied in combination with current SMA therapies to identify possible interactions.



Conclusions

We have summarized the growing body of evidence which underlies the dysregulation of autophagy in SMA, characterized mainly by an increase in autophagosome number. We speculate that it is the late, degradative stage of autophagy which seems impaired in SMA due to a failure in the lysosome-autophagosome docking and fusion step. It is important to consider the stage at which autophagy becomes dysfunctional in SMA patients before autophagy-targeted treatments can be considered. Subsequently, addressing the outlined limitations of autophagy-targeted treatments would be pivotal in designing specific and accurate treatments for SMA patients. Future research directions should aim to identify (a) the effect of SMN depletion on autophagic flux and (b) the relationship between SMN and the most important autophagy regulators known to be impacted in SMA. We advocate for a redirected research focus in order to unravel the discrepancies regarding autophagic flux which may in turn identify novel modifiers of the disease and lead to more effective therapeutic strategies in SMA.
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