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    Neurodegenerative disorders are some of the overwhelming challenges modern medicine is facing. To find efficacious treatments for these disorders, we still need to advance our understanding of the various events and cellular processes that lead to neurodegeneration. These include pathological protein aggregation and factors that cause the death of neuronal cells.




    Volume 8 of our book series Frontiers in Clinical Drug Research - CNS and Neurological Disorders features a set of exciting and remarkable new research projects presented by an emerging and expert panel of researchers. They have reviewed innovative research studies that could lead to a richer interpretation of the essentials needed to understand the nerve cell functions and/or failures.




    This book presents cutting-edge, and in-depth investigations that outline neurodegeneration at the cellular level. It discusses new trends in neurodegenerative research aimed to slow down the progression of neurological ailments, offering hope to people with these debilitating and at times incurable illness. Thus chapter 1 covers the current knowledge and perspectives surrounding the emerging innovative therapies of spinal muscular atrophy, as well as pin-pointing the molecules that offer potential new treatments for this debilitating condition. Chapter 2 highlights the obesity induced by the usage of neurological drugs such as antiepileptic, antipsychotic, and antidepressant drugs. Chapter 3 discusses the development of new therapeutic targets based on the understanding of the molecular mechanisms that lead to infectious, functional, structural, and degenerative disorders of the nervous system. Chapter 4 briefly reviews the screening models for neuroleptic drug-induced hyperprolactinemia. The last chapter 5 evaluates the glioma imaging modalities and the novel agents that are being implicated to image glioma.




    In short, this book presents a scholarly collection of research articles from the budding as well as established scientists in the field. It is hoped that the presentations will lead to a better understanding by the neuroscience community of the underlying mechanisms of brain disorders, leading to more effective treatments.




    We are grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), and Mrs. Salma Sarfaraz (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      Spinal muscular atrophy (SMA) is a rare neuromuscular disorder charac- terized by the degeneration of motor neurons (MNs) in the spinal cord resulting in progressive muscle atrophy and weakness. Due to its early onset and severity of symptoms, SMA is notable in the health care community as one of the most common causes of early infant death. SMA is caused by missing a functional survival motor neuron 1 (SMN1) gene in patients who produce deficient levels of survival motor neuron (SMN) protein from a copy gene (SMN2), but that could not sustain the survival of spinal cord MNs. Before the end of 2016, there was no cure for SMA, and management only consisted of supportive care. Since then, several therapeutic strategies to increase SMN protein have developed and are currently in various stages of clinical trials. The SMN2-directed antisense oligonucleotide (ASO) therapy was first approved by the FDA in December 2017. Subsequently, in May 2019, gene therapy using an adeno-associated viral vector to deliver the DNA sequence of SMN protein was also approved. These two novel therapeutics have a common objective: to increase the production of SMN protein in MNs, and thereby improve motor function and survival. Treating patients with SMA brings new responsibilities and unique dilemmas. As SMA is such a devastating disease, it is reasonable to assume that a single therapeutic modality may not be sufficient. Neither therapy currently available provides a complete cure. Several other treatment strategies are currently under investigation. These include: establishing an early diagnosis to enable early treatment, a combination of the different treatment regimens, and frequency, dosage, and route variations of drug delivery. Understanding the underlying mechanisms of these treatments is the other area of needed study.


    




    

      Keywords: Clinical trial, Novel therapy, Spinal muscular atrophy, Survival motor neuron protein.


    




    


    * Corresponding author Dr. Tai-Heng Chen: Kaohsiung Medical University Hospital No. 100, Tzyou 1st Road, Kaohsiung 80708, Taiwan; Tel: +886-7-312-1101 ; Fax: +886-7-321-2062; E-mail address: taihen@kmu.edu.tw


    


  




  

    

      INTRODUCTION




      Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder caused by the degeneration of alpha motor neurons (MNs) in the spinal cord leading to muscle atrophy and weakness. Although recognized as a rare disease with an estimated worldwide incidence of ~1/10,000 live births, SMA is the second most common autosomal recessive genetic disorder and the most common monogenic disease-causing early infant death [1, 2]. The carrier frequency varies from 1 in 38 to 1 in 72, among different ethnic groups with a pan-ethnic average of 1/54 [3].




      SMA was firstly reported in two infant brothers by Guido Werdnig in 1891 and later seven additional patients by Johan Hoffmann from 1893 to 1900 [4]. In 1995, scientists discovered the genetic basis of SMA, which involved the missing of a functional survival motor neuron 1 (SMN1) gene [5]. About 95% of SMA cases are caused by mutations or deletions in the SMN1 gene in chromosome 5q11.2–q13.3.2, thus termed as 5q SMA. Deletion or mutation of the SMN1 gene results in lacking the production of survival motor neuron (SMN) protein, a vital protein that enables the survival of spinal cord MNs. The degeneration of MNs, in turn, causes widespread muscle atrophy and weakness, the primary symptoms of SMA [3, 6].




      At the molecular level, SMN protein acts as a multifunctional protein ubiquitously expressed in almost all somatic cells. SMN is involved in many cellular functions, including mRNA editing, splicing, and axonal transport [7]. The most appreciated canonical role of SMN is to serve as an essential ribonucleoprotein (RNP) for mRNA splicing. SMN protein is embedded in a complex with seven Gemins and UNR-interacting protein (UNRIP) that shuttles Sm protein onto nascent uridine-rich noncoding RNAs (snRNAs) upon their export to the cytoplasm, thereby creating small nuclear RNPs (snRNPs) that form spliceosomes in the nucleus [8-10]. In addition to facilitating snRNP assembly, the SMN complex plays a role in assisting arginine methylation of specific splicing-related proteins that are involved in pre-mRNA splicing [11, 12]. All cells are dependent upon SMN, but the reduction in snRNPs assembly can be particularly critical for specific cell types, particularly in MNs. Studies on SMA animal models have revealed a direct correlation between the ability to assemble snRNPs and SMA severity, and delivery of mature snRNPs even without the SMN component is sufficient to rescue SMA phenotypes [13-15]. Such an outcome implies that SMN protein levels might affect the splicing of SMN pre-mRNA to include exon 7 through an autoregulatory loop, thereby influencing a general process of snRNP biogenesis [16]. Besides the canonical role of SMN in the splicing machinery, other studies have highlighted its multiple roles in cellular functions. For example, the recruitment of SMN protein is also involved in many other essential cellular pathways, including DNA repair and protein and mRNA transportation along axons of MNs [17-19]. Collectively, studies to date support that loss of SMN-RNP complex assembly and its activity results in a series of different cellular pathways that lead to SMA. However, it is still unclear how a deficiency in the ubiquitously expressed SMN protein can selectively cause the degeneration of MNs [7]. Increasing evidence suggests SMN playing a pivotal role beyond the MNs. The autoregulatory mechanism of SMN may explain the more detrimental effects of SMN deficiency that could result in the selective MN degeneration in SMA. Nevertheless, the multifaceted roles of SMN protein are still under investigation, and it is unclear how a deficiency in ubiquitously expressed SMN can selectively cause the dramatic MN degeneration. The cell autonomous effects related to deficient SMN are responsible for the MNs degeneration; however, it does not account for the full SMA phenotype, implicating not only dysfunction of neural networks but other non-neuronal cell types involved in the disease process [20, 21]. For example, recent studies point that the MN survival and functionality of SMA animal and cellular models are highly dependent on glial cells, which play an essential role in neuronal communication and neuroinflammation [22, 23]. These findings imply that SMA could also be a neuroinflammatory disease.




      Fig. (1) illustrates the genetic basis and pathogenesis of SMA. It also explains the cause of phenotypic variations. Complete loss of SMN protein resulted from deletion/mutations of smn or SMN1 (in humans and bonobos only) leads to embryonic lethality to all species [24, 25]. In the genomes of higher primate species, including humans, there is a nearly identical copy of SMN1, called SMN2 [5]. SMN2 differs from SMN1 by a single nucleotide (C-to-T) substitution in the exon 7. This single base-pair variation leads to skipping of exon 7 during RNA splicing and produces an SMN2 transcript lacking exon 7, called SMN∆7. Unlike the SMN1 gene, only a small amount of full-length (FL) mRNA is produced by the SMN2 gene due to this skipping of exon 7 during RNA splicing [26]. In contrast to the FL-SMN protein, SMN generated by the SMN∆7 transcript cannot oligomerize efficiently, resulting in truncated morphology, which is degraded rapidly [7, 9]. In SMA patients, alternative splicing in the SMN2 gene allows it to produce only ~10% of FL-SMN transcripts and protein. This low amount of SMN protein is sufficient to prevent embryonic lethality, but cannot fully compensate for the missing SMN1. In the human genome, there are variable numbers of SMN2 gene copies, and the amount of SMN protein produced is directly correlated with the copy number of the SMN2 gene. Consequently, the SMA severity is inversely related to the number of the SMN2 gene copy; the higher the copy number, the less severe the SMA phenotype. However, this phenotype-genotype correlation can be affected by other factors. Recent studies showed that other cellular mechanisms, like positive or negative disease modifiers, may also involve in the modulation of SMA clinical severity. For example, rare SMN2 variants (c.859G>C), as well as independent modifiers such as plastin 3 or neurocalcin delta, can further influence the disease severity [27-29]. In brief, the loss of the SMN1 gene leads to SMA, whose severity is partially modified by various copies of SMN2.
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Fig. (1))


      Genetic basis of spinal muscular atrophy (SMA) [30]. In a healthy individual, full-length (FL) survival motor neuron (SMN) mRNA and protein arise from the SMN1 gene. Patients with SMA have homozygous deletion or mutation of SMN1 but retain at least one SMN2 (indicated with an asterisk in the solid-border box on the right). However, SMN2 can be dispensable in a healthy individual (indicated with an obelisk in the dotted-border box on the left). This single-nucleotide change in exon 7 (C-to-T) of SMN2 causes alternative splicing during transcription, resulting in most SMN2 mRNA lacking exon 7 (∆7 SMN). About 90% of ∆7 SMN transcripts produce unstable truncated SMN protein, but a minority include exon 7 and code for FL, which maintains a degree of MN survival.

    




    

      CLINICAL CHARACTERISTICS OF SMA




      The most severe type of SMA presents in infancy. Correlated with the onset of symptoms, here is a rapid and catastrophic loss of connectivity between MNs and their innervated muscles with depletion of neuronal endplates [1, 3]. As a consequence of MN degeneration, progressive muscle wasting and weakness become the main feature of SMA. These clinical symptoms presented with a spectrum of severity ranging from extremely compromised neonates with immediate respiratory failure to late-onset, minimal limb weakness in adulthood. However, unlike the relentless decline of motor function observed in other motor neuron disease (MND) like amyotrophic lateral sclerosis, patients with intermediate and milder forms of SMA tend to maintain their level of motor function over many years [31-33]. Interestingly, cognitive function is generally intact in patients with SMA, and they often have higher than average intelligence [1].




      

        Phenotypes and Classifications of SMA




        SMA presents with a broad range of clinical severity, such as the age of onset and rate of progression. There are variabilities between and within each phenotypic subtype that constitutes a clinical continuum [34, 35] In general, SMA is classified into three main phenotypes based on age at symptoms/signs onset, and highest motor function achieved [3, 29, 35]. However, some patients with SMA are outliers on either end of the phenotypic spectrum. Besides, subclassification has also been proposed in SMA types 1 and 3, and sometimes in type 2 phenotype Table 1.




        At the most severe end of the spectrum, patients with type 0 SMA (categorized into type 1A by some authors) are usually associated with prenatal onset of signs, such as a history of decreased fetal movements [36]. These rare cases usually present with arthrogryposis multiplex congenital and have profound hypotonia and respiratory distress soon after birth [37]. Life expectancy is extremely short, and if untreated, most of them are unable to survive beyond one month of age [1, 38].




        

          Table 1 Classification and subtypes of spinal muscular atrophy.




          

            

              

                	SMA Type (Historical name)



                	OMIM



                	Onset Age



                	Motor Milestones Achieved



                	Subclassfication



                	Natural History



                	Other Features



                	Estimated SMN2 Copies



                	Estimated SMA Proportion

              


            



            

              

                	Type 0



                	-



                	Prenatal or at birth



                	Never sits


                Never head control



                	-



                	Death < 1 mo if untreated



                	Joint contractures, cardiac defect; facial diplegia; immediate respiratory failure after birth



                	1 SMN2 copy in ~100% of patients



                	Unclear, Maybe <1%

              




              

                	Type 1


                (Werdnig-Hoffmann disease)



                	253300



                	0–6 mo



                	Never sits, some achieve


                head control



                	1A: onset <1 mo, usually by 2 wk; absent head control


                1B: onset 1-3 mo; poor or absent head control


                1C: onset 3-6 mo, head control achieved



                	1A: death <6 mo if untreated


                1B and 1C: death <2 yr if untreated



                	1A: very similar to type 0 SMA


                1B and 1C: tongue fasciculation;


                swallowing difficulties;


                early respiratory failure



                	1 or 2 SMN2


                Copies in ~80% of patients



                	~60%

              




              

                	Type 2


                (Dubowitz disease)



                	253550



                	7–18 mo



                	Sits but never stands



                	2A: Sits independently, may loses the ability to sit in later life


                2B: Sits independently, Maintains the ability to sit


                * According to functional level, decimal classification ranging from 2.1 to 2.9



                	Usually survive >2 yr


                ; ~70% alive at 25 yr



                	Proximal weakness; postural hand tremor; normal intellectual ability; kyphoscoliosis



                	3 SMN2 copies in


                >70% patients



                	~27%

              




              

                	Type 3


                (Kugelberg-Welander disease)



                	253400



                	>18 mo



                	Stands and walks



                	3A: onset between 18 and 36 mo


                3B: onset >3 yr



                	Survival into adulthood



                	May have hand tremor; resembles muscular dystrophy


                3A: Scoliosis; usually early loss of ambulation



                	3 or 4 SMN2 copies in ~95% of patients



                	~12%

              




              

                	Type 4



                	271150



                	10–30 yr, usually >21 yr



                	Stands and walks



                	-



                	Survival into adulthood



                	Usually preserved walking ability



                	4 or more SMN2 copies


                in >90%



                	~1%

              


            

          




          

            SMA: spinal muscular atrophy; mo: months; yr: years

          




        




        Type 1 SMA patients account for more than 50% of the total incidence of SMA. As a general rule, infants with SMN1 biallelic deletions and only two copies of SMN2 have a 97% risk of this most severe phenotype of SMA. These patients usually present with symptoms onset before six months and are described as non-sitters because they never achieve independent sitting, which is the beginning of all major motor milestones. Notably, congenital heart defect is a feature of severe SMA phenotype, especially in SMA types 0 and 1 [39]. Respiratory muscle dysfunction attributes to most cases of mortality within the first two years of life. Studies of SMA natural history showed the median age of death is 13.5 months and the need for permanent ventilation (>16 hours per day) at 10.5 months for patients with two copies of SMN2 [40, 41].




        Patients with the intermediate severity of type 2 SMA (Dubowitz’s disease) usually develop weakness within 7–18 months of age. Failure to achieve the major developmental milestones of independent walking brought these patients to clinical attention. Patients usually exhibit areflexia and proximal weakness that is more severe in the lower extremities than upper extremities. Although these patients can maintain a sitting position unaided (thus named “sitters”) and some can even stand with leg braces, none can walk independently. Fine tremors with digit extension or hand grips are commonly observed. Due to the wide variation of symptom severities in this group of patients, further classification has been proposed to subdivide them into 2.1 to 2.9 subtypes within type 2 SMA based on their functional levels [38, 42]. Weak swallowing might deter weight gain. Kyphoscoliosis usually develops and can result in a restrictive lung disease if not intervened by surgical or orthotic procedures. Similar to patients with type 1 SMA, clearing of airway secretions and coughing becomes difficult because of poor bulbar function and weak intercostal muscles. The majority of patients with type 2 SMA can survive into adulthood, with 93% surviving to 25 years. However, these patients usually require aggressive supportive care due to compromised swallowing ability and respiratory issues when they enter the adolescent years [43].




        Type 3 SMA is the mildest form of SMA (also called Kugelberg-Welander disease). Patients usually have symptoms onset around 1.5 years of age. They can stand unsupported and walk independently. However, these patients exhibit an extensive symptom heterogeneity and are sometimes misdiagnosed with myopathy or muscular dystrophy. These patients can be further divided into two subgroups according to their age of onset: patients with type 3A have an onset of symptoms between 18 months and three years, and patients with type 3B usually present after three years [32]. Their distribution of weakness is similar to that seen in patients with types 1 and 2 SMA, albeit of a much slower progression. Some patients may be ambulatory until their middle age [42]. In clinical trials, type 3 patients who lost their ability to walk independently in childhood are often grouped with the non-ambulatory patients, or sitters, because they can be assessed with the same outcome measures.




        At the other mildest end of the spectrum is an adult-onset form, known as type 4 SMA, who presents onset symptoms, usually a weakness of lower extremities, after the second decade. Type 4 patients have a good prognosis with ambulation into adulthood and a mostly average life span [44].


      




      

        The Implication of Phenotypic Classification in SMA Clinical Trials




        Previous investigations concentrated on the natural history of SMA, and the efforts to develop standardized tools of outcome measures have assisted in achieving clinical trial readiness in the field [45, 46]. Early clinical trials used SMN2 copy numbers as a criterion for patient enrollment [47]. However, studies showed that while patients with a higher number of SMN2 copies generally have a milder phenotype, this prediction is not always accurate [29]. Other prognostic factors, such as the age of onset of symptoms within each SMA subtypes, have been identified [38].




        Although the assignment of trial groups according to SMA subtypes (i.e., types 1, 2, and 3) has some clinical advantages, it is not always the best way to stratify patients. Within each SMA subtype, there could be the heterogeneity of phenotypes due to different stages of disease progression (e.g., some type 3 patients are still ambulatory, and some have lost it). Therefore, using the current motor function level (such as ambulant status) may be more relevant to clinical trial design and outcome measures. Several clinical trials have been conducted by stratifying patients into non-sitter, sitter, and walker to achieve the uniformity of functional level and use of appropriate outcome measures [48]. This approach acknowledges the SMA phenotypes as a continuum and focuses on the current functional status and the therapy response.




        Furthermore, pulmonary function assessment may better reflect disease state than muscle strength [49]. Nevertheless, repeat evaluations are imperative before assigning a patient to a specific SMA type. In particular of patients with SMA types 2 and 3, the onset, time course, and extent of MN loss has not been well established, yet are vital in determining whether there is a specific therapeutic window for these patients with milder phenotypes.


      


    




    

      IMPACTS OF EVOLVING SUPPORTIVE CARE IN SMA THERA- PEUTIC ERA




      The successful disease modification of the newly developed therapies have altered the SMA clinical landscape and raised the needs for new supportive care and treatment guidelines [48, 50]. The need for multidisciplinary care standard for SMA patients was evident for quite sometime before the establishment of the standard of care (SOC) recommendations. Clinical outcome of SMA patients varies greatly depending on their demographic locations and the care they received. In 2007 a Consensus Statement for Standard of Care in Spinal Muscular Atrophy was published by an international multidisciplinary team addressing the comprehensive care standard for patients with SMA [51]. With the advent of disease-modifying treatments, and updated two-part SOC document was published in 2018 [52, 53]. The multidisciplinary team, which includes medical specialists in neurology, pulmonology, acute care, nutrition support, gastroenterology, orthopedics, physical therapy/rehabilitation, and other medical subspecialties, should continue to provide comprehensive care as the patients undergo specific therapies Fig. (2). Implementation of comprehensive SOC also plays a vital role in drug development because it eliminates the variability of treatment outcomes due to variable care received. Therefore, standardized care must be implemented for all patients participating in clinical trials [35, 48]. As such, updated SOC guidelines for SMA will continue to be necessary as more therapeutic modalities become available, and the definition of care standard may be changed with time.
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Fig. (2))


      Paradigm of multidisciplinary care of SMA, incorporating disease-modifying therapies with supportive care [30]. Novel disease-modifying medications and evolving multidisciplinary supportive management need to occur concomitantly to achieve the best possible outcome for SMA patients.



      In the therapeutic era, we reasonably expect that type 1 SMA patients will likely transition into less severe types 3 and 4 once treated, giving them a more extended or average lifespan. It remains unclear whether persistent interventions will be required, and a complete long-term reversal of symptoms will be attained. Unfortunately, because there is a paucity of studies investigating the support and medical needs of type 4 SMA patients (and soon the treated patients), it is unknown whether such lifespan extension will reveal new, previously unknown, comorbidities that could arise with age in this new, modified SMA affected population. In parallel with pre-clinical advances, continued evolution in multidisciplinary care with technological advances should be pursued, particularly for those with milder phenotypes after disease-modifying therapy.


    




    

      RECENT ADVANCES IN INNOVATIVE THERAPEUTICS IN SMA: FOCUSING ON SMN AND BEYOND




      In general, the therapeutic strategies in SMA can be divided into those targeting SMN protein and those independent of SMN. The latter can be further divided into eight different therapeutic approaches Fig. (3). The fact that SMN2 copies can produce a variable amount of SMN protein to compensate for the lack of a functioning SMN1 in SMA provided an initial therapeutic target for attempting to augment the SMN2 function to increase SMN protein [54]. This approach was successful by the initial proof-of-concept studies [55, 56]. Meanwhile, increasing evidence has shown that SMN deficiency produced pathology beyond MNs and involved cells both within and outside the CNS. Pathological changes have been identified in several peripheral organs, such as the cardiovascular system, gastrointestinal tract, immune system, and kidneys, both in pre-clinical animal models and in SMA patients [20, 50, 57-60].
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Fig. (3))


      Therapeutic approaches for SMA [30].



      We summary the updated information of pre-clinical and clinical trials for potential therapeutic agents in Table 2. Understanding the precise underlying mechanisms of whether the therapy relies on SMN-dependent or SMN-independent pathways remains an essential aspect of therapeutic development for SMA [61]. Among these therapeutic approaches, upregulating SMN protein production by modulating SMN2 splicing or replacing an exogenous SMN1 gene has proven the most successful [62, 63]. These two forms of therapeutics have been introduced into commercial use after approved by the FDA over the past two years. Parallel to these SMN-dependent approaches, several SMN-independent therapeutics such as neuroprotective agents, myostatin inhibitors, skeletal muscle troponin activator, and stem cell therapy are being developed as possible adjunctive therapies [64, 65]. Importantly, the recent breakthrough of novel therapies for SMA may also inspire similar approaches for other genetic MND. For example, spinal muscular atrophy with respiratory distress type 1 (SMARD1) caused by IGHMBP2 gene mutation is a non-5q SMA, which accounts for the second most common MND of infancy following SMA [66].




      In the following sections, we will describe the therapeutic development of several SMN-dependent compounds and the status of several SMN-independent targeting treatments aiming at both CNS and-non-CNS tissues.




      The therapeutic approaches for SMA are generally categorized into SMN-dependent and SMN-independent therapies, which can be further divided into four branches of development, respectively. The yellow circle color of SMN1 gene replacement therapy of SMN-dependent pathway indicates its difference from other three therapies in the SMN-dependent category which mainly target SMN2. The dash lines of outer rims connecting the SMN-dependent and SMN-independent approaches imply the potential for combinatory effect as a “cocktail therapy” for SMA.


    




    

      SMN-DEPENDENT THERAPIES FOR SMA




      SMA has been regarded as a unique model disease for translational research due to its well understood molecular pathogenesis and a clear therapeutic target of SMN2 gene retained in all SMA patients. As a proof-of-concept, the initial approach was to modify SMN2 gene expression in order to increase the FL-SMN transcripts to replace the function of the missing SMN1 gene [1, 3, 29, 50]. As shown in Table 2, this idea prompted investigations into the upregulation of SMN2 transcription by activating promoter of the gene, enhancing exon 7 inclusion during splicing, modulating SMN protein translation, and preventing SMN protein degradation. Another way of replacing the SMN1 gene function would be to introduce an exogenous SMN1 gene via a viral vector directly.




      

        Previous SMN-Targeted Clinical Trials with Equivocal Outcomes




        Early studies investigating the therapeutic potential of histone deacetylase inhibitors (HDACIs) and demonstrated their ability to increase SMN2 transcription through modification of chromatin structure in vitro and in SMA animal models [56, 67]. Histones are core proteins of chromatin that play a role in epigenetic regulation of gene expression via their acetylation status. Several potential HDACIs were initially proposed to benefit SMA, including valproic acid, phenylbutyrate, and trichostatin A, which activated the SMN2 promotor and increased the FL-SMN production [65, 68].


        





        

          Table 2 Novel therapeutic approaches in spinal muscular atrophy: Current clinical trials and preclinical strategies.




          

            

              

                	
Category of


                Therapeutic Approach




                	Compound (Drug)



                	
Therapeutic Approach


                (Mechanism of Action)




                	Clinical Phase



                	Sponsor



                	
Trials for Patients’


                SMA type




                	Identifier(s)

              


            



            

              

                	SMN-Dependent Approach

              




              

                	Replacement of SMN1




                	Zolgensma (AVXS-101)



                	Virus-vector SMN1 transfer



                	FDA-Approved



                	AveXis/Novartis



                	1,2,3


                pre-symptomatic



                	NCT02122952


                NCT03306277


                NCT03381729


                NCT03421977


                NCT03461289


                NCT03505099


                NCT04042025

              




              

                	Enhancing SMN2 exon 7 inclusion



                	Nusinersen


                (Spinraza; ISIS-SMNRx; ISIS 396443)



                	Promotion of exon 7 inclusion by suppressing intronic splicing silencer



                	FDA-Approved



                	Biogen/Ionis



                	1,2,3


                pre-symptomatic



                	NCT02052791


                NCT02386553


                NCT01703988


                NCT01780246


                NCT02292537


                NCT02462759


                NCT02865109


                NCT02594124


                NCT02193074


                NCT01839656


                NCT03339830


                NCT01494701


                NCT03709784

              




              

                	Risdiplam (RG7916; RO7034067)



                	
SMN2 Splicing modulator



                	Phases 2/3, active



                	Roche-Genetech/PTC



                	1,2,3


                pre-symptomatic



                	NCT02633709


                NCT02913482


                NCT02908685


                NCT03032172


                NCT03779334


                NCT03988907

              




              

                	Branaplam (LMI070)



                	
SMN2 Splicing modulator through U1 snRNP interaction pathway



                	Phase 1/2, active



                	Novartis



                	1



                	NCT02268552

              




              

                	RG7800



                	
SMN2 Splicing modulator



                	suspended



                	Hoffmann-La Roche



                	1,2,3



                	NCT02240355

              




              

                	
SMN2 transcript upregulation



                	Celecoxib



                	Cyclooxygenase 2 inhibitor to modulate SMN2 Splicing through p38 pathway activation



                	Phase 2, Recruiting



                	Hugh McMillan



                	2,3



                	NCT02876094

              




              

                	Quinazoline (RG3039)



                	A DcpS inhibitor to stabilize SMN2 mRNA by modulating metabolism of RNA



                	suspended



                	Cure SMA



                	-



                	-

              




              

                	Stabilization of SMN protein



                	BBrm02



                	Stop codon Read-through (azithromycin)



                	Preclinical



                	BioBlast Pharma



                	-



                	-

              




              

                	



                	Bortezomib



                	Proteasome inhibitors



                	Preclinical



                	-



                	-



                	-

              




              

                	SMN-Independent Approach

              




              

                	Neuroprotection



                	Olesoxime (TRO19622)



                	Neuroprotection



                	Suspended



                	Roche-Genentech



                	2,3



                	NCT02628743

              




              

                	Muscle-enhancing (Myoactivators)



                	SRK-015



                	Myostatin inhibitor



                	Phase 2, recruiting



                	Scholar Rock



                	2,3



                	NCT03921528

              




              

                	Reldesemtiv (CK-2127107)



                	Skeletal muscle troponin activation



                	Phase 2, completed



                	Cytokinetics/


                Astellas



                	2,3,4



                	NCT02644668

              




              

                	BIIB110



                	Both myostatin and activins inhibitor



                	Phase 1a, recruiting



                	Biogen



                	Healthy individuals



                	-

              




              

                	Enhancing function of neuromuscular junction or synaptic



                	Pyridostigmine



                	Anticholinesterase



                	Phase 2, completed



                	UMC Utrecht



                	2, 3, 4



                	NCT02227823


                NCT02941328

              




              

                	4-aminopyridine (4-AP) (Ampyra)



                	Acetylcholinesterase


                inhibitor



                	Phase 2/3,


                completed



                	Columbia University



                	3,4



                	NCT01645787

              




              

                	Cell Therapy using stem cells



                	Neural Stem Cells;


                Embryonic Stem Cells;


                Induced Pluripotent Stem Cells



                	Neurotrophic Support


                Regeneration of motor neuron



                	Preclinical



                	



                	-



                	-

              


            

          




          

            SMN: survival motor neuron; FDA: Food and Drug Administration

          




        
However, despite these encouraging observations in vitro, no beneficial effect of HDACIs was carried over to clinical trials [69]. Also, it seems that HDACIs actions are not specific to the SMN2 gene. Its potential side effects also limited the therapeutic dose ranges [67, 70].



        Besides histone acetylation, several other molecular mechanisms such as histone phosphorylation, ubiquitination, and DNA methylation, also affect SMN2 expression [77]. Hydroxyurea, an FDA approved compound used for neoplasms and anemia, was identified in the course of drug screen using cell lines from SMA patients to increase the amount of FL-SMN transcript and protein in vitro [72]. However, a small pilot study of hydroxyurea at three different doses for eight weeks in 33 patients with types 2 and 3 SMA patients showed no statistically significant benefit [73]. A randomized, double-blind, placebo-controlled trial failed to show any clinical improvement over 18 months [74].




        Albuterol, a β- adrenergic agonist, was able to increase FL-SMN transcript levels in severe SMA patient-derived cell lines [75]. In a pilot study of patients with types 2 and 3 SMA, treatment with albuterol led to an increase in FL-SMN transcripts and improvement of motor function with no severe side effect [76]. Another pilot study treating 23 patients with type 2 SMA with salbutamol, a form of albuterol, also demonstrated improved motor function [77]. However, there has been no data from a larger placebo-controlled trial to support the use of albuterol in clinical practice for SMA [65].




        These early SMN-targeted trials, including valproic acid combined with acetyl-L- carnitine, phenylbutyrate, hydroxyurea, and somatotropin, despite their promising pre-clinical data, showed negative results following clinical trials. Their further development was discontinued except albuterol, which is still broadly prescribed off-label. However, through these negative studies, researchers have gained substantial experience in the areas of clinical trial design and development and validation of specific outcome measures [50, 78].


      




      

        Nusinersen: The First Approved Splicing-Modify Therapy for SMA




        In 2006, researchers discovered that an intronic splicing silencer N1 (ISS-N1) sequence in intron 7 of SMN2 is involved in the skipping of exon 7 during mRNA splicing and produces an SMN2 transcript lacking exon 7 (SMN∆7) [79]. Subsequent studies found that inhibition of ISS-N1 motifs through antisense oligonucleotides (ASOs) could enhance the inclusion of exon 7 during SMN2 transcription and rescued the severe phenotype ina s SMA animal model [80-83].




        Among different types of ASOs, nusinersen (or SpinrazaTM or ISIS-SMNRx), a 2'-O-methoxyethyl phosphorothioate-modified ASO, was found to be able to inhibit ISS-N1 most efficiently and produced functional SMN. In 2011, the phase 1 trial demonstrated the safety and efficacy of nusinersen through direct administration into the cerebrospinal fluid (CSF) space of the spinal cord in twenty-eight patients with types 2 and 3 SMA [84]. These trials were followed by phase 2 [85], and a further phase 3, multicenter, double-blind, placebo-controlled trial (ENDEAR) [63]. The ENDEAR trial demonstrated that nusinersen treatment resulted in a significantly more type 1 SMA infants achieving higher motor milestones and surviving without ventilatory support, compared with those in the control group. Excitingly, nusinersen became the first disease-modifying treatment to be approved by the FDA in December of 2016, and by the European Medicines Agency in June 2017. Subsequently, a phase 3 sham-controlled study on children with later-onset type 2 SMA also showed significant improvement in their motor functions [86].




        To date, more than 8,000 patients with SMA have undergone therapy with nusinersen worldwide [29]. However, in addition to a $750,000 high price tag for the first year of treatment, questions about its long-term efficacy and other limitations remained. First, there is a limited therapeutic window when treatments to increase SMN levels are most effective [87]. In the ENDEAR, as mentioned above trial, the motor function was unfortunately not wholly restored in all treated type 1 SMA infants. The most significant improvements were found in those who started treatment early within 13 weeks of symptom onset [63]. This finding prompted the attempt to correlate the timing of treatment and its efficacy. This is being investigated in an ongoing phase 2 study of 25 presymptomatic, genetically-confirmed SMA infants (NURTURE Study; NCT02386553). The preliminary results from interim analysis at a median age of 2.9 years showed a hundred percent survival with unsupported sitting, and 88% of independent walking [88]. These findings highlight the importance of a therapeutic window for an SMN-augmented treatment. Unfortunately, SMA newborn screening program has not yet extensively performed worldwide or even nationwide [89, 90]. On the other hand, patients with later-onset type 2 SMA showed significant motor improvement after treatment [86]. It is not clear if any therapeutic effect can be seen when this SMN2-targeted ASO therapy is given at the severe stage of the disease when there are very few MNs left within the spinal cord [91]. The temporal requirements for SMN protein in other non-neuronal tissues are even less understood [92].




        Second limitation is the route of administration. Because nusinersen cannot penetrate the blood-brain barrier (BBB) to reach the MNs, there is no practical alternative to periodic intrathecal administration. The risks of performing lumbar puncture in SMA patients include exacerbating respiratory distress during the procedure and headache associated with CSF leakage after the procedure. Moreover, repetitive intrathecal injections can present challenges in some chronic SMA patients with significant scoliosis or those who have had spinal fusions [92]. Use of computed-tomography guidance, videofluorangiography, ultrasound-guided, and novel techniques like subcutaneous intrathecal catheters are options to consider in such cases, but potential complications of these procedures have not been well studied [93, 94].




        The third consideration is that SMN protein may be needed in peripheral tissues in addition to the spinal cord MNs. Emerging evidence suggested that SMN plays a vital role in peripheral tissues [95, 96]. Hua et al. reported a marked improvement in motor function and survival after systemic delivery of ASO l in the Taiwanese SMA mice. They found increased SMN protein in several peripheral tissues, especially in the liver [97]. They further demonstrated that peripheral SMN restoration compensates for its deficiency in the CNS and preserves MNs [98]. These findings suggest an essential role of peripheral tissues in SMA pathogenesis. The study of the impact of low SMN levels on other organ systems such as cardiovascular, gastrointestinal, or immune systems may reveal an unsuspected vulnerability in these organs [92]. To date, the safety of the systemic ASO delivery in humans is still under evaluation.


      






      

        Gene Therapy for SMA: SMN1 Gene Replacement




        Another way to augment SMN production in the MNs can be achieved by directly transferring the SMN1 gene into the cell. Theoretically, gene transfer therapy requires a vector, a transgene, and a promoter. Both lentivirus and adeno-associated viral (AAV) vectors have been used to deliver the SMN1 gene to the SMN-defected MNs. However, lack of specific affinity to neuronal cell and inability to pass BBB render the lentivirus less suitable for use as an SMN1 gene delivering vector [99, 100]. The immunogenic reaction by the recipient host was another concern. The self-complementary adeno-associated virus 9 (scAAV9) obtained the ability to cross the BBB and infected approximately 60% of MNs when injected intravenously into neonatal mice [101-103]. The additional advantages of lower immunogenicity and large packaging capacity render scAAV9 to be an ideal vector [104, 105]. The packed genome is designed with a hybrid cytomegalovirus enhancer-chicken beta-actin promoter- to drive high, sustained human SMN1 expression. This novelty was achieved by increasing the initiation of transgene translation, avoiding the rate-limiting step of cell-mediated second-strand synthesis typically required by recombinant AAV, and promoting rapid and efficient transduction [106]. The efficacy of SMN1 replacement therapy was subsequently proved by an in vivo study using an SMN∆7 murine model. The study showed that postnatal intravenous gene therapy using the SMN1 packaged viral vector rescued their motor function and extended survival from 2 weeks to beyond 250 days [101].




        Excitingly, a phase 1/2a trial of Zolgensma (also known as AVXS-101 and onasemnogene abeparvovec) studying 15 patients with type 1 SMA, receiving either a low dose (6.7×1013 vg/Kg) or high dose (2×1014 vg/Kg) of transferred SMN1 gene, showed that all patients were alive at least 20 months of age [62]. Similar to patients who received nusinersen therapy, the long-term follow-up study also showed that infants with early gene therapy achieved motor milestones much faster than those who received the therapy late [107]. Zolgensma was approved by the FDA on May 24, 2019, for treating SMA patients younger than 2-year-old.




        The promising results of this phase 1/2a trial of Zolgensma are currently further evaluated in open-label, single-arm phase 3 trials on type 1 SMA infants (<6 months old) with 1 or 2 SMN2 copies (STR1VE; NCT03306277 in the US and NCT03461289 in EU). The preliminary data continue to demonstrate promising results [108, 109]. Another phase 3 global trial (SPR1NT; NCT03505099) evaluating drug efficacy in presymptomatic infants with SMA (≤ 6 weeks old) is currently ongoing and still enrolling patients [102]. However, the FDA has recently placed a partial hold on the intrathecal administration of Zolgensma (STRONG, NCT03381729) in older SMA patients (≥ 2 years and < 5 years) based on safety concerns from a small pre-clinical animal study [110].




        Because of different study designs, it is hard to compare the efficacies between these FDA-approved ASO-based and gene-based SMA therapies. However, the mean age of the patients was slightly lower in the Zolgensma trial than in the nusinersen trial (3.4 months vs. 5.4 months). There are several advantages of scAAV9-based gene therapy potentially superior to ASO SMN-augmentation therapy [111]. First, scAAV9 gene therapy has a sustainable effect and may only require a single dose of intravenous infusion, whereas nusinersen may require lifelong intrathecal treatment. Second, given that SMN protein is ubiquitously expressed, systemic delivery of the AAV-vector packaged SMN1 gene through the intravenous route has the advantage of increasing SMN expression in other organ systems in the body [29].




        Nevertheless, there are still several concerns to be addressed, as recent studies showed AAV9-SMN gene therapy administered through the intravenous route in large animals have suboptimal outcomes [112, 113]. One of the notable concerns of AAV9-based gene therapy is the ubiquitous expression of SMN, leading to the nonspecific sequestration of essential RNAs and proteins through RNA-protein and protein-protein interactions. Furthermore, poor body-wide delivery of viral particles was observed. The potential immune response to the viral vector by the treated hosts remains a concern for gene replacement therapy [114].
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