

[image: image1]
History of development of the life-saving drug “Nusinersen” in spinal muscular atrophy












	
	Review
published: 12 August 2022
doi: 10.3389/fncel.2022.942976





[image: image2]

History of development of the life-saving drug “Nusinersen” in spinal muscular atrophy

Jiaying Qiu1,2, Liucheng Wu3, Ruobing Qu4, Tao Jiang5, Jialin Bai6, Lei Sheng7, Pengchao Feng8 and Junjie Sun1*


1Key Laboratory of Neuroregeneration of Jiangsu and Ministry of Education, Co-Innovation Center of Neuroregeneration, NMPA Key Laboratory for Research and Evaluation of Tissue Engineering Technology Products, Jiangsu Clinical Medicine Center of Tissue Engineering and Nerve Injury Repair, Nantong University, Nantong, China

2Department of Prenatal Screening and Diagnosis Center, Affiliated Maternity and Child Health Care Hospital of Nantong University, Nantong, China

3Laboratory Animal Center, Nantong University, Nantong, China

4Biomedical Polymers Laboratory, College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou, China

5Institute of Neuroscience, Soochow University, Suzhou, China

6College of Life Sciences, Nanjing Normal University, Nanjing, China

7Department of Orthopedics, The Second Affiliated Hospital of Soochow University, Suzhou, China

8Nanjing Antisense Biopharmaceutical Co., Ltd, Nanjing, China

Edited by:
Melissa Bowerman, Keele University, United Kingdom

Reviewed by:
Ravindra N. Singh, Iowa State University, United States
Maria Dimitriadi, University of Hertfordshire, United Kingdom

* Correspondence: Junjie Sun, jjsun@ntu.edu.cn

Specialty section: This article was submitted to Cellular Neuropathology, a section of the journal Frontiers in Cellular Neuroscience

Received: 13 May 2022
 Accepted: 20 July 2022
 Published: 12 August 2022

Citation: Qiu J, Wu L, Qu R, Jiang T, Bai J, Sheng L, Feng P and Sun J (2022) History of development of the life-saving drug “Nusinersen” in spinal muscular atrophy. Front. Cell. Neurosci. 16:942976. doi: 10.3389/fncel.2022.942976



Spinal muscular atrophy (SMA) is an autosomal recessive disorder with an incidence of 1/6,000–1/10,000 and is the leading fatal disease among infants. Previously, there was no effective treatment for SMA. The first effective drug, nusinersen, was approved by the US FDA in December 2016, providing hope to SMA patients worldwide. The drug was introduced in the European Union in 2017 and China in 2019 and has so far saved the lives of several patients in most parts of the world. Nusinersen are fixed sequence antisense oligonucleotides with special chemical modifications. The development of nusinersen progressed through major scientific discoveries in medicine, genetics, biology, and other disciplines, wherein several scientists have made substantial contributions. In this article, we will briefly describe the pathogenesis and therapeutic strategies of SMA, summarize the timeline of important scientific findings during the development of nusinersen in a detailed, scientific, and objective manner, and finally discuss the implications of the development of nusinersen for SMA research.
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INTRODUCTION

Spinal muscular atrophy (SMA) is an inherited neurodegenerative disease that is characterized by the progressive atrophy of the muscles innervated by the degenerated alpha motor neurons in the anterior horn of the spinal cord (Crawford and Pardo, 1996). According to recent estimates, there are about 20,000–30,000 thousand SMA patients in China, with an annual increase of 2,000 cases (Zhao S. et al., 2021). Clinically, SMA can be classified into four subtypes, I to IV, based on the time of onset and severity. Type I is the most severe, in which the patient cannot sit, develops SMA within 6 months after birth, and will die of respiratory failure before 2 years of age without medication; Type II is intermediate, with onset between 6 and 18 months of age, in which the patient can sit but cannot walk independently and shows severe complications; Type III is the mild type with a late-onset, in which the patient can walk independently; Type IV, also known as the adult-type, develops in adulthood without life-threatening complications (Farrar et al., 2013). Unfortunately, according to epidemiological surveys, type I patients account for the majority of SMA cases (Verhaart et al., 2017).

SMA has claimed the lives of countless infants and even the surviving patients need life care, which puts enormous mental pressure and financial burden on the patient’s family. The advent of Spinraza (nusinersen) represents an effective treatment approach, and it became the first drug to be approved for SMA by the U.S. Food and Drug Administration (FDA). Subsequently, two more drugs, Zolgensma® (onasemnogene abeparvovec-xioi) and EvrysdiTM (risdiplam) were approved by the FDA in 2019 and 2020, respectively, and multiple R&D pipelines are in the clinical stage, providing further encouragement in the search of a complete cure for SMA (Chong et al., 2021). Nusinersen is the first widely used SMA drug and is known for its excellent efficacy. Moreover, the contributions of scientists and academics to the success of nusinersen should be well known to the general public. This article will first introduce the pathogenesis and strategies for the treatment of SMA, then highlight the key scientific findings during the development of nusinersen, and finally discuss the direction of future research on the treatment of SMA.



PATHOGENESIS OF SMA

The causative gene for SMA is localized on the q13 region of chromosome 5. SMA is caused by the mutation or deletion of the survival of motor neuron gene 1 (SMN1), which results in the inability to encode the survival motor neuron (SMN) protein (Lefebvre et al., 1995). SMN is a widely distributed housekeeping protein that plays a role in the assembly of the U-rich small nuclear ribonucleoprotein (U snRNP) and assists in the transport of axonal mRNAs. A recent review has comprehensively summarized the functions of SMN protein (Wirth, 2021). The 5q13 is a nearly symmetrical region that is formed by the inversion duplication of a large segment, and SMN1 is located on one side of the telomere (Figure 1). At the centriole side of this region, there lies a parallel homolog of SMN1, survival of motor neuron gene 2 (SMN2), which encodes only a small amount of the functional SMN protein that is not enough to compensate for the reduction of SMN caused by the deletion of SMN1 (Lorson et al., 1999; Monani et al., 1999).
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FIGURE 1. Pathogenesis of SMA. The two causative genes of SMA are located in the q13 region of human chromosome 5, which is an inverted replication region, with SMN2 being located near the centromere and SMN1 being located on the telomeric side (upper part of the figure). The two boxes below represent the splicing process and protein products of the SMN1 and SMN2 genes, respectively. The dominant nucleotide (cytosine deoxyribonucleotide of SMN1 or thymine deoxyribonucleotide of SMN2) is marked in the figure, and the “stop” indicates the position of the stop codon. SMA develops because the SMN1 gene is completely inactivated and some full-length SMN protein expressed by SMN2 is insufficient to perform the relevant functions.



SMN1 and SMN2 are highly similar, with only 16 base differences being reported (Butchbach, 2021). The main difference is the sixth base of exon 7; SMN1 has C, while SMN2 has T. Although this single-base difference does not affect the coding of amino acids, it affects the splicing of exon 7. As a result, most of the SMN1 gene products are full-length mRNAs containing exon 7, while the SMN2 gene products are mRNAs with skipped exon 7 (Δ7). The stop codon of the Δ7 mRNA is displaced, and the resulting SMN is a truncated protein that is nonfunctional and highly unstable (Figure 1). Therefore, increasing the inclusion level of exon 7 of SMN2 is one of the strategies for the treatment of SMA.

The severity of SMA depends on the dose of SMN protein. Generally, patients with mild SMA carry more copies of SMN2 than patients with severe SMA, because a higher SMN2 copy number means higher levels of SMN protein (McAndrew et al., 1997). In addition, other rules, such as point mutations, can affect the severity of SMA patients by altering the inclusion of exon 7. Multiple cis-acting splicing regulatory elements are present on the precursor mRNA of SMN2, which are exonic splice silencer (ESS), exonic splicing enhancer (ESE), intronic splicing silencer (ISS), and intronic splicing enhancer (ISE), regulating the inclusion of exon 7 by binding to trans-acting factors (Singh and Singh, 2018). SMA patients carrying the c.859G>C (p.Gly287Arg) mutation had a milder phenotype. The program ESEfinder version 3.0 predicted that the mutation created an SF2/ASF-dependent ESE (Cartegni et al., 2003; Prior et al., 2009). Subsequent experiments confirmed that this site disrupted the original hnRNP-dependent ESS, which resulted in the increased inclusion of the SMN2 exon 7 (Vezain et al., 2010). Wu et al. (2017) reported a novel protective locus for SMA patients, the A-G transition at the –44 position on SMN2 intron 6, which disrupted the original HuR-dependent ISS and increased the inclusion of exon 7 of SMN2. Moreover, altered expression of some genetic modifiers, such as plastin 3 (PLS3) and neurocalcin delta (NCALD), also possibly improves the clinical phenotype of SMA patients (Oprea et al., 2008; Riessland et al., 2017).



TREATMENT STRATEGIES FOR SMA

Historically, there has been a variety of treatment options for SMA, although only a few of them can be used to treat patients. Nonetheless, they are feasible and have the potential to be developed into novel drugs in the future. In the order of “Gene-RNA-Protein-Cell-Tissue,” we summarize the ideas for the development of drugs against SMA. Several excellent reviews have described some of these strategies in detail (Bowerman et al., 2017; Menduti et al., 2020; Messina and Sframeli, 2020; Chaytow et al., 2021; Iftikhar et al., 2021).


(1)   Gene-Targeted Therapy: This therapy involves the delivery of complete SMN-encoding genes into cells for expression, thereby achieving the massive production of SMN protein. This protocol successfully delivered the SMN1 gene to motor neurons in various animal models using self-complementary adeno-associated virus 9 (scAAV9) and achieved a dramatic increase in the lifespan of SMA mouse models (Foust et al., 2010; Dominguez et al., 2011). Using this strategy, the drug abeparvovec-xioi, developed by Novartis’ AveXis, was approved in the US in 2019 and entered the EU in 2020 (Mendell et al., 2021). Another solution is to increase the expression of the SMN2 at the transcriptional level, such as using the histone deacetylase inhibitor SAHA, which has achieved the increased expression of the SMN protein in animals (Riessland et al., 2010). However, this approach has not yet been successful in clinical trials.

(2)   Splicing modulation therapy: This therapeutic strategy aims to increase the functional SMN protein by increasing the inclusion level of SMN2 exon 7. There are two approved drugs on the market, the first of which is nusinersen and the more recent one is risdiplam. The active ingredient of nusinersen is an antisense oligonucleotide (ASO), consisting of 18 2’-O-methoxyethyl-modified (MOE) nucleotides with phosphorothioate backbone chimerically (Figure 2). Nusinersen forms Watson-Crick base pairing with the nucleotides 10–27 of intron 7 of the SMN2, creating a spatial occupancy effect that prevents the binding of the splicing repressor hnRNP A1/2, thereby increasing the inclusion of exon 7 (Hua et al., 2008; Figure 2). Nusinersen binding can also unwind an occurring RNA secondary structure, which contributes to the recognition of splice sites by U1 snRNP and increases exon 7 inclusion (Singh et al., 2011, 2013, Singh et al., 2015). Risdiplam was screened against a library of millions of compounds and is an orally administered small molecule. It enhances the spliceosome recognition of exon 7 by stabilizing the ribonucleoprotein complex (RNP; Naryshkin et al., 2014; Palacino et al., 2015; Sivaramakrishnan et al., 2017). Ratni et al. (2018) have thoroughly described the chemical composition and mechanism of action of risdiplam, which will not be discussed here.

(3)   Protein stabilization therapy: Cellular proteins are in a dynamic balance of synthesis and degradation. This strategy maintains the protein level of SMN by inhibiting protein degradation or inducing the read-through of stop codons. The representative drugs of this therapy are indoprofen and aminoglycosides. Some small-molecule compounds have similar functions and can greatly increase the SMN protein expression in cells, although they only slightly increase the lifespan of SMA animals (Lunn et al., 2004; Wolstencroft et al., 2005; Cherry et al., 2013).

(4)   Cell replacement: This strategy aims to replenish normal neurons and restore the innervation of muscles. One option is to induce embryonic stem cells or induced pluripotent stem cells (iPSCs) into neurons or neural stem cells in vitro for cell transplantation (Corti et al., 2008). Another option is to induce the fibroblasts from SMA patients into iPSCs, and after genetic correction in vitro, to induce the iPSCs into motor neurons for autologous transplantation (Corti et al., 2012). This strategy applies to almost all neurological injury diseases, but the existing technology has not developed enough for SMA treatment.

(5)   Neuroprotective therapy: This strategy aims to nourish and protect neurons. The representative drug for this therapy is riluzole. Riluzole can promote neuronal survival and axonal growth by limiting glutamate toxicity and enhancing the expression of neurotrophic factors and has been approved for the treatment of another neurodegenerative disease called amyotrophic lateral sclerosis (ALS; Katoh-Semba et al., 2002; Calabrese et al., 2021). However, riluzole insignificantly improved the median survival in SMA mice and had no protective effect on the proximal axonal loss (Haddad et al., 2003). Although a clinical trial with a small cohort showed that riluzole may benefit children with SMA, no follow-up trial results have been published (Russman et al., 2003; Chaytow et al., 2021). Overall, this is an untargeted therapeutic strategy that cannot improve SMN protein levels from the source and treat the disease.
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FIGURE 2. Mechanism of action of nusinersen. The presence of an ISS (called ISS-N1) near the 5’SS at the SMN2 intron 7, combined with a repressor (hnRNP A1/2), inhibits the inclusion of exon 7, which results in the majority of splice products being SMNΔ7. Nusinersen is an antisense oligonucleotide that base-pairs with ISS-N1 to prevent the repressor binding, thereby promoting the inclusion of exon 7. The lower part of the diagram presents the chemical structure formula of ASO, where the hydroxyl group on the second carbon is replaced by MOE and an oxygen atom on the phosphate group is replaced by a sulfur atom compared to deoxyribonucleotide.





HISTORY OF NUSINERSEN DEVELOPMENT

Nusinersen essentially targets the SMN2. Therefore, we trace the history of its development back to the discovery of the causative gene of SMA. From 1995, when the gene encoding SMN was identified, until the approval of nusinersen by the FDA in 2016, the process of research and development has spanned for over 20 years. According to the historical facts of several major discoveries and the development rule of scientific research, we divide the process of development of nusinersen into four periods, namely, gene period, splicing regulation period, animal treatment period, and clinical treatment period (Figure 3). This chapter describes the important research results during each of these four periods.
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FIGURE 3. Timeline of nusinersen development. The four periods are chronologically labeled in yellow, purple, orange, and blue. The dates of publication, journals, first author and main finding of several landmark efforts are presented. PNAS, Proceedings of the National Academy of Sciences of the United States of America, MCB, Molecular and Cellular Biology; AJHG, American Journal of Human Genetics.




Gene period

In the 1990s, limited by molecular cloning and DNA sequencing technology, the scientific community only knew that SMA patients carried large-scale deletions in the 5q13 region of chromosome 5 and could not determine the specific causative gene. In 1995, the French scientist Suzie Lefebvre and colleagues reported that the 5q13 region was an inverted replication segment and the region near the telomere contained a gene called survival motor neuron (SMN), which encoded a new 294 amino acid-containing protein that determined SMA (Lefebvre et al., 1995). This study provided a clear research target for this lethal disease and marked the formal entry of SMA treatment into the gene period. Subsequently, the team continued to publish articles confirming the deficiency of SMN protein in SMA patients, as well as their localization in a novel nuclear structure and interaction with RNA-binding proteins (Lefebvre et al., 1997). During this time, the structure of the SMN protein and some of its now-known biological functions were elucidated (Lorson et al., 1998; Pellizzoni et al., 1998).

By 1998, scientists had determined that two genes could encode SMN protein, namely SMN1 and SMN2, and investigated the differences in sequence and splicing (in articles during this period, the names of these two genes are not uniform; SMNC and SMNtel refer to SMN1, while SMNT and SMNcen refer to SMN2). However, the reason for the differences in splicing patterns of the two was unclear, and no scientist considered the SMN2 gene as a therapeutic target for SMA. Elliot J. Androphy and his postdoc Christian L. Lorson at the Tufts University’s School of Medicine were the first to propose that the products encoded by the SMN1 and SMN2 were not functionally identical. The SMN encoded by SMN1 had a structural domain that was required for the aggregation of SMN itself (subsequent studies have revealed that the structural domain is the YG box, the site where SMN binds to Gemin2 and is required for the formation of spliceosomes), whereas the SMN encoded by SMN2 could not undergo self-aggregation (Lorson et al., 1998). In a subsequent collaboration with Brunhilde Wirth, they systematically evaluated several differential bases in the SMN1 and SMN2, and observed that the splicing difference in SMN1/2 was determined by the C-to-T transition of the sixth nucleotide on exon 7. From this they deduced a clear mechanism for SMA pathogenesis, namely, that SMN2 cannot fully compensate for the reduction of SMN protein caused by SMN1 disruption due to the C-T transition, which leads to SMA. More importantly, they highlighted that prevention of the skipping of exon 7 could be one of the strategies for the treatment of SMA (Lorson et al., 1999). This study was the first to suggest that the activation of the SMN2 gene had potential therapeutic application against SMA, which provided the molecular basis for subsequent drug development. Since then, the research entered the period “splicing regulation of SMN2”. Another article also suggested that the C-to-T substitution could affect the splicing pattern of the two genes, resulting in truncation of the protein product of SMN2 (Monani et al., 1999). This article was published soon after Lorson’s research, with both Androphy and Lorson as the co-authors.

During that period, multiple mouse models of SMA were generated based on the elucidated pathogenesis. Li Hung lab knocked out Smn1 in mice and knocked in two and four copies of hSMN2, to successfully construct severe (Smn1−/−, SMN22TG/0) and mild (Smn1−/−, SMN22TG/2TG) SMA mouse models. The severe SMA mice had a lifespan of approximately 10 days, showed motor deficits, and had pathological changes like those of type I SMA patients. Mice with mild SMA had a normal lifespan and motility but showed necrosis of distal tissue and were used to mimic adult SMA patients (Hsieh-Li et al., 2000). These mice were called “Taiwanese mice” and were widely used. Almost simultaneously, Burghes’ lab reported another SMA mouse model carrying two copies of hSMN2 (Smn1−/−, SMN2TG/TG) with a lifespan of about 5 days (Monani et al., 2000). The Burghes’ team subsequently inserted the SMNΔ7 coding sequence into severe Taiwanese mice and constructed a “Δ7 SMA model” with a genetic background of (Smn1−/−, SMN22TG/0, SMNΔ7TG/TG), which survived for about 2 weeks. These mouse models provided the basis for in vivo pharmacokinetic studies of late-stage SMA drugs (Le et al., 2005).



Splicing regulatory period

The main issue faced during this period was how to correct the inclusion of SMN2 exon 7 and use this strategy to treat SMA. From small molecule compounds to ASOs, scientists have made various attempts to do this. Although most of the studies were terminated, they still accumulated valuable experience for subsequent drug development. In fact, any major discovery is a step forward from its predecessors, which was also obvious in the case of nusinersen.

In 2001, Li Hung’s lab discovered the small molecule sodium butyrate that could promote the inclusion of SMN2 exon 7 and reported the improvement of clinical symptoms and prolongation of lifespan in SMA mice (Chang et al., 2001). Several laboratories have screened many small molecule compounds. Among them, Jianhua Zhou in collaboration with Elliott Androphy designed a minigene labeled with GFP or luciferase to convert the inclusion/skipped of exon 7 into reporter signals by controlling the open reading frame (Zhang et al., 2001). This was the earliest SMN2 splicing-dependent high-throughput drug screening system, and effective small molecule compounds were successfully screened. This idea of high-throughput screening using reporters was an important guide in the development of the SMN2 splicing regulator (including nusinersen and then risdiplam). However, the early small molecule drugs were unsuccessful in clinical trials.

Another important strategy in the same period was the use of antisense oligonucleotide technology to correct the splicing of SMN2. Lim and Hertel used ASO to bind the 3’-splice site (SS) of intron 7 to regulate SMN2 splicing in favor of exon 7 inclusion, based on the principle that ASO inhibited the recognition of the 3’SS of intron 7 and competitively enhanced the recognition of the 3’SS of intron 6 (Lim and Hertel, 2001). Kazunori Imaizumi’s lab reported the presence of an ISS called element 1 in the intron 6 of SMN2, and that ASO bound to element 1 increased the inclusion of exon 7 by a small amount (Miyajima et al., 2002; Miyaso et al., 2003). Adrian R. Krainer’s lab at the Cold Spring Harbor Laboratory (CSHL) designed small chimeric effectors [also known as peptide nucleic acids (PNAs)], a strategy that coupled nucleic acids and peptides to enhance the targeting of SMN2 through a complementary ASO and enhance the regulation of splicing through a minimized splicing-activation domain of the SR protein, achieving efficient inclusion of exon 7 of the SMN2 gene in cells (Cartegni and Krainer, 2003). The laboratory of Francesco Muntoni at the Imperial College of London employed a bifunctional ASO that consisted of an antisense portion complementary to the target exon and a tail that recruited splicing activators, which enhanced the inclusion of SMN2 exon 7. Bifunctional ASO significantly increased the levels of SMN protein and numbers of Gem vesicles in cells of SMA patients (Skordis et al., 2003). However, most of these ASOs had no animal test results reported, bifunctional ASO only extended the lifespan of SMA mice by one day (Baughan et al., 2009).

A study led by Ravindra N. Singh of the University of Massachusetts Medical School was crucial to the development of nusinersen. The team identified an ISS, called the ISS-N1, at the 5’ end of intron 7 of SMN2, which strongly inhibited the inclusion of exon 7, and designed an ASO for this position that could correct the splicing of SMN2 exon 7 (Singh et al., 2006). In that study, the binding position of the ASO was 7–25 of intron 7, which was different to the position 10–27 of nusinersen, and the chemical modification used was 2’-O-methyl (OME), which is also different to nusinersen’s MOE. Subsequent studies demonstrated that the OME-modified ASO only slightly increased the level of full-length SMN protein in the Δ7 SMA model (Williams et al., 2009). However, this ASO was ineffective in correcting SMN2 splicing in the mild Taiwanese SMA model and caused an inflammatory response (Hua et al., 2010).

The early exploration of these ASOs failed to yield the expected results due to: (1) the lack of systematic studies to determine the optimal ASO binding site; (2) the lack of clarity as to which chemical modifications were most readily druggable.

In 2004, Dr. Yimin Hua joined the AR Krainer Laboratory of CSHL. He used the walking method (set multiple short ASOs, overlapping between adjacent ASOs) to screen ASOs of different lengths in a large-scale and systematic manner, covering the entire region from intron 6 to exon 8 of SMN2, and collaborated with ISIS Pharmaceuticals in California (renamed IONIS in 2015) to analyze the efficacy of various ASO chemical modifications. After screening, they finally reported that ASO 10–27 (i.e., nusinersen) as well as its extended version had the strongest antisense activity after the monomer was modified with a methoxyethyl group at the 2-position of the glycosyl group, and could correct the splicing defect of SMN2 at lower concentrations (Hua et al., 2007, 2008; Figure 2). ASO 10–27 targeted the above-mentioned ISS-N1. Dr. Hua and Prof. Krianer further elucidated the mechanism of action of ASO 10–27, describing that there were two binding sites for the splicing inhibitor hnRNP A1/2 at this position and that ASO prevented the binding of hnRNP A1/2 through a space-occupying effect (Figure 2; Hua et al., 2008). This article marked the official establishment of the main component ASO 10–27 of nusinersen, and SMA entered the preclinical development period.



Animal treatment period

During this phase of the development of nusinersen, the theme essentially shifted from “discovery” to “verification”. Testing the efficacy and toxicity of ASO 10–27 in mammalian and primate models was vital in determining whether the drug could be taken further into clinical trials. In 2009, Dr. Hua used the mild SMA models of Taiwanese mice to construct a severe SMA model that was more suitable for drug screening (50% SMA mice per litter, with an average lifespan of 10 days) and developed a monoclonal antibody that could specifically recognize human SMN protein which laid the foundation for animal experiments (Hua et al., 2010, 2011). ISIS has accumulated several research foundations in the biodistribution, pharmacokinetics, and toxicology of ASO. They observed that MOE-modified ASO could be distributed throughout the body with the blood circulation and was well absorbed in peripheral tissues such as the liver, which also confirmed the biological safety of ASO (Butler et al., 2000; Geary et al., 2001, 2003).

Yimin Hua et al. initially tested ASO 10–27 in healthy adult hSMN2 transgenic mice by tail vein injection. Significant increases in the inclusion of SMN2 exon 7 were observed in peripheral tissues such as the liver and kidney but not the central nervous system (CNS) due to the blood-brain barrier (BBB; Hua et al., 2008). This research provided initial evidence that MOE-modified ASO 10–27 could effectively correct the splicing of SMN2 in animal tissues, although it required intracerebroventricular (ICV) or intrathecal (IT) injection to deliver ASO to the CNS. They subsequently tested the efficacy of AS0 10–27 in the CNS in mild Taiwanese SMA mice. Upon injection into the ICV, ASO 10–27 nearly reversed the splicing of SMN2 in the brain and spinal cord and significantly alleviated pathological features such as tail docking and distal tissue necrosis (Hua et al., 2010). Importantly, the effect of ASO persisted for over 6 months after a 1-week ICV infusion at a dose of 50 μg/day (Hua et al., 2010; Rigo et al., 2014). In severe Taiwanese SMA mice and Δ7 SMA mice, ICV injection of ASO 10–27 only less than doubled the lifespan of the mice, although it substantially increased the expression of SMN and numbers of motor neurons in the spinal cord (Hua et al., 2011; Passini et al., 2011). However, merely improving the phenotype but not significantly rescuing the lifespan in SMA mice was not enough to push ASO 10–27 into clinical trials. Hua and colleagues explored the effect of different methods of administration on the therapeutic potential of ASO 10–27. Two subcutaneous (SC) ASO injections at 1 and 3 days postnatally increased the median lifespan of severe SMA mice from 10 to 250 days, while almost completely restoring the capacity of diseased mice to exercise (Hua et al., 2011). In neonatal mice, the BBB is not fully developed, and SC injection results in the systemic delivery of ASO. This study not only demonstrated the exciting therapeutic effect of ASO 10–27 but also suggested that the rescue of SMN expression in peripheral tissues was necessary for the treatment of SMA, opening a new avenue in academic research. Non-human primates lack SMN2 and cannot be tested for target engagement of ASO by splicing tests or protein expression. High doses of ASO 10–27 (1–7 mg) were injected into the CNS of adult or juvenile cynomolgus monkeys by intrathecal injection. It was observed that ASO was distributed in all regions of the spinal cord without causing death or other adverse effects (Passini et al., 2011). These data demonstrate that ASO 10–27 already possesses essential qualities for a drug to treat SMA, establishing the basis for the entry of nusinersen into clinical trials. In 2012, Frank Rigo and Frank Bennett of ISIS and A.R. Krainer and Hua Yimin of CSHL jointly issued a article summarizing their research on ASO 10–27 between 2004 and 2012 (Rigo et al., 2012).



Clinical treatment period

ASO 10–27 was renamed ISIS-SMNRx. Three long-term clinical trials were initiated in 2011 and were conducted in multiple hospitals, with support from ISIS Pharmaceuticals Inc. and Biogen. The results of the trials were published in 2016 and 2017, respectively.

Based on a detailed comparison of ICV bolus and IT bolus in rodents and primates, a single dose of the latter was selected for clinical trials. In the phase-1 clinical trial, the primary study was on the half-life and safety of nusinersen in 28 medically stable patients aged 2–14 years with type 2 and type 3 SMA. The participants received a single dose of 1–9 mg nusinersen as an IT injection. Nusinersen showed similar results as the preclinical trials: good tolerance, wide distribution throughout the cerebrospinal, and a half-life of >6 months (Chiriboga et al., 2016). The phase-II clinical trial used multiple doses to test the tolerability, pharmacokinetics, and clinical efficacy of higher doses (6 mg and 12 mg) of nusinersen in 20 patients with infantile SMA. The results indicated that although the higher doses resulted in multiple adverse events, they still achieved significant improvements in developmental milestones, muscle function, and motor test scores. Importantly, the autopsy results in this clinical trial revealed that nusinersen was not only widely distributed throughout the spinal cord and brain but also increased the inclusion of SMN2 exon 7 and SMN protein levels, which is the first direct pharmacological evidence of ASO in the human CNS (Finkel et al., 2016). The Phase-III clinical trial used a randomized, double-blind, sham-controlled approach to evaluate the safety and clinical efficacy of nusinersen in a larger number of younger patients with SMA. Consistent with the first two trials, the treated children were more likely to survive and have improved motor function compared to the control group. The unique finding was that nusinersen yielded a better curative effect when administered in younger children (Finkel et al., 2017).

Nusinersen has a broader spectrum of patients. The dosing regimen of nusinersen is a 12 mg dose equivalent given as four intrathecal injections for the first 2 months, followed by refills every 4 months (Keinath et al., 2021). Infants with both type I or type II SMA showed significant improvement in exercise capacity after drug treatment that persisted for 2 years (Pane et al., 2018, 2019; Aragon-Gawinska et al., 2020). A potential concern is that a lumbar puncture could lead to complications such as hydrocephalus (Ramdas and Servais, 2020). Notably, pre-symptomatic treatment is far more effective than symptomatic (Gidaro and Servais, 2019; Servais et al., 2021). Therefore, enhanced newborn screening as well as genetic diagnosis is essential for SMA treatment at this stage. The cost of three courses of nusinersen treatment is about $2 million, which is prohibitive for many SMA patients. Fortunately, more and more countries are including it in their health insurance, which will greatly increase the beneficiary group of increased nusinersen.




DISCUSSION

The advent of any drug is not achieved overnight; it is a gradual breakthrough based on several previous studies. Not only for nusinersen, the multitude of findings or ideas described above also contributed to the development of abeparvovec-xioi and risdiplam. Although the availability of the drugs is a big step towards curing SMA, there are still several issues that need further investigation. Moreover, emerging approaches may introduce novel strategies for the treatment of SMA. These issues have been discussed in more detail below.


How does depletion of SMN lead to the degeneration of motor neurons?

The downstream molecules of SMN have long been a mystery. Identifying the molecular mechanisms downstream of SMN and intervening in combination with nusinersen may help improve nusinersen efficacy and even pioneer new SMA treatment strategies. It is now understood that the most important function of SMN is to participate in the assembly of U snRNP, which is an important component of the spliceosome. Therefore, theoretically, the depletion of SMN will cause a large number of splicing abnormalities, as has been demonstrated by studies on animal models and in samples from SMA patients (Zhang et al., 2013; Huo et al., 2014; Ng et al., 2015). Several studies have highlighted the effect of SMN on the minor spliceosome, with some U12-dependent introns being abnormally spliced in SMA patient cells and animal models (Boulisfane et al., 2011; Lotti et al., 2012; Doktor et al., 2017). Follow-up studies have confirmed that virus-mediated delivery of minor snRNA genes moderately ameliorated the disease in SMA mice by reversing defects in the splicing of U12 (Osman et al., 2020). However, no downstream molecules of SMN causing the degeneration of motor neurons due to U2- or U12-splicing errors have been identified so far.

Another hypothesis supports that SMN does not have a single clear target and that the degeneration of motor neurons is the ultimate effect caused by the accumulation of numerous adverse events. Increasing evidence confirms that the reduction of SMN leads to the intracellular production of R-loop, a DNA-RNA hybrid formed when the pre-mRNAs formed by gene transcription are difficult to be separated from the template (Kim and Wang, 2021). Jangi et al. (2017) reported a substantial increase in the retention of U12-type introns, which are substrates of R-loops, in the spinal cord of SMA mice. Zhao et al. (2016) demonstrated that SMN recruits the helicase senataxin to RNA polymerase II by interacting with it, helping resolve R-loops in the transcription termination region. Kannan et al. (2018) reported that chronic low levels of SMN can cause senataxin deficiency, resulting in increased R-loops and DNA double-stranded breaks (DSBs), whereas the restoration of SMN expression improved senataxin expression and DSB accumulation in the neurons of SMA mice and SMA patient cells. A recent study reported that the overexpression of zinc finger protein ZPR1 increased the levels of senataxin, reduced the accumulation of R-loop, and rescued motor neurons in SMA mice as well as DNA damage in patient cells (Kannan et al., 2020). The explanation for the R-loop is that the low basal level of SMN leads to a reduction in the number of spliceosomes, slowing or stalling the process of splicing. Also, a large number of transcripts cannot be separated from the template to form an R-loop, which causes the accumulation of the p53 pathway and DNA damage response in SMA cells. Moreover, the depletion of SMN has been demonstrated to affect intracellular translation. The study by Fabio Lauria et al. reported that the loss of SMN leads to the depletion of ribosomes and affects the translation of some proteins, such as acetylcholinesterase, leading to motor neuron lesions (Lauria et al., 2020).

The team from Columbia University has proposed that excessive accumulation of the apoptosis-related protein P53 is among the causes of motor neuron death. In the SMNΔ7 mouse model, they observed that the phosphorylation of serine 18 of p53 selectively labeled the degenerated motor neurons and was required for the death of motor neurons, and that P53 phosphorylation was due to Stasimon deficiency to activate p38 mitogen-activated protein kinase (MAPK; Simon et al., 2017, 2019). They confirmed that deficiency of SMN caused the aberrant splicing of Mdm2 and Mdm4, and exon-skipping of Mdm2 and Mdm4 was necessary to trigger strong p53 activation (Van Alstyne et al., 2018). In a follow-up study, they used three phenotypically distinct SMA mouse models and again confirmed that SMN-dependent missplicing of Mdm2 and Mdm4, causing p53 nuclear accumulation, is a conserved pathological mechanism, while the inhibition of p53 prevents motor neuron death in severe and moderate SMA mouse models (Buettner et al., 2021). However, Mdm2/4-targeted therapy has unfortunately shown limited improvement in increasing the lifespan of SMA mice (Simon et al., 2017). Hence, Mdm2 and Mdm4 cannot be used as downstream targets for SMN yet.

It is puzzling why the deficiency of SMN causes the degeneration of motor neurons rather than interneurons or other neurons. The spinal cord is a tissue with extensive heterogeneity and there are complex interactions between glial cells and neurons, which are related to SMA (Abati et al., 2020). Assessing the sensitivity of SMN to different cell types at the cellular level is necessary, although no relevant findings have been presented due to technical limitations. Single-cell RNA sequencing (scRNA-seq) has emerged recently to analyze the transcriptional and alternative splicing changes in single cells and is extremely well suited to address cellular heterogeneity. This technology has led to revolutionary advances in cellular taxonomy and has uncovered new disease-specific cell types in several neurodegenerative diseases (Zhou et al., 2020; Sun et al., 2021). However, scRNA-seq is yet to progress in SMA, although it may lead to discoveries about the downstream molecules of SMN or degeneration of SMN-specific motor neurons in the future.



How does the peripheral tissue affect motor neuron lesions?

Yimin Hua et al initially reported that SC injection (systemic administration) of ASO 10–27 was more effective than ICV injection (CNS administration) in extending the life span of SMA mice (Hua et al., 2011). This study led scientists to consider the importance of peripheral tissue lesions in SMA patients and mouse models. In a follow-up study, they designed an experiment, which once again confirmed that SMA was not a cell-autonomous defect of motor neurons. They systemically administered ASO 10–27 and simultaneously injected a decoy with complete base-pairing with ASO into the CNS to block the former, which restricted ASO 10–27 to only peripheral tissues, which still resulted in the extension of life span and restoration of motility in SMA mice (Hua et al., 2015). This article suggested that the supplementation of SMN protein in the CNS alone is necessary but not sufficient to treat SMA. In other words, peripheral tissues also contribute to the pathogenesis of SMA. To date, numerous studies have focused on the peripheral tissue lesions of SMA in patients and animal models (Yeo and Darras, 2020). Pathological changes and molecular mechanisms in most tissues such as peripheral nerves (Hunter et al., 2014), heart (Sheng et al., 2018), liver (Szunyogova et al., 2016; Wan et al., 2018), thymus (Deguise et al., 2017), blood vessels (Somers et al., 2016), gastrointestinal tract (Sintusek et al., 2016; Wan et al., 2018), and muscle (Kim et al., 2020) have been reported. Sheng et al. (2018) reported that functional defects in the heart of severe Taiwanese SMA mice are cell-autonomous defects that are caused by Birc5-mediated cell cycle arrest and apoptosis. Several peripheral tissue lesions occur early in the development, even before motor neuron lesions, suggesting that they are a cause rather than a consequence of SMA. Recent studies have demonstrated that SMN are required throughout the lifespan of SMA mice, with peripheral tissues such as muscles being more demanding than motor neurons (Zhao X. et al., 2021). Although most studies have been conducted on mice and the reproducibility of their findings needs verification in patients, it is undeniable that these studies have expanded the scope of SMA from just a neurological disease to systemic disease. However, two questions remain unanswered. The first is how the low basal levels of SMN cause peripheral tissue lesions, like that discussed in section 5–1; a derived question is whether SMN has a unique downstream molecule or mechanism in neurons and peripheral tissue. The second question is how peripheral tissue affects the degeneration of motor neurons. A convincing hypothesis is that at least one of the peripheral tissues secretes neurotoxic substances due to the deficiency of SMN, resulting in the degeneration of motor neurons. Therefore, multi-tissue, multi-organ, and systemic studies are needed.

There is increasing evidence that the microbial community regulates neurological functions through the microbiota-brain-gut axis and this interaction is involved in the pathogenesis of several neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer’s disease (AD), ALS, Multiple sclerosis (MS), and Huntington’s disease (HD; Quigley, 2017; Chandra et al., 2020). Wan et al. (2018) reported the disruption of the barrier function in the intestine of mice with severe SMA, along with a marked increase in the number of microbial communities in several peripheral tissues, such as the heart, liver, lung, spleen, and kidney. They have not identified the bacterial species and do not know if they affect the CNS. However, the microbiota-brain-gut axis remains one of the possible mechanisms through which peripheral tissues affect the CNS in the pathogenesis of SMA, although relevant studies are required.



Potential of CRISPR technology in the treatment of SMA

The widespread application of the clustered regularly interspaced short palindromic repeats (CRISPR) technology, known for its powerful gene-editing capabilities, has yielded new strategies for the treatment of SMA. Different from several SMA treatment strategies described above, CRISPR acts as an “editor” rather than a “regulator”, with the T6C transition of the SMN2 gene and several ISS and ESS being the editable targets. The mechanism of CRISPR and its applications have been described previously (Zhang, 2021). Zhou et al. (2018) successfully converted the SMN2 gene to SMN1 in the iPSCs of SMA patients using CRISPR/Cpf1 and a segment of single-stranded oligodeoxynucleotide, which facilitated the rescue of iPSCs-derived motor neurons. Using a CRISPR/Cas9 system with an adenine base editor, Wanjin Chen’s team at Fujian Medical University achieved the base replacement of two ESS sites on SMN2 exon 7 in an SMA mouse model and successfully extended the lifespan of SMA mice (Lin et al., 2020). Another study by Chen’s team used the CRISPR/Cas9 system to delete the ISS element in the intron 7 of SMN2, and achieved correction of SMN2 splicing and increased SMN protein in SMA patient cells. Importantly, the injection of their CRISPR/Cas9 system into zygotes increased the median lifespan of SMA mice by ~40-fold (10d vs. 400d; Li et al., 2019).

There are several major obstacles in the treatment of SMA through the editing of the SMN2 gene using CRISPR technology. One is the low effectiveness of editing (<10%). Second, such gene editing is heritable and has ethical issues. Third, CRISPR technology has off-target effects and may also cause genomic instability, making it difficult to ensure its safety in vivo (Papathanasiou et al., 2021). Zhang Feng’s lab developed an RNA-editing system, CRISPR/Cas13, which could achieve RNA base-switching in mammalian cells (Abudayyeh et al., 2017; Cox et al., 2017). They subsequently optimized this technique to make it more conducive to viral packaging and in vivo delivery, making it more suitable for clinical treatment (Kannan et al., 2022). The CRISPR/Cas13 system can avoid ethical issues arising from DNA editing and is not only suitable for the treatment of SMA but also other genetic diseases.




CONCLUSION AND OUTLOOK

The advent of nusinersen has saved several SMA patients and represents a breakthrough towards completely overcoming SMA. Its success is the result of the joint efforts of several scientists and doctors. The scientific discoveries and research ideas in the process of development of nusinersen have guided the development of other drugs. Despite the availability of drugs, there are still several fundamental scientific questions about SMA, which require detailed investigation. Continued investigations of such questions may uncover new therapeutic targets and lead to novel drugs. Moreover, the advancement of technology has introduced novel strategies for SMA treatment.



AUTHOR CONTRIBUTIONS

JQ, LW, RQ, and JS came up with ideas and participated in discussions. JQ, LW, RQ, TJ, JB, LS, PF, and JS prepared the manuscript. JQ and JS provided project administration and edited the revised manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Funding support from National Science Foundation of China (No: 32000841) and Innovation and Entrepreneurship Program of Jiangsu Province (No: JSSCBS20211113) to JS, Innovation and Entrepreneurship Program of Jiangsu Province (No: JSSCBS20211605) to JQ.



REFERENCES

Abati, E., Citterio, G., Bresolin, N., Comi, G. P., and Corti, S. (2020). Glial cells involvement in spinal muscular atrophy: could SMA be a neuroinflammatory disease? Neurobiol. Dis. 140:104870. doi: 10.1016/j.nbd.2020.104870

Abudayyeh, O. O., Gootenberg, J. S., Essletzbichler, P., Han, S., Joung, J., Belanto, J. J., et al. (2017). RNA targeting with CRISPR-Cas13. Nature 550, 280–284. doi: 10.1038/nature24049

Aragon-Gawinska, K., Daron, A., Ulinici, A., Vanden Brande, L., Seferian, A., Gidaro, T., et al. (2020). Sitting in patients with spinal muscular atrophy type 1 treated with nusinersen. Dev. Med. Child Neurol. 62, 310–314. doi: 10.1111/dmcn.14412

Baughan, T. D., Dickson, A., Osman, E. Y., and Lorson, C. L. (2009). Delivery of bifunctional RNAs that target an intronic repressor and increase SMN levels in an animal model of spinal muscular atrophy. Hum. Mol. Genet. 18, 1600–1611. doi: 10.1093/hmg/ddp076

Boulisfane, N., Choleza, M., Rage, F., Neel, H., Soret, J., Bordonne, R., et al. (2011). Impaired minor tri-snRNP assembly generates differential splicing defects of U12-type introns in lymphoblasts derived from a type I SMA patient. Hum. Mol. Genet. 20, 641–648. doi: 10.1093/hmg/ddq508

Bowerman, M., Becker, C. G., Yanez-Munoz, R. J., Ning, K., Wood, M. J. A., Gillingwater, T. H., et al. (2017). Therapeutic strategies for spinal muscular atrophy: SMN and beyond. Dis. Model. Mech. 10, 943–954. doi: 10.1242/dmm.030148

Buettner, J. M., Sime Longang, J. K., Gerstner, F., Apel, K. S., Blanco-Redondo, B., Sowoidnich, L., et al. (2021). Central synaptopathy is the most conserved feature of motor circuit pathology across spinal muscular atrophy mouse models. iScience 24:103376. doi: 10.1016/j.isci.2021.103376

Butchbach, M. E. R. (2021). Genomic variability in the survival motor neuron genes (SMN1 and SMN2): implications for spinal muscular atrophy phenotype and therapeutics development. Int. J. Mol. Sci. 22:7896. doi: 10.3390/ijms22157896


Butler, M., Crooke, R. M., Graham, M. J., Lemonidis, K. M., Lougheed, M., Murray, S. F., et al. (2000). Phosphorothioate oligodeoxynucleotides distribute similarly in class a scavenger receptor knockout and wild-type mice. J. Pharmacol. Exp. Ther. 292, 489–496.


Calabrese, E. J., Calabrese, V., and Giordano, J. (2021). Demonstrated hormetic mechanisms putatively subserve riluzole-induced effects in neuroprotection against amyotrophic lateral sclerosis (ALS): implications for research and clinical practice. Ageing Res. Rev. 67:101273. doi: 10.1016/j.arr.2021.101273

Cartegni, L., and Krainer, A. R. (2003). Correction of disease-associated exon skipping by synthetic exon-specific activators. Nat. Struct. Biol. 10, 120–125. doi: 10.1038/nsb887

Cartegni, L., Wang, J., Zhu, Z., Zhang, M. Q., and Krainer, A. R. (2003). ESEfinder: a web resource to identify exonic splicing enhancers. Nucleic. Acids Res. 31, 3568–3571. doi: 10.1093/nar/gkg616

Chandra, S., Alam, M. T., Dey, J., Sasidharan, B. C. P., Ray, U., Srivastava, A. K., et al. (2020). Healthy gut, healthy brain: the gut microbiome in neurodegenerative disorders. Curr. Top. Med. Chem. 20, 1142–1153. doi: 10.2174/1568026620666200413091101

Chang, J. G., Hsieh-Li, H. M., Jong, Y. J., Wang, N. M., Tsai, C. H., Li, H., et al. (2001). Treatment of spinal muscular atrophy by sodium butyrate. Proc. Natl. Acad. Sci. U S A 98, 9808–9813. doi: 10.1073/pnas.171105098

Chaytow, H., Faller, K. M. E., Huang, Y. T., and Gillingwater, T. H. (2021). Spinal muscular atrophy: from approved therapies to future therapeutic targets for personalized medicine. Cell Rep. Med. 2:100346. doi: 10.1016/j.xcrm.2021.100346

Cherry, J. J., Osman, E. Y., Evans, M. C., Choi, S., Xing, X., Cuny, G. D., et al. (2013). Enhancement of SMN protein levels in a mouse model of spinal muscular atrophy using novel drug-like compounds. EMBO Mol. Med. 5, 1103–1118. doi: 10.1002/emmm.201202305

Chiriboga, C. A., Swoboda, K. J., Darras, B. T., Iannaccone, S. T., Montes, J., De Vivo, D. C., et al. (2016). Results from a phase 1 study of nusinersen (ISIS-SMN(Rx)) in children with spinal muscular atrophy. Neurology 86, 890–897. doi: 10.1212/WNL.0000000000002445

Chong, L. C., Gandhi, G., Lee, J. M., Yeo, W. W. Y., and Choi, S. B. (2021). Drug discovery of spinal muscular atrophy (SMA) from the computational perspective: a comprehensive review. Int. J. Mol. Sci. 22:8962. doi: 10.3390/ijms22168962

Corti, S., Nizzardo, M., Nardini, M., Donadoni, C., Salani, S., Ronchi, D., et al. (2008). Neural stem cell transplantation can ameliorate the phenotype of a mouse model of spinal muscular atrophy. J. Clin. Invest. 118, 3316–3330. doi: 10.1172/JCI35432

Corti, S., Nizzardo, M., Simone, C., Falcone, M., Nardini, M., Ronchi, D., et al. (2012). Genetic correction of human induced pluripotent stem cells from patients with spinal muscular atrophy. Sci. Transl. Med. 4:165ra162. doi: 10.1126/scitranslmed.3004108

Cox, D. B. T., Gootenberg, J. S., Abudayyeh, O. O., Franklin, B., Kellner, M. J., Joung, J., et al. (2017). RNA editing with CRISPR-Cas13. Science 358, 1019–1027. doi: 10.1126/science.aaq0180

Crawford, T. O., and Pardo, C. A. (1996). The neurobiology of childhood spinal muscular atrophy. Neurobiol. Dis. 3, 97–110. doi: 10.1006/nbdi.1996.0010

Deguise, M. O., De Repentigny, Y., McFall, E., Auclair, N., Sad, S., Kothary, R., et al. (2017). Immune dysregulation may contribute to disease pathogenesis in spinal muscular atrophy mice. Hum. Mol. Genet. 26, 801–819. doi: 10.1093/hmg/ddw434

Doktor, T. K., Hua, Y., Andersen, H. S., Broner, S., Liu, Y. H., Wieckowska, A., et al. (2017). RNA-sequencing of a mouse-model of spinal muscular atrophy reveals tissue-wide changes in splicing of U12-dependent introns. Nucleic. Acids Res. 45, 395–416. doi: 10.1093/nar/gkw731

Dominguez, E., Marais, T., Chatauret, N., Benkhelifa-Ziyyat, S., Duque, S., Ravassard, P., et al. (2011). Intravenous scAAV9 delivery of a codon-optimized SMN1 sequence rescues SMA mice. Hum. Mol. Genet. 20, 681–693. doi: 10.1093/hmg/ddq514

Farrar, M. A., Vucic, S., Johnston, H. M., du Sart, D., and Kiernan, M. C. (2013). Pathophysiological insights derived by natural history and motor function of spinal muscular atrophy. J. Pediatr. 162, 155–159. doi: 10.1016/j.jpeds.2012.05.067

Finkel, R. S., Chiriboga, C. A., Vajsar, J., Day, J. W., Montes, J., De Vivo, D. C., et al. (2016). Treatment of infantile-onset spinal muscular atrophy with nusinersen: a phase 2, open-label, dose-escalation study. Lancet 388, 3017–3026. doi: 10.1016/S0140-6736(16)31408-8

Finkel, R. S., Mercuri, E., Darras, B. T., Connolly, A. M., Kuntz, N. L., Kirschner, J., et al. (2017). Nusinersen versus sham control in infantile-onset spinal muscular atrophy. N. Engl. J. Med. 377, 1723–1732. doi: 10.1056/NEJMoa1702752

Foust, K. D., Wang, X., McGovern, V. L., Braun, L., Bevan, A. K., Haidet, A. M., et al. (2010). Rescue of the spinal muscular atrophy phenotype in a mouse model by early postnatal delivery of SMN. Nat. Biotechnol. 28, 271–274. doi: 10.1038/nbt.1610


Geary, R. S., Yu, R. Z., and Levin, A. A. (2001). Pharmacokinetics of phosphorothioate antisense oligodeoxynucleotides. Curr. Opin. Investig. Drugs 2, 562–573.


Geary, R. S., Yu, R. Z., Watanabe, T., Henry, S. P., Hardee, G. E., Chappell, A., et al. (2003). Pharmacokinetics of a tumor necrosis factor-alpha phosphorothioate 2’-O-(2-methoxyethyl) modified antisense oligonucleotide: comparison across species. Drug Metab. Dispos. 31, 1419–1428. doi: 10.1124/dmd.31.11.1419

Gidaro, T., and Servais, L. (2019). Nusinersen treatment of spinal muscular atrophy: current knowledge and existing gaps. Dev. Med. Child. Neurol. 61, 19–24. doi: 10.1111/dmcn.14027

Haddad, H., Cifuentes-Diaz, C., Miroglio, A., Roblot, N., Joshi, V., Melki, J., et al. (2003). Riluzole attenuates spinal muscular atrophy disease progression in a mouse model. Muscle Nerve 28, 432–437. doi: 10.1002/mus.10455

Hsieh-Li, H. M., Chang, J. G., Jong, Y. J., Wu, M. H., Wang, N. M., Tsai, C. H., et al. (2000). A mouse model for spinal muscular atrophy. Nat. Genet. 24, 66–70. doi: 10.1038/71709

Hua, Y., Liu, Y. H., Sahashi, K., Rigo, F., Bennett, C. F., Krainer, A. R., et al. (2015). Motor neuron cell-nonautonomous rescue of spinal muscular atrophy phenotypes in mild and severe transgenic mouse models. Genes. Dev. 29, 288–297. doi: 10.1101/gad.256644.114

Hua, Y., Sahashi, K., Hung, G., Rigo, F., Passini, M. A., Bennett, C. F., et al. (2010). Antisense correction of SMN2 splicing in the CNS rescues necrosis in a type III SMA mouse model. Genes. Dev. 24, 1634–1644. doi: 10.1101/gad.1941310

Hua, Y., Sahashi, K., Rigo, F., Hung, G., Horev, G., Bennett, C. F., et al. (2011). Peripheral SMN restoration is essential for long-term rescue of a severe spinal muscular atrophy mouse model. Nature 478, 123–126. doi: 10.1038/nature10485

Hua, Y., Vickers, T. A., Baker, B. F., Bennett, C. F., and Krainer, A. R. (2007). Enhancement of SMN2 exon 7 inclusion by antisense oligonucleotides targeting the exon. PLoS Biol. 5:e73. doi: 10.1371/journal.pbio.0050073

Hua, Y., Vickers, T. A., Okunola, H. L., Bennett, C. F., and Krainer, A. R. (2008). Antisense masking of an hnRNP A1/A2 intronic splicing silencer corrects SMN2 splicing in transgenic mice. Am. J. Hum. Genet. 82, 834–848. doi: 10.1016/j.ajhg.2008.01.014

Hunter, G., Aghamaleky Sarvestany, A., Roche, S. L., Symes, R. C., and Gillingwater, T. H. (2014). SMN-dependent intrinsic defects in Schwann cells in mouse models of spinal muscular atrophy. Hum. Mol. Genet. 23, 2235–2250. doi: 10.1093/hmg/ddt612

Huo, Q., Kayikci, M., Odermatt, P., Meyer, K., Michels, O., Saxena, S., et al. (2014). Splicing changes in SMA mouse motoneurons and SMN-depleted neuroblastoma cells: evidence for involvement of splicing regulatory proteins. RNA Biol. 11, 1430–1446. doi: 10.1080/15476286.2014.996494

Iftikhar, M., Frey, J., Shohan, M. J., Malek, S., and Mousa, S. A. (2021). Current and emerging therapies for Duchenne muscular dystrophy and spinal muscular atrophy. Pharmacol. Ther. 220:107719. doi: 10.1016/j.pharmthera.2020.107719

Jangi, M., Fleet, C., Cullen, P., Gupta, S. V., Mekhoubad, S., Chiao, E., et al. (2017). SMN deficiency in severe models of spinal muscular atrophy causes widespread intron retention and DNA damage. Proc. Natl. Acad. Sci. U S A 114, E2347–E2356. doi: 10.1073/pnas.1613181114

Kannan, A., Bhatia, K., Branzei, D., and Gangwani, L. (2018). Combined deficiency of Senataxin and DNA-PKcs causes DNA damage accumulation and neurodegeneration in spinal muscular atrophy. Nucleic. Acids Res. 46, 8326–8346. doi: 10.1093/nar/gky641

Kannan, A., Jiang, X., He, L., Ahmad, S., and Gangwani, L. (2020). ZPR1 prevents R-loop accumulation, upregulates SMN2 expression and rescues spinal muscular atrophy. Brain 143, 69–93. doi: 10.1093/brain/awz373

Kannan, S., Altae-Tran, H., Jin, X., Madigan, V. J., Oshiro, R., Makarova, K. S., et al. (2022). Compact RNA editors with small Cas13 proteins. Nat. Biotechnol. 40, 194–197. doi: 10.1038/s41587-021-01030-2

Katoh-Semba, R., Asano, T., Ueda, H., Morishita, R., Takeuchi, I. K., Inaguma, Y., et al. (2002). Riluzole enhances expression of brain-derived neurotrophic factor with consequent proliferation of granule precursor cells in the rat hippocampus. FASEB J. 16, 1328–1330. doi: 10.1096/fj.02-0143fje

Keinath, M. C., Prior, D. E., and Prior, T. W. (2021). Spinal Muscular Atrophy: Mutations, Testing and Clinical Relevance. Appl. Clin. Genet. 14, 11–25. doi: 10.2147/TACG.S239603

Kim, A., and Wang, G. G. (2021). R-loop and its functions at the regulatory interfaces between transcription and (epi)genome. Biochim. Biophys. Acta Gene Regul. Mech. 1864:194750. doi: 10.1016/j.bbagrm.2021.194750

Kim, J. K., Jha, N. N., Feng, Z., Faleiro, M. R., Chiriboga, C. A., Wei-Lapierre, L., et al. (2020). Muscle-specific SMN reduction reveals motor neuron-independent disease in spinal muscular atrophy models. J. Clin. Invest. 130, 1271–1287. doi: 10.1172/JCI131989

Lauria, F., Bernabo, P., Tebaldi, T., Groen, E. J. N., Perenthaler, E., Maniscalco, F., et al. (2020). SMN-primed ribosomes modulate the translation of transcripts related to spinal muscular atrophy. Nat. Cell Biol. 22, 1239–1251. doi: 10.1038/s41556-020-00577-7

Le, T. T., Pham, L. T., Butchbach, M. E., Zhang, H. L., Monani, U. R., Coovert, D. D., et al. (2005). SMNDelta7, the major product of the centromeric survival motor neuron (SMN2) gene, extends survival in mice with spinal muscular atrophy and associates with full-length SMN. Hum. Mol. Genet. 14, 845–857. doi: 10.1093/hmg/ddi078

Lefebvre, S., Burglen, L., Reboullet, S., Clermont, O., Burlet, P., Viollet, L., et al. (1995). Identification and characterization of a spinal muscular atrophy-determining gene. Cell 80, 155–165. doi: 10.1016/0092-8674(95)90460-3

Lefebvre, S., Burlet, P., Liu, Q., Bertrandy, S., Clermont, O., Munnich, A., et al. (1997). Correlation between severity and SMN protein level in spinal muscular atrophy. Nat. Genet. 16, 265–269. doi: 10.1038/ng0797-265

Li, J. J., Lin, X., Tang, C., Lu, Y. Q., Hu, X., Zuo, E., et al. (2019). Disruption of splicing-regulatory elements using CRISPR/Cas9 to rescue spinal muscular atrophy in human iPSCs and mice. Natl. Sci. Rev. 7, 92–101. doi: 10.1093/nsr/nwz131

Lim, S. R., and Hertel, K. J. (2001). Modulation of survival motor neuron pre-mRNA splicing by inhibition of alternative 3’ splice site pairing. J. Biol. Chem. 276, 45476–45483. doi: 10.1074/jbc.M107632200

Lin, X., Chen, H., Lu, Y. Q., Hong, S., Hu, X., Gao, Y., et al. (2020). Base editing-mediated splicing correction therapy for spinal muscular atrophy. Cell Res. 30, 548–550. doi: 10.1038/s41422-020-0304-y

Lorson, C. L., Hahnen, E., Androphy, E. J., and Wirth, B. (1999). A single nucleotide in the SMN gene regulates splicing and is responsible for spinal muscular atrophy. Proc. Natl. Acad. Sci. U S A 96, 6307–6311. doi: 10.1073/pnas.96.11.6307

Lorson, C. L., Strasswimmer, J., Yao, J. M., Baleja, J. D., Hahnen, E., Wirth, B., et al. (1998). SMN oligomerization defect correlates with spinal muscular atrophy severity. Nat. Genet. 19, 63–66. doi: 10.1038/ng0598-63

Lotti, F., Imlach, W. L., Saieva, L., Beck, E. S., Hao le, T., Li, D. K., et al. (2012). An SMN-dependent U12 splicing event essential for motor circuit function. Cell 151, 440–454. doi: 10.1016/j.cell.2012.09.012

Lunn, M. R., Root, D. E., Martino, A. M., Flaherty, S. P., Kelley, B. P., Coovert, D. D., et al. (2004). Indoprofen upregulates the survival motor neuron protein through a cyclooxygenase-independent mechanism. Chem. Biol. 11, 1489–1493. doi: 10.1016/j.chembiol.2004.08.024

McAndrew, P. E., Parsons, D. W., Simard, L. R., Rochette, C., Ray, P. N., Mendell, J. R., et al. (1997). Identification of proximal spinal muscular atrophy carriers and patients by analysis of SMNT and SMNC gene copy number. Am. J. Hum. Genet. 60, 1411–1422. doi: 10.1086/515465

Mendell, J. R., Al-Zaidy, S. A., Rodino-Klapac, L. R., Goodspeed, K., Gray, S. J., Kay, C. N., et al. (2021). Current clinical applications of in vivo gene therapy with AAVs. Mol. Ther. 29, 464–488. doi: 10.1016/j.ymthe.2020.12.007

Menduti, G., Rasa, D. M., Stanga, S., and Boido, M. (2020). Drug screening and drug repositioning as promising therapeutic approaches for spinal muscular atrophy treatment. Front. Pharmacol. 11:592234. doi: 10.3389/fphar.2020.592234

Messina, S., and Sframeli, M. (2020). New treatments in spinal muscular atrophy: positive results and new challenges. J. Clin. Med. 9:2222. doi: 10.3390/jcm9072222

Miyajima, H., Miyaso, H., Okumura, M., Kurisu, J., and Imaizumi, K. (2002). Identification of a cis-acting element for the regulation of SMN exon 7 splicing. J. Biol. Chem. 277, 23271–23277. doi: 10.1074/jbc.M200851200

Miyaso, H., Okumura, M., Kondo, S., Higashide, S., Miyajima, H., Imaizumi, K., et al. (2003). An intronic splicing enhancer element in survival motor neuron (SMN) pre-mRNA. J. Biol. Chem. 278, 15825–15831. doi: 10.1074/jbc.M209271200

Monani, U. R., Lorson, C. L., Parsons, D. W., Prior, T. W., Androphy, E. J., Burghes, A. H., et al. (1999). A single nucleotide difference that alters splicing patterns distinguishes the SMA gene SMN1 from the copy gene SMN2. Hum. Mol. Genet. 8, 1177–1183. doi: 10.1093/hmg/8.7.1177

Monani, U. R., Sendtner, M., Coovert, D. D., Parsons, D. W., Andreassi, C., Le, T. T., et al. (2000). The human centromeric survival motor neuron gene (SMN2) rescues embryonic lethality in Smn(−/−) mice and results in a mouse with spinal muscular atrophy. Hum. Mol. Genet. 9, 333–339. doi: 10.1093/hmg/9.3.333

Naryshkin, N. A., Weetall, M., Dakka, A., Narasimhan, J., Zhao, X., Feng, Z., et al. (2014). Motor neuron disease. SMN2 splicing modifiers improve motor function and longevity in mice with spinal muscular atrophy. Science 345, 688–693. doi: 10.1126/science.1250127

Ng, S. Y., Soh, B. S., Rodriguez-Muela, N., Hendrickson, D. G., Price, F., Rinn, J. L., et al. (2015). Genome-wide RNA-Seq of human motor neurons implicates selective ER stress activation in spinal muscular atrophy. Cell Stem Cell 17, 569–584. doi: 10.1016/j.stem.2015.08.003

Oprea, G. E., Krober, S., McWhorter, M. L., Rossoll, W., Muller, S., Krawczak, M., et al. (2008). Plastin 3 is a protective modifier of autosomal recessive spinal muscular atrophy. Science 320, 524–527. doi: 10.1126/science.1155085

Osman, E. Y., Van Alstyne, M., Yen, P. F., Lotti, F., Feng, Z., Ling, K. K., et al. (2020). Minor snRNA gene delivery improves the loss of proprioceptive synapses on SMA motor neurons. JCI Insight 5:e130574. doi: 10.1172/jci.insight.130574

Palacino, J., Swalley, S. E., Song, C., Cheung, A. K., Shu, L., Zhang, X., et al. (2015). SMN2 splice modulators enhance U1-pre-mRNA association and rescue SMA mice. Nat. Chem. Biol. 11, 511–517. doi: 10.1038/nchembio.1837

Pane, M., Coratti, G., Sansone, V. A., Messina, S., Bruno, C., Catteruccia, M., et al. (2019). Nusinersen in type 1 spinal muscular atrophy: Twelve-month real-world data. Ann. Neurol. 86, 443–451. doi: 10.1002/ana.25533

Pane, M., Palermo, C., Messina, S., Sansone, V. A., Bruno, C., Catteruccia, M., et al. (2018). Nusinersen in type 1 SMA infants, children and young adults: preliminary results on motor function. Neuromuscul. Disord. 28, 582–585. doi: 10.1016/j.nmd.2018.05.010

Papathanasiou, S., Markoulaki, S., Blaine, L. J., Leibowitz, M. L., Zhang, C. Z., Jaenisch, R., et al. (2021). Whole chromosome loss and genomic instability in mouse embryos after CRISPR-Cas9 genome editing. Nat. Commun. 12:5855. doi: 10.1038/s41467-021-26097-y

Passini, M. A., Bu, J., Richards, A. M., Kinnecom, C., Sardi, S. P., Stanek, L. M., et al. (2011). Antisense oligonucleotides delivered to the mouse CNS ameliorate symptoms of severe spinal muscular atrophy. Sci. Transl. Med. 3:72ra18. doi: 10.1126/scitranslmed.3001777

Pellizzoni, L., Kataoka, N., Charroux, B., and Dreyfuss, G. (1998). A novel function for SMN, the spinal muscular atrophy disease gene product, in pre-mRNA splicing. Cell 95, 615–624. doi: 10.1016/s0092-8674(00)81632-3

Prior, T. W., Krainer, A. R., Hua, Y., Swoboda, K. J., Snyder, P. C., Bridgeman, S. J., et al. (2009). A positive modifier of spinal muscular atrophy in the SMN2 gene. Am. J. Hum. Genet. 85, 408–413. doi: 10.1016/j.ajhg.2009.08.002

Quigley, E. M. M. (2017). Microbiota-brain-gut axis and neurodegenerative diseases. Curr. Neurol. Neurosci. Rep. 17:94. doi: 10.1007/s11910-017-0802-6

Ramdas, S., and Servais, L. (2020). New treatments in spinal muscular atrophy: an overview of currently available data. Expert Opin. Pharmacother. 21, 307–315. doi: 10.1080/14656566.2019.1704732

Ratni, H., Ebeling, M., Baird, J., Bendels, S., Bylund, J., Chen, K. S., et al. (2018). Discovery of risdiplam, a selective survival of motor neuron-2 ( SMN2) gene splicing modifier for the treatment of spinal muscular atrophy (SMA). J. Med. Chem. 61, 6501–6517. doi: 10.1021/acs.jmedchem.8b00741

Riessland, M., Ackermann, B., Forster, A., Jakubik, M., Hauke, J., Garbes, L., et al. (2010). SAHA ameliorates the SMA phenotype in two mouse models for spinal muscular atrophy. Hum. Mol. Genet. 19, 1492–1506. doi: 10.1093/hmg/ddq023

Riessland, M., Kaczmarek, A., Schneider, S., Swoboda, K. J., Lohr, H., Bradler, C., et al. (2017). Neurocalcin delta suppression protects against spinal muscular atrophy in humans and across species by restoring impaired endocytosis. Am. J. Hum. Genet. 100, 297–315. doi: 10.1016/j.ajhg.2017.01.005

Rigo, F., Chun, S. J., Norris, D. A., Hung, G., Lee, S., Matson, J., et al. (2014). Pharmacology of a central nervous system delivered 2’-O-methoxyethyl-modified survival of motor neuron splicing oligonucleotide in mice and nonhuman primates. J. Pharmacol. Exp. Ther. 350, 46–55. doi: 10.1124/jpet.113.212407

Rigo, F., Hua, Y., Krainer, A. R., and Bennett, C. F. (2012). Antisense-based therapy for the treatment of spinal muscular atrophy. J. Cell. Biol. 199, 21–25. doi: 10.1083/jcb.201207087

Russman, B. S., Iannaccone, S. T., and Samaha, F. J. (2003). A phase 1 trial of riluzole in spinal muscular atrophy. Arch. Neurol. 60, 1601–1603. doi: 10.1001/archneur.60.11.1601

Servais, L., Baranello, G., Scoto, M., Daron, A., and Oskoui, M. (2021). Therapeutic interventions for spinal muscular atrophy: preclinical and early clinical development opportunities. Expert Opin. Investig. Drugs 30, 519–527. doi: 10.1080/13543784.2021.1904889

Sheng, L., Wan, B., Feng, P., Sun, J., Rigo, F., Bennett, C. F., et al. (2018). Downregulation of Survivin contributes to cell-cycle arrest during postnatal cardiac development in a severe spinal muscular atrophy mouse model. Hum. Mol. Genet. 27, 486–498. doi: 10.1093/hmg/ddx418

Simon, C. M., Dai, Y., Van Alstyne, M., Koutsioumpa, C., Pagiazitis, J. G., Chalif, J. I., et al. (2017). Converging mechanisms of p53 activation drive motor neuron degeneration in spinal muscular atrophy. Cell Rep. 21, 3767–3780. doi: 10.1016/j.celrep.2017.12.003

Simon, C. M., Van Alstyne, M., Lotti, F., Bianchetti, E., Tisdale, S., Watterson, D. M., et al. (2019). Stasimon contributes to the loss of sensory synapses and motor neuron death in a mouse model of spinal muscular atrophy. Cell Rep. 29, 3885–3901. doi: 10.1016/j.celrep.2019.11.058

Singh, N. K., Singh, N. N., Androphy, E. J., and Singh, R. N. (2006). Splicing of a critical exon of human survival motor neuron is regulated by a unique silencer element located in the last intron. Mol. Cell. Biol. 26, 1333–1346. doi: 10.1128/MCB.26.4.1333-1346.2006

Singh, N. N., Lawler, M. N., Ottesen, E. W., Upreti, D., Kaczynski, J. R., Singh, R. N., et al. (2013). An intronic structure enabled by a long-distance interaction serves as a novel target for splicing correction in spinal muscular atrophy. Nucleic. Acids Res. 41, 8144–8165. doi: 10.1093/nar/gkt609

Singh, N. N., Lee, B. M., DiDonato, C. J., and Singh, R. N. (2015). Mechanistic principles of antisense targets for the treatment of spinal muscular atrophy. Future Med. Chem. 7, 1793–1808. doi: 10.4155/fmc.15.101

Singh, N. N., Seo, J., Ottesen, E. W., Shishimorova, M., Bhattacharya, D., Singh, R. N., et al. (2011). TIA1 prevents skipping of a critical exon associated with spinal muscular atrophy. Mol. Cell. Biol. 31, 935–954. doi: 10.1128/MCB.00945-10

Singh, R. N., and Singh, N. N. (2018). Mechanism of splicing regulation of spinal muscular atrophy genes. Adv. Neurobiol. 20, 31–61. doi: 10.1007/978-3-319-89689-2_2

Sintusek, P., Catapano, F., Angkathunkayul, N., Marrosu, E., Parson, S. H., Morgan, J. E., et al. (2016). Histopathological defects in intestine in severe spinal muscular atrophy mice are improved by systemic antisense oligonucleotide treatment. PLoS One 11:e0155032. doi: 10.1371/journal.pone.0155032

Sivaramakrishnan, M., McCarthy, K. D., Campagne, S., Huber, S., Meier, S., Augustin, A., et al. (2017). Binding to SMN2 pre-mRNA-protein complex elicits specificity for small molecule splicing modifiers. Nat. Commun. 8:1476. doi: 10.1038/s41467-017-01559-4

Skordis, L. A., Dunckley, M. G., Yue, B., Eperon, I. C., and Muntoni, F. (2003). Bifunctional antisense oligonucleotides provide a trans-acting splicing enhancer that stimulates SMN2 gene expression in patient fibroblasts. Proc. Natl. Acad. Sci. U S A 100, 4114–4119. doi: 10.1073/pnas.0633863100

Somers, E., Lees, R. D., Hoban, K., Sleigh, J. N., Zhou, H., Muntoni, F., et al. (2016). Vascular defects and spinal cord hypoxia in spinal muscular atrophy. Ann. Neurol. 79, 217–230. doi: 10.1002/ana.24549

Sun, J., Song, Y., Chen, Z., Qiu, J., Zhu, S., Wu, L., et al. (2021). Heterogeneity and molecular markers for CNS glial cells revealed by single-cell transcriptomics. Cell. Mol. Neurobiol. 10.1007/s10571-021-01159-3. [Online ahead of print].

Szunyogova, E., Zhou, H., Maxwell, G. K., Powis, R. A., Muntoni, F., Gillingwater, T. H., et al. (2016). Survival motor neuron (SMN) protein is required for normal mouse liver development. Sci. Rep. 6:34635. doi: 10.1038/srep34635

Van Alstyne, M., Simon, C. M., Sardi, S. P., Shihabuddin, L. S., Mentis, G. Z., Pellizzoni, L., et al. (2018). Dysregulation of Mdm2 and Mdm4 alternative splicing underlies motor neuron death in spinal muscular atrophy. Genes. Dev. 32, 1045–1059. doi: 10.1101/gad.316059.118

Verhaart, I. E. C., Robertson, A., Wilson, I. J., Aartsma-Rus, A., Cameron, S., Jones, C. C., et al. (2017). Prevalence, incidence and carrier frequency of 5q-linked spinal muscular atrophy - a literature review. Orphanet J. Rare Dis. 12:124. doi: 10.1186/s13023-017-0671-8

Vezain, M., Saugier-Veber, P., Goina, E., Touraine, R., Manel, V., Toutain, A., et al. (2010). A rare SMN2 variant in a previously unrecognized composite splicing regulatory element induces exon 7 inclusion and reduces the clinical severity of spinal muscular atrophy. Hum. Mutat. 31, E1110–E1125. doi: 10.1002/humu.21173

Wan, B., Feng, P., Guan, Z., Sheng, L., Liu, Z., Hua, Y., et al. (2018). A severe mouse model of spinal muscular atrophy develops early systemic inflammation. Hum. Mol. Genet. 27, 4061–4076. doi: 10.1093/hmg/ddy300

Williams, J. H., Schray, R. C., Patterson, C. A., Ayitey, S. O., Tallent, M. K., Lutz, G. J., et al. (2009). Oligonucleotide-mediated survival of motor neuron protein expression in CNS improves phenotype in a mouse model of spinal muscular atrophy. J. Neurosci. 29, 7633–7638. doi: 10.1523/JNEUROSCI.0950-09.2009

Wirth, B. (2021). Spinal muscular atrophy: in the challenge lies a solution. Trends Neurosci. 44, 306–322. doi: 10.1016/j.tins.2020.11.009

Wolstencroft, E. C., Mattis, V., Bajer, A. A., Young, P. J., and Lorson, C. L. (2005). A non-sequence-specific requirement for SMN protein activity: the role of aminoglycosides in inducing elevated SMN protein levels. Hum. Mol. Genet. 14, 1199–1210. doi: 10.1093/hmg/ddi131

Wu, X., Wang, S. H., Sun, J., Krainer, A. R., Hua, Y., Prior, T. W., et al. (2017). A-44G transition in SMN2 intron 6 protects patients with spinal muscular atrophy. Hum. Mol. Genet. 26, 2768–2780. doi: 10.1093/hmg/ddx166

Yeo, C. J. J., and Darras, B. T. (2020). Overturning the paradigm of spinal muscular atrophy as just a motor neuron disease. Pediatr. Neurol. 109, 12–19. doi: 10.1016/j.pediatrneurol.2020.01.003

Zhang, B. (2021). CRISPR/Cas gene therapy. J. Cell. Physiol. 236, 2459–2481. doi: 10.1002/jcp.30064

Zhang, M. L., Lorson, C. L., Androphy, E. J., and Zhou, J. (2001). An in vivo reporter system for measuring increased inclusion of exon 7 in SMN2 mRNA: potential therapy of SMA. Gene. Ther. 8, 1532–1538. doi: 10.1038/sj.gt.3301550

Zhang, Z., Pinto, A. M., Wan, L., Wang, W., Berg, M. G., Oliva, I., et al. (2013). Dysregulation of synaptogenesis genes antecedes motor neuron pathology in spinal muscular atrophy. Proc. Natl. Acad. Sci. U S A 110, 19348–19353. doi: 10.1073/pnas.1319280110

Zhao, D. Y., Gish, G., Braunschweig, U., Li, Y., Ni, Z., Schmitges, F. W., et al. (2016). SMN and symmetric arginine dimethylation of RNA polymerase II C-terminal domain control termination. Nature 529, 48–53. doi: 10.1038/nature16469

Zhao, S., Wang, W., Wang, Y., Han, R., Fan, C., Ni, P., et al. (2021). NGS-based spinal muscular atrophy carrier screening of 10,585 diverse couples in China: a pan-ethnic study. Eur. J. Hum. Genet. 29, 194–204. doi: 10.1038/s41431-020-00714-8

Zhao, X., Feng, Z., Risher, N., Mollin, A., Sheedy, J., Ling, K. K. Y., et al. (2021). SMN protein is required throughout life to prevent spinal muscular atrophy disease progression. Hum. Mol. Genet. 31, 82–96. doi: 10.1093/hmg/ddab220

Zhou, M., Hu, Z., Qiu, L., Zhou, T., Feng, M., Hu, Q., et al. (2018). Seamless genetic conversion of SMN2 to SMN1 via CRISPR/Cpf1 and single-stranded oligodeoxynucleotides in spinal muscular atrophy patient-specific induced pluripotent stem cells. Hum. Gene. Ther. 29, 1252–1263. doi: 10.1089/hum.2017.255

Zhou, Y., Song, W. M., Andhey, P. S., Swain, A., Levy, T., Miller, K. R., et al. (2020). Human and mouse single-nucleus transcriptomics reveal TREM2-dependent and TREM2-independent cellular responses in Alzheimer’s disease. Nat. Med. 26, 131–142. doi: 10.1038/s41591-019-0695-9

Conflict of Interest: PF is employed by Nanjing Antisense Biopharmaceutical Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Qiu, Wu, Qu, Jiang, Bai, Sheng, Feng and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncel-16-942976-g003.gif
1995 Jan Cell Lefebvre et al

1
By Identifying the causative genes of SMA

1999 May PNAS Lorson et al
Correcting SMN2 splicing as a therapeutic strategy for SMA

2005 year
2006 Feb MCB Singh et al
ISS-N1 is a potential location for antisense oligonucleotide binding

2008 Apr  AJHG Hua et al
Determination of the chemical modifications and sequence of nusinersen

2010 year

2011 Oct Nature  Huaetal
Therapeutic effect of nusinersen on SMA mouse model

2015 year

2016 Dec FDA approved






OPS/images/crossmark.jpg





OPS/xhtml/Nav.xhtml


Contents





		Cover



		History of development of the life-saving drug “Nusinersen” in spinal muscular atrophy



		Introduction



		Pathogenesis Of Sma



		Treatment Strategies For Sma



		History Of Nusinersen Development



		Gene Period



		Splicing Regulatory Period



		Animal Treatment Period



		Clinical Treatment Period











		Discussion



		How Does Depletion Of Smn Lead To The Degeneration Of Motor Neurons?



		How Does The Peripheral Tissue Affect Motor Neuron Lesions?



		Potential Of Crispr Technology In The Treatment Of Sma











		Conclusion And Outlook



		Author Contributions



		Funding



		References

















OPS/images/fncel-16-942976-g001.gif
Chr5 (p15.33-35.3)

| 2 B

-]] - . . =

HRAD17 pd4d4c__ NAIPY _ SMN2 _h4F5c

h4F5t__SMNT NAIP padt TFNR

centromeric <—— Inverted duplication telomeric
SMN2 SMN1
pre-mRNA pre-mRNA
GGTTTTCAG GGTTTC CAG
splicing splicing
mRNA ik MRNA
translation translation
=D - Insufficient for =2 -
SMN functions
Truncated protein
, instability U snRNPs mRNA transport
biogenesis in motor neuron axons

Motor neuron degeneration and
neuromuscular junction necrosis






OPS/images/fncel-16-942976-g002.gif
SMN2 -~

SMN2 + Nusinersen

~ 01\

Ve AN 7 N
fmm
e o
LH‘o
o A
&  RNPs
MOE i )
1ss-N1: Intronic splicing silencer s-p-0 MOE: 2’-O-methoxyethyl ribose
:

S: phosphorothioate
mm : Antisense oligonucleotide 211 A: nucleobases






OPS/images/cover.jpg
’ frontiers
1N Cellular Neuroscience

History of development of the
life-saving drug “Nusinersen” in
spinal muscular atrophy









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





