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Abstract

Spinal muscular atrophy (SMA) is a rare autosomal recessive neurodegenerative

neuromuscular disorder caused by the progressive degeneration and loss of spinal anterior

horn motor neurons. The disease is clinically characterized by symmetric proximal

muscle weakness and progressive muscle atrophy affecting the limbs and trunk. In recent

years, the approval of the antisense oligonucleotide nusinersen, the oral small-molecule

splicing modifier risdiplam, and the AAV9-mediated gene replacement therapy

onasemnogene abeparvovec has transformed SMA from a fatal disease with limited

treatment options into a chronic condition that can be managed long term. This review

summarizes the pathogenesis, clinical classification, and diagnostic features of SMAwith

a particular focus on recent advances in pharmacological and gene therapy. It also

discusses the limitations of current therapeutic approaches, including long-term efficacy,

safety, and clinical application, and highlights the future prospects of emerging

therapeutic strategies. Overall, existing treatments have substantially improved survival

and motor function in patients with SMA. Future efforts should focus on expanding
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newborn screening and presymptomatic intervention programs,while promoting

precision medicine, individualized treatment, and multidisciplinary care to further

improve long-term outcomes and quality of life for patients with SMA.

Keywords: Spinal muscular atrophy, survival motor neuron 1, survival motor neuron 2,

gene therapy, pharmacological therapy

INTRODUCTION

Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder characterized by the

progressive degeneration and loss of anterior horn motor neurons in the spinal cord[1]. An

individual develops SMA only when both parents are carriers, resulting in a 25% risk of

inheritance. In China, the carrier frequency of pathogenic SMN1 variants is estimated to

be approximately 1.2%-2.2%[2], corresponding to nearly 30 million carriers nationwide[3].

In recent years, advances in the understanding of survival motor neuron (SMN) protein

function, the compensatory role of survival motor neuron 2 (SMN2)[4], and gene therapy

technologies have led to revolutionary progress in the treatment of SMA. SMN2 splicing-

modifying therapies have substantially delayed disease progression, reduced muscle

atrophy and skeletal deformities, and significantly improved patients' survival and quality

of life. As multiple SMN2 splicing-modifying therapies have become available in clinical

practice[5], each therapeutic strategy exhibits distinct characteristics regarding indications,

long-term efficacy, safety, and route of administration[6]. Consequently, how to develop

precise and individualized treatment strategies based on patient age, clinical phenotype,

and disease stage has become a critical challenge in the clinical management of SMA[7].

This review provides a comprehensive overview of current pharmacological and gene

therapy approaches for SMA, focusing on the characteristics and clinical applications of

different therapeutic strategies. By integrating current evidence, it aims to provide a

reference for precision and individualized therapeutic decision-making in SMA and

discusses the future prospects of emerging treatment strategies.

PATHOGENESIS

SMA is an autosomal recessive motor neuron disease. Approximately 95% of patients

with SMA have 5q SMA, which is caused by biallelic pathogenic variants in the SMN1

gene located on chromosome 5q13[8]. Loss of SMN1 function results in a severe

deficiency of the SMN protein[9], which is essential for the survival and function of motor
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neurons. As a core component of the small nuclear ribonucleoprotein (snRNP) complex,

the SMN protein plays a critical role in the assembly of spliceosomes, thereby ensuring

accurate pre-mRNAsplicing[10,11]. SMN deficiency disrupts the splicing of numerous pre-

mRNAs, ultimately leading to degeneration and loss of anterior horn motor neurons in

the spinal cord[12,13].

Humans possess a highly homologous paralog SMN2, which differs from SMN1 by only

a few nucleotides. A critical nucleotide substitution in SMN2 alters pre-mRNA splicing

by promoting exclusion of exon 7[14], resulting in the production of only approximately

10% full-length functional SMN protein, with the remaining transcripts encoding

unstable truncated proteins[8,15]. Consequently, the SMN2 copy number is inversely

correlated with disease severity, a higher copy number leads to increased production of

functional SMN protein and is generally associated with a milder clinical phenotype.

Therefore, SMN2 is regarded as the most important disease-modifying gene influencing

the severity of 5q SMA[5,16].

Approximately 5% of SMA cases are caused by pathogenic variants in genes other than

SMN1 and are collectively classified as non-5q SMA, a group of rare genetically

heterogeneous disorders[17]. Among these, mutations in the IGHMBP2 gene cause SMA

with respiratory distress type 1. The IGHMBP2 gene encodes an RNA helicase involved

in RNAmetabolism, and its dysfunction leads to progressive motor neuron degeneration,

clinically characterized by distal muscle weakness and severe respiratory distress

resulting from diaphragmatic paralysis[18].Another subgroup includes SMA with lower

extremity predominance, which is caused by mutations in DYNC1H1 or BICD2. Both

genes encode proteins involved in intracellular vesicular transport and axonal cargo

trafficking. Their disruption impairs neuronal transport and synaptic function, resulting

predominantly in proximal lower-limb weakness[19].In addition, pathogenic variants in

UBA1 cause X-linked infantile SMA. UBA1 encodes the ubiquitin-activating enzyme,

which is a key component of the ubiquitin-proteasome system responsible for protein

degradation. Dysfunction of this pathway leads to the accumulation of misfolded or toxic

proteins, contributing to motor neuron degeneration[20]. Other rare forms of non-5q SMA

have also been associated with pathogenic variants in genes, such as TRPV4 andASAH1,

further highlighting the marked genetic heterogeneity of this group of disorders [Figure

1].
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Figure 1. Molecular pathogenesis of SMA from SMN gene defects to motor neuron

degeneration.

This schematic illustrates the molecular pathogenesis of SMA. In 5q SMA, SMN1

deletion or mutation reduces functional SMN protein, while SMN2 produces only limited

full-length SMN because of exon 7 skipping, with SMN2 copy number partially

modifying disease severity. SMN deficiency disrupts RNA splicing and neuronal

maintenance, leading to motor neuron degeneration, neuromuscular junction dysfunction,

muscle atrophy, and the characteristic clinical manifestations of SMA. Rare non-5q SMA

results from pathogenic variants in genes such as IGHMBP2, DYNC1H1, BICD2, UBA1,

TRPV4, and ASAH1.

Clinical manifestations and classification

SMA is a hereditary neuromuscular disorder characterized by the progressive

degeneration and loss of α-motor neurons in the anterior horn of the spinal cord[1]. The

disease typically presents with progressive, symmetrical proximal muscle weakness,

muscle atrophy, hypotonia, and diminished or absent deep tendon reflexes[21]. Additional

manifestations may include tongue fasciculations, dysphagia, respiratory muscle

weakness, scoliosis, and joint contractures, whereas sensory and cognitive functions are

generally preserved[22].

Approximately 95% of patients have 5q SMA; therefore, current clinical classification
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and therapeutic strategies are primarily based on this subtype. Traditionally, 5q SMA is

classified into five clinical types according to the age at symptom onset and the highest

motor milestone achieved[23][Figure 2].

(1)Type 0 (prenatal SMA). Symptoms begin during the fetal period, and affected infants

present at birth with profound muscle weakness and respiratory failure. This is the most

severe form of SMA, with most untreated patients dying of respiratory failure within the

first 6 months of life. Patients typically carry zero or one copy of SMN2.

(2)Type I (infantile-onset SMA). Symptom onset occurs before 6 months of age. Patients

are unable to achieve independent sitting and typically present with severe hypotonia

(“floppy infant”syndrome), feeding and swallowing difficulties, tongue fasciculations,

and respiratory insufficiency resulting from intercostal muscle weakness. Without

treatment, most patients die or require permanent ventilatory support before 2 years of

age. Most patients have one or two copies of SMN2.

(3)Type II (intermediate SMA). Onset occurs between 6 and 18 months of age. Patients

are able to sit independently but never achieve independent ambulation. Progressive

scoliosis and joint contractures commonly develop during the disease course. Disease

progression is relatively slow, and approximately 70% of untreated patients survive

beyond 25 years of age. Most patients possess two or three copies of SMN2.

(4)Type III (juvenile-onset SMA). Symptoms develop after 18 months of age. Patients

initially achieve independent ambulation but may gradually lose walking ability over time.

Disease progression is generally slow, and life expectancy is usually normal or only

minimally reduced. Most patients carry three or four copies of SMN2.

(5)Type IV (adult-onset SMA). Symptoms begin during adulthood and are typically

limited to mild-to-moderate proximal muscle weakness. This is the mildest clinical

phenotype associated with a normal life expectancy. Patients usually have four or more

copies of SMN2.

With the widespread use of SMN2 splicing-modifying therapy, the traditional

classification system based solely on age at onset and motor milestones no longer
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adequately reflects the clinical status of patients[24,25]. Recent international consensus

recommendations advocate a functional classification approach that incorporates motor

performance, respiratory support requirements, swallowing and nutritional status,

treatment response, and SMN2 copy number to enable dynamic disease assessment, guide

individualized treatment selection, and optimize long-term follow-up[26].

Diagnosis

The Expert Consensus on Newborn Screening (NBS) for SMA (2023) recommends

carrier screening for individuals planning pregnancy or during early pregnancy, as well

as those with a family history[27]. Currently, genetic testing is the cornerstone for the

definitive diagnosis of SMA [Figure 2].

Because more than 95% of patients with SMA harbor a homozygous deletion of exon 7

in SMN1, current screening strategies primarily target this well-established genetic

marker[28]. Real-time quantitative polymerase chain reaction (qPCR) is the most widely

used screening method and enables rapid and accurate detection of SMN1 exon 7 deletion

using either dried blood spot (DBS) samples obtained from neonatal heel-prick blood or

peripheral venous blood samples from individuals undergoing testing[29]. Individuals with

positive screening results should be recalled for confirmatory testing, which is typically

performed using multiplex ligation-dependent probe amplification (MLPA) to determine

the copy numbers of both SMN1 and SMN2 [30]. For patients with a high clinical suspicion

of SMA but without homozygous SMN1 deletion detected by qPCR or MLPA, further

SMN1 gene sequencing is recommended to identify pathogenic sequence variants. In

addition, the copy number of SMN2 should be reported simultaneously. Although SMN2

copy number is not used to establish the diagnosis of SMA, it provides important

information for assessing disease severity, clinical classification, therapeutic decision-

making, and prognosis[16]. Evidence has demonstrated that irreversible motor neuron loss

begins before the onset of clinical symptoms in SMA. Therefore, screening, definitive

diagnosis, and initiation of treatment during the presymptomatic stage are critical for

preserving motor neuron function to the greatest extent possible, thereby significantly

improving motor development and long-term clinical outcomes[31,32].
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Figure 2. Clinical overview of SMA: inheritance, classification, diagnosis, and current

management.

This figure summarizes the clinical framework of SMA. SMA is an autosomal recessive

neuromuscular disorder caused by SMN1 defects, resulting in reduced SMN protein and

progressive motor neuron degeneration. Patients are classified into Types 0-IV according

to age at onset and motor function, with higher SMN2 copy number generally associated

with milder disease. Diagnosis relies on newborn screening and molecular confirmation,

while current management combines SMN-targeted therapies with multidisciplinary

supportive care. Early diagnosis and presymptomatic treatment are critical for improving

survival, motor function, and quality of life.

Therapeutic strategies

The aforementioned pathogenesis, clinical manifestations, classification, and diagnostic

criteria not only provide the foundation for the comprehensive assessment of SMA but

also serve as the basis for therapeutic decision-making. The goals of SMA treatment have

evolved from simply prolonging survival to improving motor function, enhancing quality

of life, and achieving long-term disease management[33]. Based on their mechanisms of

action, current therapeutic strategies can be broadly categorized into SMN2 splicing-

modifying therapy, gene therapy, and other emerging therapeutic approaches. Among

these, pharmacological therapy, particularly SMN2 splicing-modifying therapy, remains

the most widely used disease-modifying treatments in clinical practice[34]. Gene therapy

aims to restore SMN protein expression by delivering a functional SMN1 gene, thereby
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targeting the underlying genetic cause of the disease and fundamentally altering its

progression[35]. In addition, emerging therapeutic strategies, including neuroprotective

and combination therapy, are under active investigation and offer promising opportunities

to further enhance therapeutic efficacy[5].

SMN2 splicing-modifying therapy

SMN2 splicing-modifying therapies represent the first disease-modifying treatment

strategy successfully translated into clinical practice for SMA. By correcting the aberrant

splicing of SMN2 pre-mRNA and promoting exon 7 inclusion, these therapies increase

the production of full-length SMN protein[36], thereby partially compensating for SMN1

deficiency. Currently approved SMN2 splicing modifiers include the antisense

oligonucleotide nusinersen and the orally administered small-molecule splicing modifier

risdiplam. Although both therapies share the common goal of enhancing SMN protein

expression, they differ substantially in their molecular mechanisms, routes of

administration, tissue distribution, and clinical characteristics[37][Figure 3].

Nusinersen remains one of the most important SMN2 splicing-modifying therapy

currently available. It is anASO designed to bind to the intronic splicing silencer N1 (ISS-

N1) located within intron 7 of SMN2 pre-mRNA[38,39]. By blocking this splicing silencer,

nusinersen promotes inclusion of exon 7 in the mature SMN2 transcript, thereby

increasing the production of full-length functional SMN protein and partially

compensating for the loss of SMN1 function[40]. Because ASOs do not readily cross the

blood-brain barrier and the primary pathological targets of SMA are the anterior horn

motor neurons of the spinal cord, nusinersen is administered by intrathecal injection to

achieve adequate drug delivery to the central nervous system (CNS)[41]. Clinical studies

have consistently demonstrated that therapeutic efficacy is highly dependent on the timing

of treatment initiation, with earlier intervention resulting in greater preservation of motor

neurons and superior functional outcomes. Accordingly, presymptomatic or early

treatment has been shown to markedly improve survival and motor development in

infants with SMA[42].

Nusinersen has now been approved in numerous countries and is widely used across

different subtypes of 5q SMA[43]. The pivotal ENDEAR and CHERISH trials

demonstrated that nusinersen significantly improved motor milestone achievement and
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event-free survival in patients with infantile- and later-onset SMA. Furthermore, long-

term follow-up from the NURTURE study showed that most presymptomatic infants

treated before symptom onset achieved major motor milestones, including independent

sitting, standing, and even walking, highlighting the critical importance of early

intervention[44]. Despite these substantial clinical benefits, nusinersen has several

limitations. It primarily improves the function of surviving motor neurons but cannot

regenerate neurons that have already been lost, and its therapeutic effects on peripheral

tissues remain limited[45]. In addition, repeated intrathecal administration may be

technically challenging, particularly in infants and patients with severe scoliosis or

complex spinal deformities[46].

Risdiplam is an orally administered SMN2 splicing modifier and a small-molecule RNA

splicing modulator approved for the treatment of SMA[47]. Unlike ASO-based therapy,

risdiplam exhibits favorable tissue distribution following oral administration, readily

enters systemic circulation, and is widely distributed throughout both the CNS and

peripheral tissues[48]. In SMNΔ7 mice, treatment with 1 mg/kg/day resulted in

approximately 206% and 210% increases in SMN protein expression in the brain and

skeletal muscle, respectively, providing therapeutic benefits for both central motor

neurons and peripheral pathological abnormalities. This strategy represents a promising

approach owing to its noninvasive delivery, systemic distribution, and potential

advantages in clinical applicability.

Although both risdiplam and nusinersen increase the production of full-length SMN

protein by modulating SMN2 pre-mRNA splicing, they differ substantially in their

molecular mechanisms and binding characteristics[37]. Risdiplam acts through a dual-

binding mechanism by interacting with two distinct sites on SMN2 pre-mRNA[49].

Binding at the 5′ splice site stabilizes its RNA structure and enhances recognition by U1

small nuclear ribonucleoprotein (U1 snRNP), thereby facilitating spliceosome assembly.

In addition, binding to an exonic splicing enhancer within exon 7 is thought to displace

inhibitory splicing factors, further promoting exon 7 inclusion and increasing the

production of full-length SMN protein.

In summary, SMN2 splicing-modifying therapies enhance the expression of functional

SMN protein and have significantly improved survival outcomes and motor function in
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patients with SMA, representing a major transition from supportive care to disease-

modifying treatment. Nusinersen and risdiplam represent two distinct SMN2-targeted

therapeutic approaches, namely antisense oligonucleotide-mediated splicing modulation

and small-molecule splicing modification, respectively, and have become the most widely

used disease-modifying therapies in clinical practice.

Figure 3.Mechanisms and clinical characteristics of SMN2 splicing-modifying therapies

for spinal muscular atrophy.

Nusinersen and risdiplam both increase functional SMN protein by promoting exon 7

inclusion in SMN2 pre-mRNA. Nusinersen is an intrathecally administered antisense

oligonucleotide that blocks the intronic splicing silencer N1 and mainly acts within the

central nervous system. Risdiplam is an oral small-molecule splicing modifier with

broader distribution in both central and peripheral tissues. Both improve motor function

and survival, but differ mainly in mechanism, administration route, tissue exposure, and

treatment burden.

Gene therapy

SMN2 splicing-modifying therapies require long-term continuous administration and

primarily exert effects on surviving motor neurons, making them unable to reverse

established neuronal loss. Moreover, differences in drug distribution, administration

routes, and disease stages among patients impose limitations on their long-term efficacy

and individualized application[45]. Therefore, gene therapy strategies targeting the
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underlying genetic defect of SMA have emerged as a major research focus, aiming to

restore SMN gene function and achieve more durable and effective disease

intervention[50][Figure 4].

SMN1 gene replacement therapy

Onasemnogene abeparvovec is a gene replacement therapy designed to address the

underlying genetic cause of SMA. It utilizes an adeno-associated virus serotype 9 (AAV9)

vector to deliver a functional copy of SMN1 into motor neurons[51]. Following

transduction, the introduced SMN1 gene enables sustained expression of functional SMN

protein, thereby restoring SMN protein levels, preserving motor neuron survival and

function, and fundamentally modifying the disease course[52]. Clinical studies have

demonstrated substantial therapeutic benefits, particularly when treatment is initiated

before symptom onset or during the early symptomatic stage. A study enrolled 15 infants

with SMA1 who had confirmed genetic diagnosis and presented with symptoms. All

treated infants survived to ≥ 20 months of age without requiring permanent ventilation,

demonstrating a significant improvement in event-free survival rates[53].

Overall, onasemnogene abeparvovec is generally well tolerated; however, adverse events

associated with the AAV9 vector require careful monitoring. Because AAV9 exhibits

predominant hepatic tropism, hepatotoxicity is the most important safety concern[54]. The

U.S. Food and Drug Administration (FDA) has issued a boxed warning regarding the

risks of acute serious liver injury and acute liver failure, including fatal cases. Other

reported adverse events include thrombocytopenia, elevated cardiac troponin levels,

pyrexia, and vomiting. Therefore, comprehensive pretreatment evaluation, particularly

assessment of liver function, is recommended, and patients should undergo regular

laboratory monitoring for at least three months following infusion[55].

Although current AAV-mediated gene replacement therapies have demonstrated

substantial clinical efficacy, their widespread application remains limited by the high

vector doses required, the associated risk of hepatotoxicity, and considerable treatment

costs[51]. These challenges have driven the development of next-generation AAV vectors

aimed at maintaining or enhancing therapeutic efficacy, while reducing vector dosage,

improving safety, and expanding treatment eligibility to a broader patient population.
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GC101 is a novel AAV-mediated SMN1 gene therapy independently developed in China.

It employs codon-optimized SMN1 cDNA (co-SMN1) driven by a cytomegalovirus

enhancer/chicken β-actin promoter. GC101 is delivered by a fixed low-dose intrathecal

injection directly into the cerebrospinal fluid. This administration strategy minimizes

hepatic exposure, enhances targeting of spinal motor neurons, and extends the potential

therapeutic window to older and heavier patients[56]. Clinical studies have demonstrated

that GC101 is both safe and effective in infants with type I SMA, providing preliminary

evidence supporting the feasibility of intrathecal AAV-mediated gene therapy in this

population. In a subsequent study involving patients with type II and III SMA across a

broader age range, a single intrathecal administration resulted in improved or stabilized

motor function over a 52-week follow-up period without treatment-related serious

adverse events[57]. Notably, some patients regained advanced motor abilities, including

jumping, suggesting sustained functional benefits.

Beyond GC101, several next-generation AAV vectors are currently under development.

EXG001-307 uses a human synapsin promoter to achieve neuron-selective transgene

expression. Following intrathecal or intracerebroventricular administration, it achieves

efficient CNS transduction, while minimizing peripheral exposure. In SMN7 mouse

models, EXG001-307 significantly prolonged survival and has progressed to an

investigator-initiated clinical trial, making it a promising candidate for next-generation

precision gene therapy for SMA[58]. Another investigational vector, SKG0201,

incorporates optimized promoter and expression cassette designs to achieve preferential

SMN1 expression within the CNS at substantially lower vector doses while markedly

reducing hepatic transgene expression, thereby offering the potential for improved

safety[59].

Despite these advances, next-generation AAV-based gene therapies continue to face

several practical challenges. Although intrathecal administration reduces hepatic

exposure, pre-existing anti-AAV neutralizing antibodies in the cerebrospinal fluid may

still compromise transduction efficiency[60,61]. In addition, the high vector doses required

for therapeutic efficacy continue to pose challenges in manufacturing costs and product

pricing, while large-scale production and quality control must also meet stringent

regulatory standards. Overall, although engineered AAV vectors have demonstrated

improvements in safety and durability of transgene expression, their widespread clinical
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implementation will require further validation through large-scale studies with long-term

follow-up[62].

Gene editing therapy

Gene editing therapy differs fundamentally from conventional therapeutic strategies, such

as viral vector-mediated gene replacement and RNA splicing modulation, by directly

correcting pathogenic variants at the DNA level with the potential to achieve a definitive

cure[63]. In recent years, rapid advances in genome-editing technologies have led to

significant progress in the application of base editing (BE), prime editing (PE), and

CRISPR-Cas9 for the treatment of SMA[63-65].

BE enables precise single-nucleotide substitutions without inducing DNA double-strand

breaks, thereby offering high editing efficiency and an improved safety profile. In a

mouse model of SMA, AAV9-mediated delivery of a base editor achieved an average

SMN2 to SMN1 conversion efficiency of 87%, resulting in marked improvements in

motor function and extending median survival from 17 to 111 days[66]. In another study,

an optimized TaC9 adenine base editor (ABE) achieved a 45% target conversion rate in

induced pluripotent stem cells (iPSCs) derived from patients with SMA, successfully

restoring SMN protein expression and improving the resistance of motor neurons to

apoptosis[67]. Like BE, PE enables precise genomemodification without introducing DNA

double-strand breaks. However, unlike BE, PE is not restricted to single-base

substitutions, but directly rewrites target DNA sequences through a “search-and-replace”

mechanism, allowing more versatile and complex genetic modifications. Using this

strategy, investigators successfully deleted the intronic splicing silencer ISS-N1 within

the SMN2 gene in patient-derived iPSCs, thereby restoring the expression of full-length

SMN protein[64].

To maximize therapeutic efficacy before irreversible neuronal loss occur, prenatal gene

editing has also emerged as a promising strategy. In a fetal mouse model, lipid

nanoparticles (LNPs) were used to deliver base editor mRNA into the developing nervous

system, achieving efficient in vivo genome editing during fetal development. Compared

with postnatal intervention, prenatal gene editing produced greater improvements in

survival and disease phenotype, suggesting that intervention during early developmental

stages may further enhance therapeutic outcomes[68].
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In addition, a study employed the CRISPR/Cpf1 (Cas12a) system in combination with

single-stranded oligodeoxynucleotides (ssODNs) to achieve the targeted conversion of

SMN2 into SMN1 in induced pluripotent stem cells (iPSCs) derived from patients with

SMA, with a conversion efficiency of approximately 11%[69].

Although these studies have demonstrated the potential of gene editing as a curative

strategy for SMA, several major challenges remain, including limited delivery efficiency,

the risk of off-target mutations, and uncertain long-term safety[70]. First, the delivery

efficiency observed in humans is substantially lower than that achieved in mouse models,

particularly with respect to achieving widespread and uniform transduction throughout

the central nervous system[62,71]. Second, although prenatal gene editing offers a unique

therapeutic window before irreversible motor neuron degeneration occurs, the fetal

immune system is still immature, and the long-term tolerance to gene-editing products as

well as the potential risk of autoimmune responses remain unclear[62]. Overall,

considerable obstacles must be overcome before this technology can be translated into

clinical practice, with current efforts primarily focused on improving delivery strategies

and enhancing genome-editing precision.

Figure 4. Gene replacement, next-generation AAV-based gene delivery, and genome-

editing strategies for spinal muscular atrophy.

Onasemnogene abeparvovec is a single-dose AAV9 gene therapy that delivers functional
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SMN1 to motor neurons and restores SMN expression. Its use is limited by risks such as

hepatotoxicity, thrombocytopenia, immune responses, and age- or weight-based

eligibility. Newer AAV therapies aim to improve safety through CNS-targeted delivery,

optimized expression systems, and lower vector doses. Genome-editing strategies may

provide durable correction of SMN1 or SMN2 defects, but most remain experimental

because of delivery challenges, off-target effects, uncertain long-term safety, and ethical

concerns.

Emerging therapeutic strategies

Gene therapies have introduced an etiological treatment strategy for SMA that is

fundamentally distinct from conventional pharmacological therapies and has

substantially transformed the therapeutic landscape of the disease. However, challenges

related to vector delivery efficiency, immune responses, long-term transgene expression,

and clinical accessibility remain unresolved[72]. Consequently, gene replacement alone

may not fully address the therapeutic needs of all patients[4]. Therefore, emerging

therapeutic approaches based on complementary mechanisms, including neuroprotective

and combination therapies, are being actively investigated to further expand the

therapeutic potential of SMA and improve long-term clinical outcomes[73][Figure 5].

Neuroprotective and regenerative therapy

Neuroprotective and regenerative therapy have emerged as an important direction in SMA

research. Unlike SMN-targeted therapy, these SMN-independent approaches aim to

preserve surviving motor neurons, promote neuronal repair, and restore neuromuscular

connectivity, thereby improving clinical outcomes. As increasing evidence suggests that

restoration of SMN protein alone cannot fully reverse established neuronal damage,

strategies targeting downstream pathogenic mechanisms are considered promising

complementary therapeutic approaches[74,75].

Neuroprotective therapy primarily target signaling pathways involved in motor neuron

degeneration. SMN deficiency has been shown to aberrantly activate the p38 mitogen-

activated protein kinase (p38 MAPK) signaling pathway, thereby contributing to motor

neuron injury. The selective p38 MAPK inhibitor MW150 readily crosses the blood-brain

barrier and has demonstrated SMN-independent neuroprotective effects in SMA mouse

models, resulting in improved motor function. Furthermore, when combined with SMN-
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inducing therapy, MW150 promoted synaptic remodeling within spinal sensorimotor

circuits, suggesting its potential as an adjunctive therapeutic strategy[76]. Another

neuroprotective agent, olesoxime, exerts its effects by stabilizing the outer mitochondrial

membrane and inhibiting mitochondrial permeability transition pore opening. Although a

phase II clinical trial demonstrated a slower decline in motor function, the primary

efficacy endpoint was not met[77,78]. Moreover, long-term follow-up failed to demonstrate

sustained stabilization of motor function, ultimately leading to the discontinuation of its

clinical development.

In addition to neuroprotection, enhancing skeletal muscle function has become another

important SMN-independent therapeutic strategy. Apitegromab, a fully human

monoclonal antibody targeting myostatin, promotes muscle growth by inhibiting the

negative regulatory effects of myostatin on skeletal muscle development[79]. In the phase

II TOPAZ trial, apitegromab demonstrated favorable safety and tolerability in patients

with type II and III SMA and provided additional improvements in motor function in

patients who had already received nusinersen therapy for more than two years.

Subsequently, the phase III SAPPHIRE trial was completed to further evaluate its efficacy

in a larger patient population, supporting the potential of muscle-targeted therapy as an

important adjunct to SMN2 splicing-modifying therapy[80].

In addition, drug repurposing has emerged as an attractive strategy because of its shorter

development timeline and lower cost. The classical antipsychotic haloperidol has been

shown to increase SMN protein expression, reduce motor neuron loss, attenuate

neuroinflammation, and improve neuromuscular junction integrity in SMA mouse

models[81]. Similarly, 10H-phenothiazine, which has previously demonstrated

neuroprotective effects in models of Parkinson's disease andAlzheimer's disease, has also

shown significant neuroprotective efficacy in both cellular and animal models of SMA,

providing further evidence for the potential repositioning of approved drugs in SMA

therapy[82].

However, the molecular targets and mechanisms of action of most candidate

neuroprotective and regenerative therapy have not yet been fully validated in human SMA.

Moreover, the rapid therapeutic benefits observed in animal models have proven difficult

to translate into sustained clinical improvements in chronic neurodegenerative disease[78].
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Muscle-targeted approaches may provide supportive benefits but cannot address the

underlying loss of motor neuron innervation. Overall, the therapeutic value of

neuroprotection as a standalone strategy appears to be limited, and substantial preclinical

and clinical validation will be required before these approaches can be successfully

translated into clinical practice.

Combination therapeutic strategies

With the widespread adoption of SMN2 splicing-modifying therapy, combination therapy

has emerged as an important area of investigation in SMA[73]. Among currently approved

SMN2 splicing-modifying therapies, nusinersen and risdiplam target SMN2 pre-mRNA

splicing but act through distinct and complementary molecular mechanisms. A recent

study demonstrated that compared with nusinersen monotherapy, combination treatment

with nusinersen and risdiplam in children with type II SMA produced greater

improvements in motor function, pulmonary function, and quality of life without

significantly increasing adverse events. Moreover, the combination appeared to provide

superior neuroprotective and muscle-preserving effects, supporting the potential clinical

benefit of dual SMN-targeted therapy[41]. Another strategy involves the sequential use of

risdiplam following onasemnogene abeparvovec gene replacement therapy, particularly

in patients who exhibit suboptimal therapeutic responses or secondary functional

deterioration after gene therapy. In a multicenter case series involving five children who

experienced progressive decline in motor or respiratory function after treatment with

onasemnogene abeparvovec, four patients demonstrated improvements in motor,

swallowing, and respiratory function following the addition of risdiplam, whereas the

remaining patient achieved clinical stabilization. Importantly, the combination regimen

was generally well tolerated, suggesting that sequential treatment may provide additional

therapeutic benefit in selected patients[83].

Beyond combinations of SMN-targeted therapy, increasing attention has been directed

toward integrating SMN-independent therapy with SMN2 splicing-modifying therapy.

Histone deacetylase 6 (HDAC6) inhibitors enhance microtubule acetylation, thereby

promoting muscle differentiation and improving neuromuscular function. In a severe

SMAmouse model, the HDAC6 inhibitor TubA, when administered in combination with

ASO, further enhanced muscle strength, improved histopathological outcomes, and

prolonged survival compared with ASO treatment alone. These findings provide
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important preclinical evidence supporting the combination of SMN-targeted therapy with

neuroprotective and muscle-directed interventions[84]. However, the current evidence is

derived primarily from small-scale or retrospective studies, with a lack of support from

large randomized controlled trials[85]. Therefore, rigorously designed clinical trials are

required to establish the net clinical benefit and risk-benefit profile of these interventions

before their widespread implementation, as well as to define precise criteria for patient

selection.

In summary, the therapeutic landscape of SMA has evolved into a comprehensive

treatment paradigm centered on SMN2 splicing-modifying therapy, advanced by gene

therapy, and complemented by emerging therapeutic approaches. Moving forward, the

rational integration of different treatment strategies and the implementation of precision,

individualized therapeutic approaches are expected to further improve long-term clinical

outcomes and optimize patient care.

Figure 5. Emerging SMN-independent and combination therapeutic strategies for spinal

muscular atrophy.

SMN-independent therapies target persistent neuronal, neuromuscular-junction, and

muscle dysfunction despite SMN restoration. Examples include the p38 MAPK inhibitor

MW150, the mitochondrial agent olesoxime, the myostatin inhibitor apitegromab, and

repurposed neuroprotective drugs. Combination strategies pair SMN-targeted treatments

with each other or with downstream neuronal and muscle-directed therapies. However,
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supporting evidence remains limited, and larger randomized trials are needed to define

efficacy and patient selection.

CHALLENGESAND FUTURE PERSPECTIVES

Although SMN2 splicing-modifying therapies have markedly improved survival and

motor outcomes in patients with SMA, current treatments are unable to reverse

irreversible motor neuron loss that has already occurred. Furthermore, substantial inter

individual variability in treatment response persists, and many patients continue to

experience residual functional impairment[7]. In addition, currently available therapeutic

strategies differ considerably in their indications, long-term efficacy, and safety profiles.

Robust evidence regarding optimal treatment selection, combination therapy, and long-

term disease management remains limited[85]. Meanwhile, gene replacement, genome-

editing therapy and emerging technologies have demonstrated considerable therapeutic

potential; however, their long-term safety, durability of efficacy, and accessibility require

further validation in clinical studies[86].

Future advances in SMA management are expected to emphasize earlier intervention,

precision medicine, and comprehensive multidisciplinary care. Expanding screening

programs and improving screening coverage, together with further exploration of prenatal

and presymptomatic interventions[87], will help maximize the opportunity for treatment

before irreversible neuronal injury occurs. At the same time, the development of precision

medicine should be promoted through the integration of multidimensional clinical and

molecular information, including SMN2 copy number, clinical phenotype, and functional

status, to facilitate risk stratification, individualized treatment selection, and dynamic

disease monitoring[88]. Finally, as life expectancy continues to improve, multidisciplinary

management involving neurologists, pulmonologists, rehabilitation specialists,

nutritionists, and other healthcare professionals will become increasingly important for

optimizing long-term outcomes and improving quality of life in patients with SMA[89].

CONCLUSION

In recent years, advances in the understanding of SMA pathogenesis have shifted

therapeutic strategies from supportive care toward disease-modifying treatments centered

on restoring SMN protein expression. SMN2 splicing-modifying therapies and SMN1

gene replacement therapy have significantly improved patient survival and motor
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function, while emerging approaches, including gene editing, neuroprotective strategies,

and combination therapies, have shown promising potential. However, current treatments

remain limited by factors such as treatment timing, safety concerns, and interindividual

variability. Future efforts should integrate newborn screening, precision stratification, and

multimodal therapeutic approaches to promote individualized management and long-term

clinical benefits for patients with SMA.
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