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Abstract: Spinal muscular atrophy (SMA) is an autosomal recessive discase that affects the spinal motor neuron SMN1 and SMN2
genes. It occurs by causing depletion or mutation in motor neurons. Delayed diagnosis leads to life-threatening complications and can
even cause death. Children have respiratory problems and muscle weakness. Adult patients show symptoms like difficulty in movement
and muscle weakness. Based on the onset of Disease, it is further classified into types. Types include type 0 shows at prenatal age of
onset, life span up to a few weeks; type 1 shows after 6 months; type 2 takes place during 6-18 months and can survive up to the early
twenties; type 3 shows after 18 months, which may lead to loss of motor skills; type 4 arises at adulthood and shows weakness in
muscles. The diagnosis of SMA is done through dPCR. Eventually, MLPA is a technique that is also used in the identification of SMA.
The MLPA kit consists of targeted probes for SMN1 exons 7 & exon 8§, and a sequence that recognizes exons in both the SMN1 and
SMN?2 genes. MLPA can be done through commercial kits that are available in markets. Several clinical trials are being done to treat
SMA. Nowadays, the therapies are focusing on increasing the amount of SMA proteins in the patient’s body. In such a way, the newly
addressed treatment includes 3 therapies: nusinersen, onasemogene abeparvovec — xioxi, and risdiplasm are administered orally to the
patients.

Index Terms - Spinal Muscular Atrophy, SMN1, SMN2, Nusinersen, Risdiplam, Onasemnogene abeparvovec, MLPA,
dPCR, Gene Therapy.

1. INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive disease that results in primary degeneration of cells in the
anterior horn of the spinal cord, which brings out muscle weakness and hypotonia. Spinal muscular atrophy was initially
identified in 2 infant brothers by Guido Werdnig of the University of Vienna in 1891, titled “On a case of muscular dystrophy
with positive spinal cord findings (Ross L.f et al.,2019). The exact frequency of SMA in the United States is not known with
certainty and varies by type (Lally C et al., 2017). An overall widespread prevalence of SMA between one and two per
100,000 people has been suggested, with a frequency of 1: 11,000 live births (Sugarman EA et al., 2012). Widespread SMA
in the U.S and European in calculated to be 30,000 -35,000 cases, with an overall incidence estimated to be approximately
1:1600 to 1:10,000 births (John W. Day et al., 2012).

SMA is the second most common fatal autosomal recessive disorder next to cystic fibrosis, with a carrier occurrence
of 1:40 -1:60 (Ogino S, 2002; Prior TW et al., 2010). The genetic defect was localised to 5q11.2-q13.3, a century after
(D’Amino et al., 2011), with the discovery of the survival motor gene (SMN) as the disease-causing region in 1995
(Lefebvre S et al., 1995), accountable for the autosomal recessive disorder in more than 95% of cases. These mutations
result in degeneration of motor neurons in the central nervous system (CNS), affecting arm, hand, head, and neck
movements, crawling, walking, and the ability to stand, and were not mentioned until the 1950s by Wolhfart, Fez, and
Eliasson, with more detail in numerous clinical groups. This includes the two major gret. were acute infantile SMA, also
termed [SMA type I or Werdnig — Hoffman disease], and chronic childhood SMA, termed as [ SMA types II and II1, arrested
Werdnig -Hoffman disease or chronic generalised SMA] (Pearn, J et al., 1980).

SMA type 0 is a critical form with onset in utero, reduced or absent movements, contractures, and need for mechanical
ventilation support at birth and death before six months of age; meanwhile, SMA type IV is a mild late (adult) onset form
that has a generally normal life expectancy (Ingrid E.C Verhaart et al., 2017). Records of patients say that untreated patients
with Type 1 SMA had a 50% survival chance at 8-10 months of age and 8% survival at 20 months of age for patients with
Type 2 SMA; the 1-year survival chance was 100%, reduced to 82% at 10 years (Lefebvre s et al., 1995). Thus, numerous
therapies that were developed to treat SMA, such as increasing the number of SMN2 gene copies with hydroxyurea and
increasing the level of full-length SMN2 mRNA/protein with valproic acid, were advanced through development and into
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clinical studies (John W. Day et al., 2022). Three therapies that address SMA deficiency, referred to as SMN up-regulators
or SMN correctors, are FDA-approved and have received marketing approval in the European Union (E.U.).

2. TYPES OF SMA

2.1SMATYPE1

Type 1 Spinal Muscular Atrophy, also known as Werdnig-Hoffman disease, typically affects infants who begin
showing signs like low muscle tone (hypotonia), difficulty controlling their head, and weakened or absent tendon reflexes
before they reach six months of age. These infants often develop weakness in their tongue and swallowing muscles, and
you might notice small, involuntary movements of the tongue (fasciculations). While facial weakness can occur, it usually
isn’t one of the earliest symptoms. As their tongue and throat muscles get weaker, these babies face a higher risk of aspirating
food or liquids and may experience respiratory failure before their second birthday (Hillel AD et al., 2020). Regarding
speech development, a global study showed that the median score for the speech domain of the ALSSS was 5, on a scale
where 1 means non-vocal and 7 indicates clear speech difficulties with obvious abnormalities. Interestingly, there was no
significant difference in these scores between children younger than 5 and those aged 5 to 10.

SMA type 1 isn’t a single condition but can be divided into three distinct subgroups, each with its own progression: Type
la is the most severe, known as the neonatal variant, and sometimes overlaps with Type 0. Infants in this group present at
birth with joint contractures and very limited movement, often needing immediate breathing support. The prognosis for
Type 1a is generally poor. Type 1b represents the classic SMA1 form. Patients typically struggle with poor head control and
difficulty managing oral secretions either at or soon after presentation, and their prognosis is considered intermediate. Type
lc includes a smaller number of patients who manage to achieve some head control or can sit with support, offering them
the best prognosis among the Type 1 classifications. It’s often observed that a higher number of copies of the closely related
SMN2 gene is linked to less severe clinical symptoms (Bertini E et al., 2005; Wang CH et al., 2007). The severity of these
clinical presentations is further categorised based on when symptoms first appear and the child’s ability to control their
head.la: Head control is never achieved, with symptoms appearing at birth or in the neonatal period. 1b: Head control is
never achieved, with symptom onset occurring after the neonatal period but by three months of age.l1c: Head control is
achieved, with symptoms emerging between three and six months of age.

2.2 SMATYPE 2

Spinal muscular atrophy type 2 is the disease of intermediate severity on the clinical-genetic continuum of infantile
spinal amyotrophy. It affects approximately one-third of patients (The disease was first described in 1893). Designation
type 2 was introduced in the first classification of Byers and Banker in 1961 (Messina S et al., 2008). The efficiency of
mastication was assessed using the test of mastication and swallowing solids (TOMASS) (Huckabee ML et al., 2018).
Results of the TOMASS were presented as z scores. The number of bites, mastication cycles, swallows, and total time (in
seconds) to eat the cracker were standardised into z scores. These scores were based on Dutch normative data collected
from 134 healthy children (4-18 years of age) and 124 healthy adults (20-80 years of age) (Van Gerven M et al., 2018).
Psychomotor development is considered normal in affected children up to the age of 6-8 months. Children acquire a stable
sitting position without support.

Two subtypes have been distinguished 2a and Type 2b. Type 2a refers to children who can remain seated without support
but are unable to stand or walk even with assistance. Type 2b refers to children who can stand with help and even take a
few steps, in addition to sitting without support (Russman BS et al., 2007). Disease progression varies from one patient to
another and even within the same patient. Motor functions may appear stable over a period of 6 to 22 months. However,
patients are in fact undergoing a slow functional decline (Mercuri E et al., 2012). Retrospective and natural history studies
of SMA type 2 patients confirm this orthopaedic, functional, and respiratory progression of the disease (Vuillerot C et al.,
2013; Bishop KM et al., 2018; Chaban et al., 2018).

Patients with SMA type 2 may acquire new motor and functional skills in the first years of life. This is presumably due to
attenuation of the underlying motor neuron damage. Nevertheless, all natural history studies show a loss of capacity over
time (Mercuri E et al., 2019; Wadman RI et al., 2018). Initially, muscle weakness rarely affects the chest region, and the
respiratory tract is spared. Yet, thoracic dystrophy is sometimes observed early. It can present in the form of a bell-shaped
or asymmetric chest (Cance et al., 2020). Sixty to ninety per cent of SMA type 2 patients develop early and progressive
hypotonic scoliosis. This is noticeable from the age of 3 years and is often preceded by thoracic kyphosis (Mercuri E et al.,
2012; Lunn MR et al., 2008). Scoliosis can be aggravated by an oblique pelvis, which is initially induced by asymmetric
weakness and contractures of the pelvic-trochanteric and spinal muscles. This increases the risk of a dislocated hip. An
oblique pelvis, worsened by scoliosis, can sometimes cause impingement of the lowest rib against the iliac crest before any
surgical correction of the scoliosis is performed. Insufficient ribcage muscles can cause a deformity of the ribs. The ribs can
appear to be aggravated by scoliosis. The ribs appear thin with progressive verticalization, like the closing of an umbrella.
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This process can be aggravated by scoliosis. The ribcage can also be flattened in the anteroposterior direction (Belaid et al.,
2016).

2.3 SMATYPE 3

Spinal Muscular Atrophy (SMA) Type 3, also referred to as Kugelberg-Welander disease, encompasses a clinically
heterogeneous patient population. Individuals typically achieve major motor milestones, including independent ambulation;
however, they develop proximal muscle weakness during infancy. Patients who subsequently lose ambulation frequently
experience secondary complications such as scoliosis, obesity, and osteoporosis (Kinali M et al., 2004; Khatri IA et al.,
2008) at 10 years of age and an increased likelihood of losing ambulation by 40 years. SMA Type 3 is subclassified into
SMA3a, with symptom onset before 3 years of age, and SMA3b, with onset after 3 years (Zerres K et al., 1997). Notable
differences in the loss of ambulation have been observed between these subtypes: patients with SMA3a are predisposed to
losing ambulation within two decades, whereas those with SMA3b frequently maintain ambulation into the fourth decade
of life (Wadam RI et al., 2017). Estimated probabilities of remaining ambulatory at 10, 20, and 40 years are approximately
73%, 44%, and 34% for SMA3a, compared to 97%, 89%, and 67% for SMA3b.

Emerging studies on quality of life and disease burden indicate that domains such as self-care and mobility are preserved
longer in SMA3Db patients (Wijigaaerde CA et al., 2020). Conversely, a significant proportion of SMA3a patients generally
possess two copies of the SMN2 gene, SMA2 patients three copies, and SMA3 or SMA4 patients three or more copies
(Calucho M et al., 2018; Wirth B et al., 2006; Feldokotter M et al., 2002). Statistically significant differences in ambulatory
prognosis exist between SMA3a and SMA3Db patients harbouring three or four SMN2 copies, with the most favourable
outcomes observed in SMA3Db patients with four copies. Kaplan-Meier survival analyses indicate that SMA3a patients have
a significantly poorer prognosis for maintaining ambulation than SMA3Db patients (Lusakowska et al., 2021). These findings
are consistent with a collaborative study of German and Polish cohorts from the 1960s to 1990s, which reported ambulatory
probabilities of 70%, 33%, and 22% at 10, 20, and 30 years for SMA3a and 96%, 84%, and 70% for SMA3D, respectively
(Zerres K et al., 1997).

2.4 SMATYPE 4

SMA Type 4 is recognised as adult-onset spinal muscular atrophy, typically presented in adulthood. Russman
observed that onset commonly occurs after 10 years of age, while Wang indicated that ability to walk into adulthood without
significant respiratory or nutritional problems. These individuals are classified at the mild end of the SMA spectrum,
representing a small portion of SMA cases, specifically about 2% in some registers (Editorial,2024) and 1.2% in others
(Coratti et al.,2022). They exhibit the mildest form of disease.

Individuals with SMA Type 4 are typically ambulatory for many decades and rarely experience respiratory or
gastrointestinal complications. While the phenotypic descriptions of SMA traditionally focus on muscle weakness,
respiratory difficulties and gastrointestinal issues, as patients live longer, we are learning about other symptoms. These
symptoms include disrupted sensory pathways, cardiac arrhythmias, vascular defects like distal digital necrosis, reduced
bone mineral content, and abnormal glucose metabolism, all of which suggest that low SMN protein levels affect various
organ systems (Blauciak et al., 2025; Gunther et al., 2019; Lipnick et al., 2021; Whitney et al., 2023).

2.5 SMATYPE 0

SMA Type 0 is the most severe form, with weakness often appearing either before birth in utero) or at birth. This
is a very rare presentation, and most patients unfortunately pass away within the first few weeks of life. Clinically, it’s
characterised by severe hypotonia (low muscle tone), arthrogryposis (joint contractures), bulbar dysfunction (problems with
swallowing and speaking), and sometimes non-neuromuscular issues such as congenital heart defects (Cupane et al., 2022;
D’Amino et al., 2011; Kolb & Kissel, 2015; Singh et al., 2021). Dubowitz proposed classifying this severe, prenatal-onset
form of SMA as “type 0” (Abbasigharaei et al., 2022).
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Table 1: SMA Clinical Classification based on clinical features and SMN2 genetics status.

SMA Type Onset Milestones Achieved Evolution / natural history | Typical
SMIN2
copies

1A (type0O) | Prenatal None Death in weeks; contractures, | 1
cardiopathy
1B <3 months Poor/absent head | Feeding &  respiratory | 2
control problems; linear decline;
death by 2-3 years
1C 3 months Cephalic control Feeding & respiratory issues; | 3
plateau in first 2 years
2 6 months Able to sit unaided Scoliosis; survives to |3
adolescence/ adulthood;
weaker cases lose sitting
3A 18-36 months Walking unaided Scoliosis; early loss of | 3
ambulation; normal lifespan
3B 3 years Walking unaided Later loss of 3-4
ambulation;normal lifespan
4 274731 decade Walking unaided Ambulance until late life; | 4
normal lifespan

3. THE SMN1 AND SMN2 GENES:

In 1990, all three then-known types of SMA were mapped to chromosomes 5q11.1-13.3. This complex region
features a large 500-kb duplication, containing the telomeric SMNI1 gene and its paralogue, the centromeric SMN2 gene
(Medrano et al., 2016). SMN1 pre-mRNA is generally spliced to retain all exons, resulting in the production of full-length,
functional SMN protein. A critical difference arises in SMN2 due to a single C-To-T change in exon 7 (Bagg et al., 2024;
Butchbach,2026; Dupuis & Echaniz-Laguna, 2010; Maretina et al., 2018; Medrano et al., 2016). About 95% of patients
with 5q-SMA have homozygous deletions of both exons 7 and 8, or solely exon 7 of SMNI, regardless of the disease
phenotype (Arnold et al., 2014; YUCEL & YUKSEL, 2023).

Other patients may have a point mutation in one SMN1 allele combined with a deletion in the other or, very rarely, biallelic
small-scale mutations within any of the SMN1 exons (Wirth, 2000; YUCEL & YUKSEL, 2023; Zanoteli et al., 2024). Due
to the instability of this 5q region, de novo mutations occur at a relatively high rate, approximately 2% (Lunn & Wang,
2008; Verhaart, Robertson, Leary, et al., 2017; Verhaart, Robertson, Wilson, et al., 2017). In patients with milder
manifestations (SMA types 2 and 3), gene conversion occurs, where the SMN1 deletions (which are characteristic of SMA
type 1) (Akhiamova et al., 2024; Ogino et al., 2003; Shakerian et al., 2022). The reverse phenomenon, where SMN2
undergoes gene conversion into SMN1, can also happen (Ogino et al., 2003). The number of SMN2 gene conversion into
SMNI can also happen (Ogino et al., 2003). The number of SMN2 gene copies significantly influences the severity of the
SMA phenotype (Lorson et al., 2010).

4. CLINICAL TRIALS

SMA, which is a primary alteration of the number of copies of the “backup” SMN2 gene, leads to a broad range of
‘phenotypic severity’ from very weak infants (Type 1) to ambulant children (Type 3). Currently, the protocols for therapeutic
drugs under clinical investigation are facilitated and developed by advances in clinical outcome measures, disease-
progression studies and clinical practice guidelines. The care potential of these patients has changed following regulatory
approvals of the first drug treatment for SMA in the US (December, 2016) and marketing authorisation in Europe
(June,2017) (Tizanno E. F. et al., 2017). Beyond the clinical trials, the evolution of the phenotype of SMA now needs to be
considered. Over the past three decades, the process of classifying SMA into the three main types -1,2 and 3 - has gradually
evolved. These types are defined by the age at which symptoms first appear and the highest level of motor function a person
can achieve. Although this system helps to some extent in predicting survival and motor abilities, its accuracy is only
moderate, and it has notable limitations (Tizanno E. F. et al., 2017). Classic spinal muscular atrophy (SMA) shows a
continuous spectrum of severity within a single genetic disorder ranging from very weak infants to children and adults who
can walk. Various eponyms, terminologies and classification schemes have emerged as the full expression of the disorder
was progressively defined following the descriptions of Werdnig and Hoffmann in the late nineteenth century [V. Dubowitz
et al., 2009]. Following the identification of the causative gene for SMA, SMN1 and the modifier gene, SMN2, the
pathological studies and genotype-phenotype relationships have been massively investigated (M. Feldkotter et al., 2002).
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Historically, the treatment for SMA was split between enhancement of clinical management on one end, and experimental
therapies on the other, and a current Cochrane review on treatment for SMA concluded that no drug treatment for SMA has
been proven to have crucial efficacy (Wadman RI et al., 2017). Recently, the treatment’s context has dramatically changed;
the 23 of December 2016, an oligonucleotide drug called spinraza, has received FDA approval in the USA for SMA
treatment. Spinraza was the first treatment to clear the hurdle of FDA approval for spinal muscular atrophy, and it’s exciting
to know there’s a growing list of other promising experimental therapies in the pipeline. Researchers are exploring several
appealing strategies. Some aim to boost SMN protein levels-either through oral medications that tweak the SMN2 gene's
work, or by replacing the SMN1 gene using gene therapy. Others focus on protecting motor neurons to help them survive
longer (M Scoto et al., 2017).

These recent breakthroughs offer real hope to families and patients by directly addressing the lack of SMN protein, whether
through gene therapy or other clever genetic tricks. However, it’s becoming clear that no single therapy will be a complete
cure for SMA on its own. That’s why our study is looking into how SMN protein levels in different body tissues relate to
the progression of SMA. We also want to give a clear overview of the three SMA treatments currently available, detailing
the early lab research and clinical trials that led to their approval, and sharing insights from real-world data. On top of that,
we’ll dive into discussions about using combination therapies, additional treatments, the challenges healthcare providers
face, and what the future holds for SMA treatments (Nikunja Kishor Mishra et al., 2025).

5. MOTOR NEURON DYSFUNCTION

Motor neuron dysfunction is a central feature of conditions like spinal muscular atrophy, where motor neurons are
lost, and muscles waste away. This happens because the protein called SMN is either completely missing or at very low
levels (Yeo et al., 2020). While a total lack of SMN is deadly, even reduced amounts mostly harm the nervous system,
affecting how motor neurons receive and process signals from both the brain and the body’s periphery (S Tisdale et al.,
2015). When SMN levels are low, it disrupts vital cell function, including how genetic information is processed (MRNA
biogenesis). This can trigger stress signals inside cells, leading to the degeneration of neurons. Specific pathways like
ROCK and JNK signalling have been observed to become active in SMA models observed to become active in SMA models
due to low SMN (Ahmad S et al., 2016). Interestingly, SMA isn’t just a neurological problem; it’s increasingly understood
as a multisystem disease. This means it can impact many other parts of the body, including muscles, heart, kidneys, liver,
pancreas, spleen, and the immune system (Talbot et al., 2017).

Treatment for SMA often focuses on increasing SMN protein levels, especially in the spinal motor neurons, which is seen
as a direct way to combat the disease (Hamilton et al., 2013). Historically, supportive care didn’t change the underlying
nerve damage, but new therapies aim to modify how SMN2 (a gene like SMN1) produces functional SMN protein (Leow
et al., 2024). A significant breakthrough has been gene therapy, where a modified virus (like AAV9) is used to deliver the
SMNI gene. This has shown success in increasing SMN protein, extending life, and improving motor function in some
studies (Mercuri et al., 2016). However, there are complexities; too much of the SMN protein in certain tissues can
potentially be harmful, and high doses of the gene therapy vehicle itself have been linked to nerve damage in other areas
(Wu et al., 2010). Scientists are actively working to fine-tune these therapies to ensure optimal and safe SMN levels
(Messina et al., 2020). Recent clinical trials using optimised gene therapy approaches have shown promising early results
(Chiriboga et al., 2021). The severity of SMA seems to follow a “threshold” model, meaning different organs need different
minimum levels of SMN to function properly. In the most severe forms of SMA, organ dysfunction is more pronounced.
As treatments help patients live longer, issues in other parts of the body beyond the central nervous system are becoming
more apparent and are considered important co-occurring conditions that might worsen with age (Finkel et al., 2014). This
highlights the need for treatments that can rescue SMN levels throughout the body, not just in the central nervous system,
to truly improve patients’ long-term survival and well-being (Yeo et al., 2020).

6. THERAPEUTIC APPROACH

The therapeutic landscape for Spinal Muscular Atrophy has undergone a profound transformation in recent decades,
driven by significant advancements in both supportive care and the emergence of disease-modifying treatments. While
improvements in nutritional, respiratory, and physiotherapy interventions have markedly altered the natural history and
prognosis of SMA, enhancing crude survival even in severely affected individuals (Antonaci et al., 2023; Bagg et al., 2024;
Mercuri et al., 2020; Przmuszala et al., 2022), these strategies do not fundamentally address the underlying
neuropathological processes or neuromuscular dysfunction (Day et al., 2022). Consequently, their impact on motor
milestones and disease progression remains inherently limited. The advent of targeted therapies that directly modulate the
expression of the survival motor neuron protein has revolutionised patient outcomes, offering a glimmer of hope where
historically there was limited therapeutic recourse (Bagga et al., 2024).
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6.1 SPLICING MODIFICATION OF SMN2

The primary genetic defect in SMA involves mutations in the SMN1 gene, leading to insufficient production of the
essential SMN protein. Humans possess a homologous gene, SMN2, which primarily produces a truncated, non-functional
SMN protein due to alternative splicing that excludes exon 7 (Aartsma-Rus et al., 2017; Massey& Robertson et al., 2017).
Therapies targeting SMN2 aim to increase the production of full-length, functional SMN protein (Aartsma-Rus et al., 2017).

6.1.1 Nusinersen

Nusinersen was the pioneering drug approved for SMA, functioning as an antisense oligonucleotide (Edinoff et al.,
2021; Jablonka et al., 2022). This ASO specifically binds to an intronic splice-silencing site within intron 7 of the SMN2
pre-mRNA. By inhibiting the action of other splice-factors, nusinersen promotes the inclusion of exon 7 in SMN2 mRNA
transcripts, thereby increasing the translation of functional SMN protein (Aartsma-Rus et al., 2023; Garofalo et al., 2023).
Clinical trials demonstrated significant efficacy for nusinersen. Phase I and II trials in children with SMA types II and III
yielded promising results (Aartsma-Rus, 2017). Subsequent phase Il randomised, double-blind, sham-procedure-controlled
studies further solidified its benefits. The ENDER study, involving infants with infantile-onset SMA, showed a substantial
improvement in motor milestone achievements (41% vs 0% in controls, p <0.001) and a prolonged time to death or
permanent ventilation in the nusinersen group (Day et al., 2022). There is strong evidence suggesting a greater therapeutic
effect when treatment is initiated (Zambon et al., 2024). Following these compelling results, nusinersen received regulatory
approval (Edinoff et al., 2021).

Binds to ISSN-NI Exon 7 inclusion SMN protein
Musinersen

— T — - |6 []7[]8 —o

SMN2 pre-mRNA

Figure 1: Mechanism of Action of Nusinersen

6.1.2 Risdiplam

Risdiplam represents another significant advancement as an orally administered small molecule SMN2 splicing
modifier (Jablonka et al., 2022). It gained approval for the treatment of 5q-associated SMA across all age groups, although
clinical data have predominantly focused on pediatric populations (Ratni et al., 2021). Risdiplam’s oral convenience is a
notable advantage, and clinical trials such as FIREFISH (for type 1 SMA) and SUNFISH (for types 2 and 3 SMA) have
reported clinically meaningful improvements in event-free survival, attainment of motor milestones, and enhanced motor
function. These improvements were sustained after 24 months of treatment, and risdiplam was generally were tolerated
with a favourable benefit-to-risk balance (Pail et al.,2022).

] | Binds to SMN2 Modifies splicing ‘I‘ Full length SMN
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Figure 2: Mechanism of Action of Risdiplam
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6.2. GENE REPLACEMENT THERAPY: AAV9-SMN

A distinct therapeutic strategy involves gene replacement therapy, offering the potential for a one-time treatment that
permanently addresses the genetic root cause of SMA (Bagga et al., 2020). This approach typically utilises a self -
complementary adeno-associated viral serotype 9 (scAAV9) vector to deliver a functional copy of the SMN1 gene (scAAV9-
SMN1) (Jablonka et al., 2021). Early studies demonstrated that systemic intravenous injection of sScAAV9-SMN1 in mouse
models successfully increased functional SMN protein expression in both the central nervous system and peripheral tissues,
leading to extended lifespan and improved motor function (Kaufmann et al., 2020). Onasemnogene abeparvovec utilises an
AAV9 vector to deliver the SMNI1 gene and has shown efficacy in improving developmental milestones in treated infants
(Lyraki et al., 2023).

6.2.1 Safety Concerns And Ongoing Optimisations

Despite its promise, AAV9-based gene therapy carries inherent safety considerations. Higher vector doses, often
required for systemic administration and therapeutic efficacy, inevitably increase the risk of adverse events (Riyad & Weber
et al., 2021). Clinical trials have reported serious adverse events of various severities (Buscara et al., 2020). Elevated
aminotransferase levels, indicative of liver damage, have been observed in some AAV9-SMN- treated patients (Besse et al.,
2022). Long-term AAV9-mediated SMN overexpression in mouse models has been shown to induce dose-dependent motor
dysfunction associated with neurodegeneration, suggesting that uncontrolled SMN protein expression might be toxic
(Alstyne et al., 2021). These observations highlight that the potential for SMN expression beyond physiological levels is a
unique feature of AAV9-SMN gene therapy, and efforts are ongoing to optimise delivery to avoid potential toxic effects
(Alstyne et al., 2021). Research is focused on refining AAV9 vectors to achieve more physiological expression levels and
improve safety profiles (XIE et al., 2024). For instance, a second-generation AAV9 vector utilising a codon-optimised
hSMNT1 transgene and an Hsmnl gene-derived promoter has demonstrated improved safety and efficacy in SMA mice,
suggesting substantial therapeutic benefits over existing vectors (Xie et al., 2024). Evaluating alternative AAV9 therapies
in clinical trials presents ethical challenges, given the existence of approved treatments for SMA (Zambon et al., 2024).
However, considerations for future possibilities, such as administering AAV9 therapy into the developing fetus, are being
explored (Zambon et al., 2024).

Spinal muscular atrophy (SMA) Therapies in the process
SMN1 gene deletion / mutation 1.0nasemnogene (gene therapy)
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Reduced SMN protein s Delivers a funtional SMN 1 Gene !m' i
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v 2 T Helps in the Myostation inhibition
C - T mutation in SMN2 2Nusinersen & Risdiplam + Blocks myostatin which is known as
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Figure 3: Overview of currently available therapeutic strategies for SMA and their underlying mechanism of action. SMA- Spinal
Muscular Atrophy; SMN1- Survival Motor Neuron 1; SMN2-Survival Motor Neuron 2; SMN-Spinal Motor Neuron.
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7. SMA DIAGNOSIS

Here, we have taken three samples from three different regions. In the first sample, a total of 103 DNA samples
from Shanghai Children’s Medical Centre identified as SMA-containing samples were analysed for SMN1 copy number.
(Zhang, X et al., 2018). Secondly, Dr Wang gathered 214 samples. Genomic DNA was separated from blood samples using
the TANBeadVR Kit and Smart LabAssist-32 from Taiwan Advanced Nanotech Inc. (wang, K.C et al., 2021). Thirdly, 36
patients were referred to medicine and social Healthcare science at Kobe University Graduate School of Medicine from
1996 to 2019. These patients were suspected of having SMA. Their ages ranged from newborn to 63 years old (Kimizu T
et al., 2021). Samples were collected from SMA non-carrier, carrier and SMA-affected patients, that is verified through
MLPA (Zhang X et al., 2018).

7.1 DNA Extraction

Blood samples were collected from all three regions. gDNA was separated using the QIAmp DNA blood Mini kit
(QIAGENDH, Germany). The qualitative test was done by optical density (ratio at 260/280nm). Quantitative analysis was
done through a UV spectrometer and kept under -20C. The samples varied from 30 ng/ul to 214ng/ul (Zhang X et al., 2018).
For sample 2, both SMN genes were detected with a home-brew kit (Cold Spring Biotech., Taiwan) (Wang et al., 2021).

7.2 Detection of SMA Gene

The conformed samples through MLPA technique are acquired sample from SMA non carrier, carrier and SMA
patient probes that is two locked nucleic acid LNA where conceptualized particularly to identify single polymorphism
(c.840c>t)at region of exon 7in SMN genes separate FAM -ladled SMN land 2 two probes where used and reference genes
marked with HEX florescence was involved in every reaction every sample need two reaction to identify the SMN genes
individually (Wang,k.c et al., 2021).

8. ANALYSIS OF SAMPLES

8.1 PCR Analysis

In the first sample, PCR was carried out ten pl volume having 0.125um to 1pm of individual primer, 10 mM Tris
(pH = 8.3), 0.5 mg/ml BSA, 2Mm MgCI2, 0.4 U Klen Tak (ab peptides), 6.25 dNTPs,1 XLCGreen ®plus dye (Bio Fire
defense, and 30ng 214ng of gDNA the primer concentration varied between reaction to developed resolution. (Zhang X et
al., 20018). Primers developed for targeted genes are designed online (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). PCR
fragments should be unique and rare; the human genome database (http://www.ncbi.nlm.nih.gov) and UCSC
(http://genome.ucsc.edu) were used to check the melting point of the sequence. The uMelt software was used to check the
melting point of the sequence (http://dna.utah.edu/umelt/umelt.html). The product and reference are differentiated from the
melting temperature. The PCR that had only one melting domain was selected (Zhoul et al., 2015). In the second sample,
digital PCR techniques were conducted. The prepared PCR reaction mix is separated into ClarityTM chips in a tube. It
contains 10,000 partitions in each chip by using the ClarityTM auto loader. The initial denaturation temperature is 95°C for
5 mins, and consequently, 40 cycles in two steps at 63°C for 90s and 95°c for 50 seconds and lastly 70°C for 5 min. The
ClarityTM reader is used to identify the fluorescent signals after amplification. At the end of the scenario, the intra-reaction
copies are normalised to define the copies of the SMN1 and SMN2 genes (Wang, K C et al., 2021). In the third sample, a
genetic test was performed by PCR-enzyme digestion or multiplex ligation-dependent probe amplification analysis (MLPA)
methods. As a result, the method (Kimzu et al., 2021).

8.2 High Resolution Melting (HRM) Analysis
HRM stands for high-resolution melting. PCR was carried out in a 10pul involves containing 0.125uM to 1pM of
every primer, 10mM Tris (PH = 8.3),0.5 mg/ml BSA,2 mM Mgc12,0.4 U Klen Taq (Ab Peptides), 6025uM dNTPs, 1X
LCGreen® Plus dye (Bio Fire Defence), 30 ng to 214 g DNA. In duplex PCR, the primer concentration is 0.125uM CFTR,
1uM KLh22 and 0.5uM. To study the SMN2 gene among SMA subtypes, the WELCH’s t-test is used. For confirmed
diagnosis verification, a chi-squared test was performed (The Publisher OMS Ltd., Tokyo, Japan) (Kimizu et al., 2021).
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Table 2: Cohen’s kappa coefficient (k) between HRM method and dPCR

Marginals SMA Carrier Unaffected Row

Rater 2 (dPCR) SMA Carrier 23 0 23

Unaffected 0 191 191

Column Marginals 23 191 214
8.3 MLPA Analysis

MLPA assay stands for multiplex ligation-dependent probe amplification. MLPA technique is used to check the copy
number of the SMN genes. It can be done with several SMN1 gene P060-B2 kits. The steps included in the MLPA analysis
are denaturation, hybridisation, ligation, PCR, and followed by electrophoresis. The data from electrophoresis is done
through gene Marker software (SoftGenetics, LLC, USA) (Zhang, X et al., 2018). For the second sample, the MLPA assay
was performed using SALSA MLPA P)! Kit with the help of the manufacturer's instructions. The Kit consists of 32 probes,
which include 4 probes for the targeted sequence in every exon of the SMN gene, and extra reference probes (Wang, K.C.et
al., 2021).

Table 3: A parallel comparison between MLPA and dPCR for SMA detection

Sample MLPA (SMN1:SMN2) DPCR (SMN1:SMN2) Report

A 1:1 1:1 carrier

B 1:1 1:1 carrier

C 1:1 1:1 carrier

D 1:2 1:2 carrier

E 1:2 1:2 carrier

G 1:2 1:2 carrier

H 1:3 1:3 carrier

I 1:3 1:3 carrier

J 2:3 2:3 unaffected
K 2:3 2:3 unaffected
L 2:3 2:3 unaffected

9. SAMPLE RESULTS

Samples from three different regions were tested. In the first sample, the number of copy numbers found in the MLPA
method is 23 samples with 2 copies (normal), 1 sample with 3 copies (no SMA), and 43 samples with 0 copies (SMA
patient). In the second diagnosis, 214 samples were taken and tested through the HRM method and DPCR for comparative
result analysis. At the end of the scenario, the outcomes are similar in both results. Cohen’s Kappa coefficient describes the
agreement between the two techniques. Thus, the 12 samples analysed by the SMA Detection kit for MLPA analysis are
commonly used in clinical diagnosis. The standard diagnostic methods are MLPA and high-resolution melting PCR. MLPA
is the best technique compared to others; it is more accurate and can perform many analyses at once. Meanwhile, the HRM-
PCR methods have improved through the CSB SMA Detection kit goal of finding SMN1 and SMN2 gene copies in blood
sample, dried blood spots using digital PCR.

10. CONCLUSION
Spinal Muscular Atrophy (SMA) has changed from an incurable condition to a treatable disease. Various therapies
are emerging in modern times. Advanced techniques focus on the development of SMN genes that are lost due to mutation
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and deletion. Shaping the SMN1 and SMN2 genes is the main strategy of these therapies. The three approved therapies are
nusinersen, onasemogene abeparvovec and risdiplasm. These drugs help to prolong the life of patients; subsequently,
ongoing research focuses on the drug’s safety, efficacy, durability of the drug and data collected through the history of SMA
restoration. Even though the emerging techniques are highly effective, some major challenges still remain. Access to
treatment worldwide, the need for newborn screening programs and a better understanding of disease mechanisms beyond
SMN disease are some major issues in modern times. Future research should focus on a combined approach, biomarkers
for understanding drug response, and therapies and drugs to restore the SMN gene and improve the lives of patients.
Altogether, the developing treatment promises quality of life for all patients affected by SMN disease.
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