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ABSTRACT

Spinal muscular atrophy (SMA) is a severe condition with recent advancements in diagnosis and treatment. Its
prevalence might be higher than anticipated in countries, where consanguineous marriages are common, implying
that there could be cases of prenatal deaths. It is crucial for pediatricians to be familiar with the various forms
of SMA that exhibit different symptoms and to promptly refer patients to pediatric neurology to ensure timely
treatment and prevent complications. Without treatment, decreased levels of survival motor neuron (SMN)
protein can result in disability and even death, ranging from functional motor impairments to muscle weakness
and respiratory failure. Clinically, the severity of SMA varies significantly depending on the loss of lower motor
neurons, ranging from prenatal forms to adult-onset forms, leading to progressive muscle weakness and atrophy.
Homozygous deletion of the SMNI gene is responsible for approximately 95-98% of SMA cases. A SMN2 gene
closely related to SMA can partially compensate for the loss of SMNI, with disease severity correlating with the
number of copies. For patients who cannot receive intrathecal treatment with nusinersen, due to spinal deformities
like advanced scoliosis, risdiplam may serve as an alternative treatment option. We eagerly await the publication
of long-term results of the studies for patients who have received multiple treatments in some way. Future
research will potentially identify more cost-effective and easily measurable biomarkers. It is crucial to enhance
pediatricians’ awareness of this disease, as early treatment can yield promising outcomes.
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oz

Spinal muskdler atrofi (SMA) son zamanlarda tani ve tedavisinde gelismeler olan ciddi bir hastaliktir. Akraba
evliliklerinin ylksek oldugu Ulkelerde tasiyicilarinin sik olmasi, bazi tiplerinde prenatal eksitus olan hastalar
oldugu icin gercek insidans ve prevelansinin tahmin edilenden daha yliksek olabilecegini diisiindiirmektedir.
Pediatri doktorlari tarafindan bu hastaligin farkli gértiniimleri olan tiplerini iyi bilmeleri ve zamaninda gocuk
nérolojisine ydnlendirmeleri hastalarin komplikasyonlar gelismeden tedavi sansini kagirmamalari agisindan
6nemlidir. Klinik olarak alt motor néronlarin kaybina bagli olarak siddeti prenatal formdan eriskin baslangigli
forma kadar oldukga degisken olup progresif kas gligsuzliigl ve atrofi gelisir. Eger tedavi edilmezse hayatta kalma
motor ndron geni (SMN) protein diizeyindeki azalma fonksiyonel motor defisitlerden, kas glicsuizligl, solunum
yetersizligine kadar degisebilen sakatlik ve 6liime yol agabilir. SMN1 geninin homozigot silinmesi, SMA hastalarinin
yaklastk %95-98'ini olusturur. Homolog bir SMN2, SMNT silinmesini kismen telafi edebilir ve kopya sayisi, hastaligin
ciddiyeti ile iliskilidir. Nusinersen tedavisini alamayan (ileri skolyoz gibi nedenlerle) hastalar igin risdiplam bir baska
tedavi secenegi olabilir. Bir seklide ¢oklu tedavi alan hastalarin uzun siireli sonuglarinin yayinlanmasini merakla
beklemekteyiz. ileride yapilacak calismalar daha ucuz ve kolay 6lgiilebilen biomarkerlarin belirlenmesine olanak
saglayabilir. Pediatristlerin erken tedavisiyle yiiz glildiiriici sonuglar alinabilen bu hastalik hakkinda farkindaligini
artirmak gerektigini diisiinmekteyiz.
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INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal
recessive neuromuscular disorder, and formation of
its most common form, 5q SMA, results from biallelic
mutations in the survival motor neuron-1 (SMN) gene.
However, there are various genetic subtypes of SMA.
In the majority of cases (95%), homozygous deletions
of the SMNI gene, which encodes the vital SMN
protein essential for motor neuron survival induces
development of SMAY, Less frequently, it can arise from
missense, frameshift, or heterozygous mutations in one
allele paired with point mutations in the other allele®.
SMA types stemming from mutations in genes other
than 5q are referred to as non-5q SMAs. Its reported
incidence ranges from 1:6,000 to 1:30,000%. Clinically,
the loss of lower motor neurons leads to progressive
muscle weakness and atrophy, with disease severity
varying widely, from prenatal onset to adult-onset
forms.

Both SMNTand SMN2 genes encode the SMN protein,
but while SMNI generates a fully functional protein, only
10% of the protein produced by SMN2 is functional®.
This difference arises from a mutation in intron 7 of the
SMN2 gene. As a neurodegenerative disorder, decreased
expression of SMN gene and progressive degeneration
of motor neurons in the spinal cord and brainstem
are characteristic features of SMA®, The level of SMN
protein produced by SMN2 copies, when SMNI gene is
rendered completely functionless, is inversely related
to the severity of SMA. The severity and course of the
disease range from mild (type 4) to severe (type 1) type
depending on the variable number of less stable SMN2
gene copies®. The SMN2 copy number serves as the
primary, though not exclusive, prognostic indicator for
SMA types. In SMA type 1, 86% of patients have 2 copies
of the SMN2 gene, 87% of SMA type 2 have 3 copies,
64% of type 3 individuals have 3 copies, and 31% have 4
copies?”.

Types of Spinal Muscular Atrophy

If left untreated, the reduction in SMN protein levels
canresultinvarying degrees of disability and even death,
encompassing functional motor impairments, muscle
weakness, and respiratory failure®. Historically, SMA has
been categorized into different types (types 0-4) based
on disease severity and the timing of clinical symptom:s.

In SMA type 0, symptoms manifest in utero, and
there are noticeable signs of profound muscle weakness
at birth. SMA type 1, is the most prevalent form that
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manifests symptoms within the first 6 months of life,
and affected individuals are unable to sit independently.
Type 2 SMA typically begins to show symptoms after the
first 6 months of life, and patients can sit but cannot walk
without assistance. Patients with type 3 can initially walk,
but they gradually lose their ability to walk with disease
progression. In cases where symptoms emerge before
the age of 3 (type 3a), roughly half of the individuals
lose their ability to walk before reaching adulthood.
For type 3b, symptoms appear after 3 years of age, and
some individuals can maintain their ability to walk even
beyond the age of 40. In the adult-onset type 4 SMA,
patients do not lose their ability to walk®.

In SMA patients, kyphosis, a forward curvature of
the spine, typically develops before the age of three,
which may later progress to scoliosis or kyphoscoliosis, a
combination of forward and lateral spinal curvatures'?.
Consequently, comprehensive patient monitoring,
especially for those receiving high-cost medications
for the treatment of SMA, and early intervention for
spinal deformities through assessments of two-plane
radiographic series are crucial for achieving better
functional outcomes and prolonged survival.

Treatment of Spinal Muscular Atrophy

Since 2016, the United States Food and Drug
Administration has granted approval for three disease-
modifying therapies for the treatment of SMA, all of
which show their effects by elevating SMN protein
levels™.

Nusinersen (SPINRAZA®), initially marketed as an
intrathecal formulation, and recently available in an
oral form known as risdiplam (Evrysdi®)"™ are effective
through distinct mechanisms to boost SMN2 mRNA,
thus increasing the production of fully functional SMN
protein. These therapies are approved for use in pediatric
patients, neonates, and adults.

Onasemnogene  abeparvovec  (ZOLGENSMA®)
represents a gene replacement therapy targeting
the SMNI gene. This therapy involves intravenous
administration of an adeno-associated virus 9 (AAV9)
and is approved for children under two years of age™.
Gene therapy, while costly and therefore limited in its
indications, entails a one-time injection. It facilitates the
transfer of the SMNI gene, delivered by the AAV9 vector,
through the blood-brain barrier and into motor neuron
cells within the central nervous system. Presently, gene
therapy is indicated for patients with the diagnosis
of 5gqSMA type 1 resulting from biallelic SMNI gene
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mutations and for patients under the age of 2 with a
maximum of four copies of the SMN2 genel™,

All three drugs have undergone numerous tests
in presymptomatic patients younger than 42 days of
age. All patients with three copies of the SMN2 gene
achieved independent ambulation before reaching 2
years of age. Half of the patients carrying 2 copies of
the SMN2 gene displayed normal motor development,
while the other half experienced mild to moderate
developmental delays'. These findings underscore
the critical importance of early diagnosis and prompt
initiation of treatment, particularly for SMA patients
carrying two copies of SMN2 gene®,

Biomarkers

Responses to nusinersen, onasemnogene
abeparvovec, and risdiplam treatments exhibit significant
variations among individuals influenced by multiple
factors, including SMN2 copy number, age at the start of
treatment, and disease severity”-?". Due to this inherent
variability, there is an urgent need for SMA biomarkers
aiding in treatment decisions, and in the prediction
of prognosis (prognostic biomarkers) and treatment
outcomes  (predictive  biomarkers)??.  Moreover,
numerous clinical trials are in progress, focusing on
approaches beyond targeting the SMN protein, such as
reversing motor neuron loss, enhancing motor function,
neuromuscular junction improvement, or enhancing
muscle performance?*?4, Combining SMN-dependent
and independent therapeutic modalities may prove to be
the most effective strategy for the treatment of SMA®,
Consequently, the development of novel prognostic,
predictive, and pharmacodynamic biomarkers serving
as valuable outcome measures in clinical trials and for
monitoring responses to evolving treatment regimens
over time conveys utmost importance®??7,

While SMA mRNA and protein levels naturally serve
as biomarkers for SMA, their levels in the bloodstream,
and central nervous system do not correlate with CNS
levels. Recently, extravesicular blood samples obtained
from SMA type 2 patients have revealed the presence
of full-length SMN transcripts. Additionally, nusinersen
treatment has been associated with decreased
neurofilament (NF) and SMN transcript levels?®. Other
potential biomarkers encompass genetic factors like
SMN2 copy number, SMN2 polymorphisms, genetic
regulators, transcription and splicing regulators,
microRNAs, methylation factors, long non-coding
RNAs, NF, tau protein, magnetic resonance imaging,
muscle imaging techniques, and electrophysiological
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parameters, including compound muscle action
potential amplitude, motor unit number estimation
methodologies, and repetitive nerve stimulation®?-32,

Newborn Screening Programs

The implementation of newborn screening (NBS) for
SMA has brought about a profound transformation in
the outlook for diagnosed patients. Real-world studies
have illuminated the fact that only 34% of individuals
possessing 3, 4, or 5 copies of SMN2 were able to achieve
the ability of independent walking®. Those who started
to receive treatment after the onset of symptoms had
notably lower chances of regaining their ambulatory
abilities®®. As implementation of NBS has became
widespread, substantial real-world data on the efficacy
of early SMA treatment have emerged. A systematic
review of the findings of 18 studies by Aragon-Gawinska
et al.®® revealed that early treatment outcomes were
contingent upon both the SMN2 copy number and
the initial neurological presentation of the patients.
Regrettably, there is no foolproof method to detect
early-stage SMA symptomes. In the absence of a positive
NBS result, pediatricians may struggle to identify
subtle abnormalities unless they possess expertise
in the diagnosis of SMA. Functional motor outcome
assessment tools like Children’s Hospital of Philadelphia
Infant Test of Neuromuscular Disorders can facilitate
symptom measurement and making comparisons during
monitoring of the treatment. In the future, following the
conduction of well-designed clinical trials, noninvasive
in-utero diagnostic tests followed by prenatal treatment
might become a topic of consideration.

Making treatment decisions for patients with 4 SMN2
copies poses a unique challenge. While adhering to a
"wait-and-see” approach is not always straightforward,
it has been observed that these patients may exhibit
less than four copy numbers in different assessments.
More comprehensive data is essential to provide
recommendations for these individuals®é?), It is critically
important to note that current SMA treatments come
with substantial costs. Consequently, robust health-
related economic analyses are required to assess the
value of treating SMA patients identified through NBS
programs.

Conclusion

In countries like ours, where consanguinity rates
are approximately 30%, early detection of SMA holds
immense significance. ldentifying high-risk pregnancies
for SMA through premarital screening as soon as



possible is also of great economic importance for the
nation. Delayed diagnosis and treatment can hinder the
achievement of desired favorable outcomes.

Risdiplam could serve as a potential alternative for
patients unable to receive nusinersen. This is particularly
relevant for cases having advanced scoliosis or other
contraindications. We eagerly anticipate the release of
long-term results from studies performed with patients
who have undergone multiple treatment regimens.

Future research endeavors may pave the way for the
discovery of more cost-effective and readily accessible
biomarkers. Increasing awareness among pediatricians
about this treatable disease is imperative and should be
prioritized.
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