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Abstract

Spinal muscular atrophy is characterized by loss of motor neurons and muscle atrophy, largely in childhood. It is a
devastating neuromuscular disorder. In humans, nearly two identical inverted SMN genes (SMN1, SMN2) are present
on chromosome 5q13. Homologous deletion of SMN1 results in SMA.SMA is initiated by low levels of the survival
motor neuron protein (SMN) because of inactivating mutations in the encoding gene SMN1. Another functional protein
for survival is produced by second duplicate gene SMN2.It produces a shortened, unstable SMN messenger RNA.
From alternative splicing it produces a small length fully functional SMN messenger RNA. For SMA clinical severity,
SMN2 gene copy number is a good prognostic biomarker. Many therapeutical strategies for spinal muscular atrophy
are in clinical trials. Recently, Antisense oligonucleotide (ASO) therapy has been licensed. Though, several factors
recommend that complementary strategies may be desirable for the long-term maintenance of neuromuscular disorder.
During the establishment of structural connections of neuromuscular system, SMN protein is required in highest
amount. Besides, people receiving SMN-based treatments may be vulnerable to delayed symptoms if rescue of the
neuromuscular system is incomplete. Hence, for the treatment of CNS and periphery, a comprehensive whole-lifespan
approach to SMA therapy is required. This therapy includes both SMN-dependent and SMN-independent strategies for
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the enhancement of SMN expressions many current and planned clinical trials are designed.
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Introduction

Guido Werdnig documented spinal muscular atrophy in two
newborn brothers in 1891, and Johan Hoffmann characterized it in
seven further instances from 1893 to 1900. Although the title Werdnig-
Hoffmann illness was subsequently used to the severe infantile form
of SMA, their cases were really of intermediate intensity; Sylvestre
described severe infantile SMA in 1899 and Beevor in 1903 [1].
Wohlfart, Fez, and Eliasson first described a milder form of SMA in the
1950s, with patients retaining the ability to stand and walk and living
longer [1]. Kugelberg and Welander went on to describe it in greater
detail. All of these descriptions identified and underlined the primary
pathology as anterior horn cell degeneration, as well as the relevant
clinical symptoms of symmetrical, proximal predominate extremities
weakness affecting axial, intercostal, and bulbar muscles [1]. During
the next half-century, the severity variability was further identified
and classified, and debate developed about whether the infantile,
juvenile, and adult forms of SMA reflected one or many disorders. The
numerous phenotypes were subsequently codified into a categorization
scheme at a Muscular Dystrophy Association-sponsored International
Consortium on Spinal Muscular Atrophyin 1991 [2]. This categorization
distinguished three forms of SMA based on the maximum degree of
motor function and the age of onset. Subsequent changes separated the
type 3 group according to age of onset, introduced a type 4 for adult-
onset cases, and included a type 0 for patients with prenatal onset and
death within weeks. Although there are degrees of severity even within
a single type, and up to 25% of individuals evade accurate classification,
this approach remains relevant in the genetic era and gives significant
clinical and prognostic information.

Spinal muscular atrophies (SMA) are fatal inherited disorder
characterized by the loss of spinal motor neurons. It is caused by
the degeneration of motor neurons of the spinal cord anterior
horns, leading to progressive atrophy of proximal muscles, paralysis,

respiratory failure, and infant death [2]. SMN is majorly caused when
a motor neuron is a deficit of the ubiquitously expressed housekeeping
protein “survival motor neuron” (SMN). Many types of spinal
muscular atrophy are caused by changes in the same genes. Childhood
SMA is severe, generalized muscle weakness at birth or within the
next 3 months. Death of the infants occurs usually within the first two
months of birth [3]. In Pakistan there are almost 68% of the patients
mostly children have SMN gene deletion. It is more common in the
countries like Pakistan, Iran, Saudi Arabia as these countries have
high rate of consanguinity and high birth rate that’s why 68 percent
population of children were affected with this neuromuscular disorder
[4]. A full study of the pathophysiology of SMA is beyond the scope
of this article; nonetheless, a few remarks are in order. The SMN
protein is distributed throughout the cytoplasm and nucleus, where it
works as a component of the SMN complex, a multiprotein complex
that is required for spliceosomal small nuclear ribonuclear protein
synthesis and premRNA splicing. Small nuclear ribonuclear protein
synthesis is changed in SMA-affected mouse cells. The SMN protein
has also been detected in the axons of motor neurons. One frugal
explanation may be that the downstream consequences of altered
RNA processing that result from insufficient expression of SMN are
not favorable for motor neuron development, survival, or both. In this
sense, because the motor neuron transcriptome is unique, a global
alteration in splicing, for example, could have a unique effect on the
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transcriptome of motor neurons. This concept on the pathogenic role
of RNA processing abnormalities in motor neuron illnesses is getting
popular. Fortunately, based on human genotype phenotype research
and preclinical investigations in SMA animal models, a thorough
knowledge of the disease’s molecular pathophysiology may not be an
absolute requirement for the creation of sensible therapy methods.
Nonetheless, knowing the molecular pathogenesis of SMA may give
a footing and lead to an understanding of related motor neuron
illnesses such as non-SMN spinal muscular atrophies and amyotrophic
lateral sclerosis. Many pathogenic mechanisms in SMA are concerned
with a large variety of genes. RNA splicing, metabolism and protein
synthesis is implicated by SMN, SETX, DCNT1, GARS, RARS2, and
LASIL. HSPB1, HSPBS, BSCL2, UBE1, AR, VAPB, DCNT1, MAPT are
involved in Protein-folding, aggregation and degradation pathways.
Genes DCNT1, DYNC1H1, PLEKHG5, HSPB1, SMN, BICD2, FBX034
are responsible for Axonal guidance and transport (Figure 1).

SMN protein is required in all cells, including motor neurons,
to assemble snRNPs in the cytoplasm and transport them into the
nucleus for RNA splicing. It is also needed in sensory neurons, to
maintain motor circuit activity and MN activity in motor neuron
axons to transport actin mRNA to the neuromuscular junction (NM])
and both pre- and post-synaptically at NMJs for their normal function
and stability. The main molecular approach to treatment has been to
try to increase SMN levels by increasing SMN production or stability.
This may be required systemically, rather than in motor neurons alone
and may be complemented by measures to stabilize NM]J stability or
maintain sensory inputs to motor neurons. Sites of action of SMN
protein are shown in the figure at lower case grayscale, and potential
sites for therapeutic intervention in upper case grayscale.

Methodology
Protein families related to spinal muscular atrophy
On the basis of mode of inheritance spinal muscular atrophy is
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Figure 1: The SMN affected Motor Neuron.

classified into two distinct forms i.e. Distal spinal muscular atrophy
and the other one is proximal spinal muscular atrophy [5]. Distal spinal
muscular atrophy is a slowly progressive disease with a rare bulbar
involvement. It may be dominant, named as distal hereditary motor
neuropathy (dHMN) and recessive, distal spinal muscular atrophy
(DSMA), Mutation in the chaperones like HSPB1, HSPB3, HSPB8
resulting in the dysfunction of protein folding. Mutation in GARS
gene alters the transfer RNA sequence which is responsible for amino
acylation [6].

Heat shock proteins (HSP) is the most abundant protein family
in organisms. In Human genome there are almost ten different types
of HSPB named as HSPB1-HSPB10. Some of them are expressed
ubiquitously like (HSPB1, HSPB5, HSPB6, HSPB8) while some of
the family members are tissue specific in nature like HSPB2, HSPB3,
HSPB4, HSPB7, HSPB9, HSPB10 [7]. There are three major domains
of HspB family that i.e. C-terminal domain, N-terminal domain and
highly conserved a-Crystallin domain [8]. The genes responsible for
the distal hereditary motor neuropathy have diverse function such as
(HSPB1, HSPBS, BSCL2) in the Protein folding, IGHMBP2, GARS) in
the RNA metabolism, (HSPB1, DYNC1H]1, DCTN1) axonal transport
and (ATP7A and TRPV4) in cation-channel dysfunction [9] (Table 1).

Types of Spinal muscular atrophy

Proximal spinal muscular Atrophy: Proximal spinal muscular
atrophy is the autosomal recessive disorder causes the degeneration
of the a-spinal motor neurons in brain stem and spinal cord. It is
categorized into three types [4].

Gene Location Mutation Inheritance
HSPB1 7q11.23 Transition404C-T AD
HSPB8 12924.23 | 423G—C, (Transversion) AD
(Belgian, Czech)
421A—G, (transition)
(Bulgarian and English)
HSPB3 5q11.2 Transversion21G-T AD
FBXO38 5q32 Transition616T>C AD
SMAR 11913 Het 1178G>A AR
Het 1284+5G>A
GARS1 7p14.3 815T>G AD
BSCL2 11912.3 263A—G Transition AD
(Austrian, Italian, English)
269C—T missense
(Brazilian family)
REEP1 2p11.2 303+1 AD
TGTAATAT>AC
IGHMBP2 11g13.3 Nonsense 5'mutation AR
(c.138T>A)
3Frame shifts
€.2911_2912
delAG:
p. Arg971Glufs
SLC5A7 2912.3 1497delG AD
DCTNA1 2p13.1 175G>A AD
DNAJB2 2qg35 Transition AR
(352+1G>A)
WARS 14932.2 Heterozygous mutation c.770A>G | AD
ATP7A Xq21.1 4156C>T (Family A) XLR
Transition
2981C>T (Family B)
Transition
mtATP6 | e 9185T>C Mitochondria
mtATP8 - (m.8403T>C) Mitochondria

Table 1: Variants responsible for DSMA in populations.
AR: Autosomal Recessive; XLR: X-linked Recessive; AD: Autosomal Dominant;
mtATP: Mitochondrial Adenosine Triphosphate.
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Werdnig-Hoffmann (SMA type 1): It is reported that about 50%
patient were diagnosed with this severe type of SMA. Infants with
SMA type-1don’t have the ability to sit unsupported and, usually do
not survive further than the first 2 years. These patients have intense
hypotonia, flaccid paralysis, and no head control. Natural motility is
generally poor and movements of limbs are typically not observed.
In the most severe forms, decreased inside the womb movements
suggest prenatal onset of the disease with severe weakness and joint
contractures [10].

Dubowitz syndrome (SMA type2): Dubowitz syndrome is a
rare autosomal recessive disorder and was first identified in children.
Its manifest growth retardation, microcephaly, short stature, facial
features, skin eruptions, and mild to severe mental retardation. Patients
are able to sit unsupported and some of them are able to attain standing
position, but they do not have the ability to walk independently. Joint
contractures and kyphoscoliosis are very common severe type II
patients [10].

Kugelberg-Welander disease: SMA type3 (Kugelberg-Welander
disease) causes muscle weakness in infancy. People with this condition
will stand and walk independently; there are some genes responsible
for the proximal spinal muscular atrophy. Scoliosis and some medical
problems like poor mobility, obesity and osteoporosis arise in those
patients who lose ambulation. Respiratory system requires most care
as it became weakened it will never recover again and make breathing
difficulties (Table 2).

Function of SMN protein

SMN is a 294 amino acid long chain weighs of about 38 kilo Daltons.
Itis found in a large amount within the growth cones of motor neurons.
SMN involved in ribonucleoprotein biogenesis. It plays an important
role in splicing machinery. Gemins, spliccosomal U-snRNPs, SMA
proteins and profilins makes the SMN complex. Gemin-8 is portion
of the SMN complex. In gemin, spliceosomal snRNP are assembled in
the cytoplasm and splicing of pre mRNA occurs in the nucleus. When
electron microscopy demonstrated SMN localization in the dendrites
and axons of motor neurons in the developing rat spinal cord, it was
the first hint that SMN had a role other than its typical actions in the
spliceosome. It has been proposed that SMN protein localizations go
from mostly nuclear during development to more cytoplasmic and
axonal localizations in adult neurons. SMN was also discovered in
the growth cones of cultured motor neurons, and live cell imaging
revealed puncta positive for SMN actively transporting bi-directionally

Gene /Locus Position Mutation
TRPV4 12924.11 805C>T
806G>A
Messene
946C-T
Transition
DYNC1H1 14932.31 heterozygous 1750A-C
BICD2 9922.31 320C>T (Dutch family)
€.2108C>T (Canada)
563A>C (Netherlands)
VAPB 20q13.32 Heterozygous
166C-T (Transition)
LMNA 1922 exon 3
codon208,
delAG
TFG 3q12.2 854C>T
AR Xq12 CAG repeat

(Exon 1 AR gene)

along axons. SMN co-localizes with some SMN complex parts in the
axon, such as Gemin, although Sm proteins are extremely rare in distal
neurites, and most axonally localized SMN granules lack Sm proteins.
The neuron-specific protein neurochondrin is essential for SMN’s
normal cytoplasmiclocalization, and neurochondrin did not co-localize
with snRNPs, indicating that SMN is engaged in processes other than
splicing. According to recent research, SMN can bind to the -COP
component of the COPI vesicle. The COPI system, a Golgi-derived
vesicular transport system, is involved in intracellular trafficking in
neurites, which is required for neuronal cell process maturation. -COP
deficiency was discovered to alter SMN localization inside growth
cones, resulting in its buildup within the trans-Golgi network. -COP
deficiency inhibited neurite production in NSC-34 cells and primary
cortical neurons, resulting in shorter map2-positive dendrites and
tau-positive axons, and both -COP and SMN are necessary for proper
neurite formation. This suggests that SMN has a function in trafficking
for neuronal expansion and the development of the axonal and
synaptic cytoskeleton. Following these initial findings, fluorescent in
situ hybridization tests against the polyA tails of mRNA demonstrated
a more than 50% drop in mRNA transcript localization along the axon
of primary motor neurons after SMN suppression (Figure 2).

SMN2 gene as main modifier

The SMN2 gene can generate some full-length SMN protein; it
is the primary phenotypic modifier in SMA patients. Homozygous
SMN?2 absence is observed in 5% of the healthy population and has no
phenotypic consequence [11]. Patients with spinal muscular atrophy
who have had both copies of the SMN1 gene deleted or disrupted,
on the other hand, have at least one copy of the SMN2 gene. Prenatal
death is caused by the complete lack of SMN genes [12]. The number
of SMN?2 copies normally ranges between 1 and 4, with only a few cases
reaching 8 copies [13]. The increased copy number of SMN?2 is induced
by duplication or gene conversion of SMN1 into SMN2 and has been
linked to a milder form of the illness [14]. Several observations of
asymptomatic patients with homozygous deletion of the SMN1 gene
and elevated SMN2 copy number [15,16] support the role of the
SMN2 gene as a primary disease modulator. In addition, an inverse
relationship has been discovered between SMN2 copy quantity and
survival time.

Despite several evidences of the influence of SMN2 copy number
on SMA phenotype, certain cases of families with significant differences
in disease severity among siblings with the same number of SMN2

Disease
Scapuloperoneal SMA

Lower extremity predominant SMA type 1
Lower extremity predominant SMA type 2

Finkel-type late onset SMA

Adult-onset proximal SMA,
followed by cardiac involvement

Hereditary motor and sensory neuropathy, Okinawa type

Spinal and bulbar muscular
atrophy

Table 2: Genes responsible for the occurrence of the proximal spinal muscular atrophy.
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Figure 2: Factors leading SMN protein degradation.

copies [16-18] have been described. In some situations, asymptomatic
carriers of a homozygous deletion of the SMN1 gene have less than
five SMN2 copies, but in others, six SMN2 copies are inadequate to
avoid SMA symptoms. Some SMA type I patients have three copies of
the SMN2 gene, whereas SMA type III patients have only two copies
[19]. Variability in expression between SMN2 copies, either by SMN2
gene mutations or the action of splicing factors, might explain such
differences. Factors that interact with the SMN protein, modulate
its stability, and are involved in numerous pathways affecting motor
neuron survival are potentially interesting study areas as potential
modifiers of SMA severity. The SMN2 gene copy number is complete
(Figure 3).

Conclusion

SMA is an autosomal recessive neuronal disorder. SMNI1
(survival motor neuron) is a faulty gene in SMA. SMNI1 is present
on chromosome 5. Mainly, it is important for nerve cells called lower
motor neurons. SMN2 gene is most commonly found in humans.
SMN2 provide directions for making SMN protein like SMNI.
Additional SMN2 genes offered full size SMN protein. A mutation
in the VAPB gene on chromosome 20 is responsible for Finkel type
SMA. This gene produce VAPB protein, related with the membrane
that surrounds the endoplasmic reticulum, where newly-made
proteins attain three-dimensional structure and can be prepared to
transport within the cell or to the surface of cell. Proline is replaced by
the amino acid serine at position 56 due to mutation, which leads to
SMA. Unfolded protein response cannot be activated by the mutated
protein. As a result, protein aggregation occurs. In this condition,
motor neurons are susceptible to cell death. SMA treatment has mostly
consisted of supportive and palliative care for more than 100 years,
since its original description. Over the last decade, there has been a
significant advance in doctors’ capacity to treat the various respiratory,
dietary, orthopedic, rehabilitative, mental, and social difficulties that
most of these patients suffer. There were few clinical studies in SMA
prior to the 1990s since there was no apparent molecular target. Studies
were mainly conducted with repurposed pharmacologic drugs that had
demonstrated promising outcomes in other diseases characterized by
muscle weakness, such as amyotrophic lateral sclerosis or muscular
dystrophy. However, the clarification of the genetic and molecular
underpinnings of SMA has proposed numerous viable treatment
options based on the basic premise of raising the production of the

SMN P80 coilin

SMN p80 coilin

SMN GFAP

SMN+ GFAP

Figure 3: Indirect immunofluorescence of endogenous SMN in undifferentiated
and RA-treated mouse P19 embryonal carcinoma (EC) cells.

SMN protein. Pharmacologic or gene-based therapies to increase SMN2
expression (resulting in more full-length SMN mRNA), antisense
oligonucleotide-based therapies to promote exon 7 incorporation
into SMN2-derived mRNA transcripts, and virus-mediated therapies
to replace the entire SMN1 gene are among these strategies. Human
clinical studies employing RNA-based and gene therapy techniques
are currently being conducted at a quick pace, indicating that these
approaches are being developed at a fast rate.
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