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Abstract
Incidence—The incidence of SMA is 1:11,000 live births [1].
Prevalence—The prevalence of the carrier state is approximately 1 in 54 [1].

Severity—The clinical severity of SMA correlates inversely with SVIN2 gene copy number and
varies from an extreme weakness and paraplegia of infancy to a mild proximal weakness of
adulthood.

Natural History—The natural history of SMA is complex and variable. For this reason, clinical
subgroups have been defined based upon best motor function attainment during development.
Type 1 SMA infants never sit independently. Type 2 SMA children sit at some point during their
childhood, but never walk independently. And Type 3 SMA children and adults are able to walk
independently at some point in their childhood.
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Introduction

The term spinal muscular atrophy (SMA) refers to a group of genetic disorders all
characterized by degeneration of anterior horn cells and resultant muscle atrophy and
weakness. The most common SMA, accounting for over 95% of cases, is an autosomal
recessive disorder that results from a homozygous deletion or mutation in the 5913 survival
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of motor neuron (SMNL1) gene. In a large, multi-ethnic study to test the feasibility of high-
throughput genetic testing for SMA carriers, the overall carrier frequency was one in 54 with
an incidence of 1 in 11,000 [1]. The severity of SMA is highly variable and the clinical
features can be classified into four main phenotypes on the basis of age of onset and
maximum motor function achieved [2]. There is no cure for SMA, however an
understanding of the molecular genetics of SMA has led to the development of pre-clinical
models and numerous potential therapeutic approaches [3-5]. There is great excitement in
the SMA field as these therapeutic approaches have recently entered early phase clinical
trials.

Paired with the excitement of an active therapeutic pipeline in SMA has been a focus upon
understanding the natural history of this disorder as well as early diagnosis and clinical
intervention. This has led to the development of clinical standards of care [6, 7]. The natural
history of the most severe form of spinal muscular atrophy (type 1) has been the subject of
particular attention and is characterized by a rapid loss of motor and respiratory function in
the first year of life [8]. Studies have shown that survival beyond one year in these infants
can be improved to 70% or more with proactive use of non-invasive ventilatory support and
enteral feeding [9-11]. In contrast, studies on the natural history of the milder forms of SMA
(type 2 and type 3) have shown little reduction in motor and respiratory function during the
course of a single year [12, 13].

This chapter will focus upon the clinical manifestations of SMA and how it relates to the
molecular genetics and pathogenesis of the disease. We will discuss genetic testing and will
review the clinical management of SMA with particular attention to aspects of care and
methods of assessment that can be utilized in clinical practice and as clinical trial outcome
measures. We will also review current therapeutic approaches and highlight current
controversies in clinical management, newborn screening and clinical trial design.

Clinical Features

The predominant clinical features of SMA are muscle weakness and atrophy. Weakness is
usually symmetric with proximal muscles more affected than distal groups as in NP7 (see in
this issue “Patterns of Weakness, Classification of Motor Neuron Disease & Clinical
Diagnosis of Sporadic ALS”). Over the last 125 years, reports detailing the clinical
manifestations and wide range of clinical severity have all recognized and emphasized the
seminal pathology as anterior horn cell degeneration, as well as the pertinent clinical
features of symmetrical, proximal predominant extremity weakness that also affects axial,
intercostal, and bulbar musculature [14]. The multiple described phenotypes were eventually
formalized into a classification scheme at an International Consortium on Spinal Muscular
Atrophy sponsored by the Muscular Dystrophy Association (MDA) in 1991 [15]. This
classification highlighted three SMA types based on the highest level of motor function (i.e.
sitting or standing) and age of onset. Subsequent modifications divided the type 3 category
by age of onset, added a type 4 for adult-onset cases, and included a type O for patients with
prenatal onset and death within weeks [16, 17]. Although there are degrees of severity even
within an individual type, and as many as 25% of patients elude precise classification, this
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scheme remains relevant in the genetic era and provides useful clinical and prognostic
information (Table 1).

Spinal muscular atrophy type 0 is used to describe neonates who present with severe
weakness and hypotonia with a history of decreased fetal movements. In this case, the
weakness is probably of prenatal onset. On examination, infants with type 0 may have
areflexia, facial diplegia, atrial septal defects and joint contractures. Respiratory failure is a
major concern early on. Life-expectancy is reduced and most are unable to survive beyond 6
months of age (Table 1) [18, 19].

Infants with type 1 SMA, also known as Werdnig-Hoffman disease, present with hypotonia,
poor head control and reduced or absent tendon reflexes prior to 6 months of age. By
definition, they never achieve the ability to sit unassisted (Figure 1)(Table 1). The profound
hypotonia can manifest as a "frogleg" posture when lying and poor to absent head control.
The weakness in intercostal muscles, with relative sparing of the diaphragm, produces a
bell-shaped chest and a pattern of paradoxical breathing sometimes referred to as "belly-
breathing”. Infants with type 1 SMA develop tongue and swallowing weakness and tongue
fasciculations are often present. Facial weakness does develop, although this is usually not
manifest early in the course of the disease. As the tongue and pharyngeal muscles weaken,
these infants are at risk of aspiration and failure to thrive. Infants with type 1 SMA usually
develop respiratory failure prior to 2 years of life [8, 20, 21]. Despite the profound
weakness, cognition in these infants is normal in infants with type 1 SMA who are often
alert, attentive and bright at the time of diagnosis.

Children with type 2 SMA are able to sit unassisted at some point during their development,
however they are never able to walk independently (Figure 2)(Table 1). This intermediate
form of SMA tends to manifest as progressive proximal leg weakness that is greater than
weakness in the arms. There is hypotonia and areflexia on examination. Many of the
comorbidities in this patient population are related to the orthopedic complications of bone
and joint development in the setting of muscular weakness and progressive scoliosis, joint
contractures and ankylosis of the mandible may develop. The combination of scoliosis and
intercostal muscle weakness can also result in significant restrictive lung disease. In these
children, cognition is normal [22].

Children and adults with type 3 SMA, also referred to as Kugelberg-Welander disease, are
able to walk unassisted at some point during their lifetime (Figure 3)(Table 1). They present
with progressive proximal weakness of the legs more than the arms. The leg weakness may
necessitate the need of a wheelchair at some point. Unlike, type 2, these individuals are
mostly spared the comorbities of scoliosis and have little or no respiratory muscle weakness.
Cognition and life expectancy are not altered in this group [17, 23].
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At the mild end of the continuum are individuals classified as having SMA type 4. They
represent < 5% of SMA cases and have the mildest form of the disease. These individuals
are ambulatory and they are similar to type 3, however onset is in adulthood, often
considered to present at age 30 or later but can be of juvenile onset. [21, 24].

Case vignette—This 37 y.o. police officer presented with a chief complaint of leg
weakness. He dated his symptoms back 12 months when he noticed difficulty going up stairs
and getting out of deep chairs. To more detailed questioning, he recalled that 10 years
previously while in the police academy he had had to push off his knees with his arms to
stand up after shooting practice from a kneeling position. He complained of muscle cramps
and occasional “twitches” in his legs, but denied arm or bulbar weakness or sensory
problems. He had been evaluated at an outside hospital where an EMG revealed “diffuse
denervation” a diagnosis of ALS was made, he was told to “get his affairs in order”.

Examination revealed intact cranial nerves, symmetric 4+ weakness in the shoulder
abductors, symmetric 2 grade weakness in the hip flexors and extensors and 4- knee flexors
and extensor strength. Distal groups were grade 5 in both the arms and legs and sensation
and reflexes were normal. Repeat EMG confirmed diffuse denervation and SMN genetic
testing revealed a homozygous deletion in SMIN1 gene with 5 copies of SVIN2.

Comment—In this patient with SMA type 4, the symmetric weakness, preferential
involvement of hip flexors, and lack of upper motor neuron signs all suggested that ALS
was not the correct diagnosis. The 5 copies of SMN2 account for the mild phenotype. Eight
years after diagnosis, the patient is still working as a police officer doing desk duties.

Genetics

Prior to the discovery of the genetic etiology, SMA presented a riddle in regards to severity:
how can one gene defect result in such a wide range of clinical severity? The solution to this
riddle began with the discovery by the Melki laboratory in 1995 that 95% of cases of SMA,
irrespective of type, are caused by a homozygous deletion in the SMN1 gene on
chromosome 513 [25]. In humans, two forms of the SMIN gene exist on each allele: a
telomeric form (SVIN1) and a centromeric form (SMN2) (Figure 4). Transcription of the
SVIN1 gene produces full-length mRNA transcripts that encode the SMN protein. The SMIN2
gene is identical to the SMIN1 gene with the exception of a C to T substitution in an exonic
splicing enhancer that results in the exclusion of exon 7 during transcription. The resultant,
truncated protein is not functional and is rapidly degraded. Critically, the exclusion of exon
7 from SMIN2 mRNAs is not complete, and so a small fraction of the total mRNA transcripts
(~10-15%) arising from the SMIN2 gene do contain exon 7, which encodes the normal SMN
protein (Figure 4).

All patients with SMA lack a functioning SMIN1 gene and are thus dependent upon their
SMIN2 gene, however inefficient, to produce the SMN protein necessary for survival. Thus,
SMA is caused by a deficiency of the SMN protein that, for reasons still unknown, results in
selective motor neuron loss. The riddle of severity was solved by the variability of SMIN2
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gene copy number that was found in SMA patients[26]. Several subsequent genotype/
phenotype analyses confirmed a positive correlation between SMN2 copy number and
milder phenotype [27]. Although SMIN2 copy number is now known to be the primary
determinant of SMA severity, it is clearly not the only phenotypic modifier. Prior and
colleagues described three adult patients with mild 3b phenotypes and only 2 copies SMIN2,
a seemingly incongruous finding that was explained by the fact that these individuals had a
€.859G>C exon 7 mutation that created an exon splice enhancing element resulting in
increased full-length SMN protein production and a milder phenotype [28]. Other modifiers
have been described and more are expected as the understanding of the molecular
pathogenesis of SMA is refined. Thus, the SMA phenotype cannot always be deduced solely
from the SMIN2 copy number determination, a fact crucial when performing genetic
counseling with patient families. Because clinically validated genetic testing is available, it
is feasible to someday add the SMA gene test to newborn screening panels [29, 30]. In order
for this to occur, however, clear evidence of an effective therapy for SMA and improved
ability to understand genetic modifiers of disease severity is required.

Molecular Pathology

Although a detailed discussion of the pathogenesis of SMA is beyond the scope of this
review, a few comments are in order. SMN is found throughout the cytoplasm and nucleus
where it functions as part of a multi-protein complex, the SMN complex, that plays an
essential role in spliceosomal small nuclear ribonuclear protein (SnRNP) biogenesis and pre-
mMRNA splicing [31]. sSnRNP biogenesis is altered in the cells of SMA mice. The SMN
protein has also been detected in the axons of motor neurons. These observations have led to
a central question: while the SMN protein influences RNA processing functions in all cells,
does the protein have an additional, unique function in motor neurons? [32, 33] One
parsimonious 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
transcriptome of motor neurons. The relevant function(s) of the SMN protein in SMA is an
area of active research that holds promise to add to our understanding of basic motor neuron
biology which may prove relevant in other disorders affecting the lower motor neuron.

Clinical Management

Over the past decade, there has been a marked improvement in the ability of clinicians to
manage the multiple respiratory, nutritional, orthopedic, rehabilitative, emotional and social
problems that develop in the majority of these patients. A notable achievement in this regard
was the development of a comprehensive standard of care document by Wang and a
collaborating panel of experts that was published in 2007 [6] and is currently being updated.
This document established guidelines for managing the multiple expected clinical problems
that develop in patients with SMA as they age.
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The ultimate cause of death in infants and children with type 1 and 2 SMA is usually
respiratory failure. It is critical that a therapeutic relationship with an experience pulmonary
specialist familiar with pediatric neuromuscular disorders is established at the time of initial
diagnosis. There is early involvement of the expiratory muscles of ventilation with relative
sparing of the diaphragm [34, 35]. In infants with type 1 SMA, the early implementation of
noninvansive ventilatory support has been show to improve survival and quality of life [10,
36]. Bi-level positive airway pressure, when applied with appropriate pressure settings and
mask placement, is well tolerated, does not affect hemodynamic balance and may increase
chemosensitivity and improve daytime hypercapnic ventilatory drive [37-39]. Patients with
this degree of respiratory weakness also have a weak cough that puts them at increased risk
of aspiration and hypoxemia secondary to mucus plugging as well as increased risk of
recurrent pulmonary infections. Infants at risk for mucus plugging should be monitored with
overnight oximetry during acute illnesses and assisted airway clearance methods, such as
manual suctioning, is recommended. Generally, the use of antibiotics should be applied to
these infants during any acute illness because fo the risk of pneumonia and associated
pulmonary complication [6, 36, 40].

The goal of pulmonary intervention in type 1 infants is to improve quality of life and not
necessarily to prolong life. For example, non-invasive ventilation can prevent and may
reverse changes in chest wall compliance and lung development [41]. Ultimately, however,
a decision must be made about what to do once non-invasive ventilatory support is not
sufficient. The use of a tracheostomy and permanent ventilatory support can be successfully
implemented in individuals with SMA [42]. However, a commitment to lifelong, full-time
ventilatory support is an individual choice for the child's family which must be discussed in
a multi-disciplinary setting, ideally involving a palliative care team [36].

The management of respiratory function in type 2 or non-ambulant SMA children (i.e. type
3 children who with progression of illness eventually lose ambulation) is similar to that of
type 1 infants, however the complications are less severe. Physical examination and
assessment of cough effectiveness and respiratory muscle function should be routinely
monitored. For children who are greater than 5 years of age, forced vital capacity can be
routinely monitored and non-invasive ventilatory support can be managed long-term.
Nocturnal hypoventilation should also be treated with non-invasive ventilation [38].

Gastrointestinal and nutritional

Gastrointestinal complications are common in individuals with SMA, and it is not clear if
this is due to immobility and nutritional deficiencies or whether there is a primary defect is
gastrointestinal mobility [43, 44]. Infants with type 1 SMA often have prolonged feeding
times and tire quickly. This reduction in feeding can be the first sign of progressive
weakness and can lead to failure to thrive and aspiration. [40]. Gastrointestinal dysfunction
includes difficulty feeding and swallowing due to bulbar dysfunction and manifests as
tongue weakness, difficulty opening the mouth and poor head control. Other associated
problems include gastrointestinal reflux, delayed gastric emptying and constipation [40].
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These complications are also seen in individuals who, for other reasons, cannot sit or stand,
and are less commonly seen in ambulant individuals with SMA.

The management of aspiration associated with feeding and dysphagia includes changing
food consistency to include semi-solid and thickened liquids. However, in infants with type
1 SMA, early gastrostomy and laparoscopic Nissen fundoplication (if gastrointestinal reflux
is present) is recommended because of the importance of maintaining proper nutrition and to
reduce the risk of infection secondary to aspiration [45-47]. The surgery can be performed
soon after diagnosis when the infant is healthy so that the infant will not become hungry as
oral feeding decreases.

Malnutrition, secondary to decreased oral intake can also be an insidious problem for some
type 2 SMA children and adolescents [48]. Malnutrition and periods of fasting should be
avoided, since these behaviors may contribute to reduction of muscle mass and subsequent
impaired function. In clinical practice, height and weight plots in individuals with SMA can
be deceiving due to reduced lean body mass [49]. In fact, high functioning, non-ambulatory
individuals with SMA are prone to adiposity, despite their low resting energy expenditure
and are at risk of becoming overweight [50, 51]. To manage these complications, each child
should be evaluated individually during routine visits by a dietitian with the goal of maintain
the growth curve and to avoid inadequate or excessive intake. Because of the tendency for
decreased bone mineral density with increasing age, adequate intake of vitamin D and
calcium should be provided [52].

Orthopedic and musculoskeletal complications

Weakness and impaired mobility predispose to numerous musculoskeletal issues. Early
recognition and appropriate management are helpful in maintaining function, preventing
deterioration in vital capacity and improving quality of life. In non-ambulatory individuals
with SMA, contractures are common and regular stretching and bracing programs to
preserve flexibility and prevent contractures are the main goals of therapy [53, 54]. Manual
and motorized wheelchairs may be initiated as early as 18-24 months of age. Children who
are able to bear some weight and have some trunk control may utilize a standing frame or
mobile-stander with ankle-foot orthoses. Physical therapy can help to maximize endurance,
fitness and safety by incorporating activities such as swimming, aquatic therapy and
adaptive sports. Neuromuscular fatigue appears to contribute to functional limitations in
individuals with SMA [55]. Wheelchairs and modifications in the environment and at home
should be considered to allow for safe accessibility and to optimize independence.

Scoliosis occurs in almost all non-ambulant individuals with SMA [56]. When untreated,
scoliosis causes chest-cage deformities with subsequent respiratory restriction. Spinal fusion
and bracing are the treatments of choice for scoliosis, however there is no clear consensus
for their efficacy [57-60].

Therapeutic Development

Prior to the 1990s, there were relatively few clinical trials in SMA because there was no
clear molecular target. Those studies that were undertaken usually involved pharmacologic
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agents that were repurposed and had shown encouraging results in other diseases
characterized by muscle weakness such as amyotrophic lateral sclerosis or muscular
dystrophy. Within 5 years of the discovery of the SMIN gene, however, animal models of
SMA were developed that mimic many of the pathological and electrophysiological changes
seen in patients and have formed the cornerstone for all therapeutic developments that
followed. Burghes and colleagues found that mice with two copies of human SMN2 on a
null smn—/- background are viable with a severe SMA-like phenotype, loss of motor
neurons and lifespan of 5 days, whereas mice with eight copies of SMIN2 on the same
background are normal [61]. This and subsequent murine models, as well as the
development of SMA models in zebrafish, Drosophila, and pig have provided “proof of
principle” that increasing expression of the full length SMN protein is protective. These
models also established superb pre-clinical model systems for screening potential therapies,
and permitted in-depth molecular and biochemical studies of disease pathogenesis [62, 63].

The elucidation of the genetic and molecular basis of SMA described above, suggested
several possible therapeutic approaches based on the general principle of increasing the
expression of the SMN protein. These strategies include pharmacologic or gene-based
therapies to increase SMN2 expression (leading to more full-length SMN mRNA), antisense
oligonucleotide-based therapies to favor incorporation of exon 7 into SMN2-derived mRNA
transcripts, and viral mediated therapies to replace the entire SMIN1 gene. The development
of these approaches is now proceeding at a rapid rate, with human clinical trials using RNA-
based oligonucleotide and gene therapy approaches currently underway.

Small Molecule Therapy

The past decade has witnessed several large SMA drug development projects coordinated by
the NINDS, private foundations and the pharmaceutical and biotechnology industries. These
projects have focused on developing cell-based, high-throughput assays to screen for
candidate small molecules that can increase SMN protein levels. Compounds that increase
SMN levels in these assays have been tested in SMA animal models. Through this approach,
a diverse set of compounds has been identified that include histone deacetylase (HDAC)
inhibitors, aminoglycosides, and quinazolone derivatives. HDAC inhibitors such as valproic
acid, sodium butyrate, phenylbutyrate and trichstatin A activate the SMIN2 promoter
resulting in increased full-length SMN protein. Despite favorable results in mouse models,
clinical trials with several of these agents, most notably phenylbutyrate, valproic acid, and
hydroxyurea have been disappointing with no substantial clinical benefit demonstrated.
Multiple issues related to dosing, duration of therapy, and timing of therapy (i.e. when in the
course of the disease therapy is instituted), may have confounded these earlier studies,
however there are now many new small molecules that have been discovered and developed
specifically for their ability to affect the splicing of the SVIN2 gene to increase the amount of
full-length SMN mRNA transcript. The development and testing of these compounds in
clinical trials is an active area that holds promise for disease modifying activity.

RNA-based Therapy

Alteration of SMIN2 splicing to favor inclusion of exon 7 into the final MRNA transcript and
increased expression of the full-length SMN protein is a second promising strategy to treat
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SMA. These approaches target interactions between cis-acting sequence motifs found in the
introns and exons of SVIN2 pre-mRNA and the various trans-acting splicing factors involved
in the regulation of exon 7 splicing. Antisense oligonucleotides (ASOs) are therapeutic RNA
molecules designed to bind to their complementary sequences within a targeted intron or
exon that can either enhance or disrupt the targeted splicing event. Initial efforts to increase
the inclusion of exon 7 from SMN2 pre-mRNA utilized an ASO designed to inhibit a 3’
spice site of exon 8 [64]. Since then, additional splice site regulators have been identified
and refinements have been made to the chemical stability of ASOs. One such additional
splice site regulator is the intron 7 intronic splicing silencer N1 (ISS-N1) in the SMN2 gene
[65]. ASO-induced blocking of ISS-N1 strongly enhances exon 7 inclusion in cultured
fibroblasts and results in increased SMNL1 protein. In vivo efficacy testing of these ASOs
resulted in efficient inclusion of exon 7 and increased full-length SMN protein levels in
mice [66]. In this first pre-clinical ASO study, systemic administration failed to penetrate the
blood brain barrier, however this obstacle was quickly overcome by several groups resulting
in increased full-length SMN mRNA and protein in mouse spinal cord when delivered by
intracerebroventricular (ICV) injection [67, 68].

There are now a number of variations on the theme of RNA-based therapies for SMA that
are in various stages of preclinical development. For example, a Morpholino-based ASO
that targets an intronic repressor, Element1 also improves survival in a mouse model of
SMA [69]. Bifunctional RNAs are ASOs that are either covalently linked to a peptide or to a
sequence recognized by specific splicing modulators in order to enhance the stability and/or
activity of the therapeutic RNA. Lorson and colleagues engineered a bifunctional RNA
containing an ASO directed to the intron7/exon 8 junction that also contained a sequence
that recruited hnRNP-AL, a splicing factor that prevents exon 8 inclusion, resulting in more
exon 7 inclusion [70]. ICV injections of this bifunctional RNA therapeutic molecule and
other bifunctional RNAs raised full-length SMN levels in brain [70, 71]. Trans-splicing
RNAs (tsRNA) are an additional RNA-based strategy that has been applied to SMA mouse
models. Therapeutic tsRNA for SMA is a synthetic RNA molecule that interacts with the
endogenous SMIN2 pre-mRNA resulting in a hybrid mRNA that has the endogenous
mutation spliced out, thus resulting in more full-length SMN mRNA and protein. Pre-
clinical studies with therapeutic tsSRNA in SMA mouse models have also been successfully
applied [72, 73].

Gene Therapy

Perhaps the most direct approach to SMA therapy is to correct the fundamental cause of the
disorder by replacing the missing SMIN1 gene. The successful rescue of a mouse model of
severe SMA using a self-complementary adeno-associated viral vector, serotype 9
(scAAV9) by Foust and colleagues was a landmark first step in this direction [74]. In this
study, mouse pups were treated on postnatal day 1 with a single intravenous injection of 5 x
1011 viral sScAAV9 particles carrying the SMIN1 gene. This resulted in SVIN expression in
60% of spinal cord motor neurons and complete rescue of motor function and strength,
muscle physiology and life span, so that the treated mice had a normal life span of >400
days, compared to a life span of approximately 16 days in the untreated animals. This
approach has been reproduced by other groups using both AAV8 and AAV9 constructs to
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deliver SMIN1 to motor neurons [75-77]. An important caveat to this approach is that
injections done in the mice have their maximal effect on postnatal day 1; the effect falls off
rapidly with advancing age so that injections on day 5 had only a partial effect, while
injections on postnatal date 10 had no effect. This may mean that therapies designed to
increase SMN expression, whether via gene therapy approach or otherwise, in humans will
have to be coordinated with early disease detection and immediate institution of therapy,
hopefully before clinically significant symptomatology develops. This observation suggests
that there may be a critical period in development where sufficient SMN protein is essential
for the future health of motor neurons, and further study of this aspect of motor neuron
biology may yield great insight into the determinants of motor neuron viability. In a recent
report of a porcine model of SMA, investigators were able to demonstrate that gene therapy
delivered when piglets were symptomatic was beneficial. [62]

Conclusions

Spinal muscular atrophy is a motor neuron disease of infancy, childhood and adulthood and
the genetics and pathophysiology has received extensive study over the last twenty years.
This increased focus has led to an improvement of our understanding of the natural history
of the many sub-types of SMA and to the development and distribution of standard-of-care
recommendations. The dramatic preclinical results in SMA models systems, has also led to
incredible cooperation between clinicians, scientists, government, industry, and volunteer
organizations on an international scale to develop the guidelines needed for clinical trial
readiness.

The SMA community stands at the threshold of an exciting era of opportunity to translate
the unusual success in treating SMA mouse models into effective therapy for SMA patients.
Due to the remarkable progress made over the past two decades in understanding the
molecular pathogenesis of this disease, investigators are now able to effectively screen
potential therapies in vitro, test them in accurate animal models, and then move promising
agents forward to clinical trials in patients identified in an early or possibly pre-symptomatic
stage of disease. It will be a challenging responsibility to prioritize and advance the most
promising therapies forward to clinical trials in an efficient, timely, and safe manner under
the guidance of the FDA and other regulatory agencies. Testing any therapy will involve
developing outcome measures, biomarkers and an infrastructure to conduct meaningful
clinical trials, while simultaneously providing optimal supportive care as these new
therapies are being developed.
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KEY POINTS

Spinal muscular atrophy is the most common genetic cause of infant
mortality and is characterized by proximal muscular weakness

Humans have 2 nearly identical inverted SMN genes (SMN1 and SMN2) on
chromosome 5913 and homozygous deletion of the SMN1 gene results in
SMA.

The SMIN2 gene produces mostly a shortened, unstable SMN mRNA and,
through alternative splicing, a relatively small amount of full-length,
functional SMN mRNA

The SMIN2 gene copy humber is a good prognostic biomarker of SMA
clinical severity

Clinical management of SMA is supportive, however current and planned
clinical trials designed to increase SMN expression levels in motor neurons
hold great promise.
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SYNOPSIS

Spinal muscular atrophy is an autosomal recessive disorder characterized by degeneration
of motor neurons in the spinal cord and caused by mutations in the survival motor neuron
1 gene, SMIN1. The clinical severity of SMA is highly variable ranging from a fatal
disease of infancy to a disorder causing mild proximal muscle weakness in adults and a
normal lifespan. This variability is explained by the presence of the SVIN2 gene that
produces a fraction of the SMN mRNA transcript produced by the SVIN1 gene. An
inverse correlation of SVIN2 gene copy number and clinical severity exists. Specific
treatments are not currently available and clinical management is focused upon
multidisciplinary care including pulmonary, gastrointestinal, nutritional and orthopedic
supportive care. Great excitement in the treatment of preclinical models of SMA has led
to an explosion of SMA clinical trials that hold great promise of effective therapy in the
near future.
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Figure 1.
Spinal muscular atrophy type 1
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Figure 2.
Spinal Muscular Atrophy type 2
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Figure 3.
Spinal Muscular Atrophy type 3
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Figure 4. Schematic of SMN gene
Schematic diagram of the human SVIN1 and SMN2 genes and the resultant pre-mRNASs.

Patients with SMA have deletions or mutations in both copies of SMIN1. The SMIN2 gene is
expressed, however the majority of the resultant SMN2 pre-mRNA lacks exon 7 because of
a C-to-T transition at position 6 of exon 7. The truncated SMN protein is unstable and non-
functional. A small proportion of full-length mRNA containing exon 7 is produced by from
the SMN2 pre-mRNA, however resulting in full-length SMN protein that is functional
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SMA Classification.

Table 1

Type | Age of Onset Highest Function | Natural Age of | SMN2 #
Death
0 Prenatal Resp support <1 mo. 1
1 0 — 6 mos. Never sit <2 yrs. 2
2 < 18 mos. Never stand >2 yrs. 3,4
3 > 18 mos. Stand alone Adult
3a 18 mos. - 3 years | Stand alone Adult 3,4
3b > 3 years Stand alone Adult 4
4 >21 years Stand alone Adult 4-8
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