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Abstract
Of the numerous inherited diseases known to afflict the pediatric population, spinal muscular
atrophy (SMA) is among the most common. It has an incidence of approximately one in 10,000
newborns and a carrier frequency of one in 50. Despite its relatively high incidence, SMA remains
somewhat obscure among the many neurodegenerative diseases that affect humans. Nevertheless,
the last two decades have witnessed remarkable progress in our understanding of the pathology,
underlying biology and especially the molecular genetics of SMA. This has led to a genuine
expectation within the scientific community that a robust treatment will be available to patients
before the end of the decade. The progress made in our understanding of SMA and, therefore,
towards a viable therapy for affected individuals is in large measure a consequence of the simple
yet fascinating genetics of the disease. Nevertheless, important questions remain. Addressing these
questions promises not only to accelerate the march towards a cure for SMA, but also to uncover
novel therapies for related neurodegenerative disorders. This review discusses our current
understanding of SMA, considers the challenges ahead, describes existing treatment options and
highlights state-of-the-art research being conducted as a means to a better, safer and more
effective treatment for the disease.
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Spinal muscular atrophy: clinical perspectives
Disease symptoms & clinical course

Spinal muscular atrophy (SMA) is a clinically heterogeneous, autosomal-recessive
neuromuscular disorder diagnosed primarily in infants and less frequently in adults. The first
documented reports of severe SMA were made in the 1890s at the University of Graz
(Austria) and in Heidelberg (Germany), respectively, by the Austrian physician Guido
Werdnig and the German clinician Johann Hoffman, each of whom described the
neuromuscular phenotype of the disease and the accompanying characteristic loss of the
anterior horn cells of the spinal cord [1– 4]. Patients with severe SMA, which is also known
as Werdnig–Hoffman disease, typically manifest with weakness during the first 3 months of
life and are so debilitated that they fail to ever sit independently, eventually succumbing to
the disease before 2 years of age. A much milder form of SMA, with onset after 18 months
of age, often during adolescence, and characterized by prolonged ambulation and a normal
life expectancy, was described in 1956 and bears the eponymous title of Kugelberg–
Welander disease [5]. An intermediate form of the disease with an onset between 6 and 18
months of age was first reported in 1893 at the University of Edinburgh (UK) and described
again in depth in the 1960s by Dubowitz [6,7]. Intermediate SMA patients acquire the
ability to sit independently but never walk, eventually becoming wheelchair bound with
concomitant scoliosis of the spine, the latter condition a result of weak trunk muscles.
Although such individuals have a reduced life expectancy, they frequently attain adulthood.
A fourth class of patients characterized by disease onset in the fourth to sixth decade of life
has also been described [8,9]. The disease in these patients, often referred to as adult-onset
SMA, also results in muscle weakness, sometimes rendering affected individuals wheelchair
bound. However, life expectancy is not affected.

The four classes of patients referred to above are also frequently described as type I (severe),
II (intermediate), III (mild) and IV (adult-onset) SMA based on disease severity (Table 1).
This classification has persisted, but only for historical reasons. Today, it is generally
accepted that the boundaries between the classes often blur so that SMA patients form a
continuum from the truly severe, with onset in utero, to the very mild, with onset during
middle or late age.

Although clinical severities vary widely, all SMA patients exhibit a characteristic muscle
weakness that affects the proximal muscles more than it does the distal ones, the lower limbs
more than the upper ones and intercostal and axial muscle groups more than the diaphragm.
It is commonly described as a symmetric condition in the literature, but patients almost
always comment on one side or limb being stronger ([10] and personal observations). This
asymmetry may contribute to the inevitable scoliosis that complicates the condition,
particularly after ambulation is lost. The clinical course of SMA depends on the severity of
the disease. Patients in the severe and intermediate regions of the spectrum progress through
an early, acute phase of the disease, characterized by actual loss of strength or a period of
stasis marked by a failure to gain strength, and therefore an inability to meet normal, rapidly
evolving motor milestones. By contrast, milder patients, particularly those with adult-onset
SMA, exhibit a gradual weakening of muscles over an extended period of time.

Clinical features of severe SMA are marked by profound hypotonia, a condition reflected in
the term ‘floppy infant syndrome’, which is sometimes used to describe the disease. In
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addition, infants often assume a frog-leg posture owing to weakness of the pelvic muscles,
exhibit areflexia of the extremities, fail to suckle and swallow efficiently and develop a bell-
shaped torso, a result of breathing that relies primarily on the diaphragm. Tongue atrophy
and fasciculations are always evident in severe cases, less common in intermediate forms
and rare or absent in the type III and IV phenotypes. In especially severe instances, patients
may also be arthrogrypotic. Electrophysiologically, severe SMA is characterized by
evidence of profound denervation, suggesting a catastrophic loss of functioning motor units
[11,12]. As expected, symptoms of the less severe forms of SMA are not as marked.
Proximal muscle weakness in intermediate and mild SMA patients remains a cardinal
feature, but in contrast to the severe form of the disease, their electromyographs are
characterized by a thinned interference pattern and giant motor units [13], which is a likely
consequence of waves of denervation and re-innervation of the muscle by surviving motor
neurons. The surviving motor units are increased in both amplitude and duration.

SMA pathology
The pathological hallmarks of SMA are reflective of patient phenotypes and comprise a loss
of the motor neurons of the ventral spinal cord and lower brainstem and consequent muscle
atrophy (Figure 1). However, a detailed analysis of the cellular pathology, particularly of the
spinal cord, has been hampered by the limited availability of suitable patient material. Much
of the analysis was carried out on autopsy tissue from severe SMA patients and reflects
findings at the end stage of the disease [14]. Analyses of the early pathology of the disease
have relied on mouse models and are briefly referred to later. Nevertheless, a few key
findings have emerged [14]. Of these, the most striking is a profound loss of large ventral
horn spinal motor neurons. Less common is a mispositioning (heterotopy) of these cells in
the ventral white matter [15]. The motor neurons that remain often appear swollen or
chromatolytic, with accumulations of phosphorylated neurofilaments, vesicles and
ribosomes in the cell soma. In rarer instances, such apathology is also observed in the
neurons comprising Clarke's column, the dorsal roots and brain structures such as the
thalamus. An examination of intramuscular nerves revealed evidence of abnormal beading,
as well as Wallerian degeneration.

Consistent with the loss of motor neurons, the muscle of SMA patients exhibits evidence of
acute (severe/intermediate SMA) or chronic (intermediate/mild SMA) denervation [16]. The
muscle from patients at the more severe end of the disease spectrum typically consists of
numerous rounded, atrophic fibers interspersed with one or more hypertrophic myofibers
(Figure 1). Failure to reinnervate muscle, which is a likely consequence of severely
dysfunctional motor neurons, results in the persistence of the normal checkerboard pattern of
type I and II fibers. Muscle fibers also appear immature, resembling myotubes with central
nuclei, suggesting a primary myopathic condition [17]. By contrast, muscle from patients at
the mild end of the disease spectrum exhibits evidence of numerous cycles of denervation
and re-innervation, resulting in fiber-type grouping. Transverse sections of muscle from
these patients may reveal a mix of atrophic and hypertrophic fibers or, in very mild cases of
the disease, normal-sized fibers that have presumably been reinnervated by surviving motor
neurons. The muscle from mildly affected patients has also been reported to sometimes
exhibit myopathic features, including fiber splitting, central nuclei, basophilia and an
increase in endomysial connective tissue [16]. The serum concentrations of creatine kinase
are mildly elevated in these mild cases as a laboratory correlate.

More recent data that emerged from a study of SMA model mice and were confirmed in
tissue from SMA patients suggest that defects of the neuromuscular synapses are perhaps the
earliest pathological hallmarks of the disease [18]. Defects of the pre- as well as the post-
synapse have been observed (Figure 2), which is indicative of a disease in which
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abnormalities of the distal end of the motor unit likely precede those of the motor neuron
cell body.

Genetic principles of SMA
The genetic defects underlying severe SMA were mapped by linkage analysis to
chromosome 5q11.2–13.3 and subsequently shown to also be responsible for the
intermediate and mild forms of the disease [19, 20]. In 1995, the defects were shown to lie
within a novel gene, SMN1 [21]. Sequence analysis determined that the gene lay within an
inverted duplication that also contained an almost identical homolog, SMN2. SMA patients
harbor mutations, mostly deletions, in SMN1, but invariably carry one or more copies of the
SMN2 gene. In fact, owing to the inherently unstable nature of the SMN locus, humans bear
varying numbers of either gene.

The critical difference between the two SMN genes is a single, translationally silent C
(SMN1)→T (SMN2) nucleotide change 6 bp inside exon 7 [22,23]. This difference alters the
efficiency with which exon 7 is included within the SMN transcript, most likely by creating
an exonic splicing suppressor in the SMN2 gene [24]. As a consequence, most of the
transcripts from this gene lack exon 7 (SMNΔ7). By contrast, the preponderance of mRNA
from SMN1 is full-length. Although both transcripts are translated, the SMNΔ7 protein is
unstable and rapidly degraded, resulting in inadequate levels of functional SMN protein
from the SMN2 gene (Figure 3). SMA patients therefore express less than normal amounts
of the SMN protein [25, 26]. Subsequent work demonstrated that levels of the SMN protein
in patients are determined by the SMN2 copy number, which is generally inversely
correlated with SMA severity [27, 28]. These findings intuitively make SMN2 an attractive
molecular target for the treatment of SMA.

Functions of the SMN protein: two contrasting views
The 294-amino acid full-length SMN protein is expressed by both SMN genes, even though
SMN1 is the predominant contributor to overall levels. Consistent with the expression of the
SMN transcripts, the SMN protein is ubiquitously expressed and partitions to both
cytoplasm and nucleus. In the nucleus, it concentrates in subnuclear foci that lie adjacent to
or colocalize with similar foci that stain positively for coilin, a marker of Cajal bodies [29].
Consequently, the SMN foci were termed ‘Gemini of Cajal bodies’ or simply ‘gems’. Gem
numbers in patient fibroblasts frequently correlate with SMA severity [25].

The myriad interactions between SMN and other cellular proteins are indicative of its
involvement in multiple biochemical pathways. However, the most widely recognized
function of the SMN protein is its role in the biogenesis of spliceosomal U small nuclear
ribonuclear protein (snRNP) particles and in the related process of pre-mRNA splicing,
which involves an interaction between snRNPs and the nascent, unprocessed RNA. These
functions are not carried out by SMN alone, but instead by a complex comprising multimers
of SMN bound either directly or indirectly to at least seven additional proteins, the gemins.
The complex, referred to as the SMN complex, participates in a coordinated set of steps that
involve the export of snRNA molecules into the cytoplasm, the assembly of a heptameric
ring of spliceosomal Sm proteins onto the snRNAs by the complex to form an snRNP and
the import of the assembled snRNP-bound complex into the nucleus, where it mediates pre-
mRNA splicing [30]. The role of the SMN complex in the housekeeping processes of
snRNP biogenesis and pre-mRNA splicing has been difficult to reconcile with the selective
neuromuscular phenotype observed in SMA patients and animal models. Indeed, in fish and
fly models of SMA, studies have uncoupled these two processes from such defining
characteristics of the disease as reduced motor activity and defective axon outgrowth
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[31,32]. While it is possible that genes that are critical for the proper function of the
neuromuscular system and therefore selectively expressed in one of its constituent cell types
are inappropriately spliced in the absence of adequate SMN protein, only one such gene has
been identified (in flies) and shown to contribute to the disease phenotype [33]. The
relevance of a perturbation in this gene to the disease in mice and humans is currently not
clear. This has prompted speculation of additional SMN functions that might explain the
characteristic neuromuscular phenotype of SMA.

Chief among novel SMN functions that might underlie the selective SMA phenotype are
those that are important to the health and viability of motor neurons. This has focused
attention on the localization and possible functions of the protein in motor axons. Numerous
studies have revealed SMN complexes in axons [34]. Interestingly, these complexes lack the
spliceosomal Sm proteins, but they do contain some or all of the gemins [35]. Furthermore,
SMN in axons has been shown to interact with distinct RNA binding proteins [36–39],
suggesting that it may function in assembling a wide variety of RNP particles, some of
which could be critical to motor neuron function and thus explaining the early loss of these
cells in SMA. Accordingly, it has been suggested that the reported interactions of the SMN
protein in the axonal compartment with proteins such as hnRNP-R, HuD and KSRP, which
bind and transport β-actin, acetylcholinesterase and p21 transcripts, respectively, may be
responsible, at least in part, for the predominantly neuromuscular SMA disease phenotype.
Ongoing studies in cell and animal models of SMA continue to refine the putative,
physiologically relevant functions of the SMN protein. These have been complemented with
findings in human patients that have exploited ‘discordant sibs’ in order to identify genetic
modifiers and shed further light on potential SMN functions [40]. This last study, in
combination with reports of an increase of RhoA, a regulator of actin dynamics, in SMA
mice or SMN-depleted cells, is suggestive of there being a role for the SMN protein in
modulating the actin cytoskeleton [41,42]. Assuming that SMN is indeed multifunctional, it
would not be surprising if the functions of the protein are disrupted in a hierarchical fashion
that is dependent upon precise protein levels. This sequential disruption in SMN functions
might very well explain the wide spectrum of phenotypes observed in human patients and
mouse models of SMA.

SMA: insights from animal models
Developing an animal model of a human disease is widely used to gain a better
understanding of the pathophysiology of the specific disorder. Accordingly, a number of
animal models of SMA have been developed since the disease gene was identified in 1995.
The collective knowledge gained from these models has not only provided us with greater
insights into the mechanisms underlying SMA, but also served as a springboard for the
current and emerging treatments for the human condition.

Fish, fly & worm models of SMA
An immediate challenge in developing accurate genetic models of human SMA became
apparent with the dual realization that humanity is the only species that harbors an SMN2
gene, and that complete absence of the SMN protein, resulting from homozygous loss of the
single SMN gene in nonhumans, is lethal to the organism [43]. Viable animal models of the
disease require residual levels of activity from their single SMN gene or the presence of an
SMN2-like gene in order to partially compensate for genetic or chemical inactivation of the
endogenous locus. In invertebrates, such as the nematode Caenorhabditis elegans and the
fruit fly Drosophila melanogaster, the relatively large contribution of maternal SMN to the
fertilized oocyte allows partial development of embryos even if their own copy of the SMN
gene is inactivated. This is also true of the zebrafish, Danio rerio [44]. However, in each of
these organisms, a steady depletion of maternally contributed SMN in Smn−/− embryos
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results in only a small window of time during which protein concentrations attain disease-
relevant levels. This is a limitation of fish, flies and worms, in which the SMN1-equivalent
gene is knocked out in an attempt to model SMA. Nevertheless, by exploiting newer
technologies, such as RNAi and antisense gene knockdown, or by using novel hypomorphic
alleles, much has been learned about the human disease from these model organisms [44].

Mouse models of SMA: further insights into disease pathology
Perhaps the most genetically relevant current models of human SMA are those involving
transgenically engineered mice. To circumvent the embryonic-lethal phenotype caused by
homozygous inactivation of the murine Smn gene, a human SMN2 transgene was introduced
onto the null (Smn−/−) background. Two copies of the SMN2 transgene not only rescued the
Smn−/− embryonic lethality, but also resulted in mice with a severe form of SMA [45,46].
As expected, such mice express very low levels of the SMN protein. Conversely, null
(Smn−/−) mice harboring eight copies of the SMN2 gene expressed wild-type or greater
levels of the SMN protein, appeared asymptomatic and were indistinguishable from healthy,
nontransgenic animals [46]. These experiments provide direct evidence of the ability of
SMN2 to modify the SMA phenotype, justifying the use of the gene as a molecular target for
the treatment of the disease.

In the decade since the first SMN2-expressing SMA model mice were reported, a number of
additional SMN transgenes harboring severe as well as mild mutations have been generated
to model varying severities of the human disease. The collective analyses of these lines have
shed considerable light on the pathophysiology of human SMA. For instance, an inability to
reconcile observations of profound early muscle weakness with the persistence of motor
neuron cell bodies within the spinal cord prompted an examination of the distal end of the
motor unit and led to the discovery of neuromuscular synapse defects in SMA. These
defects, which involve nerve terminals (presynapse) as well as the motor endplate
(postsynapse), are among the earliest hallmarks of the disease and were subsequently
confirmed in material from human patients [18,47]. Parallel experiments uncovered
functional, neurotransmission abnormalities that were reflective of the morphological
defects of the neuromuscular synapse [18]. Subsequent detailed analyses of the motor
neuron perikarya in the model mice revealed that the peripheral synapses were not the only
ones to suffer as a consequence of reduced SMN protein. Central synapses onto motor
neuron cell bodies are also profoundly affected in SMA mice [48–50]. While this has yet to
be confirmed in tissue from human patients, the data suggest that SMA is a disease that
likely begins by affecting the synapses, eventually leading to loss of cells within the spinal
cord. Although initial studies of the SMA model mice focused on the spinal motor neurons,
the relative ease with which the mutant mice can be generated provided investigators with
the ability to examine other organ systems as well. These analyses, which have revealed
cardiac, brain and muscle defects, suggest that severe SMA may be multi-systemic [51–53].
Indeed, reports in the literature of the most severe SMA patients bear this out [17,54].
Considering the role of the SMN protein in the housekeeping processes of RNP biogenesis
and pre-mRNA splicing, such a discovery is not entirely unexpected, although the finding
may be limited to a small fraction of the total SMA patient population. SMA model mice
have also enabled investigations of the physiological relevance of the known function of the
SMN protein to the disease phenotype. In no instance has this been more true than in the
case of SMN's role in assembling snRNP particles. These analyses suggest that there is a
strict correlation between disease severity and snRNP assembly [55], although studies
carried out in fish and fly models that claim to have uncoupled snRNP biogenesis from
motor neuronal defects are indicative of additional SMN functions that contribute to the
overall SMA phenotype.
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Mouse models of SMA: revealing the when & where of SMN
Critical to the success of a treatment involving a disease caused by protein insufficiency is a
precise determination of the cellular site(s) of action of the protein and when, during the
various stages of life, it is required to prevent disease. The mouse models described above
have served as an excellent resource for addressing these questions. Given the
neuromuscular nature of the SMA phenotype, initial experiments to determine which tissues
require the protein focused on motor neurons and skeletal muscle. Early transgenic
experiments suggested that restoring SMN to the muscle of SMA mice provided no benefit,
whereas augmenting the protein in nervous tissue was sufficient to rescue the disease
phenotype [56]. More recent data have either refined or challenged these conclusions. For
instance, more precise targeting strategies have suggested that the SMN protein is important
in muscle to prevent disease [57]. Furthermore, despite the motor neuron phenotype
observed in SMA, restoring SMN selectively to motor neurons or to all neurons appears not
to be sufficient to protect from disease [58–60]. Restoring the protein to both tissues may be
sufficient to fully treat SMA, but given the ubiquitous expression of the SMN protein, it will
not be surprising if the disease has to be treated systemically. Using model mice harboring
inducible alleles engineered to respond in a temporal manner, investigators have also
determined when a treatment ought to be administered to be effective. These studies have
concluded that although restoring SMN early during the course of the disease is more
effective than a treatment initiated later, phenotypic symptoms can be halted, and indeed
reversed, even after the onset of profound muscle weakness [61, 62]. The finding is
particularly significant for the treatment of symptomatic patients. Collectively, the data
exemplify the utility of the SMA models in developing rational therapeutic strategies.

Treatment of SMA
Current therapeutic options

Despite the monogenic nature of the disease and the time that has elapsed since the SMA
genes were identified, the currently available treatments for patients afflicted with the
disease are palliative at best. Past clinical trials to test the efficacy of promising drugs have
mostly involved histone deacetylase inhibitors, a class of compounds that has been shown to
increase the expression of a number of genes, including SMN2 [63]. A number of these
drugs increase SMN in cultured cells. Some were subsequently demonstrated to provide
benefit in mouse models of SMA [64–70]. Three of these compounds – hydroxyurea,
phenylbutyrate and valproic acid – were tested in SMA patients, but they had modest, if any,
effect [71–74]. Salbutamol, a β-adrenergic agonist, and the neuroprotective agents riluzole
and gabapentin have also been tested in patients. The first of these did provide a benefit, but
the study did not include placebo-treated patients and must therefore be interpreted with
caution [75]. Neither neuroprotective agent conferred any benefit [76–78].

Owing to the disappointing results obtained so far, SMA patients currently have little
recourse to effective treatments, while clinicians have been limited to treating secondary
complications arising from the disease. Especially insidious in severe SMA, the predominant
form of the disease, are complications that are pulmonary in nature. Respiratory failure is
the chief cause of mortality in patients at the more severe end of the disease spectrum. This
recognition and the ability to intervene using noninvasive ventilation protocols have resulted
in a dramatic increase in life expectancy among severely affected SMA patients. Patients
born between 1995 and 2006 were reported to exhibit a 70% reduced risk of death compared
with those born between 1980 and 1994, over a mean follow-up of approximately 50 months
[79]. Of equal concern in many SMA patients are complications that are orthopedic in
nature. Scoliosis and contractures are common in patients at the severe end of the disease
spectrum; fractures and hip subluxation are often issues in milder patients. In instances of
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severe scoliosis, surgical intervention is often recommended. In milder SMA patients,
physiological fatigue is increasingly being recognized, particularly in ambulatory patients
[80,81]. 4-aminopyridine, which has been approved for the treatment of fatigue in patients
with multiple sclerosis, is now also being tested in SMA patients for efficacy. Last, but not
least, are complications arising from extreme muscle weakness in severely affected SMA
infants, and thus the propensity to tire while feeding. Failure to thrive is therefore a common
concern, but this can be mitigated by ensuring proper nutrition. In most instances, the
placement of a gastrotomy tube within the infant is warranted in order to maintain a state of
positive nitrogen balance. Conversely, milder sedentary SMA patients are prone to
becoming overweight, owing to an intake of excess calories [82,83]. It is, therefore,
recommended that the nutritional status of all SMA patients be carefully monitored.

Emerging treatment strategies
Although the standard of care for SMA patients has vastly improved in the two decades
since the SMN genes were identified, it is clear that the available treatments for the disease
are far from effective [84]. Nevertheless, progress in developing new therapeutic strategies
has been rapid and is, in no small measure, a result of two important factors: first, the
monogenic nature of the disease; and second, the availability of a range of disease models.
The approaches that are being developed are summarized below.

Pharmacologic approaches—Given the cause of SMA – a deficiency of the SMN
protein, the presence of the SMN2 gene in all patients and proof-of-concept studies
indicating that this gene can be used to restore SMN as a means to a treatment – it is of little
surprise that much of the effort in developing therapeutic strategies has centered on
augmenting the SMN protein, either directly or by modulating SMN2 gene expression
[21,45,46]. In the last decade, considerable resources have been ploughed into the search for
pharmacologic agents that are capable of enhancing the expression of SMN from the SMN2
gene, either via transcriptional activation and/or by altering the splicing pattern of the gene
in order to induce more of its transcript to be full length. The effort has involved academic
institutions as well as industry and has resulted in a plethora of compounds [62,64–
70,85,86]. However, only a handful has been effective in animal models. The most
noteworthy include LBH589, a histone deacetylase inhibitor, a C5 quinazoline derivative
that targets the DcpS enzyme and a proprietary molecule developed at PTC Therapeutics,
Inc. (NJ, USA) [87–89]. The last of these has a major impact on the severe SMA mouse
phenotype, enhancing life expectancy from approximately 14 days to more than 6 months
[89]. Along with the quinazoline derivative, this compound is being further developed for
eventual use in humans.

Small molecule-type drugs often have the distinct advantage of being able to penetrate the
BBB, which is a major consideration in the treatment of neurological disorders. However,
the knowledge gained from in vitro studies elucidating the elements within SMN2 that are
important for the inclusion of exon 7 into the SMN transcripts has spurred the development
of short antisense oligonucleotides (ASOs) as a means of enhancing SMN expression from
this gene [90]. Targeting one specific element, ISS-N1, within SMN2 is particularly effective
in boosting SMN levels from the gene [91]. Indeed, administering an ASO against the
element into SMA model mice has been shown to provide as much therapeutic benefit as the
most potent small molecules that have been identified so far [92,93]. Based on the promise
shown in preclinical studies, these ASOs have been entered into clinical trials and could
very well be the basis for the first truly effective treatment of SMA. However, as alluded to
earlier, they fail to cross the BBB [94], necessitating direct administration into the
subarachnoid space and cerebrospinal fluid of the spinal cord, a somewhat invasive
procedure considering the fragility of SMA patients.
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A third approach that is used to modulate SMN2 expression has involved the use of
aminoglycosides, compounds that are thought to suppress recognition of the first naturally
occurring translational stop codon in exon 8 of the SMNΔ7 mRNA and force read-through.
The resulting altered transcript is translated into an SMN protein that is relatively stable
compared with SMNΔ7 protein and rescues (albeit modestly) the severe SMA phenotype in
model mice [95]. Pharmacologic modulators of genes that are distinct from SMN2 have not
received nearly as much attention, but may be just as important in the development of safe
and effective treatments for SMA. One notable example of such a compound is fasudil, a US
FDA-approved ROCK inhibitor that mitigates the SMA phenotype without enhancing SMN
levels [96]. Given its reported effect of enhancing the muscle function of SMA model mice,
fasudil (or similar compounds) could be combined with ASOs in order to provide benefit to
multiple organ systems in affected individuals. Finally, despite their disappointing record so
far in US SMA clinical trials [76–78], neuroprotective molecules such as olesoxime, which
has been reported to benefit a mouse model of amyotrophic lateral sclerosis [97], may yet be
viable therapeutic agents for the treatment of SMA.

Gene- & cell-replacement approaches—A distinct advantage in designing treatments
for SMA is the presence of the SMN2 gene, which is a well-validated molecular target in all
affected individuals. This precludes having to deliver and replace SMN in the necessary
cells of an SMA patient, which is a major challenge, especially in treating neurological
disorders. Nevertheless, with the discovery of novel serotypes of adeno-associated virus
(AAV), such as AAV9, which not only infect numerous cell types, but also appear to
traverse the BBB, there has been renewed interest in applying gene-replacement protocols in
the treatment of SMA. Neonatal SMA model mice injected systemically with self-
complementing AAV9 (scAAV9) engineered to carry the wild-type SMN gene expressed
high levels of SMN protein in multiple tissues and derived remarkable therapeutic benefit,
surviving in some instances to 12 months or more with no evidence of muscle weakness
[98–100]. Considering the existence of proof-of-concept studies demonstrating the ability of
scAAV9 to penetrate the mature BBB and infect adult motor neurons [101], an SMN-
replacement strategy to treat SMA would be a promising alternative to pharmacologic
approaches. However, based on the design of the vector to be maintained episomally, a
drawback to this approach would be the dilution and eventual loss of the therapeutic gene in
dividing cells.

In contrast to the pharmacologic and gene-replacement approaches described above, cell-
replacement strategies have received less attention. The primary goal of such an approach is
to replace the spinal motor neurons that are lost during the course of the disease. Likely
sources of the motor neurons would be embryonic stem cells and neural stems cells.
Transplantation of stem cell-derived motor neurons has clearly been shown to provide
therapeutic benefit in animal models of motor neuron disease (reviewed in [102]). SMA
model mice subjected to the treatment not only gained weight and strength, but also survived
longer [103]. However, it is unlikely that this benefit involved the establishment of new
motor units. Indeed, fewer than 2% of the transplanted cells eventually made connections
with muscle. Instead, the benefit is likely to occur through the nourishing effects of the
transplanted cells on existing SMA motor neurons. Nevertheless, cell-replacement strategies
have exhibited sufficient promise to prompt the clinical community to embark upon clinical
trials for a related motor neuron disease, amyotrophic lateral sclerosis, and could be yet
another approach to treating SMA.

Conclusion
The progress made by the scientific and patient community towards a treatment for SMA
has as much to do with the genetics of the disease as it does with the ability to accurately
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mimic the condition in model organisms. Restoring SMN by exploiting SMN2 as a target is
intuitive and has driven the design of treatments for the disease. The outcome of this
collective research is cause for optimism. Small molecules, as well as ASOs, have been
shown to provide remarkable therapeutic benefit in model mice. These reagents are currently
either being modified for safety or being tested in clinical trials. If the results in mice are any
measure of the effects of these molecules in patients, the outcome will be promising.
Nevertheless, important questions remain, many of which center on the biology of SMA.
For instance, it is still not clear precisely how a deficiency of the SMN protein causes a
predominantly motor neuron phenotype. Neither is it certain whether the only relevant
function of the protein in ensuring the well-being of a cell is in orchestrating the splicing
cascade. Although answers to these questions may not significantly impact treatments
centered on restoring SMN, addressing them will surely prove instructive in designing truly
effective therapies for SMA.

Future perspective
Since the SMA genes were first identified in 1995, the field has made relatively rapid
progress towards the design and, more recently, the implementation of rational therapies for
this disorder in humans. This is in large measure a consequence of the relatively simple
genetics of the disease, including its recessive pattern of inheritance, the recognition that
SMA is caused by insufficient SMN protein and the development of humanized mouse
models with which to conduct preclinical work. The relatively severe phenotype of some of
the SMA model mice has enabled the community to rapidly and reliably test a variety of
therapeutic molecules and related treatment strategies for efficacy. Some of these studies
have led to the initiation of human clinical trials using the first truly potent SMN-inducing
molecules – ASOs designed to alter the defective splicing of the SMN2 gene (NCT01703988
and NCT01839656 [201,202]). The outcomes of these trials are eagerly anticipated, and the
expectation, based on preclinical work and assuming ASOs were administered early in the
course of the disease, is that patients will respond favorably. While this development may be
a cause for excitement, given the generally disappointing outcomes of past trials with other
agents and the caveats inherent in all translational studies, the mood among those of us who
have seen the field evolve is more one of guarded optimism. Indeed, the pace of innovation
in terms of developing new and complementary treatments has not slowed. For instance,
work to develop an orally delivered BBB-penetrating small molecule that is safe, well-
tolerated and as potent as the ASOs currently being tested is well underway and constitutes
part of the effort to refine current strategies. The implementation of strategies to reverse the
disease process and restore function to individuals in advanced stages of the disease would
also be a significant development. This will require further investment in basic research.

While the development of promising treatments for SMA has proceeded relatively rapidly,
the biology of the disease remains as inscrutable as ever. A few of the most basic
unanswered questions are: what is the precise role of SMN in SMA? Are there specific
mediators of the SMA phenotype that explain how low SMN precipitates a neuromuscular
disease? Does SMN possess more than one function and, if so, does the hierarchical
disruption of these functions explain the range of SMA phenotypes? Considering the
housekeeping role of SMN in the splicing cascade and the effects of low levels of this
protein on the organism, what might the consequences of overexpressing SMN be? Might
SMN biology inform our understanding of motor neuron health and disease in general, and
might SMN pathways intersect with those that are implicated in other motor neuron diseases
(e.g., FUS-, SOD-1- or TDP-43-related amyotrophic lateral sclerosis)? Recent reports
suggest that this last question has already gained considerable attention [104–106]. We
anticipate that the quest to answer these questions will ensure a continued, robust investment
of the scientific community's time in the sort of basic research that resulted in the
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identification of the SMA genes, the elucidation of a key SMN function and the development
of a battery of novel animal models. We would not be surprised if the collective effort
invested in such research produces further advances in the treatment of human SMA.
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Medscape: Continuing Medical Education Online

This activity has been planned and implemented in accordance with the Essential Areas
and policies of the Accreditation Council for Continuing Medical Education through the
joint sponsorship of Medscape, LLC and Future Medicine Ltd. Medscape, LLC is
accredited by the ACCME to provide continuing medical education for physicians.

Medscape, LLC designates this journal-based CME activity for a maximum of 1 AMA
PRA Category 1 Credit(s)™. Physicians should claim only the credit commensurate with
the extent of their participation in the activity.

All other clinicians completing this activity will be issued a certificate of participation.
To participate in this journal CME activity: (1) review the learning objectives and author
disclosures; (2) study the education content; (3) take the post-test with a 75% minimum
passing score and complete the evaluation at www.medscape.org/journal/fnl; (4) view/
print certificate.
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Learning Objectives

Upon completion of this activity, participants should be able to:

• Identify the clinical features and pathology of spinal muscular atrophy (SMA)

• Describe the biology and molecular genetics of SMA

• Outline potential treatment targets for SMA and current management
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Executive Summary

• Spinal muscular atrophy (SMA), which was first described in the 1890s, is a
clinically heterogeneous disorder that manifests as muscle weakness, usually
developing in infancy, in severe, intermediate or mild forms.

• Infants exhibiting the most severe form of SMA are profoundly hypotonic and
often succumb to the disease in the first 2 years of life.

• The pathological hallmarks of SMA include spinal motor neuron loss and
attendant skeletal muscle atrophy.

• Recent analyses of SMA mouse models and human samples have demonstrated
that the neuromuscular synapse is among the first structures to be affected by
low SMN protein.

• SMA is caused by mutations in SMN1. However, patients always harbor SMN2,
an almost identical but functionally deficient copy of the gene.

• The best-established functions of the SMN protein are in the biogenesis of
spliceosomal U small nuclear ribonuclear protein particles and pre-mRNA
splicing.

• A number of less well-recognized functions have been inferred from the myriad
proteins that SMN is reported to bind.

• The precise function of SMN in SMA is still not clear.

• Fish, fly and worm models have enhanced our understanding of human SMA,
but are limited by the lack of the Smn2 gene in these models, thus resulting in
imperfect genetic models of the human disease.

• Mouse models of SMA were generated by introducing the human SMN2 gene
onto a null murine Smn genetic background. This resulted in a genetic mimic of
the human disease.

• SMA model mice have provided valuable insights into the natural history of
SMA, the cellular sites of action of SMN and the temporal requirements for the
protein. They have also facilitated important preclinical work.

• A number of US FDA-approved small molecules, many of them histone
deacetylase inhibitors, have been tested on SMA patients with modest, if any,
therapeutic benefit.

• The treatment of SMA symptoms (e.g., respiratory distress, inefficient feeding
and scoliosis) has benefited patients, but fails to combat the root cause of the
disease.

• Emerging disease-modifying treatments exploit the presence of the SMN2 gene
in all patients and the ability to induce this gene in order to express enhanced
levels of SMN protein. Currently, the most promising of these treatments
involves the use of antisense oligonucleotides, potent splice modulators that are
presently being tested in patients.

• The quest for an SMA treatment has rapidly led to a number of promising
therapeutic strategies.

• Additional research in order to elucidate the molecular mechanisms underlying
human SMA will be important in refining and improving current therapies.
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Figure 1. Pathological hallmarks of spinal muscular atrophy
(A) Neurodegeneration in SMA is epitomized by the loss of the large motor neurons
(arrows) of the spinal cord and brain stem (e.g., the hypoglossal nucleus [depicted]). Tissue
was obtained from autopsy material and stained with cresyl echt violet. Scale bar: 30 μM.
(B) Skeletal muscle atrophy, characterized by numerous atrophic muscle fibers interspersed
with hypertrophic fibers (asterisks), is a second characteristic feature of the human disease.
Tissue was obtained from biopsy material and sections were stained with hematoxylineosin
according to standard procedures.
Scale bar: 20 μM.
SMA: Spinal muscular atrophy.
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Figure 2. Neuromuscular junction defects are a characteristic feature of spinal muscular atrophy
The motor endplates (postsynapse) of the SMA patient are smaller and less complex than
those of a control individual (arrowheads). Tissue was obtained from autopsies and stained
as whole-mount preparations with fluorescently labeled α-bungarotoxin. Scale bar: 30 μM.
SMA: Spinal muscular atrophy.
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Figure 3. The genetic basis of spinal muscular atrophy, depicting the two major genes involved:
SMN1 and SMN2
SMA patients are either homozygously deleted for or harbor point mutations in SMN1, but
they always retain at least one copy of the SMN2 gene.
Complete absence of SMN is embryonic lethal.
ESS: Exonic splicing silencer; Ex: Exon; FL: Full length; SMA: Spinal muscular atrophy.
Adapted with permission from [107].
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