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Summary: Spinal muscular atrophy is an autosomal recessive
motor neuron disease that is the leading inherited cause of
infant and early childhood mortality. Spinal muscular atrophy
is caused by mutation of the telomeric copy of the survival
motor neuron gene (SMN1), but all patients retain a centromeric
copy of the gene, SMN2. SMN2 produces reduced amounts of
full-length SMN mRNA, and spinal muscular atrophy likely
results from insufficient levels of SMN protein in motor neu-
rons. The SMN protein plays a well-established role in assem-
bly of the spliceosome and may also mediate mRNA trafficking
in the axon and nerve terminus of neurons. In patients, spinal
muscular atrophy disease severity correlates inversely with in-
creased SMN2 gene copy number and, in transgenic mice lack-

ing endogenous SMN, increasing SMN2 gene copy number
from two to eight prevents the SMA disease phenotype. These
observations suggest that increasing SMN expression levels
may be beneficial to SMA patients. Currently pursued thera-
peutic strategies for SMA include induction of SMN2 gene
expression, modulation of splicing of SMN2-derived tran-
scripts, stabilization of SMN protein, neuroprotection of SMN
deficit neurons, and SMN1 gene replacement. Early clinical
trials of candidate therapeutics are now ongoing in SMA pa-
tients. Clinical trials in this disease present a unique set of
challenges, including the development of meaningful outcome
measures and disease biomarkers. Key Words: Spinal muscu-
lar atrophy, motor neuron, survival motor neuron.

INTRODUCTION

When used broadly, the term spinal muscular atrophy
describes a collection of inherited and acquired diseases
characterized by �-motor neuron loss in the spinal cord
causing muscle weakness and atrophy. These disorders,
which include spinal and bulbar muscular atrophy
(Kennedy’s disease) and the distal spinal muscular atro-
phies (hereditary motor neuropathies), are distinguished
by their differing clinical presentations, inheritance pat-
terns, and causative gene abnormalities. Spinal muscular
atrophy (SMA) is also the name given to the most com-
mon form of these disorders caused by mutation of the
survival motor neuron (SMN) gene. With an incidence of
approximately 1 in 10,000 live births and a carrier fre-
quency of 1 in 50,1,2 this autosomal recessive disease is
the leading inherited cause of infant mortality. Over the
last 10 years, research efforts have led to the discovery of
the genetic basis of SMA, an understanding of some of
the functions of the survival motor neuron (SMN) pro-
tein, and the development of SMA animal models that

closely mimic the human disease. This work has pro-
vided the groundwork for the identification of promising
targets for SMA therapeutics.

CLINICAL AND PATHOLOGICAL FEATURES
OF SPINAL MUSCULAR ATROPHY

Spinal muscular atrophy was first described in the
1890s by Guido Werdnig of the University of Vienna
and Johann Hoffman of Heidelberg University. The car-
dinal signs of SMA in all patients are muscle weakness
and atrophy due to motor neuron loss. The pattern of
weakness is symmetrical and proximal, with the legs
more affected than the arms and the arms more affected
than the facial muscles and diaphragm. SMA disease
severity is heterogeneous and is classified into three
types: types I, II, and III, based on international consen-
sus.3 This classification based primarily on achievement
of early motor milestones provides clinical and research
utility (Table 1), although it is recognized that the bound-
aries between types are arbitrary and the disease actually
has a continuous range of severity. Approximately 50%
of SMA patients have type I disease (Werdnig–Hoffman
disease). This form of the disease is characterized by
severe, generalized muscle weakness and hypotonia at
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birth or within the first 6 months of life. There is often
severe involvement of the intercostal muscles with rela-
tive sparing of the diaphragm causing a bell-shaped
chest. Patients never achieve the ability to sit, and death
usually occurs from respiratory insufficiency within the
first 2 years without ventilatory support. Patients with
type II SMA have onset after 6 months of age and before
18 months of age. They achieve the ability to sit unsup-
ported but never stand or walk unaided. Prognosis in this
group is largely dependent of the degree on respiratory
involvement. Survival for decades can be expected with
aggressive respiratory management. Patients with type
III SMA (Kugelberg–Welander disease) usually have
their first symptoms between 18 months of age and early
childhood. They are able to stand and walk indepen-
dently at some point during their disease course but often
become wheelchair bound during youth or adulthood.
Life expectancy is not usually reduced in this group.
There are also some patients who have onset in late
childhood or adulthood (as late as the fifth or sixth de-
cade). Some investigators have classified these cases as
SMA type IV. Natural history studies indicate that, re-
gardless of SMA type, disease progression and life ex-
pectancy strongly correlate with age of onset.4

The disease course in SMA is distinct from other
degenerative motor neuron diseases such as amyotrophic
lateral sclerosis (ALS). Rather than an inexorably pro-
gressive disease course after onset, patients with SMA
tend to have the greatest rate of loss of muscle power at
disease onset.5 This may manifest as a period during
which there is clear loss of strength or there may be only
the absence of normal motor milestone gains with early
growth and development. After this early phase, the rate
of loss of muscle strength may slow or stabilize for many
years in surviving patients. A recent study indicated that
the rate of motor neuron loss may mirror this clinical
disease course. In a small number of patients followed
longitudinally, the rate of denervation as assessed by
motor unit number estimation (MUNE) and maximum
compound motor action potential amplitude studies was
greatest at onset of disease.6 In some patients late dete-
rioration in functional abilities may result from the sec-
ondary effects of scoliosis and contractures rather than
further motor neuron loss causing changes in muscle
strength.
The predominant pathological feature of autopsy stud-

ies of patients with SMA is loss of motor neurons in the

ventral horn of the spinal cord and in brain stem motor
nuclei.7 Upper motor neurons and the corticospinal tracts
are preserved, however ballooned neurons have been
described within Clarke’s nucleus of the spinal cord, in
the ventrolateral region of the thalamus, and within the
dorsal root ganglia in type I SMA autopsies, indicating
that other neuronal types can be involved. Muscle biop-
sies in patients with type III SMA show changes typical
of chronic neurogenic atrophy, with small angular fibers,
grouped atrophy, and fiber type grouping. In contrast,
SMA type I and type II muscle biopsies often show large
groups of small, rounded atrophic fibers that can involve
the whole fascicle. Rather than grouped atrophic fibers of
the same type, fibers are often in a normal checkerboard
pattern of interspersed type I and II fibers. Only scattered
hypertrophic type I fibers are present. In SMA type I
muscle, in particular, many of the small muscle fibers
have an immature appearance, with central nuclei. In the
past the diagnosis of SMA largely relied on demonstrat-
ing these muscle biopsy findings, but the availability of
genetic testing has obviated the need for this invasive
test.

GENETIC BASIS OF SMA

The SMA disease gene was mapped by linkage anal-
ysis to a complex region of chromosome 5q in 1990.8,9 In
humans this region contains a large inverted duplication
and consequently at least four genes that are present in
telomeric and centromeric copies: survival motor neuron
gene (SMN), neuronal apoptosis inhibitor protein gene
(NAIP), basal transcription factor subunit p44 gene, and
the gene encoding a protein of unknown function, H4F5t.
In 1995, Lefebvre et al.10 reported that homozygous
mutations in the telomeric copy of the SMN gene (SMN1)
cause SMA. The mutations are most often deletions in-
volving at least exons 6 through 8, but there can also be
nonsense, frameshift, or missense mutations.11 Although
5–10% of the normal population lacks the centromeric
copy of SMN (SMN2), all patients with SMA retain the
SMN2 gene. SMN1 and SMN2 differ by five nucleotides;
however, only one difference appears to be functionally
important: a translationally silent C¡T transition located
within an exonic splicing region of SMN2 that leads to
frequent exon 7 skipping during transcription of
SMN2.12,13 Consequently, while SMN1 produces full-
length transcripts, the majority of transcripts that arise

TABLE 1. Clinical Classification of SMA

SMA Type Age of Onset Motor Milestones Average Age of Death

I �6 months Unable to sit without support �2 years
II �18 months Sit independently, unable to stand or walk unaided �3rd decade
III �18 months Stand and walk independently Normal life expectancy
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from SMN2 lack exon 7 (FIG. 1). The transcripts lacking
exon 7 encode a truncated protein that has impaired
ability to oligomerize and associate with its binding part-
ners and may be rapidly degraded.15,16 SMN2 is therefore
unable to compensate completely for the loss of SMN1,
and SMA likely results from a deficiency of full-length
SMN protein. Several studies have shown that full-length
SMN mRNA and protein are reduced in cell lines and
tissues derived from type I SMA patients compared with
controls.17–20

The SMA chromosomal region is unstable, and gene
conversion events of SMN1 to SMN2 mean that the
SMN2 gene copy number varies in the population. The
SMN2 copy number in SMA patients has a very impor-
tant modifying effect on disease severity.21 Most patients
with SMA type I have one or two SMN2 copies, most
patients with type II have three SMN2 copies, and most
patients with SMA type III have three or four SMN2
copies.22 Three unaffected family members of SMA pa-
tients with confirmed SMN1 deletion were shown to have
five copies of SMN2.23 It has also been demonstrated in
cell lines isolated from patients that increased levels of
full-length SMN2 transcript and SMN protein correlate
with increased copy number of the SMN2 genes and
decreased disease severity.17–19 Thus, SMN2 copy num-
ber may explain much of the phenotypic variation in
SMA; however, there have been rare families reported in
whom markedly different degrees of disease severity
were present in siblings with the same SMN2 copy num-
ber.24 There are ongoing efforts to identify other disease-
modifying factors in such kindreds.

SMN PROTEIN

SMN is a ubiquitously expressed protein with a mo-
lecular weight of 38 kDa. It has been highly conserved
through evolution. SMN is present in both the cytoplasm
and the nucleus. In the nucleus, it is concentrated in
punctate structures called “gems” that overlap with or are
closely apposed to Cajal bodies (FIG. 2).26 Cajal bodies
contain high levels of factors involved in transcription
and processing of many types of nuclear RNAs. Gem
number in cell lines or tissues from SMA patients cor-
relates inversely with disease severity, with type I pa-
tients showing few or no gems.27

The SMN protein has several identified motifs, includ-
ing a lysine-rich basic region encoded by exon 2, a Tudor
motif (which may be important in RNA processing) en-
coded by exon 3, a polyproline region encoded by exons
4 and 5, and a region with several tyrosine–glycine
(Y–G) pairs encoded by exon 6. Missense mutations
have been identified in several of these regions, suggest-
ing that each of these domains may be functionally im-
portant. SMN has been shown to oligomerize and form a
stable multiprotein complex with at least six other pro-
teins: Gemins 2 through 7.28 This SMN complex inter-
acts with several other proteins, including the Sm and
Sm-like proteins, RNA helicase A, fibrillarin, GAR1,
and the ribonuclear proteins (RNP) hnRNP U, hnRNP Q,
and hnRNP R. The common feature of these proteins is
a domain rich in arginine (R) and glycine (G) residues
that is essential for the SMN interaction. Modification of
specific arginine residues within these RG-rich domains
by symmetrical dimethylation enhances the affinity of
several of these proteins for SMN.29,30

Many of the SMN interacting proteins are components

FIG. 1. In normal individuals, most full-length SMN transcript
and protein arises from the SMN1 gene. Patients with SMA have
homozygous mutations in the SMN1 gene but retain at least one
copy of the SMN2 gene. During transcription of SMN2, exon 7 is
frequently skipped. Consequently, a majority of transcripts that
arise from SMN2 lack exon 7 and codes for truncated protein
that is rapidly degraded; a minority includes exon 7 and codes
for full-length protein. SMA likely results from a deficiency of
full-length SMN protein. Reproduced from Sumner CJ, Fisch-
beck, KH. Spinal muscular atrophy. In: Neurobiology of Disease
(Gilman S, ed). San Diego: Elsevier (in press).14

FIG. 2. The SMN protein forms punctuate structures in the
nucleus called gems. Pictured is the nucleus (blue) of a fibroblast
cell isolated from a SMA patient with four gems (red, arrows).
Adapted from Sumner CJ, Huynh TN, Markowitz JA et al. Val-
proic acid increases SMN levels in spinal muscular atrophy pa-
tient cells. Ann Neurol 54:647–654, 2003.25
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of various RNP complexes that are involved in distinct
aspects of RNA processing. The SMN complex may
therefore play a role in diverse aspects of RNA metab-
olism, including pre-RNA splicing, transcription, and
metabolism of ribosomal RNAs. Presently, the best-char-
acterized function of the SMN complex is regulating the
assembly of a specific class of RNA–protein complexes,
the uridine-rich small nuclear ribonuclear proteins
(snRNPs) (reviewed in Yong et al.31). The snRNPs are a
critical component of the spliceosome32; a large RNA–
protein complex that catalyzes pre-mRNA splicing. The
biogenesis of snRNPs involves a complex series of steps.
First, a small nuclear RNA (snRNA) is transcribed by
RNA polymerase II and rapidly exported to the cyto-
plasm. In the cell cytoplasm, the SMN complex mediates
the ATP-dependent assembly of a ring of Sm proteins (B
or B=, D1, D2, D3, E, F, and G) around a Sm site on the
correct snRNA molecule. To mediate this assembly,
SMN interacts directly with Sm proteins and the snRNA
and provides specificity to the assembly process. After
proper Sm core assembly, there is 5=-cap hypermethyl-
ation and 3=-end processing of the snRNA. The complex
is then imported to the nucleus to process newly tran-
scribed pre-mRNA into mature RNA. Recent work
shows that SMN-mediated snRNP assembly may de-
crease with development and neuronal differentiation33

and reduced levels of SMN protein present in patient-
derived cells correlates with defects in snRNP assem-
bly.34 It remains unknown, however, how this deficit in
snRNP assembly might cause selective degeneration of
motor neurons.
In addition to its activity in snRNP assembly, SMN

may have other functions in motor neurons. The SMN
protein can form granules that are actively transported
and associated with �-actin mRNA in neuronal processes
and growth cones.35 This localization may be facilitated
by a 5-aa motif present in exon 7 (QNQKE) of SMN. It
has also been shown that, in neuronal processes, SMN
binds the protein hnRNP that in turn binds to the 3=-
untranslated region of �-actin mRNA.36 This interaction
is required for the efficient transport of �-actin mRNA to
growth cones of motor neurons. Motor neurons isolated
from mice deficient in SMN show shortened axons and
small growth cones, which are deficient in �-actin
mRNA and protein. �-Actin mRNA and protein local-
ization in the growth cone are known to be necessary for
axonal outgrowth, as the actin cytoskeleton is the driving
force for growth cone mobility. Actin dynamics are reg-
ulated by a series of actin-binding proteins. One of these
proteins, profilin, has been shown to bind the proline-rich
region of SMN and to colocalize with SMN in neuronal
processes.37 These studies raise the possibility that SMN
is important in the transport of mRNPs and mRNAs in
the motor neuron axon and growth cone and that this

function is critical for normal motor neuron outgrowth
and maintenance.

ANIMAL MODELS OF SMA

The development of animal models of SMA not only
yields important insights into disease pathogenesis but
also provides essential in vivo systems for identifying
and validating the efficacy of potential therapeutics. The
SMN2 gene is unique to humans; most other organisms
possess a single copy of the SMN gene. Nematode, fly,
and mouse models with no functional SMN protein have
a uniformly early embryonic lethal phenotype.
A SMA Drosophila model was established when sev-

eral missense mutations in the Drosophila smn gene
were identified that resulted in elimination of the ability
of the resulting protein to self-associate.38 The resulting
mutant embryos survived to the late larval stage, but only
because of maternal contribution of wild-type SMN in
these early life stages. Before death, these larvae develop
severe motor abnormalities associated with disorganiza-
tion of the neuromuscular junction and impaired cluster-
ing of postsynaptic neurotransmitter receptors. This phe-
notype could be rescued by expression of wild-type
SMN protein in both motor neuron and muscle but not in
either tissue alone, suggesting that SMN deficiency
causes defects of both the presynaptic and postsynaptic
sides of the neuromuscular junction.
A zebrafish model of SMA was created by using mor-

pholino antisense oligonucleotide “knockdown” technol-
ogy to decrease the level of endogenous SMN protein to
approximately 60%.39 These fish showed defects in mo-
tor neuron axonal outgrowth and pathfinding during de-
velopment, without abnormalities of other neuronal types
or in muscle, suggesting that Smn protein has an essen-
tial role in motor neuron development (FIG. 3). Single
neuron knockdowns showed that these effects were cell
autonomous. A recent study demonstrated that knock-
down of the SMN-interacting protein Gemin2 also re-
sulted in this phenotype and that coinjection of purified
U snRNPs into SMN-deficient or Gemin2-deficient ze-
brafish embryos could rescue this phenotype. This study
suggests that this motor neuron deficit is directly caused
by insufficient levels of snRNPs.40

To overcome the embryonic lethality of Smn (–/–)
mice and to create mouse models of SMA with a clear
behavioral phenotype, two different strategies were pur-
sued. Frugier et al.41 made a conditional knockout of
exon 7 of the murine Smn gene in specific tissues using
the Cre-LoxP system. When exon 7 was deleted from
neuronal cells, mice displayed a SMA phenotype with
rapid motor deterioration and death at 4 weeks of age.
Pathologically there was aberrant cytoskeletal organiza-
tion at the neuromuscular junction, impaired axonal
sprouting, and loss of motor axons, but only a mild
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reduction in motor neuron cell body number. These data
suggested that loss of motor neuron cell bodies in SMA
results from a dying back axonopathy. When SMN exon
7 was deleted specifically in skeletal muscle, mutant
mice showed dystrophic changes in muscle, leading to
muscle paralysis and death.16 These results, like those in
Drosophila, may support the idea that there is primary
involvement of muscle in addition to motor nerve in
SMA. The second strategy that was used to generate
SMA mice was to express the human SMN2 gene in the
Smn knockout background. This was done by two dif-
ferent groups and each showed that this resulted in a
SMA phenotype, the severity of which was dependent on
SMN2 copy number.42,43 In this way, these mice closely
model the human disease. Specifically, one group
showed that mice expressing 1 copy of SMN2 died
within 12 h of birth and mice with 2 SMN2 copies
survived to 6 days and showed reduced number of motor
neurons by day 5.43 Mice expressing 8 to 16 copies of
SMN2 were completely rescued from the SMA pheno-
type. These results dramatically confirm the modifying
effect of the SMN2 gene. This group has subsequently
generated a line of mice that express high levels of a
SMN transcript lacking exon 7 (SMN
7) in the SMN2�/
�;Smn–/– background.44 Lifespan in these mice is ex-
tended from approximately 5 to 14 days (FIG. 4), indi-
cating that the SMN
7 transcript and protein may not be
deleterious, as had been previously reported in an in vitro

study,45 but rather may serve a protective role perhaps
through complexing with the full-length protein.
The SMA mouse models that have been developed to

date have confirmed the susceptibility of motor neurons
to SMN deficiency and have verified that motor neuron
degeneration can be prevented by increased dosage of
SMN2. The currently available lines of mice that carry
the human SMN2 transgene are now being used to test
potential therapeutics (see below), but these studies re-
main challenging, as mice with severe phenotypes die
within 1 to 2 weeks of age, limiting the mode and dura-
tion of therapeutic delivery. Because of these difficulties,
there are ongoing efforts to develop mice with interme-
diate disease severity phenotypes that can be more easily
used for therapeutic trails. In addition, there is an effort
to develop an inducible mouse model in which SMN can
be activated during different stages of development. This
may help to answer the question of when SMN replace-
ment therapy must be delivered to patients to achieve a
benefit.

APPROACHES TO SMA THERAPEUTICS

As a result of progress in understanding the genetic
basis and pathophysiology of SMA, potential approaches
to the treatment of SMA have emerged (FIG. 5). Based
on the data from transgenic mouse models, one might
predict that increased SMN protein levels would correct
SMA before symptoms are seen. In symptomatic SMA
patients, increased SMN levels might help to preserve
remaining motor neuron function. Several strategies are
being actively investigated to increase full-length SMN
protein levels, including activating SMN2 gene expres-
sion, preventing SMN2 exon 7 skipping, and stabilizing
SMN protein. Other strategies that are being pursued for
SMA therapeutics involve identifying drugs that might
provide neuroprotection to motor neurons with low SMN
levels, replacing the SMN1 gene using gene therapy, and

FIG. 4. SMA mice. At day 13 of life, a SMN
7�/�/SMN2�/�;
Smn–/– SMA mouse (right) is small and profoundly weak com-
pared with a normal littermate (left).44

FIG. 3. Motor neurons of zebrafish without (A) and with (B) smn
knockdown. Pictured are lateral views of GFP-labeled motoneu-
rons in wild-type (A) and smn morphilino-injected (B) embryos at
50 h postfertilization. Examples of a severely truncated motor
nerve (B; arrowhead) and severely branched motor nerves (B;
arrows) are shown. Reproduced with permission from Christine
Beattie and Michelle McWhorter.
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replacing motor neurons or muscle cells using embryonic
stem cells.

SMN2 gene activation: histone deacetylase
inhibitors and other drugs
The SMN2 gene is regulated by a promoter that is

nearly identical in sequence and activity to the SMN1
promoter.46,47 An approximately 150-bp region upstream
of the translation initiation site contains the sequences
necessary for minimal promoter activity,48 but regulatory
sequences relevant to SMN gene expression may be
present as far as 4.6 kb upstream of the transcription
initiation site. The SMN promoter contains binding sites
for and binds the cAMP-response element binding pro-
tein, the Sp family of proteins, and the interferon regu-
latory factor, all of which can modulate the promoter
activity.48–50 In addition, it has been demonstrated that
the SMN promoter is associated with the histone deacety-
lase (HDAC) 1 and 2 proteins that may modulate the
histone acetylation state at the SMN promoter and play a
role in determining SMN2 gene expression.51

One class of drugs that has been investigated for the
ability to activate the SMN2 gene is the HDAC inhibi-
tors. Control of the acetylation state of histones is an
important epigenetic mechanism regulating gene expres-
sion. When the NH2-terminus of core histones is acety-
lated in a region of chromatin, this region takes on a
more relaxed chromatin structure that is more transcrip-
tionally active due to increased accessibility of DNA to
the transcriptional machinery. The level of histone acet-
ylation is determined by the balance of activities of his-
tone acetyltransferases, which acetylate histones, and
HDACs, which deacetylate histones. During a small-
molecule screen of drugs that might increase SMN ex-
pression, Chang and colleagues52 demonstrated that so-
dium butyrate, one of the earliest discovered HDAC

inhibitors, increased full-length SMN2 transcript levels
and protein levels in lymphoblastoid cell lines derived
from type I SMA patients. In addition, when sodium
butyrate was administered to the pregnant mothers of
SMA transgenic mice, it improved survival in their off-
spring. Subsequent studies have shown that the SMN2
promoter can be activated and full-length SMN mRNA
and protein levels increased in SMA patient-derived cells
by several other HDAC inhibitors, including phenylbu-
tyrate, valproic acid, and suberoyl anilide hydroxamic
acid.25,51,53,54 Two of these drugs (phenylbutyrate and
valproic acid) have been in clinical use for many years
for other indications and have well-established pharma-
cokinetic and safety profiles and good CNS penetration.
Consequently, these drugs have been taken to early clin-
ical trials in SMA patients, although efficacy in SMA
animal models has not yet been proven. A pilot trial of
phenylbutyrate in 10 patients with SMA in Italy showed
that the drug was well tolerated.55 There are currently
ongoing or planned clinical trials of phenylbutyrate and
valproic acid in the United States, Italy, and Germany.
(Table 2) There has also been interest in newer-genera-
tion HDAC inhibitors. In data presented in abstract form,
sodium butyrate prodrugs have been shown to prolong
survival in SMA mice.59 Interestingly, this survival ben-
efit occurs without a demonstrable increase in SMN pro-
tein expression, indicating that this effect may be due to
other neuroprotective effects, such as activation of anti-
apototic genes, as has been seen in a study of HDAC
inhibitors in mice with ALS.60

Another drug that has been proposed to work by acti-
vating SMN2 gene expression is hydroxyurea. In the past
this compound has been shown activate the fetal globin
gene and is used to treat patients with sickle cell disease
and thalassemias. Hydroxyurea was shown to increase
the amount of full-length SMN transcript and protein and
gems in patient-derived lymphoblastoid cell lines61and is
currently being studied in clinical trials of SMA patients
in Taiwan and in the United States. (Table 2)
Recently, a cell-based high-throughput screen of

550,000 compounds was performed to identify drugs that
activate a 3.4-kb fragment of SMN2 promoter present in
a motor neuron–like cell line, NSC34 cells.62 Seventeen
distinct compounds belonging to nine different scaffolds
were identified. None appear to be acting as HDAC
inhibitors. Two of these scaffolds, an indole compound
and the quinazoline compounds, were confirmed to in-
crease full-length SMN transcript and protein in patient-
derived fibroblast cells lines. The quinazoline scaffold is
more attractive as it showed the highest potency, mini-
mal cellular toxicity, and was amenable to chemical
modification. This scaffold is currently ongoing a me-
dicinal chemistry effort to improve its drug properties.

FIG. 5. Therapeutic approaches in SMA. Reproduced from
Sumner CJ, Fischbeck, KH. Spinal muscular atrophy. In: Neuro-
biology of Disease (Gilman S, ed). San Diego: Elsevier (in press).
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TABLE 2. Completed, Ongoing, or Planned Clinical Trials in SMA

Site Drug

Proposed
Mechanism of

Action Type of Study No. of Subjects Primary Outcome Duration Result

Completed
U.S. Riluzole Neuroprotection Placebo controlled

RCT
10 Type I Mortality Safe, inconclusive

efficacy56

U.S. Gabapentin Neuroprotection Placebo-controlléd
RCT

65 adults Types II
and III

QMT 12 months No effect57

Italy Gabapentin Neuroprotection Open label RCT 120 Types II and
III

QMT 12 months Minimal benefit58

Italy Phenylbutyrate Activation
SMN2

Open label pilot 10 Types II and
III

Blood SMN level,
Hammersmith

7 days Well tolerated55

Italy Phenylbutyrate Activation
SMN2

Placebo-controlled
RCT

90 Types II and
III

Hammersmith 3 months Analysis pending

U.S. Hydroxyurea Activation
SMN2

Open label pilot 33 Type II and III Muscle strength,
PFT and blood
SMN level

8 weeks Analysis pending

Europe L-Acetyl-
carnitine

Neuroprotection Placebo-controlled
RCT

110 patients age
� 5 years

Hand grip and
elbow flexion
strength

9 months Analysis pending

Ongoing
U.S. Phenylbutyrate Activation

SMN2
Open label Phase I Age �2 years Safety 12 months

U.S. Valproic acid Activation
SMN2

Open label Phase I Age � 2 years Safety 12 months

U.S. Valproic acid
� carnitine

Activation
SMN2

Placebo-controlled,
randomized,
intention to

90 Type II & III,
Ages 2–17
years

M-HFMS and
PCFMS,
myometry, PFT

13 months

treat
France Riluzole Neuroprotection Placebo controlled

RCT
150 Type II and
III

MFM 2 years

U.S. Riluzole Neuroprotection Open label 44 Type I Safety 6 months
U.S. Hydroxyurea Activation

SMN2
Placebo controlled
RCT

Type I Survival 6 months

U.S. Hydroxyurea Activation
SMN2

Placebo controlled
RCT

Type II and III Muscle strength,
PFT and blood
SMN level

6 months

Planned
Germany Valproic acid Activation

SMN2
Placebo controlled
RCT

130 Type I age�6
months

Survival 2 years

U.S. Phenylbutyrate Activation
SMN2

Phase I dose
escalation

Type I, II, and III Safety

RCT�randomized controlled trial; QMT�quantitative muscle testing; PFT � pulmonary function tests; M-HFMS� modified Hammersmith Functional Motor Scale for SMA (submitted for
publication, Neuromusc Disord, Sept 2005); PCFMS � Project Cure Functional Motor Scale for SMA (undergoing validation); MFM�Mesure de Fonction Motrice pour les maladies
neuromusculaires.
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Exon 7 inclusion in SMN2 transcripts
A strategy that could be successful in increasing SMN

protein levels is to promote exon 7 inclusion in SMN2-
derived transcripts. The molecular mechanisms that di-
rect splicing of the SMN gene transcripts have been
investigated in detail. Full-length SMN transcript is en-
coded by nine exons (1, 2a, 2b, 3–8) and exons 1–7 are
translated into SMN protein. Two models have been
proposed to explain the inhibitory effect of the C to T
transition in SMN2 on exon 7 inclusion.63–65 According
to the exonic splice enhancer model, SMN1 exon 7 con-
tains a heptamer sequence motif that recruits the splicing
factor SF2/ASF and promotes exon 7 inclusion. When
this motif is interrupted by the C¡T (U in mRNA)
transition that is present in SMN2 transcripts, the SF2/
ASF factor is not recruited, the 3= splice site is not
recognized, and exon 7 is excluded.64 The silencer
model, in contrast, proposes that the C to U transition
creates an exon silencer element that interacts with
hnRNP A1 and represses exon 7 inclusion.65 It has been
shown that exon 7 skipping can be partially overcome by
a complex of splicing factors that binds an AG-rich
exonic splicing enhancer region downstream of the hep-
tamer motif. Htra2-�1 binds directly and specifically to
this DNA recognition sequence and facilitates exon 7
inclusion.66 The function of Htra2-�1 is enhanced by
interaction with hnRNP-G.67 Srp30c also binds Htra2-�1
and may further stabilize the complex.68 There are likely
to be many exonic and intronic splice enhancer and
silencer motifs that play roles in SMN transcript splicing.
After a screen in patient fibroblasts, Andreassi et al.69

demonstrated that the chemotherapeutic drug aclarubicin
stimulated exon 7 inclusion and consequently increased
SMN protein levels. Unfortunately, the toxicity profile of
this drug prohibits its long-term use in SMA patients. A
nonpharmacological strategy to enhance exon 7 inclu-
sion is the use of synthetic antisense oligonucleotides
that bind to SMN2-derived transcripts and promote exon
7 inclusion during splicing. Cartegni and Krainer70 have
used small chimeric molecules consisting of an antisense
moiety that recognizes and hybridizes to exon 7 se-
quence covalently linked to a peptide; these molecules
mimic the function of SR proteins (a family of highly
conserved splicing factors). Skordis et al.71 have used
oligoribonucleotides that are complementary to exon 7
and contain exonic splicing enhancer motifs to provide
trans-acting enhancers. Both groups have demonstrated
that such strategies can work in vitro to increase exon 7
inclusion. One of the main challenges of this approach in
SMA patients will be achieving efficient delivery of
these constructs to motor neurons.

Stabilizing SMN protein
Related strategies for SMA treatment are to increase

translation of SMN2-derived protein or to stabilize the

protein that arises from the SMN2 gene. In a cell-based
high-throughput screen of approximately 47,000 com-
pounds, indoprofen was shown to increase SMN2-de-
rived protein, but not SMN1-derived protein.72 This drug
does not act at the transcriptional level, but rather ap-
pears to act at the translational level, perhaps by increas-
ing the efficiency of translation of SMN2-derived tran-
scripts. In other work, Wolstencroft et al. recently
showed that aminoglycosides increase SMN protein lev-
els and gem counts in patient-derived fibroblasts.73 Ami-
noglycosides are known to alter translation by promoting
read-through of stop codons. The authors speculate that
these drugs enable read-through of the initial stop codon
in exon 8 of SMN2 transcripts. This results in a SMN
protein with a slightly elongated C-terminus, which pro-
motes its stability. Unfortunately, both indoprofen and
aminoglycosides have poor central nervous penetration.
To apply these approaches to SMA patients, new com-
pounds will need to be identified that retain this activity
and penetrate the blood–brain barrier. It has also been
demonstrated that the SMN protein is degraded by the
ubiquitin–proteasome system and that drugs that inhibit
this pathway increase SMN protein levels in patient-
derived fibroblasts.74 Further understanding of how the
SMN protein is degraded may lead to other SMA ther-
apeutic targets.

Neuroprotection
Another important goal in SMA therapeutics research

is to identify ways to protect SMN-deficient motor neu-
rons from degeneration. Unlike efforts to identify com-
pounds that increase SMN2 gene expression or exon 7
inclusion, there have not yet been cell-based high-
throughput screens to identify compounds that might be
neuroprotective, because an in vitro motor neuronal
model of SMA has been lacking to date. Currently, there
are efforts to develop such a model using embryonic
stem cells differentiated into motor neurons.
Based on a candidate approach, several drugs have

been chosen for investigation in SMA. Because of the
modest efficacy in patients with ALS, riluzole has also
been evaluated in SMA. Riluzole showed a modest ben-
efit on survival of SMA mice with targeted deletion of
exon 7 in neurons.75 A small clinical trial in type I SMA
patients showed that the drug was well tolerated56 and
two larger clinical trials are in progress in the United
States and Europe (Table 2). Another preclinical study in
SMA mice showed a beneficial response to the neuro-
trophic factor, cardiotrophin-1 (CT-1).76 Cardiotrophin-1
was delivered by intramuscular injection in an adenoviral
vector and, even at low does, CT-1 was able to improve
survival and delay the motor defect in SMA mice with
targeted deletion of exon 7 in neurons. Neurotrophic
factors deserve further study as potential neuroprotective
drugs in SMA. Gabapentin was studied in two clinical
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trials in SMA patients, but unfortunately this drug
showed no significant efficacy in these studies (Table
2).57,58

Gene therapy and cell replacement
A strategy that could theoretically lead to a cure for

SMA is replacement of the SMN1 gene using a gene
therapy approach. Unfortunately, development of gene
therapy in general has been limited because of the tech-
nical difficulties of efficient gene delivery to target tis-
sues as well as problems related to random insertion of
the therapeutic gene into the host DNA. Nonetheless, a
recent study in SMA mice showed promising early re-
sults. After injection of the SMN1 gene packaged in a
lentivector gene transfer system into muscle, the SMN1
gene was retrogradely transported to and expressed in
spinal motor neurons and led to a modest increase in
lifespan of SMA mice by approximately 3–5 days.77

Another strategy that might eventually play a role in
SMA treatment is cell replacement. Embryonic stem
(ES) cells are pluripotent cells that can be differentiated
into motor neurons. In a recent study, differentiated ES
cells were transplanted into the spinal cord of rats with
Sindbus virus–induced motor neuron injury.78 The cells
survived and produced axons that were able to grow into
the ventral root.

Other approaches
Because forced exercise was found to be of benefit in

ALS mouse models,79,80 it was recently studied in SMA
mice. In this study, type 2 SMA mice developed by
Hsieh-Li et al.42 were subjected to a training protocol of
forced run on a wheel or no training. Trained mice
showed improved survival of approximately 57% as well
as reduced motor neuron loss. Interestingly, there was
also evidence of increased full-length SMN transcript
and protein in spinal cord tissues from trained animals.
The authors speculate that exercise may activate genes
that promote exon 7 inclusion in SMN2-derived tran-
scripts.81

CHALLENGES OF CLINICAL TRIALS IN
SMA PATIENTS

Because of the progress in the understanding of the
genetics and disease pathogenesis of SMA, we are now
beginning clinical trials of candidate therapeutics. De-
signing successful clinical trials in SMA patients pre-
sents a series of difficult challenges, however.5 The wide
variability of severity of this relatively rare disease
makes it difficult to collect a homogeneous study popu-
lation or to use the same outcome measures for all pa-
tients. Recent international consensus has emphasized
the importance of designing and performing separate
trials of patients with type I SMA and those with type II
and III and even to stratify within these groups to obtain

as homogeneous a study population as possible.82 In type
I SMA trials, survival is the most frequent outcome
measure, however, studies are ongoing to validate other
outcome measures, including MUNE, functional motor
scales, and respiratory measures.6,82 For patients with
type II and type III disease there has been an effort to
develop validated functional motor scales such as the
Hammersmith or French Mesure de Fonction Motrice
pour les maladies neuromusculaires, as well as validated
quantitative muscle testing, MUNE, respiratory mea-
sures, and quality of life measures.6,82–84 Because of the
distinctive disease course in SMA with plateaus in the
rate of decline, it may be very difficult to demonstrate
effects on these outcome measures. It is therefore very
important to develop other biomarkers for SMA clinical
trials. One potential biomarker in trials of drugs expected
to work by increasing SMN is SMN levels in an acces-
sible tissue such as peripheral blood. A recent study
demonstrated the feasibility and reliability of a measure
of SMN mRNA using quantitative reverse transcription
PCR and of SMN protein using a cell immunoassay in
the blood of SMA patients.85

REMAINING QUESTIONS

Great progress has been made in the last 10 years in
SMA research. Although this has pointed to targets for
therapeutics in SMA, important questions remain. Will
SMN replacement work in SMA patients? If so, in what
cells and tissues will SMN replacement be required? Is
delivery to motor neurons sufficient, or must SMN also
be delivered to muscle? How late in the disease process
can SMN replacement rescue the phenotype? Do data
suggesting that SMN has a developmental role in proper
motor neuron outgrowth indicate that SMN must be de-
livered very early? Can the cause of the specific suscep-
tibility of motor neurons to SMN deficiency be identi-
fied? Does motor neuron degeneration result directly
from snRNP assembly deficiency, or does SMN have a
unique function in motor neurons? Answers to these
questions will likely lead to the identification of new
targets for SMA therapeutics and ultimately effective
treatment for the disease.
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