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Abstract
Spinal muscular atrophy (SMA) is a leading genetic cause of infant mortality. A
neurodegenerative disease, it is caused by loss of SMN1, although low, but essential, levels of
SMN protein are produced by the nearly identical gene SMN2. While no effective treatment or
therapy currently exists, a new wave of therapeutics has rapidly progressed from cell-based and
preclinical animal models to the point where clinical trials have initiated for SMA-specific
compounds. There are several reasons why SMA has moved relatively rapidly towards novel
therapeutics, including: SMA is monogenic; the molecular understanding of SMN gene regulation
has been building for nearly 20 years; and all SMA patients retain one or more copies of SMN2
that produces low levels of full-length, fully functional SMN protein. This review primarily
focuses upon the biology behind the disease and examines SMN1- and SMN2-targeted
therapeutics.

Spinal muscular atrophy: disease & clinical manifestations
Spinal muscular atrophy (SMA) is an inherited autosomal recessive neurodegenerative
disease. It is the leading genetic cause of infantile mortality worldwide with a disease
prevalence of approximately 1:6000–1:10,000 and a carrier frequency of approximately
1:35–1:40 [1,2]. SMA prevalence is static throughout all ethnic groups, with few exceptions,
although an isolated population from South Dakota, the Hutterites, possesses a dramatically
higher carrier frequency approaching 1:8 [3]. SMA is characterized by the degeneration of
motor neurons within the anterior horn of the spinal cord leading to skeletal muscle
weakness and atrophy [4]. Muscle weakness and atrophy is symmetrical and progressive,
often impacting the legs more so than the arms, eventually leading to a decline in intercostal
activity. Respiratory failure and complications account for the majority of premature deaths
in SMA patients [4].
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Clinically, SMA disease severity is broad and for classification purposes, patients are
categorized based upon the severity, the age of onset, and achieving (or failing to achieve)
physical milestones [5]. Type 0 is extremely severe and initiates during prenatal
development and results in death within weeks. Type I, or Werdnig– Hoffman disease, is a
severe form characterized by an infantile onset ranging from birth to 6 months and accounts
for approximately 50% of all newly diagnosed cases of SMA [6]. The natural history of all
forms of SMA has significantly changed due to supportive measures, including respiratory
and physical therapy, however, in the absences of these advances, there is a 32% survival
probability at 2 years of age and at no time can type I patients sit upright without support
[7]. Type II onset occurs between 6–18 months and initiates with proximal limb weakness,
with progressive weakness and respiratory complications, joint contractures and scoliosis
appearing in childhood [7]. At some point during childhood, type II patients can sit upright
without assistance. Approximately 70% of type II patients live to adulthood. Type III SMA
presents past 1 year (>1 year for type IIIa; >3 years for IIIb) and individuals can initially
stand/walk without assistance and have a normal lifespan, although many become
wheelchair-bound during adolescence [4]. Type IV patients develop proximal leg weakness
in adulthood and have a normal lifespan [4]. Even within each disease category, further
delineation exists and it could be argued that there is a continuous disease severity spectrum,
however, in the age of molecular diagnostics and clinical trial enrollment, this system retains
a great deal of utility.

Molecular genetics: SMN1 & SMN2
SMN1 is the SMA-determining gene and is located on chromosome 5q13 [8]. While a
generalized region of chromosome 5 had been identified several years earlier as the SMA
locus, it was not until 1995 that the SMA-determining gene was conclusively identified as
SMN1 [9–11]. However, the genetics and the identification were clearly complicated by the
presence of a nearly identical gene also located on chromosome 5q. This gene, called
SMN2, is positioned within an approximately 500 Kb duplication that lies in a head-to-head
orientation [8]. The duplicated region that contains SMN2 is centromeric to SMN1 and
additional genes such as p44, SERF and NAIP are also present in each duplicated region
[8,12]. Most SMA cases arise from deletions including SMN1 exons 7 and 8, however,
larger deletions were also detected that encompassed adjoining genes, such as NAIP [12].
While there was initially some concern that other genes within this region contributed to
SMA development, the identification of SMN intragenic mutations including frameshifts
and point mutations further confirmed the role of SMN1 [13].

The nucleotide sequences of SMN1 and SMN2 are 99% identical and the amino acid
sequences are 100% identical for the overlapping coding elements. There are a handful of
sequence variations in the promoter regions as well as small variations within the genes,
mostly within intronic elements [8,14,15]. Seemingly paradoxically, mutation or loss of
SMN2 has no clinical consequence provided SMN1 is intact, whereas loss of SMN1 results
in SMA. The key to understanding this complex genetic question resides in a single non-
polymorphic nucleotide difference at the 5′ end of exon 7 (840C>T). SMN1 transcripts are
predominately full-length, spanning exons 1–8, whereas the majority of SMN2-derived
transcripts are alternatively spliced producing an isoform that lacks the typical final coding
exon (exon 7) [16,17]. Exon-skipped products then terminate early in exon 8 after encoding
only four amino acids. Insight into the importance of the 840C>T transition was initially
identified by ‘hybrid’ alleles in SMA patients [18]. Likely due to the relatively large
genomic duplication and inversion of the SMN locus, the SMN genes appear to be prone to
recombination and partial recombination events that can produce small arrays of SMN1 or
SMN2 genes on a single chromosome or can result in a single ‘hybrid’ SMN gene that is
partially derived from SMN1 and SMN2. Through the analysis of hybrid genes as well as
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synthetic mini-genes, it was determined that the 840C>T dictated the exon 7 alternative
splicing event: an SMN1-derived ‘C’ resulted in a hybrid gene that exhibited a SMN1-like
expression profile, whereas a SMN2-derived ‘T’ resulted in a hybrid gene that exhibited a
SMN2-like expression profile [15,19].

Importantly, approximately 10%, of SMN2-derived transcripts encodes fully functional,
full-length SMN protein. It is important to stress that SMA does not arise from the complete
absence of SMN, consistent with observations that a SMN null state appears to be lethal in
all organisms [20]. Rather, SMA develops from a severe reduction of SMN. The low levels
of full-length SMN produced by SMN2 are sufficient to prevent embryonic lethality, but are
insufficient to prevent SMA development [21]. Additionally, murine models suggest that the
exon 7-skipped protein product, SMNΔ7, retains a small degree of functionality compared
to full-length SMN [22]. One or more copies of SMN2 are retained by all SMA patients and,
to date, SMN2 is clearly the most important genetic modifier of disease severity [23–26].
Numerous patient studies have been performed, allowing a relatively straightforward
conclusion to be drawn: SMN2 dosage inversely correlates with disease severity. In general,
type I patients have two copies; type II patients have 2–3 copies; and type III patients have
3–4 copies [27–29]. Additionally, healthy individuals have been identified that are
homozygously deleted for SMN1, but retain 5 or more copies of SMN2 [30]. Genetically,
these SMA-carriers could be considered as SMA patients as they lack SMN1, however, the
high number of SMN2 copies has provided sufficient SMN protein to fully protect from
disease development. Clearly, overlap exists for each of these groups and much like the
continuous clinical spectrum, SMN2 dosage covers a similarly broad range as well. At the
molecular level, the overwhelming majority of patients are screened by genetic means that
are designed to assess the presence or absence of SMN1/SMN2 genes [31,32]. These tests,
however, are typically based upon the 840C>T difference and do not discriminate between
SMN2 alleles that produce high or low levels of SMN or from those that may be completely
dysfunctional. Therefore, while gene dosage is an incredibly important component of an
individual’s diagnosis, this cannot be the sole determinant and must be merged with the
clinical manifestations. Molecular diagnostics, however, are playing an increasingly
important role in SMA clinical trials and the stratification of patients with a particular
SMN2 genotype will likely become increasingly more important as SMA-specific
compounds are examined in clinical trials.

SMN protein function: general activity versus motor neuron activity
SMN is a multifaceted 38 kDa protein that is ubiquitously expressed throughout
development [33]. Early studies suggested that SMN performed an essential function for all
cells since genetic ablation of the murine Smn resulted in pre-implantation lethality [34].
Insight into SMN function initially came through yeast two-hybrid studies and SMN’s
hallmark nuclear staining pattern [35]. Within many cell types, SMN localizes into discrete
nuclear foci termed ‘gemini of coiled bodies’ or ‘gems’ [35,36]. While coiled bodies and
gems are enriched for factors involved in various aspects of gene expression, including
transcription and RNA processing components, these nuclear structures are not active sites
of transcription or splicing. However, this localization pattern suggested a role in a variety
of RNA-associated activities. Detailed biochemical studies have subsequently revealed that
SMN often functions with a cohort of proteins collectively referred to as Gemins [37]. The
core complex consists of SMN, Gemins 2–8 and unrip, and can be found in all tissues and
cell types. The SMN/Gemin complex is integral to the assembly of small nuclear ribonuclear
proteins (snRNPs) within the cytoplasm and their subsequent transport into the nucleus [37].
snRNPs are composed of a single snRNA and a heptameric ring structure composed of Sm
proteins. SMN’s role in this activity is without question, both biochemical studies as well as
structural data demonstrate the relevance of the SMN/Gemin complex in snRNP assembly.
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Perhaps one of the most intriguing questions in the SMA field has centered upon how a
dysregulation of an essential, general cellular activity, snRNP assembly, could account for
the motor neuron-specific vulnerability observed in SMA [38]. While general snRNP
assembly defects have been observed in SMA mice, these defects were observed in a
pathway referred to as the major spliceosome or at a relatively late stage of disease [39,40].
In contrast, an alternative class of introns comprising <1% of all introns referred to as U12-
dependent or minor introns has been the target of recent speculation [41–44]. The
connection between SMA and U12-dependent introns stems from the observation that U12
introns are not uniformly distributed throughout the genome [45,46]. Rather, U12 introns are
enriched within voltage-gated ion channels and other genes likely to be involved in neuronal
function [46]. The discovery of U12 genes that are aberrantly spliced in SMA contexts
would provide mechanistic validity to the role of snRNP assembly in SMA development as
well as providing novel drug targets beyond SMN. It is likely, however, too simplistic to
assume that correcting one or two improperly spliced mRNAs could completely correct the
entirety of the SMA phenotype and a more nuanced balance of U12 introns may be difficult
to achieve pharmacologically.

An alternative, non-snRNP function has also been proposed that could account for the motor
neuron specific loss observed in SMA [47]. SMN largely exists in snRNP-free protein/RNA
complexes within axons and it has been hypothesized that SMN serves as an mRNA
chaperone for a subset of mRNAs as they are transported distally to the growth cones [48–
50]. SMN has been shown to interact and/or co-localize with several factors involved in
RNA transport, including hnRNP-R, hnRNP-Q, HuD, COP1 and with actin and candidate
plasticity-related gene 15 mRNA [51–55]. In cultured neurons from SMA mice, the SMN-
neuronal complexes are disrupted and the cargoes are poorly localized to the developing
termini. The current thought is that localized translation of factors, such as β-actin, would be
disrupted leading to an alteration in actin dynamics and subsequent cytoskeleton growth and
development at the growth cone, however genetic ablation of β-actin does not result in lower
motor neuron defects [56]. While the biochemistry behind the SMN-neuronal function is
still developing, research in other fronts has supported a role for SMN in some type of
cytoskeletal activity. For example, two recent reports have demonstrated that compounds
Fasudil and Y-27632 that modulate actin dynamics by inhibition of the RhoA/ROCK
pathway can significantly extend survival in an intermediate mouse model of SMA [57,58].
The protective affect was independent of SMN as SMN levels remained stable and low.
Plastin 3 has also been postulated to function as a disease modifier as its overexpression was
detected in discordant siblings and shown to correlate with decreased disease severity in
female siblings [59]. Plastin 3 was also capable of compensating for SMN-deficient
phenotypes in zebrafish and cultured neurons [59].

While there are two primary schools of thought regarding the SMN-specific function that
leads to motor neuron loss, the reality is that neither has been conclusively proven or
disproven and the picture remains complex. SMN interacts with an ever-expanding list of
proteins, totaling over 60 to date [60]. While SMN missense mutations typically fail to bind
to each of the protein substrates, it is unclear whether these factors contribute to SMA
development. The recent analysis of β-actin null mice was hypothesized to result in neuronal
defects, however, the β-actin null mice appeared to be surprisingly normal regarding axonal
regeneration and neuronal function, although a more detailed analysis in a CNS-restricted
ablation revealed abnormalities within the hippocampus and cerebellum [56,61].

Regulation of SMN pre-mRNA splicing: to skip or not to skip
Eukaryotic pre-mRNA splicing is an intricate balance between cis and trans factors that
coordinate the identification and proper excision of intronic sequences (Figure 1). SMN
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exon 7 is 54 nucleotides and includes the stop codon for full-length SMN [8]. Although
SMN1 and SMN2 are nearly identical, the pre-mRNA splicing patterns are dramatically
different and underscore the importance of cis- and trans-factors that coordinate the complex
regulatory environment surrounding SMN exon 7 (Figure 2) [16,17]. In the context of
SMN1, exon 7 is constitutively included in the majority of transcripts. While SMN1 exon 7
is flanked by relatively weak splice signals including the poly-pyrimidine tract, and the 3′
and 5′ splice sites, the presence of several exonic splice enhancers within exon 7 overcome
these non-consensus regulatory elements [62–64]. The exonic splice enhancers serve as
binding substrates for regulatory proteins including the serine/arginine-rich (SR) and SR-
like proteins. hTra2-β1, an SR-like family member, directly binds the conserved AG-rich
central region of the exon (Figure 2) [65]. The presence of hTra2- β1 may facilitate the
indirect recruitment of several other splicing factors including SRp30c, hnRNP-G, RMBY,
hnRNP-Q1 and TDP-43 [66–69]. In a variety of experimental contexts including the mini-
gene system, transient overexpression studies and cell-free extracts, hTra2-β1 and the
associated proteins stimulate SMN exon 7 inclusion [65]. At the 5′ end of SMN1 exon 7, a
high-affinity binding site is present that is bound by the SR-protein family member, SF2/
ASF [70,71]. Intronic regulatory elements exist as well, including the positively acting TIA1
[72], which binds within intron 7. Interestingly, while most of the putative negatively
regulating elements that dominate SMN2 exon 7 expression are present within the SMN1
pre-mRNA, the positively acting splicing factors preferentially exert their influence,
resulting in the constitutive inclusion of SMN1 exon 7.

While the sequences are nearly identical between SMN1 and SMN2, the SMN2 pre-mRNAs
are subjected to a dramatically different set of regulatory constraints [60,64,73]. The
presence of the 840C>T nucleotide at the 5′ end of exon 7 confers direct and indirect affects
upon the composition of splicing regulatory proteins present at exon 7. The 840C>T
transition resides within the high affinity SF2/ASF binding site and based upon SELEX
analysis, the ‘U’ greatly reduces this affinity, and, in turn, decreased binding of SF2/ASF
correlates with decreased SMN2 exon 7 inclusion [70,71]. Interestingly, not only does the
840C>T reduce the affinity for the positively acting SF2/ASF, but a novel SMN2-specific
inhibitory element is created. The C/U transition allows for the formation of a secondary
structure within the SMN2 exon 7 pre-mRNA that serves as a putative substrate for
negatively regulating factors, including hnRNPA1 and Sam68 [74–77]. In the SMN2
context, a new suite of molecular constituents are involved in exon 7 regulation now that the
SF2/ASF site has been disrupted. In addition to the novel hnRNP-A1 site, exonic and
intronic silencer elements are now able to exert an influence upon exon 7 splicing and
promote exon 7 skipping including: the 3′ cluster or TSL at the 3′ end of exon 7 [78];
element 1 located upstream within intron 6 binds two factors, PTB and FUS-BP [79,80]; an
additional SMN1/SMN2 non-polymorphic nucleotide difference within intron 7 mediates
hnRNP–A1 binding [77,81]; ISE 17–1 located within intron 7 [81], and perhaps the most
widely examined regulatory element, ISSN1, islocated near the 5′ splice site downstream of
exon 7 [82,83].

One of the more important findings to come out of the molecular experimentation
surrounding SMN exon 7 splicing was that SMN2 exon 7 is not irreversibly damaged. In
fact, subtle mutations in the poly-pyrimidine tract upstream of exon 7 completely reverse the
splicing ratio such that SMN2 produces exclusively full-length transcripts [63]. Similarly,
mutations within exon 7 that modulate the inhibitor and enhancer binding sites can
overcome the C/U-mediated splicing patterns [78,83–87], while overexpression of modified
U1 snRNAs that specifically recognize the non-canonical splice site downstream of exon 7
largely correct the exon skipping phenotype [87]. Several reports have also demonstrated
that by reducing splice site recognition at the exon 8 junction, the balance is shifted to the
exon 7 splice site leading to an increased incorporation of SMN2 exon 7 [62,88–90].
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Naturally occurring mutations also highlight the malleable nature of exon 7 splicing. For
instance, discordant phenotypes that did not match the predicted disease severity based upon
the SMN2 copy numbers revealed a novel mutation within SMN2 exon 7, 859G>C. This
mutation was predicted to create a high affinity exonic splice enhancer for SF2/ASFand
consistent with the in silico-based predications, the 859G>C mutation resulted in increased
inclusion of SMN2 exon 7 – even in the presence of the 840C>T transition [91]. These
important observations demonstrated that SMN2 exon 7 is not irreparably damaged and
provided a biological foundation for strategies to modulate SMN2 exon 7 pre-mRNA
splicing as a potential therapeutic for SMA.

Interestingly, a feedback mechanism may exist that contributes to the motor neuron specific
sensitivity observed in SMN deficient contexts [92,93]. In in vitro assays, SMN reduction
increased SMN2 exon 7 inclusion, suggesting that a reduction in SMN was further
exacerbated by SMN-induced aberrant splicing of SMN2 exon 7 [92,93]. Consistent with
this, RT-PCR analysis of SMN transcripts isolated from laser captured SMA motor neurons
from SMA mice demonstrated that SMN2 exon 7 splicing was significantly more impacted
by reduced SMN than non-motor neuron tissue [93].

SMN induction: modes of action for SMN therapeutic strategies
Gene replacement: viral vectors

Since SMA is monogenic and the SMN cDNA is relatively small, SMA is well suited for a
viral-based replacement of SMN. Early work with pseudotyped lentivirus vectors and
purported retrograde transport was capable of modest extensions in survival in severe SMA
mice following intramuscular injections in SMA mice [94]. However, several hurdles still
existed including achieving in vivo tropism for the appropriate tissues and being able to
deliver a sufficiently high titer to the CNS. A breakthrough came when self-complementary
adeno-associated virus vectors were used to delivery SMN to SMA mice. Intravenous (iv.)
delivery of scAAV9–SMN at P1 resulted in a dramatic extension in survival and a
significant rescue of the SMA phenotype [95–100]. Importantly, motor neuron transduction
with the scAAV9 vector was high and an extension in survival, albeit reduced to an average
of 22 days, could still be achieved if the vector was delivered at P5 [97]. Motor neuron
transduction dropped dramatically at the later delivery time point, suggesting that the blood–
brain barrier had blocked entry into the CNS or that disease progression has advanced to a
stage that is no longer correctable [97]. In a separate report, delivery of AAV8–SMN or
scAAV8–SMN via intracerebroventricular (icv.) injection also significantly extended
survival; however, instead of the 250 plus days of survival observed in the scAAV9–SMN
treated animals, these mice lived on average approximately 150 days [98]. Several possible
explanations could account for the differences in life span for scAAV8 and scAAV9 treated
animals. Recent work from several laboratories has demonstrated that severe SMA mice
present a multi-organ system pathology including cardiac and vascular tissue and the
pancreas [101–105]. scAAV9 has an exceptionally broad tropism, while scAAV8 tropism is
more restricted and poorly transduces cardiac tissue [106]. This requirement for SMN within
the CNS and the periphery may explain why high motor neuron expression of SMN
following scAAV8–SMN results in a decreased degree of rescue compared to scAAV9–
SMN delivery. In a head-to-head comparison of icv. versus iv. administration of scAAV9–
SMN, icv. administration was shown to produce a greater degree of rescue in SMA
[100,107]. Similar conclusions were also drawn regarding icv. administration in an even
more severe model of disease that typically dies at approximately P5 [107]. While the
extension in survival did not achieve the 150–250 days seen with the less severe model, this
work demonstrated that delivery of the scA AV9-SMN vector can significantly extend
survival even in severely symptomatic SMA animals.
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Results using various mouse models indicated that CNS uptake following an iv.
administration scAAV9–SMN was robust and provided the injection was performed almost
immediately after birth, however, CNS penetration dropped off dramatically if the injection
was given one week later. In contrast, adult cat and non-human primate studies have shown
that scAAV9 can still enter the CNS following a single IV injection and, more importantly,
efficient motor neuron uptake can still be achieved [108–110]. In terms of translating iv.
delivery to SMA patients, current vector production technologies cannot accommodate a
large scale clinical trial for older children or adults. However, sufficient virus could be
generated for a clinical trial that utilized a more focused CNS-specific delivery paradigm.
While neutralizing antibodies are clearly an issue that could hinder the advancement of this
type of strategy [110], a SMA clinical trial is likely within the next 1–2 years.

Targeting SMN2: promoter activation
All SMA patients retain one or more copies of SMN2 and since SMN2 has the potential to
encode fully functional SMN protein, this copy gene has been an invaluable therapeutic
target. While total expression levels between SMN1 and SMN2 are similar, there has been
significant interest in further stimulating the basal level of SMN2 transcription: even though
SMN2 pre-mRNAs are preferentially producing SMNΔ7, a global increase in transcription
would boost full-length and SMNΔ7 mRNA. While early reports suggested overexpression
of SMNΔ7 protein functioned in a dominant-negative manner, the generation of the
SMNΔ7 mouse demonstrated that SMNΔ7 was neither toxic nor a dominant-negative [22].
These animals are homozygous null for murine Smn, possess two human SMN2 genes and
contain an additional transgene that overexpresses the cDNA for the SMNΔ7 isoform [22].
The addition of the SMNΔ7 cDNA extends survival to approximately 14 days, as compared
with approximately 5 days for the Smn−/−; SMN2 SMA mice. This conclusively
demonstrated that the SMNΔ7 product was not detrimental and the upregulating the SMN2
promoter could be a viable means of elevating SMN protein.

Multiple layers of regulation exist to tightly control eukaryotic gene expression. A global
mechanism to regulate gene expression is through the compaction and relaxation of DNA
accomplished in part by histone acetylases (HATs) which acetylate lysine residues found on
histones, a primary building block for chromatin. Acetylation relaxes the DNA allowing for
transcription while the activity of histone deacetylases (HDACs) promotes DNA chromatin
compression and gene repression. Pharmacological manipulation of this system can be
accomplished with a class of compounds referred to as HDAC inhibitors (HDACi)
[111,112]. Within the context of SMA, repurposed compounds have shown promise in SMA
reporter assays, SMA cells and in SMA mice. Sodium butyrate [113], valproic acid (VPA)
[114–117], phenylbutyrate [118], trichostatin A (TSA) [119,120], LBH589 [121], and
suberoylanilide hydroxamic acid (SAHA) [122,123] have been shown to increase SMN
protein levels from the human SMN2 gene and in some instances from the murine Smn
gene. Translating cell-based success into a phenotypic improvement in SMA mice has been
challenging, in part, due to the extreme severity of the SMA models. However, TSA and
SAHA were able to provide significant extensions in survival as well as lessening overall
disease severity in SMA mice [119,120,123]. LBH589 elevated SMN protein by stimulating
exon 7 inclusion and total SMN2 promoter expression, as well as increasing hTra2-β1 levels
[121]. TSA plus a rigorous regimen of supportive and dietary care was further capable of
extending survival by ~170% [120]. In addition to their SMN-inducing activity, many
HDAC is appear to confer some degree of general neuroprotection independent of SMN,
potentially through the suppression of atrogene pathways [124].

Perhaps one of the greatest challenges going forward for these types of compounds relates to
specificity, or more to the point, the lack of specificity. In all likelihood, SMA patients will
need to be on medication permanently and the pharmacological induction of a tangible
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percentage of the genome is likely to lead to off-target affects and toxicity. A recent
inducible SMA mouse model of disease further suggests that elevated SMN levels will be
required into adulthood as well [125]. While the investigations into the molecular regulation
behind the SMN promoter structure(s) has provided some insight [126], additional work is
needed to better understand the regulatory environment as well as to develop more specific
HDACi that could be used for long-term administration. Since VPA and phenybutyrate are
US FDA-approved compounds, it was possible to move these compounds into clinical trials
for SMA type II and III patients, however, relatively little effect was observed [127–129].
Similar to the results seen with VPA and phenybutyrate, which performed well in cell-based
assays, hydroxy urea was shown to increase SMN full-length RNA levels in SMA primary
lymphoblast cultures but when analyzed in a placebo-controlled, double-blind trial, HU did
not alter the SMA phenotype or SMN expression [130,131].

Prolactin (PRL), a blood–brain barrier permeable compound, has recently been shown to
increase SMN expression dramatically in SMA cellular models and within the CNS of SMA
mice [132]. While a significant extension in survival was observed in prolactin treated
animals (~70%), this extension was not as robust as the SMN levels within the CNS might
have predicted. One possible interpretation of these results is that while the receptor for PRL
is widely expressed throughout the CNS, it is not widely present within the periphery. The
relatively early mortality of PRL-treated animals did not appear to be due to NMJ-associated
defects, but perhaps related to peripheral organ defects. PRL acts through the STAT5
pathway and was initially suggested as a potential target due to the functional overlap of
three small molecules that increased SMN2 expression: sodium valproate, TSA and
aclarubicin. STAT5 activation in SMA-like mouse embryonic fibroblasts and SMN2-
expressing NSC34 cells increased SMN while a constitutively activated STAT5 mutant
increased SMN in SMA patient lymphocytes [133]. Going forward, delivery of the FDA-
approved recombinant PRL will likely be examined in SMA patients. Its activity and the
absence of significant non-CNS activity will be of particular interest in the future.

During the first high-throughput screen for SMA-specific compounds, two parallel screens
were run in an attempt to capture compounds with two distinct modes-of-action: SMN2
promoter activation and SMN2 exon 7 splicing. The SMN2 promoter assay identified a
quinazoline structure that exhibited cell-based activity and led to a medicinal chemistry
program that produced several compounds with drug-like properties [134,135]. The lead
compound, 2,4-diaminoquinazoline, was shown to function through a distinct mechanism:
inhibition of DcpS [136], which is an enzyme involved in 5′ cap-mediated degradation of
mRNAs. Oral administration of the lead compound (RG3039) resulted in a dose-dependent
increase of SMN in SMA mice and extended survival by ~20–30% [137]. A Phase I study
performed by Repligen Corporation in 32 healthy individuals analyzing dosing, safety and
tolerance has recently concluded and indicated a good safety profile for RG3039.

Targeting SMN2: modulating exon 7 inclusion with nucleic acid-based
therapeutics

While early work demonstrated that exon 7 splicing could be modulated by the over-
expression of transacting factors or the genetic removal of splicing inhibitors surrounding
exon 7, there was little belief that these insights could translate into potential therapeutic
strategies. However, this work laid the foundation for a new wave of research that leveraged
the power of antisense oligonucleotides (ASOs) (Figure 3). ASOs are relatively short
stretches of nucleic acid that recognize a target sequence with a high degree of specificity. In
most instances, the molecular backbone has been chemically modified to reduce nuclease
sensitivity, thereby extending the half-life for ASO compounds. While ASOs have often
been used to knock-down expression of target mRNAs through siRNA pathways, ASOs

Lorson and Lorson Page 8

Future Med Chem. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



within the context of SMA are designed as splice site-switching ASOs as a means to alter
SMN2 exon 7 pre-mRNA splicing. The most straightforward strategy is to target an
inhibitor of SMN2 exon 7 inclusion, such as the intronic splice silencer (ISS) elements
surrounding exon 7, including ISS-N1 and E1 (Figure 3). ISS-N1 has been targeted by
ASOs composed of several different backbone chemistries and of varying lengths [79,138–
141], however, two compounds have demonstrated the greatest degree of efficacy in SMA
mouse models. ISIS Pharmaceuticals has developed a backbone technology that utilizes a
2′-O-2-methyoxyethyl-modified back-bone in their ASO-10–27 (ISIS SMNRx). In an
asymptomatic SMN2-transgenic model, ASO-10–27 fully reversed the SMN2 splicing
pattern when administered via an icv. injection [142], whereas subsequent work in an SMA
mouse model resulted in a significant extension in survival from approximately 14 days to
approximately 26 days following a single icv. injection [143]. Somewhat unexpectedly,
systemic administration of the same ASO resulted in nearly a 25-fold increase in survival,
demonstrating the importance of peripheral tissues in severe SMA mouse models [144].
SMNRx has entered an open label Phase I clinical study that is designed to examine dosing
following a single intrathecal injection.

An ASO with a different chemical backbone called Morpholinos has been used to target
ISSN1 with similar success [145]. Using a slightly longer ASO, which spanned the
sequences −10 to −29 (relative to the 3′ end of exon 7), a single high-concentration dose
administered via icv. injection at P0 conferred a high degree of protection from SMA and
extended survival to an average of 112 days. In contrast to the ISIS SMNRx ASO, no
significant additional survival benefit was gained when ICV delivery was augmented with
peripheral administration. It has become clear that while the murine blood–brain barrier in
early neonatal pups allows compounds and ASOs to pass this will likely not be the case for
larger animals and human clinical trials. However, without knowing the therapeutic time
window or the pharmacokinetics of each compound, it is not possible to directly compare
the two delivery paradigms or compounds. Therefore, it will be particularly interesting to
determine whether a CNS-directed strategy versus a CNS/peripheral strategy will prevail in
larger animals and in clinical trials. To this end, a swine model of SMA is under
development and will be exceptionally useful as a means to examine the dosing and delivery
strategies for novel molecular entities such as ASO and viral vectors [146,147].

Additional nucleic acid-based targets and strategies have been developed that redirect SMN2
splicing, including ASOs targeting element 1(E1) or the intron 7/exon 8 junction;
bifunctional RNAs; peptide–nucleic acid ESSENCE compounds; and trans-splicing RNAs
[62,71,88–90,141,148–154]. The bifunctional RNAs are comprised of two domains: an
antisense domain and a separate region that serves as a recruiting and binding substrate for
splicing factors, such as hTra2-β1 or SF2/ASF. Bifunctional RNAs and ESSENCE
compounds have shown enhanced activation of SMN2 exon 7 splicing mediated by the
recruiting platform over and above the activity conferred by the antisense domain, however,
there is not a dramatic extension of survival using these molecules that is likely attributed to
chemistry or stability differences. Similarly, trans splicing RNAs, which redirect SMN2
splicing from the endogenous pre-mRNA molecule to a vector-derived RNA in trans via a
site-specific antisense domain, have shown promise in cell culture and modest activity in a
severe mouse model of SMA.

Small molecules targeting SMN2 splicing
The novel molecular entities, including the nucleic acid-based therapeutics, have elicited a
considerable amount of excitement based upon the successful studies in SMA animal
models, however, more traditional small molecules have been identified that modulate
SMN2 exon 7 splicing. One of the first compounds to be examined in SMA models was
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aclarubicin that demonstrated activity in cell-based assays [155]. Salbutamol has also been
shown to increase the relative ratio of full-length: Δ7 SMN transcript in cell-based models
[156,157]. As salbutamol is an approved compound, clinical trials were initiated based upon
the positive SMN induction, demonstrating a high degree of tolerability yet only modest
improvement in motor function [156,158].

In a cell-free screen designed to identify compounds that increased SMN2 exon 7 splicing, a
tetracycline derivative, PTK-SMA1, was identified that increased in vitro SMN2 splicing as
well as increasing exon 7 inclusion in mild SMA mouse model following intraperitoneal or
iv. administration [159]. The beta-lactam antibiotic ceftriaxone has been evaluated in SMA
mice and was shown to modestly, but significantly extend survival and decrease the severity
of disease [160]. RNA transcripts were not examined in this report although total SMN
protein levels were increased slightly. Ceftriaxone also exhibits a general in vitro and in vivo
neuroprotective activity as it upregulates glutamate transporter expression, and in the G93A
SOD1 amyotrophic lateral sclerosis mouse model it extends survival modestly and delays
onset of disease [161].

In large part, the high-throughput screening vectors that have been utilized captured either
SMN2 promoter activity or SMN2 exon 7 splicing. Recently, a new reporter was developed
that incorporated the SMN2 promoter, the SMN cDNA-spanning exons 1–6 and the
genomic cassette comprised exons 6–8. In this system, multiple SMN-inducing mechanisms
could be screened simultaneously, such as promoter activation, exon 7 splicing, or RNA
stability [162]. A series of novel compounds has been identified that appear to function
through different mechanistic pathways including increasing SMN2 exon 7 inclusion. SMN
exon 7 inclusion was increased not just in the reporter system but from the endogenous
SMN2 gene within SMA patient fibroblasts [163]. Further confirmation of these new
compounds is required to demonstrate in vivo activity and in disease relevant tissues.

SMN stabilization
Based upon an image-based cell screen for compounds that elevated SMN levels [164],
GSK-3 inhibitors were shown to be a druggable target as inhibition of this pathway
increased the intracellular pool of SMN by stabilizing the protein [165]. A potent inhibitor
of GSK-3 called BIP-135 was able to extend survival modestly from 12.8 to 14.7 days in a
severe SMA mouse model [165]. Recent work has also focused upon the proteasome as a
means to stabilize the low intracellular levels of SMN and to some extent, the exon-skipped
SMNΔ7 protein [166]. Bortezomib is a relatively specific proteosomal inhibitor as it
selectively blocks chymotrypsin cleavage and has been used in the clinic. Bortezomib was
shown to increase SMN and while it failed to significantly extend survival in SMA mice,
there was a mild synergistic effect when Bortezomib was combined with TSA [167].

Aminoglycosides have been shown to stabilize SMN protein presumably by inducing a
translational read-through of the SMNΔ7 protein [168]. The extension of the C-terminus
either by translational read-through or by the synthetic addition of random amino acids
stretches of varying lengths has demonstrated that extension of the C-terminus confers a
greater degree of stability to the SMNΔ7 protein [168–171]. Consistent with these results,
several FDA-approved compounds were shown to increase SMN levels in SMA fibroblasts
and induced pluripotent stem cell-derived neuronal cultures [170–174]. A novel
aminoglycoside, TC007, was delivered via ICV injections and was capable of extending
survival from 12.6 to 16.0 days and decreasing disease severity in severe SMA mice [172].
Current FDA-approved compounds have several undesirable side effects, including
ototoxicity and nephrotoxicity and it is currently unclear whether this approach will suffice
as a stand alone therapy or it could be incorporated into a multidrug regimen.
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SMN-independent therapeutic strategies
One of the more promising SMN-independent pathways identified is based upon the
delivery of a compound that inhibits ROCK [58]. This compound, Y-27632, alters actin
dynamics and without elevating Smn levels, dramatically extends survival in a relatively
severe model of SMA called Smn2B/− [58]. One of the hallmarks of SMA involves
significant neuromuscular junction pathology (Figure 4) [175–178]. Interestingly, the
cellular phenotype including motor neuron and muscle pathology was significantly
improved, however, the animals failed to gain weight above their untreated littermates.
Similarly, another ROCK inhibitor, fasudil, which is FDA approved, significantly extended
survival beyond 300 days and largely rescued the NMJ and muscle phenotypes in Smn2B−/−

mice [57]. Not only does this work provide a potential new therapeutic direction for SMA,
but it may also shed light upon the biology behind the disease as SMN’s role in actin
dynamics may provide clues to the motor neuron sensitivity observed in SMA.

Other approaches have produced mixed or modest results in SMA mice, such as inhibition
of the myostatin pathway or overexpressing IGF-1 [179–183]. One of the likely
complications to SMN-independent strategies is that the most commonly used mouse model,
the SMNΔ7 mouse, represents a very severe form of SMA. Clearly, any compound that
exhibits activity and efficacy in this model would become immediately worthy of further
analysis, however, it is equally important to not immediately disregard a compound that
appears to function effectively in many parameters such as increased motor function or
decreased muscle pathology yet fails to extend survival in the SMNΔ7 mouse. The recent
development of less severe models may lead to the identification of compounds and
molecules that function through different pathways that could still yield considerable benefit
to SMA patients.

Future perspective
For several decades, SMA research has been pushing forward to the point of generating
SMA-specific compounds. A significant grassroots movement for SMA research pioneered
by Families of SMA, FightSMA, Muscular Dystrophy Association and the SMA Foundation
has stimulated governmental funding including the SMA Project and the Network for
Excellence in Neuroscience Clinical Trials. The strong research portfolio has also led to
broad interest from pharmaceutical companies including: Isis Pharmaceuticals, Genzyme
Corporation, Roche, Repligen Corporation, Paratek, Trophos, Biogen Idec and Novartis.
Currently, Repligen Coproration, Trophos and Isis Pharmaceuticals have initiated clinical
trials for SMA.

It will be important going forward to recall that clinical trials are not merely a confirmation
of the preclinical work, but a completely independent series of experiments. Carefully
designed clinical trials will be essential to moving compounds towards regulatory approval.
The identification of the appropriate patient populations that can most clearly confirm the
efficacy of a specific compound and its mode of action will be a complex process. It is
possible that an effective compound for type I patients may not be the most effective
compound for type III patients. A combinatorial approach may provide a SMN increase that
addresses the

Key Terms

Spinal muscular
atrophy

Pediatric neurodegenerative disease that is a leading genetic cause
of infantile death worldwide
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SMN1 SMA-determining gene. Mutations or deletions of this gene give
rise to spinal muscular atrophy

Alternative splicing Gene regulation process in which exons are joined together in a
manner other than a linear progression. In SMN2, the majority of
transcripts lack exon 7

Adeno-associated
virus

Dependo-parvovirus that is frequently a vector of choice for gene
therapy based upon its broad tropism, low immunogenicity, and
their ability to infect quiescent cells

Antisense
oligonucleotide

Short stretch of nucleic acid that is complementary to a specific
sequence. By blocking regulatory elements, antisense
oligonucleotides can alter pre-mRNA splicing patterns
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Executive summary

Spinal muscular atrophy: disease & clinical manifestations

• SMA is an autosomal recessive neurodegenerative disease that is the leading
cause of infantile death worldwide.

• SMA is caused by the loss of motor neurons within the anterior horn of the
spinal cord.

• SMN1 is the disease-determining gene, however, SMN2 is a critical disease
modifier and is an excellent target for a variety of therapeutic strategies.

• SMN is ubiquitously expressed and it is still unknown why decreased levels of
SMN result in the motor neuron-specific defects associated with SMA.

Therapeutic strategies

• Gene replacement

– The SMN cDNA is relatively compact and able to easily fit within the
confines of the scAAV genome and allows for robust expression in
motor neurons in wildtype and SMA mice. Intravenous and
intracerebroventricular delivery demonstrates that scAAV9 lead to a
dramatic extension in survival and a general correction of disease
symptoms. Currently, the early stages of a clinical trial have initiated
and a Phase I study may initiate within 1–2 years.

• SMN2 promoter activation

– Suberoylanilide hydroxamic acid and trichostatin A have shown
promise in preclinical models, while valproic acid and phenylbuturate
have been examined in clinical trials with modest success. Additional
non-histone deacetylase inhibitors include prolacatin which
significantly elevates SMN in the CNS and increases SMA mouse
survival by ~40%.

• Modulating exon 7 inclusion with nucleic acid-based therapeutics

– Antisense oligonucleotides directed against negatively regulating splice
signals within SMN2 pre-mRNA have shown excellent activity in vivo.
ISS-N1-targeting antisense oligonucleotides significantly extend
survival of SMA mice and can effectively penetrate disease-relevant
tissues. A Phase I study is underway for Isis Pharmaceutical’s SMNRx
compound.

• SMN stabilization

– The low level of full-length SMN protein can be stabilized by treatment
with proteasome inhibitors, including bortezomib, leading to an
increased pool of intracellular SMN. Alternatively, compounds that
induce a translational read-through event on SMNΔ7 transcripts can
increase SMN levels through a distinct post-transcriptional mechanism.

• SMN-independent strategies

– Compounds such as Y-27632 and fasudil that modulate actin dynamics
have been shown to significantly extend survival of SMA mice without
altering the pathologically low levels of SMN protein.
Neuroprotectants and skeletal muscle enhancement also present
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opportunities in SMA that are continuing to be explored, including the
ongoing trial of olesoxmine, a compound produced by Trophos.

• SMN1 and SMN2

– SMA is caused by the homozygous loss of the ubiquitously expressed
SMN1 gene.

– A nearly identical SMN1-copy gene that produces low levels of full-
length SMN and high levels of the truncated SMNΔ7 isoform. The
full-length protein is identical to that produced by SMN1, therefore,
many therapeutic strategies involve modulating SMN2 expression.

• scAAV9–SMN

– An adeno-associated virus vector with the serotype-9 capsid expressing
the SMN cDNA. This vector and several similar variations have been
shown to dramatically rescue the SMA phenotype in SMA mice.

• Exon 7

– In the full-length SMN protein, exon 7 is the final coding exon,
however, the SMNΔ7 isoform lacks exon 7, and therefore incorporates
four amino acids from exon 8. SMNΔ7 is highly unstable and
dysfunctional compared to full-length SMN.

• Antisense oligonucleotide

– A short stretch of single-stranded nucleic acid that is designed to bind a
target sequence with high affinity. Modification of the backbone
chemistry can confer nuclease resistance, thereby dramatically
extending the half-life of the antisense oligonucleotide.

• Splice-site switching

– Unlike a siRNA that is designed to knock-down a specific mRNA
target, splice-site switching antisense oligonucleotides are designed to
alter the pre-mRNA processing of specific transcripts. Within the SMA
context, a primary goal is to competitively disable splicing repressor
elements that block exon 7 inclusion.

Future perspective

• Rarely has the first clinical trial become the gold standard for any disease entity.
At this point in time, SMA lacks a validated benchmark for therapeutic efficacy
and a workable definition of a clinically meaningful end point. This is not for a
lack of effort as countless researchers and families have labored for years to
bring the field so far.

• We are entering uncharted waters but this is clearly the moment that the SMA
field has been waiting and hoping to witness.

• Will all patients respond similarly to a specific therapeutic? Probably not. Will
delivery issues complicate therapeutic analysis? Perhaps. Will the evolving
natural history and supportive care complicate an already broad clinical
spectrum? Most certainly, yes.
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Figure 1. Eukaryotic pre-mRNA splicing factors
(A) Typical conserved cis and trans (B) splicing signals found at the intron/exon junction.
(C) Auxiliary regulatory cis elements, including repressors (red) such as ESS and ISS or
positive factors, such as ESE. (D) SR proteins binding to ESEs. (E) Negatively regulating
factors, such as hnRNP proteins binding their cognate sites, thereby inhibiting SR protein
binding and exon inclusion.
ESE: Exonic splice enhancers; ESS: Exonic splice silencers; ISS: Intronic splice silencers;
SR: Ser-/Arg-rich.
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Figure 2. Regulation of SMN1 and SMN2
(A) General splicing factors (U2 and U1 snRNP) and auxiallary factors associated with
positively acting sequences in and around SMN 1 exon 7. (B) SMN2-associated regulatory
factors, including the C/U transition in exon 7, ISS-N1, Element 1 and the 3’ cluster.
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Figure 3. Nucleic acid-based strategies to modulate SMN2 splicing
(A)Antisense oligonucleotides that target E1, ISS-N1 and the intron 7/exon 8 juncture have
been shown to stimulate exon 7 inclusion. (B) Bifunctional RNAs and similar derivatives
targeting E1, exon 7, ISS-N1 stimulate exon 7 inclusion by recruiting SR proteins (green),
whereas bifunctional RNAs targeting the intron 7/exon 8 junction recruit hnRNP proteins as
a means to favor exon 7 inclusion. (C) Trans-splicing RNAs re-direct SMN2 splicing from
the cis-SMN2 splicing to a ‘corrective’ SMN1 exon 7 that is supplied via vector.
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Figure 4. Spinal muscular atrophy pathology manifests in select neuromuscular junctions
(A) Serratus posterior inferior muscles of control and (B) YFP-SMNΔ7 (right) mice at post-
natal day 14 were immunostained for nerve terminals with anti-synaptophysin antibody (in
green) and motor end plates with α-bungarotoxin (in red).
Unpublished images were generously provided by KKY Ling and CP Ko (Section of
Neurobiology, University of Southern California, Los Angeles, CA, USA).
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