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INTRODUCTION

Spinal muscular atrophy (SMA) is the second
most common autosomal recessive disorder
and one of the leading known genetic causes
of infant mortality. It is a neuromuscular
disorder of childhood and young adults with an
incidence of at least 1/10000 live births[1]. SMA
is characterized by a progressive denervation
of skeletal muscles, presumably due to the
loss of anterior horn cells, and consequently
symmetrical hypotonia, muscle weakness,
atrophy and paralysis of varying severity
[2-6]. SMA is clinically classified into four types
according to the age at onset and disease
severity. In SMA type |, or Werdnig-Hoffmann
disease, onset is before 9 months of age and
affected infants never sit unaided. Death occurs
within the first two years, most commonly due
to respiratory failure. SMA type Il is defined by
onset of symptoms between 3 and 15 months,
with less severe symptoms than seen in SMA
type | patients. Affected children are able to
sit unaided, but they are wheelchair-bound
and most survive to the 2nd or 3rd decade [7].
In SMA type lll, or Kugelberg-Welander disease,
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TREATMENT STRATEGIES FOR
SPINAL MUSCULAR ATROPHY

Abstract

Progress in understanding the genetic basis and pathophysiology of spinal muscular atrophy (SMA), along
with continuous efforts in finding a way to increase survival motor neuron (SMN) protein levels have resulted
in several strategies that have been proposed as potential directions for efficient drug development. Here

we provide an overview on the current status of the following approaches: 1) activation of SMN2 gene and
increasing full length SMN2 transcript level, 2) modulating SMN2 splicing, 3) stabilizing SMN mRNA and SMN
protein, 4) development of neurotrophic, neuroprotective and anabolic compounds and 5) stem cell and gene
therapy. The new preclinical advances warrant a cautious optimism for emergence of an effective treatment in

the very near future.
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onset is from 4-15 years, children walk unaided,
and due to the slow progression of the muscle
weakness, they live into adulthood [8]. SMA
type IV is a rare, mild form of the disease, with
onset after 30 years of age and normal life
expectancy [9]. In most developed countries,
the diagnosis is based on clinical features and
DNA testing (genotyping) in nearly all cases.
Sometimes, the diagnosis is also confirmed by
muscle biopsy, electromyography and MRI of
the spine.

The underlying genetic defect is on the
(SMN gene).
posses two copies of this gene, centromeric
(SMNT) and telomeric (SMN2), which differ in
only 8 single nucleotide changes, two of which
are in exons 7 and 8 [10,11]. The SMNT gene
produces majority of full length SMN (FL-SMN)
proteins in healthy individuals, because SMN2

chromosome 5q13 Humans

gene C to T transition at codon 280 in exon 7
causes skipping of this exon during alternative
splicing of the SMN2 gene. Consequently,
about 80-90% of SMN2 transcripts lack exon
7 and produce dysfunctional protein. In
homozygous absence of SMNT gene, the 10%
of full length SMN protein produced by the

SMN_2 gene is not sufficient to compensate for
the absence of SMNT gene and prevent the
disease [12-14]. However, a higher number of
SMN?2 copies will generate more than 10% of
FL-SMN protein and this will lead to less severe
SMA types [15-19].

THERAPEUTIC STRATEGIES FOR
SMA

A Dbetter
and huge preclinical progress are leading to

understanding of pathogenesis

new ideas for SMA therapeutic strategies.
The current main therapeutic strategies are:
1) activation of the SMN2 gene and increasing
full length SMN2 transcript level, 2) modulation
of SMN2 splicing, 3) stabilization of SMN mRNA
and SMN protein, 4) the use of neurotrophic,
neuroprotective and anabolic compounds [7,
20], 5) stem cell and gene therapy. Supportive
care to prevent and manage the secondary
effects of muscle atrophy is still the basis
for treatment of SMA, so the progress in
multidisciplinary clinical care should also be
developed and nourished [21-23].
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1.Compounds that activate SMN2
gene and increase full length SMN2
transcript level
Both SMN genes are regulated by a promoter
that is almost identical [14,24] in sequence
and activity. Besides cAMP binding protein,
Sp family of proteins and interferon regulatory
factor [25,26], SMN promoter activity is also
modulated by histone deacetylase (HDAC)
1 and 2 proteins. Once the core histone
NH2-terminus is acetylated, relaxation of
corresponding chromatin region enables it to
be more transcriptionally active [7,27,28]. The
balance between histone acetyltransferase and
histone deacetylase activity determines level
of transcription and is an important epigenetic
mechanism that regulates gene expression.

The HDAC inhibitor sodium butyrate was
one of the first drugs shown to influence SMN
expression. Treatment of SMA lymphoid cell
lines with sodium butyrate increased full-
lenght SMN2 transcript and protein levels,
while treatment of SMA-like mice resulted in an
increased expression of SMN protein in motor
neurons of the spinal cord and significant
improvement of SMA clinical symptoms [29].
Unfortunately, studies indicate that the short
half-life of sodium butyrate in human serum
does not recommend its use in clinical trials
[30].

A derivative of sodium butyrate - sodium-4-
phenyl-butyrate,alsoknownasphenylbutyrate
(PB), was also shown to increase SMN transcript
expression, SMN protein and gem counts in
fibroblast cells derived from SMA patients
[31,32]. It has a well-known pharmacokinetic
and safety profile and good penetration into
the central nervous system, and so appeared
to be a promising candidate for the treatment
of SMA.
improvement of motor function in 10 SMA

In a small uncontrolled trial an
type Il patients was found after nine weeks of
treatment with oral PB, with no apparent major
side effects [33]. However, a placebo-controlled
trial of intermittent treatment over 13 weeks
suggested that there was no improvement in
functional scores under the conditions used
[34,35]. A phase I/ll study initiated by the US
National Institute of Neurological Disorders and
Stroke to identify the maximum tolerated dose
in SMA | patients and to evaluate for biological

activity was terminated due to extremely slow
recruitment, but an open label phase I/Il study
to evaluate safety, tolerability and potential
efficacy in presymptomatic SMA type | and type
Il genotyped infants is still ongoing in US [36].
Another HDAC
with a promising effect in SMA treatment is

inhibitory compound

hydroxyurea (HU). This compound has been
previously shown to activate the fetal globin
gene and is now used to treat patients with
sickle cell disease and thalassemias.

In vitro, HU increased the amount of full-length
SMN transcript and production of SMN protein
in patient-derived lymphoblastoid cell lines
[37,38]. A larger randomized uncontrolled
trial from the same investigators included
33 patients with SMA type Il and Il who were
treated for 8 weeks with three different doses of
HU. The study demonstrated an improvement
in muscle power and clinical improvement in
SMA type Il and Il patients, without side effects,
but its efficacy remains to be established in
larger randomized controlled trials [39]. We
are currently awaiting the final results of a
randomized, double-blind, placebo-controlled
trial in children with SMA type | that has
completed recruitment in the US, and for the
two different phase II/lll, placebo-controlled
randomized safety/efficacy trials, with SMA
type Il and Il patients that should be soon
completed in US and Taiwan [36].

Valproic acid (VPA) or 2 - propylpentanoic
acid is the most studied HDAC inhibitor and
neurotrophic factor in SMA treatment. It is
widely used in the treatment of epilepsy
and bipolar disorders [40]. Unlike other
HDAC inhibitors, VPA has the advantage of
a long half-life of up to 8-10 hours. A few
in vitro studies proposed VPA as a promising
drug for SMA treatment due to its effect on
increasing FL-SMN2 mRNA and protein levels
in skin fibroblasts from type | SMA patients
[41,42]. As expected, a stronger response was
obtained when low doses of VPA (0.5-5uM)
were administrated on fibroblast lines in SMA
patients with more than two SMN2 copies [41].

In vitro and also in vivo studies [43] have
encouraged the opening of VPA clinical trials.
In some patients VPA improved the clinical
condition together with an increased SMN
protein level and improvement in muscle
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strength and function; however, in some
patients it had no effect or even caused
worsening of symptoms [44-46]. The most
recent data obtained showed that treatment
with VPA for 3 months resulted in an increase
in SMN protein levels (27-289%) in SMA type
| and Il patients as measured by ELISA in
PBMC (peripheral blood mononuclear cells)
[47]. VPA treatment has also been shown to
improve gross motor function in patients
less than 5 years of age (42 test subjects), but
carnitine depletion was frequent, and decline
in motor function occurred in several subjects
in association with weight gain [48]. Bone
mineral density increased, FL-SMN levels were
unchanged and SMNA?7 levels decreased.

A few clinical trials with VPA and carnitine
(to avoid the possible toxicity of the drug) have
been also recently started [36,43,48]. A phase
Il non-randomized, safety/efficacy open label
study, with 42 patients provided good evidence
that VPA can be used safely in SMA subjects over
2years of age, with close monitoring of carnitine
status. The data also appeared to demonstrate
that there was an improvement in gross motor
function in younger non-ambulatory type I
children [49]. However, data from the CARNI-
VAL Trial (a double-blind, randomized, placebo-
controlled trial of L-carnitine and valproic
acid in SMA) showed that no statistically
significant improvement was detected during
six months treatment with VPA and L-carnitine
in non-ambulatory SMA type Il and Ill sitters 2-8
years of age. Weight gain, age and treatment
duration were significant confounding factors
that would need to be considered in the design
of future trials [50]. Another CARNI-VAL phase
I/l trial for SMA type | patients is currently
underway and is expected to be completed by
December 2010 [36].

Recently, a new mechanism of action of
HDAC inhibitors was described. Even though
SMN2 copy number has been identified as
the major SMA disease modifier, it is clear
that patients with identical SMNT mutations
and SMN2 copy numbers have differences
in disease progression [16,17,51,52]. Recent
evidence suggests that differences in DNA
methylation can affect SMN2 expression [52]
and also that SMN2 sequence variations, for
example c.859G>C substitution, can also affect
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the disease severity [53]. Histone deacetylase
(HDAQ) inhibitors including vorinostat and
romidepsin have been identified as able
to bypass SMN2 gene silencing by DNA
methylation, while others, such as valproic
acid and phenylbutyrate, are not, due to HDAC
isoenzyme specificities [52]. The finding that
DNA methylation is functionally important in
SMA disease progression and pharmacological
SMN2 gene activation might have implications
for future SMA therapy regimens.

The second generation HDAC inhibitors
such as Trichostatin A, suberoylanilide
hydroxamic acid (SAHA), M344 benzamide,
MS-275,
Hydroxamide were used in several recent

m-Carboxycinnamic acid, bis-
studies [54-57]. Out of these compounds,
SAHA seems to be the most promising drug
for therapy, as it increases SMN levels at low
concentrations, has a favorable cytotoxicity
profile and is well tolerated [28,55]. Moreover,
it has just been shown that oral administration
of SAHA lethality of
US-SMA mice (carrying one copy of SMN2 per

rescued embryonic

allele) [57], and increased survival (by 30%)
of Taiwanese SMA mice (2 SMN2 copies per
allele). The treatment slightly improved weight
progression and significantly ameliorated
motor impairment. This study once again
confirmed the notion that SAHA augments
the SMN2 RNA and SMN protein levels in both
spinal cord and muscle. In addition, SAHA
increased motor neuron number at PND10,
arborization complexity and neuromuscular
junction size, as well as the size of muscle fibers
(most likely due to the protective activity of
SAHA on a-motor neurons and elevated level
of SMN protein in muscle).

LBH589 (Panobinostat), a hydroxamic acid-
derived HDACi is already widely used in cancer
clinical trials and is a promising candidate for
treatment of SMA. Treatment of SMA fibroblasts
with LBH589 significantly increased SMN
protein levels, gem number and transcription of
Gemin2 and Gemin3 (highest values between
6-and8-fold)[58].Theincreased SMN production
was shown to be due to splicing correction of
SMN2 transcription (maybe through hTRA2-31
splicing factor up-regulation), and also by
reducing its ubiquitinylation and stabilizing it.
The mechanism by which LBH589 reduces SMN

ubiquitinylation is also not understood, but
one possibility is that enhanced incorporation
of SMN into the SMN complex reduces its
accessibility to the ubiquitin proteasome
system (UPS). Alternatively, LBH589 might
cause differential expression of the proteins
involved in SMN ubiquitinylation. LBH589 was
also shown to increase SMN2 expression in
human neural stem cell cultures, in the spinal
cord of SMA mice and in fibroblasts derived
from VPA-non-responding as well as negative-
responding patients [58].

Molecular docking studies have shown that
(E)-resveratrol, a polyphenolic compound,
exhibits the highest binding capacity toward
HDAC8 enzyme (the first human HDAC for
which 3D and X-ray structure was described),
compared to TSA, SAHA and VPA [59]. Whilst
(E)-resveratrol inhibited HDAC activity in a HelLa
nuclear extract, only one SMA type | fibroblast
cell line showed 1.3-fold increase in FL-SMN2
mRNA levels, a decrease in SMNA7 mRNA, as
well as temporal increase in SMN protein level.

A new direction for the development of
drugs that are capable of increasing the
expression of SMN protein levels could be the
use of compounds that change cellular pH
microenvironment since they can modulate
pre-mRNA alternative splicing in vivo. In SMA
cells,  5-(N-ethyl-N-isopropyl)-amiloride, a
Na*/H* inhibitor,
increased SMN2 exon 7 inclusion and SMN

exchanger significantly

protein production [60].

2. Compounds that modulate SMN2
splicing

In the majority of SMA patients, production

of truncated SMN protein is the result of

alternative splicing of exon 7 in SMN2 gene

this

skipping is currently one of the most attractive

transcripts.  Preventing exon from
approaches to increase the amount of full-
length of SMN protein [61,62]. The phosphatase
inhibitor sodium vanadate, was the first
compound identified that can stimulate exon
7 inclusion into transcripts derived from the
endogenous SMN2 gene [63].

Aclarubicin, a drug from anthracylcine
antibiotic class and frequently used as a
chemotherapeutic, was shown to significantly

increase the full-length SMN protein level
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in SMA type | patient derived fibroblasts by
stimulating exon 7 inclusion in SMN2 gene
transcripts. Unfortunately, the side effects and
known toxicity profile of this drug prohibits
its use in treating young SMA patients [64].
Some polyphenolic botanical compounds
have been shown to provide benefit in varied
genetic diseases [65]. In transient reporter
assays, curcumin was shown to increase
exon 7 inclusion of SMN2. Full-length SMN
mRNA and protein was increased in SMA
patient fibroblasts, as well as the formation
of SMN-containing nuclear gems [66]. These
compounds appear to up-regulate some genes
encoding serine/arginine-rich (SR) proteins,
which are essential in splicing processes [67], so
this may explain the alternative splicing effects
on SMN2 exon 7. Importantly, there is evidence
that several polyphenolic compounds can pass
the blood brain barrier, which is one of the
challenging factors for developing drugs to
target motor neurons [65].

Two studies based on mouse models
reported that physical exercise can affect
SMN2 splicing regulation, either by modifying
the expression pattern of pre-mRNA splicing
factors in motoneurons [68] or through the
NMDA-receptor [69].
Interestingly, in-vivo NMDA receptor activation

activity modulation

in type Il SMA mice has been shown to exhibit
neuroprotective effects including acceleration
of motor unit maturation, protection of spinal
motor neurons and enhancment of SMN2 gene
expression. In addition, life span was strongly
extended in two different mouse models of
severe SMA. The benefits of NMDA appeared
to be dose-dependent as high doses favored
and decreased SMN
expression. Analysis of signaling cascades
NMDA receptor
appears to reactivate the CamKIl/AKT/CREB
(cAMP
[70]. Since SMN contains a cAMP-response

apoptotic pathways

revealed that activation

response element-binding protein)

element (CRE-Il) that can positively regulate the
expression of the SMN gene [71], it is possible
that NMDA receptor activation enhances SMN
gene expression via this pathway.

A non-pharmacological strategy to enhance
exon 7 inclusion is the use of synthetic
antisense oligonucleotides that bind to SMN2-
derived transcripts and promote exon 7 inclusion
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during splicing. This strategy works well in vitro,
but delivery of these oligonucleotides to motor
neurons remains to be an unresolved problem
and the main challenge of this approach [61,72].

An antisense oligonucleotide, 2’0OMe ASO,
has been identified to enhance SMN exon 7
inclusion and to completely reverse the SMN2
splicing pattern towards full-length SMN in
SMA patient fibroblasts [73]. More recently,
bilateral intracerebroventricular (ICV) injections
of 2’0OMe ASO in SMA mice at PND1, 3, 5, 7 and
10 were shown to increase spinal cord and brain
SMN protein expression (as much as 50% of the
level of healthy littermates) at PND12 and was
accompanied by significant improvement in
bodyweight and righting response, although
motor function correction was only partial [74].

Another antisense oligonucleotide called
18mer 2'-O-(2-methoxyethyl) (MOE) ASO
(ASO 10-27) was shown to increase SMN
protein levels after ICV administration in type
Il SMA homozygous mice [75]. It also increased
FL-SMN2 mRNA and protein levels in type
Il SMA heterozygous mice. Embryonic ICV
administration resulted in an increase in exon
7 inclusion at PND7, which decreased, but was
still significantly higher than control, at PND30.
In addition, ICV administration of MOE ASO at
E15 was shown to rescue, or delay, ear and tail
necrosis in the mild SMA mouse model, as a
result of reinnervation of the trail muscle. The
authors suggested that MOE ASO may be more
suitable than 2'-OMe ASO for SMA therapy
since it appears safer and much more effective
because it does not induce inflammation in the
mouse CNS.

A class of bifunctional RNAs (with an
antisense component) have been described
that are designed to elevate SMN through
either the recruitment of splicing factors or
inhibition of negatively regulating sequences.
Baughan et al. [76] constructed bifunctional
RNAs that target an inhibitory sequence of
SMN exon 7, called E1.Transfection of SMA type
| patient fibroblasts with the bifunctional RNAs
increased SMN protein levels in cytoplasm and
nucleus, as well as gem numbers. The same was
observed after adding a 2'-O-methyl group for
stabilization of the RNA. ICV injection at PND2
in SMA mice increased SMN protein levels in
brain and spinal cord. The bifunctional RNA

Tra2-E1 was also shown to increase weight-
gain and lifespan of a more severe SMA mouse
model (SMN2*+*Smn™”).
splicing system that involves the co-expression

Delivery of a trans-

of a SMN2 trans-splicing RNA and an antisense
RNA that blocks a downstream splice site
in SMN2 pre-mRNA was recently shown to
improve severity in a severe mouse model
of SMA [77]. After ICV injections of vectors
expressing tsRNA and anti-senseRNA (plasmid
pMU3) in severe SMA (SMN-/-SMN2+/+) mice,
trans-splicing was detectable in the CNS and
at distal sites including the kidney and liver. It
was determined that pMU3 increased levels
of small ribonucleoproteins (snRNP) assembly
activity in the major (U1) and minor (U11)
splicing pathways, and SMN protein levels
were increased in lumbar spinal cords of severe
SMA mice. The treatment increased lifespan by
approximately 70%, but not bodyweight.

Synthetic small-molecule compounds offer
an alternative to antisense oligonucleotide
therapies. In particular, a tetracycline
derivative, PTK-SMA1 has been shown to
increase FL-SMN2 transcript levels in Hela cell
nuclear extracts [78]. Unlike other compounds
that increase SMN via SMN2 promoter, PTK-
SMA1 acts by directly stimulating splicing of
exon 7. Further analysis specifically determined
that PTK-SMA1 stimulates splicing from exon
6 to exon 7 and inhibits exon 7 skipping. PTK-
SMAT1 increased transcript and protein levels in
SMA patient fibroblasts, as well as the number
of SMN-containing gems. A 6-day course of
treatment with PTK-SMA1 increased transcript
and protein levels in SMA type I-like and type
lll-like mice.

3.Compounds that stabilize SMN
mRNA and SMN protein
Aminoglycosides are well-known antibiotics
that alter translation by reading-through initial
stop codons. Wolstencroft et al. [79] showed
that the SMN exon 7 sequence is not specifically
required, rather that it functions as a “tail” that
facilitates proper localization. They proposed
that activity of SMNA7 protein could be restored
by suppression recognition of the stop codon to
induce a longer C-terminus. Furthermore, they
demonstrated that treatment of SMA patient
fibroblasts with aminoglycosides tobramycin

: . v
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and amikacin resulted in an increase in SMN-
positive gems and increase in SMN protein.
Mattis
aminoglycosides which were found to increase

and collaborators proposed  six
SMN protein level in fibroblast cells that may
be used for therapeutic purposes [80], and
later, showed that a novel aminoglycoside,
TC007, increased gem numbers in iPS-SMA
cells (induced pluripotent stem cells from a
type | primary patient fibroblasts) [81]. ICV
injection at PND5 of SMA mice elevated SMN
protein levels in brain and spinal cord. The
observed increase was attributed to read-
through activity, since the splicing ratio and the
total amount of SMN2 mRNA was unaffected.
TCO07 treatment increased survival of ventral
horn cells at end-stage of the disease (PND14),
improved motor function and survival, and
importantly, appeared to be non toxic for
unaffected animals. When TC007 was delivered
directly to the central nervous system (CNS) of
an intermediate SMA model (SMN-/-; SMN2*/+;
SMNA?) it induced SMN expression in both
the brain and spinal cord, increased lifespan
by about 30% and increased ventral horn cell
number (consistent with its ability to increase
SMN levels in induced pluripotent stem cell-
derived human SMA motor neuron cultures)
[81]. However, when TC007 was delivered by
subcutaneous administration, it increased
gross motor function and muscle integrity in
SMA mice at mid-stage of disease, but did not
extend the life-span significantly (16%), nor
significantly increase the level of SMN protein
[82].

The aminoglycoside geneticin (G418) was
identified as an agent capable of suppressing
termination at the target D7-SMN stop codon
by inducing read-through. Intraperitoneal
injection of G418 in SMNA7 mice at PND5-10
resulted in an increase in SMN protein level,
measured in the brain, kidney and spinal cord,
but not muscle (at PND13 SMN level was still
high in kidney, but not significantly in spinal
cord and brain). SMN protein level was also
increased when SMA patient fibroblasts were
treated with G418 (and to a greater extent than
with amikacin, tobramycin, VPA and forskolin).
G418 improved motor function of SMA mice
but bodyweight and lifespan of affected
animals was not improved. In addition, toxicity
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after 9 day administration in unaffected mice
was noted [83].
Ultrahigh-throughput
identified substituted quinazolines as potent
SMN2 inducers [84]. Oral administration of
piperidine

screening  recently

several 2,4-diaminoquinazoline
derivatives to neonatal mice induced SMN
promoter activity in the central nervous
system. Oral administration at PND0O4 of one
particular derivative, D156844, increased SMN
protein expression (nonstatistically significant
1.7-fold increase) in the spinal cord of neonatal
SMNA7 mice and improved their phenotype
and lifespan (21% longer than control).

Acting on a translational level, indoprofen is
able toincrease SMN protein level in the treated
fibroblast cells by 13%, and to reduce embryonic
lethality in SMA mutant mice. Unfortunately,
both indoprofen and aminoglycosides have
poor blood-brain barrier penetration [85].

There is an increasing interest in improving
the stability of SMN and SMN complexes
as an approach to therapy, in addition to
increasing SMN synthesis. Activation of PKA
through cyclic AMP appears to inhibit SMN
degradation by facilitating incorporation of
SMN into complexes [86]. There are also studies
indicating 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
[86,87]. SMN interacts, directly or indirectly,
stably or transiently, with a large number of
other proteins, some of which contribute to
SMN stability and may also be potential targets
for SMA therapy. Further understanding of
SMN protein stability and dynamics may lead
to other SMA therapeutic targets.

4. Neuroprotective, neurotrophic and
anabolic compounds

4.1 Neuroprotective compounds

One of the therapeutic strategies in SMA is to
protect SMN-deficient motor neurons from
degeneration [88]. There is still no in vitro
motoneuron model of SMA, therefore there
have not yet been cell-based high-throughput
screens to identify compounds that might
efforts in

be neuroprotective. Hopefully,

developing motor neurons differentiated from

embryonic stem cells will soon help to find a
satisfactory solution.

Riluzoleisacompound with neuroprotective
effect, based on its anti-glutamatergic activity.
released after

Glutamate is presynaptic

depolarization and insufficient glutamate
elimination leads to increased levels of free
radicals and motor neuron degeneration [89,
90].

Riluzole’s neuroprotective efficacy was tested
in an SMA mouse mode, where it attenuated
the disease progression [91]. In a randomized
placebo-controlled study with only 10 SMA
type | patients [92], authors concluded that
it was not possible to prove that riluzole is an
efficacious treatment in SMA type . Despite
this, and even though treatment groups were
not comparable, it was very intriguing that
three out of seven patients treated with riluzole
were still alive at ages two, three and five years
and used BiPAP ventilation support only at
night. A subsequent open-label study of 44
SMA | patients had insufficient enrollment,
and randomized placebo controlled trial (RCT)
of riluzole is ongoing on 150 SMA type Il and
Il patients in France [49]. Treatment of type |
SMA patients with a drug such as riluzole, that
may prolong survival but does not appear to
improve motor function is ethically debatable
[93-95].

Creatine increases muscle mass and strength
through its role as an energy shuttle between
mitochondria and working musculature, and
it could also have neuroprotective effects [96-
98]. In a double-blind randomized placebo-
controlled trial in 55 patients with SMA type
Il and lll, unfortunately there was no evidence
for a therapeutic effect of oral creatine after six
months of treatment [99].

Gabapentin, an excitatory amino acid

neurotransmitter, is another compound
with neuroprotective effects due to its anti-
glutamate action [90-101]. From one large
randomized unblinded and uncontrolled trial
with gabapentin in 120 patients with SMA type
Il and Il it was not possible to draw conclusions
regarding the efficacy of gabapentin [90]. In the
randomized controlled trial in adult patients of
21 years or older with SMA type Il and Ill there
was no evidence for significant efficacy of twelve

months treatment with oral gabapentin [102].

Translational Neuroscience

L-carnitine is an essential cofactor for the
beta-oxidation of long-chain fatty acids and
it inhibits mitochondrial injury and apoptosis
both in vitro and in vivo. A decrease of carnitine
was found in muscles of patients with SMA
type |. L-carnitine treatment restored the level
of free carnitine to normal in an animal model
[103]. Acetyl-L-carnitine, the non-acetylated
derivative of L-carnitine, has neuroprotective
and neurotrophic activity in motoneuron
cultures [104]. Although the CARNI-VAL trial
(@ randomized, placebo-controlled trial of
L-carnitine and valproic acid in SMA) proved
no benefit from six months treatment, we are
waiting for the results of another randomized,
placebo-controlled trial for SMA type | [36].

4.2 Neurotrophic compounds
Cardiotrophin-1 is a cytokine from interleukin-6
family, with known beneficial effects on survival
of motor neurons during the embryonic
period [105]. A preclinical study in SMA mice
showed that cardiotrophin-1 delivery to SMA
mutant mice resulted in protection of proximal
and distal motoneurons, which was present
even in postnatal period [106]. In this study,
cardiotrophin-1 was delivered by intramuscular
injection with an adenoviral vector expressing
cardiotrophin-1 and it was able to improve
survival and delay the motor defect in SMAA7
mice in neurons even at low doses. It provided
good evidence that neurotrophic factors
deserve further study as potential drugs in SMA
[201.

Thyrotropin releasing hormone (TRH) has
been shown to have a neurotrophic effect on
spinal motor neurons of SMA patients [107].
A small double-blind randomized placebo-
controlled trial in patients with SMA type Il and
Il compared intravenous thyrotropin releasing
hormone therapy with placebo, over a 29 day
period [107,108]. A significant improvement
in muscle strength was only reported in one
patient and so a larger crossover comparison
study is required in order to draw any conclusions
regarding the efficacy of TRH treatment. Kato
et al. [110] reported that oral administration of
taltirelin hydrate, a TRH analogue, increased
muscle strength of an 18-year-old male SMA type
Il patient, without any clinical adverse effects
encountered by intravenous injection of TRH.
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Salbutamol acts as a beta2-adrenoceptor
agoniston human skeletal muscle[111-113]and
has been shown to increase SMN2 full length
mRNA and the SMN protein levels in fibroblast
cells derived from SMA patients [114]. In an
open label pilot trial with thirteen SMA type Il
and lll patients, there was a significant increase
in muscle strength measured by myometry and
forced vital capacity (FVC) after six months of
salbutamol treatment. The therapy was well
tolerated, but in several patients an increase
in contractures was seen that may have been
due to a stronger effect of salbutamol on
agonist muscles [115]. In another open trial
on 23 SMA type Il patients, the functional
scores were significantly higher after 6 and
12 months of treatment with salbutamol and
there were no major side effects [116]. Tiziano
et al. [117] reported that oral administration
of salbutamol (albuterol) for 6 months,
induced a significant and persistent increase in
SMN2-FL transcript levels in leukocytes of
12 type II/lll SMA patients (mean increase of
91.8%). The increase positively correlated with
the SMN2 copy number.

The open and uncontrolled study on
safety and tolerability of recombinant ciliary
included 10

patients with SMA type I. Six patients died, no

neurotrophic factor (CNTF)

change in muscle function and strength was
noted and a difference between disease course
and side effects could not be made [118].

The anabolic agent, follistatin, is a natural
antagonist of myostatin, a member of TGF-8
super-family and a negative regulator of skeletal
muscle mass [119]. Intraperitoneal follistatin
injections in SMA mice appeared to increase
muscle mass (between 20 and 25%), significantly
improved motor function and extended the
lifespan by approximately 30% [120]. Follistatin
did not increase SMN or plastin-3 protein levels
in spinal cord and triceps muscle, suggesting
that its mechanism may be independent of
SMN. However, Sumner et al. [121] reported that
transgenic overexpression of follistatin in SMA
mice did not increase muscle mass significantly,
and did not affect motor function and survival
of the animals.

It is possible that a combined therapy of
neurotrophic, neuroprotective and anabolic
agents may lead to the improvement of SMA

phenotype and, in an implicit manner, to the
lifespan duration [122].

4.3 Stem cell therapy for SMA

An important new strategy for SMA treatment
is cell replacement. Embryonic stem cells
(ESCs) are omnipotent cells that can be
directed to differentiate into motor neurons
[7]. Some interesting and promising data show
that these stem cell-derived motor neurons
can grow axons and form neuromuscular
junctions in preclinical experiments [123,124].
Transplantation of differentiated ESCs into
rat spinal cord after induced motor neuron
injury also shows promising results: cells
survived, but also produced axons that were
able to grow into the ventral root [125,126].
The motor neuron function improvement and
survival of SMA mice led to the conclusion that
neural stem cell transplantation has positive
effects on SMA disease phenotype [127]. The
improvement in motor neuron function can
arise through different mechanisms, such as
replacement of non-neuronal cells, delivery of
neuroprotective factors or reduction of toxic
compounds [128-130].

Stem cell therapy could have promising
results in the future, but at present, a major
obstacle is the generation of a large amount of
pure and differentiated human motor neuron
populations from stem cells [131]. Once this is
possible, other challenges will be to ensure that
they are able to populate the nervous system
and survive, grow axons, create synapses, and
in the end, result in a significant functional
improvement [21].

Corti
of motor

et al. [132] cultures

neuron cells

generated
(double positive
for HB9 and ChAT) from embryonic stem
cells. These cells migrated extensively to
spinal cords of SMA mice (after intrathecal
transplantation at PND1) and produced NeuN
and B-lll-tubulin, as determined by confocal
immunohistochemical analysis. A fraction
differentiated into motoneurons (ChAT and
SMI32 expression and morphology) and
there was no tumor formation. The cells
exhibited neuroprotective characteristics on
endogenous motor neurons — there were 6-7%
of donor cells at PND13, but the reduction of

motor neurons was significantly attenuated.
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It was determined that ESC-NSC produced
GDNF, BDNF, TGF-a and NT3.

4.4 Gene therapy for SMA

Gene replacement and manipulation is another
new treatment approach that could lead to
a cure for SMA. Similarly to stem cell therapy,
gene therapy development is also limited due
to technical difficulties, such as efficient gene
delivery to target tissues and problems related
to random insertion of the therapeutic gene
into the host DNA [7,20].

One of the first gene therapy studies on
SMA was conducted on mice, with the intra-
muscular injection of adenoviral vector
expressing cardiotrophin-1, whose delivery
to SMA mutant mice resulted in protection
of proximal and distal motoneurons, present
even in postnatal period [106]. Another vector,
used for SMNT gene transfer, was lentivector,
developed from infectious equine anemia
virus. It was injected into the voluntary muscles
of mice and resulted in retrograde transport of
SMNT1 gene, expression of SMN in spinal motor
neurons, reduction of motor neuron death and
consequently led to a modest increase in life
expectancy of SMA mice by approximately 3-5
days [133].

RNA strategies have produced some
promising results for potential SMA therapy.
SMN1 and 2 genes are almost identical in
sequence, apart from a substitution of C to
T at position +6 of exon 7, which is likely the
predominant functional difference between
the two genes. This change alters RNA splicing,
which results in the removal of exon 7 from
the mature mRNA, and as a result, only 10%
full-length transcripts are produced from the
SMN2 gene. Considering these facts, a new
strategy involving single base mutation gene
repair, has been developed. Single-stranded
oligonucleotides (ODN) that are specific for
the SMN2 sequence have been used to direct
the exchange of T to C in skin fibroblasts from
an SMA type | patient. Genotype analysis of
these cells showed direct genetic conversion
of the SMIN2 genotype to SMNT and an increase
in production of full-length SMN mRNA was
detected [13].

A single nucleotide difference in SMN2 exon
7, which disrupts an exonic splicing enhancer,
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can also be modified by bifunctional
antisense oligoribonucleotides. These are
complementary to exon 7, but also contain
non-complementary tails, and are able
to bind splicing factors and to stimulate
the natural splicing reaction. These tailed
oligoribonucleotides were shown to increase
SMN2 exon 7 splicing in vitro and rescued the
incorporation of SMN2 exon 7 in SMA patient
fibroblasts, as well as partial restoration of
SMN-containing nuclear gems [72].

Plasmid-based and recombinant adeno-
associated virus (rAAV) vectors enable delivery
of bifunctional RNAs [134]. The advantage of
rAAV vectors is the high tropism for muscles and
neurons, the retrograde transport to neurons
in vivo after the intramuscular injection and
increased half-life of RNA [135]. An improved
antisense oligonucleotide strategy was the
use of modified U7snRNA as a vehicle for the
antisense RNA complementary to the 3’ splice
site of SMN exon 8. Transduction of Hela cells
with SMN2 minigenes and anti-SMN U7snRNA
expressing adenovirus type 5-derived vectors
was recently shown to increase exon 7 inclusion
by as much as 33 to 60% [137]. Infection of SMA
patient fibroblast cell lines also resulted in an
increase of FL-SMN2 transcripts.

Meyer et al. [138] used a U7 snRNA construct,
U7-ESE-B, which targeted the 3’ part of exon
7 and carried an ESE sequence that attracted
stimulatory splicing factors for a lentiviral
(LV)-mediated transgenesis in SMA mice. This
approach resulted in prolonged survival of
those animals (123 days for SMA/U7, 6.5 for
SMA, ~20-fold increase in survival time). Weight-
gain seen in transgenic pups implied that SMA
symptoms had been suppressed, although it
depended on the number of copies of the U7-
ESE-B transgene and results were variable. The
inclusion of exon 7 in SMN2 transcripts of SMA/
U7 mice increased to as much as 44% and a
moderate increase in SMN protein expression
was seen in total spinal cord and also within
the motoneurons. The researchers presume, by
a recent observation, that a higher expression
could be achieved in human patients.

[139]
complementary adeno-associated viral vector
(scAAV9) with a codon-optimized SMNT cDNA
that rescued a SMNA7 mouse model (80%

Valori et al. constructed a self-

of treated animals). The expression of SMNT
increased in several tissues examined and the
phenotype of transfected (intravenous delivery
at PND1) animals improved. In another study,
SCAAV9-SMN delivery to SMNA7 mice was
shown to help correct the early heart failure
seen in this model [140]. Bradycardia was
abolished and a decrease in the severity of
heart defect symptoms was noted.

Intracerebroventricular and lumbar injection
of AAV8-hSMN at PNDOO in SMA mice elevated
SMN protein levels in lumbar, thoracic and
cervical segments of the spinal cord, measured
at PND16 [141]. Myofibers (in quadriceps,
gastrocnemius, intercostal muscle) were by
2-fold larger than the ones from untreated
animals. The treatment improved NMJ structure
and motor function, and a substantial increase
in survival (up to 66 days) was observed.
Treatment with scAAV-hSMN (human SMN-
expressing self-complementary AAV vector)
resulted in an improvement in median survival
of 157 days. A significant decrease in the
number of collapsed structures in NMJs from
quadriceps and intercostal muscles was seen
with scAAV-hSMN compared with AAV8-hSMN.
However, there was an increase in the number
of aberrant NMJs at 216-269 days.

Foust et al. [142] injected intravenously (IV)
scAAV9-SMN in SMA mice at PDNO1 and this was
shown to increase SMN protein levels in brain,
spinal cord and muscle, and improve motor
function, bodyweight and lifespan. In addition,
treatment with scAAV9-SMN appeared to fully
correct the reduction in synaptic current. The
results suggested that there is a developmental
period in which scAAV9 therapy was of
maximum benefit, since treatment at postnatal
day 5 resulted in partial correction, whereas
treatment at postnatal day 10 had little effect.
They also reported that IV injection in a male
cynomolgus macaque at PNDO1 of scAAV9-GFP
successfully transfected dorsal root ganglia
and motor neurons, demonstrating that it has
the potential to cross the blood-brain barrier in
primates.

An alternative RNA strategy for preventing
SMN2 exon 7 from skipping is to use a
trans-splicing system. It has been recently
introduced in therapeutic assays for cystic
fibrosis [143] and Alzheimer’s disease [144]. This
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strategy is based on the competition for splicing
sites between endogenous RNA (mutant)
and the therapeutic RNA (able to provide the
correct RNA sequence through a trans-splicing
process). In vivo delivery of an optimized trans-
splicing vector in SMA mice appears to increase
snRNP assembly, which is an important SMN-
dependent activity. A single delivery of the
vector to severe SMA mice neonates resulted
in reduced phenotype severity and extended
survival by about 70% [145].

In addition to RNA strategies that target
SMN, manipulation of other proteins involved
in motor neuron survival may be a useful
approach. Phosphatase and tensin homolog
(PTEN) is a negative regulator of the rapamycin
(mTOR) pathway and is enriched in axon
terminals of purified motor neurons. Knock-
down of PTEN in motor neurons resulted in
an increase in growth cone size, promotion of
axonal elongation and increased cell survival
[146]. In addition, PTEN downregulation in SMN-
= SMN2 motor neurons restored B-actin protein
levels in the growth cones. Delivery of AAV6
expressing sSiPTEN into the hind limb muscle
of PND1 SMA mice resulted in >35% increase
in survival of lumbar spinal cord motoneurons
at PND10.

5. Other approaches

The base of treatment in SMA is still supportive
care, which requires multidisciplinary medical
care [21]. Due to intensive supportive care,
such as ventilation, the use of mechanical
tube
feeding, the survival of patients with SMA type

insufflation-exsufflation device and
| has significantly increased in recent years [22].
For future therapeutic trials it is very important
that the supportive care in different treatment
facilities is the same, because variability in
clinical care among centers can affect the
clinical course of the disease.

To address variability in current practice,
The International Standard of Care Committee
for Spinal Muscular Atrophy was formed in
2005. Their efforts resulted in development
of consensus statement for standard of
care in SMA. They achieved consensus on
5 care areas: diagnostic/new interventions,
pulmonary, gastrointestinal/nutrition,

orthopedics/rehabilitation, and palliative care.

314



Consensus was achieved on several topics
related to common medical problems in
spinal muscular atrophy, diagnostic strategies,
and recommendations for assessment and
monitoring, and therapeutic interventions in
each care area. The 5 care areas are divided in
3 functional levels of the patients: non sitter,
sitter, and walker. It is the authors’ intention
that this document is used as a guideline, not
as a practice standard for their care. A practice
standard for SMA is urgently needed to help
with the multidisciplinary care of these patients
[124].

Since forced exercise was found to be of
benefit in ALS mouse models [147,148] it was
recently studied in SMA mice. Type Il SMA mice
developed by Hsieh-Li et al. [149] were used in
the interesting study of Grondard et al. [68].
The mice 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, in trained animals
there was also evidence of increased full-
length SMN transcript and protein in spinal
cord tissues. The authors speculate that
exercise may activate genes that promote
exon 7 inclusion in SMN2-derived transcripts
[68]. Another study based on a type 2 SMA
mouse model proved that physical exercise
has beneficial effects in motor neuron
protection, acceleration of muscle maturation
and lifespan gain through the NMDA-receptor
activity modulation [69]. A combined therapy
of drugs and regular physical exercises is
therefore thought to improve clinical signs in
SMA patients.

Butchbach et al. [150]
the diet of dams influenced lifespan and

determined that

motor function of pups. PicoLab20 opposed
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Table 1. Evaluation of effects of different treatment strategies on cell cultures (C), SMA mouse models (M) or patients suffering from SMA (P). Compounds, stem cell therapy,
delivery systems and other approaches are graded based on their degree of positive (++/+), negative (--/-) or no effects (0).

* note that some compounds exerted positive (increased FL-SMN protein levels, increased motoneuron number, improved motor function, increased survival rate) as well as negative
(cytotoxicity, poor blood-brain barrier penetration, short half-life, certain difficulties related to culturing and transplation of stem cells) or no effects in different studies or in different patients.

THERAPEUTIC Name of compound, delivery system Effect of System References
STRATEGY or approach treatment tested
Sodium butyrate +/-* C Chang, 2001
Andreassi, 2004; Mercuri, 2004; Brahe, 2005; Kernochan, 2005;
HE Phenylbutyrate (PB) A o mPp Wirth, 2006; Darras, 2007; Kaufmann, 2007; Mercuri, 2007
@y Brichta, 2003; Sumner, 2003; Brichta, 2006; Weihl, 2006; Kim
g g Valproic acid (2-propylpentanoic acid) +/0/ C, M, P 2007: Tsai, 2007: Swoboda, 2009; Swoboda, 2010
N
§ é Trichostatin A ++ M Avila, 2007
o=
g9 Suberoyl anilide hydroxamic acid (SAHA) ++ M Hahnen, 2006; Lunke, 2009; Riessland, 2010
©
£ E M344 benzamide + C Riessland, 2006
T 5
E 2 Hydroxyurea ++ C Chang, 2002; Grzeschik, 2005; Liang, 2008
=2
2= Vorinostat and romidepsin + C Hauke, 2009
(=3 =
32 5-(N-ethyl-N-isopropyl)-amiloride + C Yuo, 2008
o ©
g 8 Salbutamol (albuterol) + P Tiziano, 2010
o £
LBH589 (Panobinostat) + M, P Garbes, 2009
(E)-resveratrol + C Dayangag-Erden, 2009
% Sodium vanadate + C Zhang, 2001
E
B o Aclarubicin +/-- C Andreassi, 2001
c
.§ S Synthetic antisense (including - M Cartegni, 2003; Skordis, 2003; DiMatteo, 2008; Baughan, 2009;
< é- bifunctional) oligonucletides ' Williams, 2009; Coady, 2010; Hua, 2010
N
§ § Curcumin + C Ramassamy, 2006; Sakla,2008
=]
Y NMDA 47 M Biondi, 2010
£
S PTK-SMA1 + M Hastings, 2009
= § c Aminoglycosides ++/0/- oM Wolstencroft, 2005; Mattis, 2006; Heier, 2009; Mattis, 2009
ﬁ ; 8 Indoprofen +/- M Lunn, 2004
-] o
c E . s (TN
55 g Drugs that inhibit ubyquitin + C Chang, 2004
g_.g 2 proteasome system
SRS D156844 (piperidine - + M Butchbach, 2009
2 2,4-diaminoquinazoline derivative)
Riluzole - M P Bryson, 1996; Haddad, 2003; Merlini, 2003; Russman, 2003;
o ! Swoboda, 2007; Bosboom, 2008
=
'g § Creatin 0 P Bessman, 1981; Tarnopolsky, 1999; Ellis, 2004; Wong, 2007
g §_ Gabapentin 0 P Greensmith, 1995; Taylor, 1998; Miller, 2001; Merlini, 2003
§ g L-carnitine +/0 P Bresolin, 1984; Bigini, 2002
@
':. % Cardiotrophin-1 + M Oppenheim, 2001; Lesbordes, 2003; Sumner, 2006
-1
'§. ] Thyrotropin releasing hormone (TRH) +/0 P Tzeng, 2000; Takeuchi, 2004; Bosboom, 2008; Kato, 2009
=
2 Salbutamol ++ CP Kinali, 2002; Angelozzi, 2008; Pane, 2008
> ®©
2 Ciliary neurotrophic factor (CNTF) 0 p Franz, 1995
Follistatin +/0 M Lee, 2007; Rose, 2009; Sumner, 2009
c
.g Flax, 1998; Park, 2002; Wichterele, 2002; Harper, 2004;
'_§ Stem cell therapy ++/- M Deshpande, 2006; Nayak, 2006; Gao, 2007; Lee, 2007; Corti, 2008;
[ Oskoui, 2008; Corti, 2010
C
i
= Adenoviral vectors + M Lesbordes, 2003; Geib, 2009
g Gene Lentiviral vectors + M Azzouz, 2004; Meyer, 2009
T therapy
3 AAV vectors ++ M Bevan, 2010; Foust, 2010; Passini, 2010;Ning, 2010; Valori, 2010
g Supportive care + P Oskoui, 2007; Wang, 2007; Oskoui, 2008
z Other Forced exercise =+ M Grondard, 2005; Biondi, 2008
S approaches
< Diet + M Butchbach, 2010
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