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Abstract: Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disorder and
one of the most common genetic causes of infant death. It is characterized by progressive weakness
of the muscles, loss of ambulation, and death from respiratory complications. SMA is caused by the
homozygous deletion or mutations in the survival of the motor neuron 1 (SMN1) gene. Humans,
however, have a nearly identical copy of SMN1 known as the SMN2 gene. The severity of the disease
correlates inversely with the number of SMN2 copies present. SMN2 cannot completely compensate
for the loss of SMN1 in SMA patients because it can produce only a fraction of functional SMN
protein. SMN protein is ubiquitously expressed in the body and has a variety of roles ranging from
assembling the spliceosomal machinery, autophagy, RNA metabolism, signal transduction, cellular
homeostasis, DNA repair, and recombination. Motor neurons in the anterior horn of the spinal cord
are extremely susceptible to the loss of SMN protein, with the reason still being unclear. Due to the
ability of the SMN2 gene to produce small amounts of functional SMN, two FDA-approved treatment
strategies, including an antisense oligonucleotide (AON) nusinersen and small-molecule risdiplam,
target SMN2 to produce more functional SMN. On the other hand, Onasemnogene abeparvovec
(brand name Zolgensma) is an FDA-approved adeno-associated vector 9-mediated gene replacement
therapy that can deliver a copy of the human SMN1. In this review, we summarize the SMA etiology,
the role of SMN, and discuss the challenges of the therapies that are approved for SMA treatment.

Keywords: spinal muscular atrophy (SMA); survival of motor neuron 1 (SMN1); SMN2; SMN protein;
antisense oligonucleotide (AON); nusinersen; gene therapy; onasemnogene; risdiplam; small molecule

1. Introduction

Proximal spinal muscular atrophy (SMA) is one of the most commonly inherited
genetic disorders with a prevalence of 1/11,000 births and a carrier frequency of 1/40 to
1/60 [1]. SMA is mainly characterized by the degeneration of alpha motor neurons located
in the anterior horn of the spinal cord. In its most severe form, the disease onset occurs
before 6 months of age in infants and leads to weakening of the muscles, loss of bulbar
function, compromised breathing, and an inability to sit independently. The proximal
muscles of the body are predominantly affected in early onset SMA, leading to a very
limited range of mobility [2,3]. Infants also suffer from respiratory distress and ultimately
die within 2 years of age [4]. SMA is caused by mutations in the survival of motor neuron
1 gene (SMN1), which is majorly involved in the proper functioning of the motor neurons
by assisting the assembly of small nuclear ribonucleoprotein complexes (snRNPs) [5]. The
translated product SMN is a 30 kDa essential protein that is expressed in almost every
cell: in both the nucleus and the cytoplasm. SMN loss from the cellular machinery results
in reduced SMN protein expression, leading to a degeneration of motor neurons and
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progressive muscle weakness and atrophy [6–8]. Humans possess a paralog of SMN1
called SMN2 caused by the intrachromosomal duplication of 5q13. The centromeric SMN2
critically differs from the telomeric SMN1 at the base pair position 840, a C-to-T substitution
that ultimately excludes exon 7 from around 90% of the SMN2 mRNA transcripts [9].
These transcripts lacking exon 7 produce very low levels of SMN protein because they are
unstable and therefore rapidly degrade. The severity of the disease correlates inversely
with the SMN protein levels and the SMN2 copy number [10].

It is fortunate that we now have a few approaches that have resulted in FDA approval
for the treatment of SMA. Here, we will focus on several approaches to restore SMN, includ-
ing the use of synthetic nucleic acids called antisense oligonucleotides (AONs) for splice
modulation, small molecules, and adeno-associated, vector-mediated gene replacement. At
present, there are three approved treatments by the Food and Drug Administration (FDA)
that are directed towards increasing the production of SMN protein. The first approved
treatment is an AON drug known as nusinersen (brand name Spinraza) that targets a
silencer region in the intronic region of the SMN2 gene, thereby providing stability to the
transcripts and preventing their degradation [11]. Nusinersen is approved for all SMA
types and is intrathecally administered via lumbar punctures into the cerebrospinal fluid
(CSF). Patients receive up to seven injections in the first year of treatment, with subsequent
maintenance doses every 4 months. Albeit the first successful breakthrough for SMA
treatment has been achieved, the exorbitant treatment costs and adverse side effects still
pose significant challenges. Viral-vector-based gene therapy (Zolgensma, onasemnogene
abeparvovec-xioi) for SMA was approved by the FDA in 2019 to deliver a functional copy
of the SMN cDNA as a one-time intravenous administration to patients below the age of
2 years [12]. The long-term effects of SMN overexpression and immune response to the viral
vector have led to questions about the safety of gene therapy for SMA. Besides, patients
with late-onset SMA (>2 years) are not eligible for this treatment. Results from clinical
trials addressing these concerns are currently awaited. The third approved drug is known
as risdiplam (brand name Evrysdi) developed by Roche, PTC Therapeutics Inc. and the
SMA Foundation [13]. It is an orally available SMN2-directed RNA splicing modifier that
received its approval in August 2020 for patients 2 months and older. It has an advantage
over nusinersen in terms of avoiding invasive injections all together with no apparent
toxicity. The long-term efficacy of risdiplam is yet to be investigated. Table 1 summarizes
the current approved treatments for SMA. At present, researchers are also evaluating the
possibility of combination therapies to promote improved efficacy and better protection
from the debilitating effects of the disease.

Table 1. Approved therapies for spinal muscular atrophy.

Treatment Name Type Manufacturer Science Status

Nusinersen (brand name
Spinraza)

Antisense
oligonucleotide Biogen

AON with MOE chemistry
targeting SMN2 ISS-N1 that
promotes exon 7 inclusion

Approved by FDA
in 2016

Onasemnogene
abeparvovec

(brand name Zolgensma)
Gene therapy Novartis, AveXis scAAV9-SMN under the

control of a CBA promoter
Approved by FDA

in 2019

Risdiplam
(brand name Evrysdi) Small molecule Roche SMN2 splicing modifier

administered orally
Approved by FDA

in 2020

FDA: Food and Drug Administration; MOE: 2′O-methoxyethyl; scAAV9: self-complementary adeno-associated
virus 9; CBA: chicken-β-actin.

In this review, we will discuss in brief the background of SMA, its molecular character-
istics, and currently approved treatments to restore SMN expression. We shall also provide
insights into alternative treatment strategies that are currently being studied to ameliorate
the disease phenotype.
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2. SMA: Background

SMA was first described by Guido Werdnig in 1891 when he presented a case of
muscle weakness in two infant brothers (10 months), followed by seven additional cases
that were reported by Johan Hoffmann from 1893 to 1900 [14,15]. The most severe form
of SMA also became known as ‘Werdnig-Hoffmann syndrome’. A milder form of SMA
(Kugelberg–Welandar disease) was briefly described in the 1950s by Wohlfart, Fez, and
Eliasson, and in depth by Kugelberg and Welandar [15]. The patients were ambulatory and
had prolonged survival. All the cases presented had reported signs of degeneration of the
anterior horn cells of the spinal cord, coupled with proximal muscle weakness that affects
the axial, intercostal, and bulbar musculature [14,15]. The next half of the 20th century
characterized the variability of the severity of SMA seen in patients. A controversy arose
regarding the characterization of SMA as infantile, juvenile, and adult forms because they
represented both single and multiple diseases [14]. This eventually led to the formation
of a classification scheme at the International Consortium on Spinal Muscular Atrophy
(sponsored by the Muscular Dystrophy Association) in 1991 [16]. This scheme presented
three types of SMA based on the highest level of motor function (sitting or standing), along
with the age of onset of the disease. Subsequently, a type 4 SMA was added to include
adult-onset cases, and a type 0 for patients with prenatal onset of SMA, and death within a
few weeks [14]. This SMA classification scheme provided a useful prognosis of the disease
and is still relevant today for treatment. Table 2 summarizes the classification of SMA based
on the number of copies of SMN2.

Table 2. Classification of SMA.

SMA Type Age of Onset Maximum Age of
Survival SMN2 Copy Number Alternate Name

0 Prenatal <1 month 1 -

1 0–6 months <2 years 2 Werdnig–Hoffman disease

2 <18 months >2 years 3,4 Dubowitz disease

3a (juvenile onset) 18 months–3 years Adult 3,4 Kugelberg–Welander disease

3b >3 years Adult 4 Kugelberg–Welander disease

4 > 21 years Adult 4–8 -

3. SMA: Molecular Characteristics

Despite the varying phenotypes and severity seen in SMA patients, the causal genetic
factor has been localized to the same locus chromosome 5q11.2–13.3, which led to the identi-
fication of the SMN1 gene as the SMA-causing gene in 1994 by Melki and colleagues [17,18].
SMN1 occupies a 500 kb duplication region that arose from a human-chimpanzee primate
ancestor [19]. Due to a high number of repetitions, this locus is unstable and is deleted in
the majority of SMA patients [20]. A divergence event led to the formation of the human-
specific SMN2 gene, a paralog of the SMN1 gene. The major difference between these
paralogs is a C-to-T transition in exon 7 of the SMN2 gene, resulting in unstable mRNA tran-
scripts that are rapidly degraded. The SMN protein translated from such SMN2 transcripts
cannot fully compensate for the loss of SMN1 in SMA patients as seen in Figure 1.
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Figure 1. Etiology of SMA. (A) SMN1 can produce 100% properly spliced mRNA, which is translated
to functional SMN protein in healthy individuals. SMN2 can produce only 10% functional mRNA
transcripts, while the remaining 90% SMN2 transcripts lack exon 7 and are rapidly degraded. (B) Pa-
tients with SMA do not have SMN1 and rely on the 10% SMN protein produced by SMN2. This
cannot compensate for the loss of SMN1.

SMN protein, encoded by the SMN1 and SMN2 genes, is ubiquitously present in
every cell of the body with various identified functions, including transcriptional regula-
tion, telomerase regeneration, and cellular trafficking. SMN protein (38 kDa; 294 amino
acids long) is evolutionarily conserved in humans. SMN protein forms a complex with
Gemins2–8 in the cytoplasm and in discrete nuclear bodies called gems [21,22]. The com-
plex is responsible for the biogenesis of spliceosomal snRNPs and pre-mRNA splicing [23].
The SMN complex is disrupted in the cells and tissues of SMA patients, which in turn leads
to widespread splicing anomalies [24]. Additionally, recent studies have also illustrated the
role of SMN in diverse functions such as autophagy, cellular homeostasis, signal transduc-
tion, DNA repair, and recombination [25]. The ubiquitous SMN protein maintains higher
levels of expression in the gestational and neonatal stages of development beyond the
neuromuscular system, followed by a decline with age [20]. However, the motor neurons
of the spinal cord continue to express high SMN levels throughout their lifespan and are
hence the most susceptible to SMN loss in the disease phenotype [26]. The exact cause of
motor neuron death and its link to SMN loss remains unclear and unanswered.

SMN protein also plays an important role at the neuromuscular junctions (NMJs).
NMJs serve as points of contact or synapses between motor neuron nerves and muscle
fibers. Studies have shown SMN to be localized in the pre-synaptic terminals at the NMJ,
and it has a vital role in recruiting and transporting RNA transcripts along axons during the
process of axonogenesis [27]. Reduced levels of SMN impair the normal maturation process
of NMJs and also lead to neurotransmission defects in mice. Cellular defects of the NMJs
precede symptoms in SMA [28]. SMN protein plays a role in the assembly of U7 snRNPs,
which in turn facilitate the 3′-end processing of replication-dependent histone mRNAs that
provide integrity to NMJs [29]. These defects may be linked to muscle weakness and motor
neuron death, although further evidence is required.

4. Therapeutic Targets
4.1. SMN-Dependent Therapies

SMA phenotype arises from a drastic reduction in SMN levels in the cells in both the
central and the peripheral nervous systems (CNS, PNS). Since SMN levels decline with age
in most species, the time of intervention plays a crucial role in determining the success of
treatment strategies. The SMN2 gene, which is unique to humans, provides a promising
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opportunity to increase SMN levels by modifying the splicing of exon 7 or increasing the
transcription of SMN2 [20].

4.1.1. Antisense Oligonucleotide (AON)-Based Treatment for SMA

An element located downstream of the 5′ splice site (ss) of exon 7 of SMN2 called
intronic splicing silencer N1 (ISS-N1) was discovered by Singh et al. [30]. This 15-nucleotide
(nt) element showed inhibitory effects on the inclusion of exon 7 during splicing. Deleting
or masking the ISS-N1 region by the use of AONs promoted the inclusion of exon 7 in the
majority of the SMN2 transcripts [31]. AONs are single-stranded, DNA-like molecules that
are extensively studied to manipulate gene expression by hybridizing to mRNA-splicing
factors [32]. AONs are designed complementary to intronic or exonic sequences and can
either disrupt or enhance the splicing of the target. In the context of SMA, these AONs
targeting ISS-N1 prevent the recruitment of heterogeneous nuclear RNP A1 (hnRNP A1)
protein to ISS-N1, thereby enhancing exon 7 inclusion and ultimately incrementing SMN
levels [31]. The discovery of ISS-N1 proved to be a milestone in the search for a cure for
SMA because this concept applies to most SMA patients. This eliminates the need for
personalized treatments for the patients [3].

To date, many studies have demonstrated that AONs can promote exon 7 inclusion in
SMN2 transcripts and subsequently increase SMN levels in SMA fibroblasts and several
mouse models. In the initial set of studies, AONs with a 2′-O-2-methoxyethyl (MOE)
chemistry and a phosphorothioate backbone targeting ISS-N1 enhanced exon 7 inclusion,
thereby increasing the SMN levels in cultured fibroblasts as well as in vivo in mice that
were intravenously injected with the AON [33]. The main obstacle that hindered the
success of AON delivery in vivo in preclinical studies was the failure to penetrate the
blood–brain barrier (BBB). This was first overcome by a study led by Williams J et al., who
demonstrated that the repeated intracerebroventricular (ICV) administration of another
AON chemistry 2′-O-methyl (2′OMe) increased SMN levels in the central nervous system
(CNS) tissues in a mouse model SMN∆7 SMA mice (SMN∆7+/+; SMN2 +/+; Smn−/−) [34].
Studies led by Hua et al. and Passini M et al. demonstrated the efficacious delivery of
MOE AONs targeting the same ISS-N1 sequence to the brain and the spinal cord using
ICV injections [35,36]. However, subsequent studies also highlighted the importance of
peripheral SMN restoration using MOE, which contributes to an extended survival [37].

With the field of AONs rapidly evolving, a new chemistry with a morpholino ring was
conceived by James E. Summerton (Gene Tools) [38]. These AONs, also known as PMO
(phosphorodiamidate morpholino oligomer), became widely studied for neuromuscular
disorders. PMOs are neutrally charged and have enhanced stability with minimal toxicity.
Due to a phosphorodiamidate linkage, these AONs are neutrally charged [39,40]. This
provides them with an opportunity to be conjugated with peptides for enhanced delivery
and tissue uptake [39,40]. With respect to SMA, Porensky et al. compared the efficacy
of morpholino PMO HSMN2Ex7D (−10, −29) using ICV, intravenous (facial vein), or
combined (facial vein, ICV) delivery routes at different doses (high—81 µg/g, medium—
54 µg/g, low—27 µg/g) and demonstrated a dose-dependent survival that corresponded
with increased SMN2 levels in the SMN∆7 mouse model [41]. They observed striking
results with single ICV administration of the PMO, but the results were similar in the
intravenous and combined routes. With the flourishing data presented by multiple groups
from 2009 to 2012, another group presented a study where they compared three PMOs
with varying lengths (18 mer, 20 mer, and 25 mer sequences) at two doses—20 µg/g and
40 µg/g—using ICV, intravenous (IV), or two repeated systemic injections (intravenous
with subcutaneous/intraperitoneal) [42]. This group resorted to using the severe Taiwanese
mouse model (FVB.Cg-Tg(SMN2)2Hung Smn1tm1Hung/J) created by Hsieh-Li and col-
leagues [43]. What was interesting to note was that a single intravenous dose of 40 µg/g
of the longer PMO (PMO25) extended survival better than both the single ICV and the
repeated systemic injections at the same dose. Both groups (Porensky et al. and Zhou et al.)
emphasized the superiority of the morpholino AONs because of lower toxicity, increased
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SMN levels, and prolonged survival [41,42]. The leaky nature of the BBB was speculated to
facilitate the restoration of SMN in the CNS tissues. Though the superiority of the delivery
routes remained controversial, Nizzardo et al. investigated different doses and routes of
the same 25 mer PMO studied by Zhou et al. in targeting ISS-N1 [44]. Contrary to previous
results, they emphasized the need for a combined treatment of ICV and peripheral admin-
istration of the morpholinos in the SMN∆7 mouse model, albeit the survival was similar
to previous studies with a single ICV dose [44]. Nevertheless, all the studies highlighted
the benefits of PMOs for treatment. The superiority of PMOs is further bolstered by the
approval of several PMO-based AONs for the treatment of Duchenne muscular dystrophy
(DMD) such as eteplirsen, golodirsen, viltolarsen, and casamirsen [45,46].

As mentioned above, neutrally charged PMOs provide them with an opportunity to
be conjugated with cell-penetrating peptides (CPPs) for enhanced delivery [39,40]. CPPs
are not something recently discovered; they were identified in the late 1980s [38]. CPPs
are less than 30 amino acids long and can be positive, negative, or neutral in charge,
which facilitates their ability to enhance the uptake/internalization of the cargo in target
cells [47]. The first CPP was a 9-amino-acid sequence expressed in the trans-activator
protein (TAT) [48,49]. CPPs conjugated to AONs then became widely studied in the context
of neuromuscular disorders to efficiently deliver the AON to the CNS tissues [50,51]. The
majority of the CPPs are cationic, making them practically impossible to conjugate to
negatively charged AONs [47]. Here is where neutrally charged AONs such as PMOs or
peptide nucleic acids (PNAs) come to the rescue. In the context of DMD, arginine-rich
peptides conjugated to exon-skipping PMOs significantly increased the dystrophin levels
in skeletal tissues in DMD mouse models [52–56]. A novel PMO-internalizing peptide (Pip)
delivery technology showed promising uptake in the vital and difficult-to-penetrate cardiac
muscles [50,57]. One of the Pip family peptides, called Pip6a, when directly conjugated
to a morpholino using systemic delivery, ensured body-wide restoration of SMN levels,
prolonged survival, and rescued the phenotype [58]. By making use of advantages of CPPs
conjugated to AONs, including those of improved cellular uptake, BBB penetration could
be extended to several other neurodegenerative disorders such as Huntington’s disease,
amyotrophic lateral sclerosis (ALS), or Parkinson’s disease that need antisense therapy
targeting different regions of the brain and the spinal cord [59–63].

4.1.2. Nusinersen—First Approved AON for SMA

Seminal studies carried out by Passini et al. in SMA mice demonstrated a successful
increase in SMN levels that could further overcome the genetic defects seen in SMA [36].
This alongside several other preclinical studies paved the way for phase 1 clinical trials of
nusinersen that were sponsored by Biogen and Ionis Pharmaceuticals [36,64]. To hybridize
it to ISS-N1, nusinersen is synthesized as an 18-nucleotide sequence TCACTTTCATAAT-
GCTGG, which disrupts the hnRNP and promotes the inclusion of SMN2 exon 7 [35,65,66].

Phase I of the clinical trials involved 28 SMA patients between 2 and 14 years of age
that received single intrathecal administration via a lumbar puncture into the CSF [66].
Data from phase I indicate that the drug could be administered without serious adverse
effects, prompting the drug to move to phase II, which was an open-label, dose-escalation
study. A total of 20 infants aged between 3 weeks and 7 months were enrolled in this
study. They received either 6 mg or 12 mg of the drug injected intrathecally on days 1, 15,
85, and 253, with follow-up doses every 4 months [11,64,67]. Modest improvements in
motor milestones were observed in 16 infants, which further encouraged a phase III. The
motor outcomes were measured using the Hammersmith Infant Neurological Exam-Part
2 (HINE-2) and the Children’s Hospital of Philadelphia Test of Neuromuscular Disorders
(CHOP INTEND).

A randomized, double-blinded, phase III study (ENDEAR, NCT02193074) had 121 pa-
tients enrolled that received 12 mg of nusinersen administered on days 7, 15, 29, 64, 183,
and 302 [11]. The primary endpoints included achieving motor milestones and event-free
survival. The interim results analysis coupled with data from other trials led to the ap-
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proval of nusinersen (brand name Spinraza) as the first drug for all SMA types by the
FDA on 23 December 2016. Another phase III, double-blinded, placebo-sham-controlled
study (CHERISH, NCT02292537) had 126 infants with SMA type 2 administered with
12 mg of nusinersen. They observed a significant increase in the motor milestone scores
(Hammersmith Functional Motor Scale-Expanded, HFMSE methodology), which were
evaluated for 15 months [11].

A phase II study enrolled 17 pre-symptomatic infants (NURTURE, NCT02386553) who
were identified from the pilot newborn screening program or diagnosed because of siblings
with SMA. Interim results from this study revealed that nusinersen treatment is most
efficacious when administered before the disease onset [68]. A safety evaluation of 4 years
of the NURTURE study and an open-label, phase III extension study (SHINE, NCT02594124)
revealed no major safety concerns pertaining to liver toxicity, and the common side effects
seen were associated with upper respiratory tract infections and pyrexia [69]. Another
study revealed that intrathecal administration of nusinersen to SMA type 2 and 3 patients
was well-tolerated and safe despite obstacles such as scoliosis that make the administration
challenging [70,71].

Nusinersen is a successful treatment story because it caters to all SMA types and
ameliorates muscle weakness, revives the motor neuron connection with the muscle, and
addresses respiratory impairment to some extent. However, SMA type 1 and 2 patients still
rely on assisted respiration from time to time (non-invasive ventilation, NIV) as they cannot
respire independently [72]. Nusinersen is currently administered via repeated intrathecal
injections at a dose of 12 mg. Intrathecal injections are indeed cumbersome, and it would be
advantageous to reduce the frequency of injections by increasing the dose. A randomized,
double-blind, interventional phase II-III clinical study called DEVOTE (NCT04089566) is
testing higher nusinersen doses in this regard to reduce the injection frequency in the
future [73]. The results of this study are not yet out, as it is still ongoing. The success of
nusinersen is indeed hindered by the poor penetration of the BBB because of its chemistry,
which leads to alternatives such as CPP-conjugated morpholinos, which are now being
evaluated to target both systemic and CNS tissues [58].

4.1.3. Gene Therapy for SMA

Gene replacement therapy is a direct option for increasing SMN1 gene expression by
delivering the SMN1 cDNA using a viral vector. The ability of an adeno-associated virus
(AAV) to transduce motor neurons, deliver SMA therapeutics, and alleviate symptoms has
been demonstrated in pre-clinical and clinical studies for SMA treatment. While Foust et al.
intravenously administered a scAAV9 (self-complementary AAV9) vector to deliver SMN,
Dominguez et al. used the same scAAV9 to ferry a codon-optimized SMN1 gene to the same
SMN∆7 mouse model [74,75]. Both groups observed striking improvement in survival,
motor activity rescue to almost normal levels, and reduction in motor neuron death [74,75].
Since both groups focused on systemic studies, a couple of studies then resorted to ICV-
mediated gene therapy. One of the groups tested the AAV9 vector controlled by the
expression of the ubiquitous chicken-β-actin (CBA) promoter and found a dose-dependent
increase in the survival in the same mouse model when injected on postnatal day 1 with a
median survival of 282 days for a dose of 3.3 × 1013 vg/kg [76]. Based on the extensive
dosing studies in mice and non-human primates, they demonstrated that a lower dose of
1× 1013 vg/kg administered intrathecally in cynomolgus monkeys increased motor neuron
transduction, but this was reduced in peripheral tissues [76]. Another group showed that a
combined administration (ICV+IV) of scAAV9 carrying a codon-optimized SMN1 sequence
had no effect on the survival of the SMN∆7 mice [77].

4.1.4. Onasemnogene Abeparvovec: Approval

Pre-clinical work on SMN gene therapy (AVXS-101, Zolgensma, onasemnogene
abeparvovec-xioi) laid the foundation for clinical research in SMA patients using the
scAAV9 delivery approach. With the idea of a body-wide treatment approach, a phase I,
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non-randomized study had 15 patients enrolled who intravenously received either a low
dose of 6.7 × 1013 vg/kg (n = 3) or a higher dose of 2 × 1014 vg/kg (n = 12) of the AAV9-
SMN gene under the control of a hybrid CMV enhancer/CBA promoter (NCT02122952) [78].
The primary outcome was to assess treatment-related toxicity, while the secondary outcome
was to determine if treated patients needed respiratory support for ≥16 h per day continu-
ously for ≥2 weeks in the absence of an acute reversible illness, excluding perioperative
ventilation or death. The cohort receiving the higher dose also had a rapid increase in the
motor milestone score (CHOP-INTEND scale), where most of the patients sat unassisted,
rolled over and fed orally, and two of them could even walk independently [78–80]. Ele-
vated liver enzymes were attenuated by prednisolone treatment. An interventional phase
III, open-label trial (STRIVE, NCT03306277) with 22 SMA type 1 patients (age < 6 months)
received an intravenous dose of onasemnogene [12,81]. Out of the 22 patients, 19 completed
the study. The primary endpoints were sitting unassisted for 30 s at 18 months of age,
and if this was statistically significant, the co-primary endpoint was an event-free survival
determined by permanent ventilation (tracheostomy) or ≥16 h per day continuously for
≥2 weeks in the absence of an acute reversible illness. The secondary outcome was the
ability to thrive—receiving food orally without mechanical support, the ability to swallow
thin liquids, and maintaining weight. Ten of the twenty-two participants developed severe
adverse events, while all the 22 participants developed non-serious adverse effects. Fifty
percent of the 22 patients were sitting independently, 76% of 21 patients achieved head
control, and around 41% of the 22 patients could roll over [81].

In addition to intravenous administration of gene therapy, another clinical trial aimed
to study the intrathecal administration of onasemnogene as a therapeutic candidate to treat
patients with milder SMA (three copies of SMN2). This STRONG trial (NCT03381729) was
a phase I, open-label study that compared different doses of the gene therapy (6.7 × 1013

or 1.2 × 1014 or 2.4 × 1014 vg/kg) in 51 patients. However, this study was suspended
because several safety concerns were independently raised in studies pertaining to toxicity
in non-human primates [82]. Results from two separate phase III trials that have enrolled
SMA type 1 patients with one or two copies of SMN2 (NCT03837184) and that have pre-
symptomatic patients with two or three copies of SMN2 (NCT03505099) are currently
awaited. These clinical trials will provide us with a better perspective of the efficacy of
gene therapy and the appropriate time for an intervention. To date, onasemnogene is
approved as a one-time intravenous drug (1.1 × 1014 vg/kg) for all SMA types below the
age of 2 years [82]. Though this therapy is no less than a miracle for the SMA community,
especially type 1 SMA infants, new studies are stirring up the fact that overexpression of
SMN, especially in the sensorimotor circuit, can lead to a toxic gain of function [83]. A
study showed that systemic administration of an AAV9 variant carrying SMN induced
severe toxicity, ataxia, and proprioceptive defects in piglets but no overt motor deficits in
non-human primates [84]. Neuronal damage including transcriptomic alterations in the
dorsal root ganglion (DRGs), cytoplasmic aggregation of SMN, reduction in the number of
motor neurons, and late-onset neurodegeneration were observed following the intrathecal
administration of AAV9-SMN [84]. These studies serve as a conceptual framework for the
existing treatment to explain unforeseeable adverse effects in the future that may not be
necessarily associated with AAV9 [83,84]. Late-onset neurodegeneration may follow the
early clinical benefits in SMA patients treated with scAAV9-SMN. Follow-up studies may
underscore the addition of ‘turn-on/off’ switches to combat unprecedented circumstances
of neuronal toxicity [83]. A long-term follow-up study (NCT03421977) of the completed
phase 1 study (NCT02122952) is currently active that will ensure safety monitoring of the
patients for up to 15 years. The estimated completion of this study is December 2033.

4.1.5. Small-Molecule Drugs

To determine whether pharmacologically increasing SMN levels could ameliorate the
SMA phenotype, a library of molecules was screened in vitro using an HEK293H (human
embryonic kidney) cell line that harbored an SMN2 minigene [85]. Out of these, three
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classes of compounds were orally available (SMN-C1, SMN-C2, SMN-C3) that increased the
full-length SMN2 levels, and simultaneously decreased the ∆7 SMN2 levels in type 1 SMA
patients’ fibroblasts [85]. These molecules could also penetrate most of the body tissues
and rectify SMN2 splicing in all the cells of the SMN∆7 mouse model [85]. Other groups re-
ported additional highly specific orally available molecules coumarin 1, isocoumarin 2, and
pyridopyrimidinone derivates that specifically modify SMN2 splicing both in vitro (patient
cells) and in vivo (mouse models) [86,87]. However, both coumarin 1 and isocoumarin
clinical developments were halted because of toxicity. One of the compounds from the
pyridopyrimidinone series became the first orally active small-molecule SMN2-splicing
modulator (RG7800, RO6885247)), to enter human clinical trials for SMA [88].

Although not exclusive to SMA, histone deacetylase (HDAC) inhibitors have been
shown to activate SMN2 transcription [89]. Acetylation and deacetylation are important
processes in the epigenetic regulation of genes [20]. HDACs deacetylate the chromatin
histones, creating a transcriptionally repressed region [20]. Inhibiting this can activate
gene expression. Several of these molecules including sodium butyrate, valproic acid,
trichostatin A, and sodium phenylbutyrate have shown promising results by increasing
SMN levels in vitro and in vivo. However, positive clinical outcomes in SMA patients have
not yet been exhibited [90]. To further evaluate the potential of HDAC inhibitors, there is a
need to develop molecules that can penetrate the BBB to treat SMA [89].

Celecoxib, a selective inhibitor of cyclooxygenase 2 that crosses the BBB, increased
SMN protein levels by activation of the p38 pathway in rodents [20]. However, the clinical
trials were prematurely halted (NCT02876094). Salbutamol/Ventolin, a beta2-adrenoceptor
agonist, is another well-tolerated orally administered molecule that increased full-length
SMN2 expression and incremented SMN protein levels in vitro and in vivo [91]. A phase
IIb trial with type 3 SMA patients revealed increased SMN protein levels in patient blood
samples along with an improvement in motor function [91]. Further research is required
to determine how beta2-adrenergic agonists boost SMN production and improve motor
performance.

4.1.6. Risdiplam (Evrysdi): Small-Molecule Compound for SMA

The discovery of ‘compound 2’ from the pyridopyrimidinone series by Ratni et al.
(RG7800, RO6885247) made its way to clinical trials as the first orally active drug. Single
oral doses were administered to healthy males in a single-ascending-dose, double-blinded
fashion [92]. Compound 2 was safe and well-tolerated at all doses, with the highest dose
being selected as the most efficacious one. A 2-fold increase in SMN protein levels relative
to the baseline levels was observed 12 weeks post-administration [93]. However, this trial
had to be paused as a precautionary measure because findings from a study in cynomolgus
monkeys that was run parallel to this human study revealed preclinical chronic retinal
toxicity [92]. The same group characterized and optimized additional molecules in the
pyridopyrimidinone series, which gave them a successful compound 1 (risdiplam, RG7916)
that led to promising results in vitro in SMA type 1 fibroblasts. The optimization and
detailed toxicity assays are entailed in [92]. Additionally, adult C/C allele mice were
treated once daily for 10 days at different doses (1, 3 or 10 mg/kg), while SMN∆7 mice were
injected intraperitoneally with risdiplam once daily from postnatal day 3 to 9. Both mouse
models demonstrated an increase in SMN levels, an increase in motor neuron number, and
increased innervation patterns in the neuromuscular junctions (NMJs). Like compound 2,
risdiplam also exhibited retinal toxicity in monkeys, which implicated a class effect of this
series [92]. However, this was followed up by a study of both compounds in pigmented vs.
albino rats. They found no evidence of retinal changes in the rats [92]. Risdiplam continued
to be studied in clinical trials as it was more efficacious than compound 2.

Part 1 of a phase II-III clinical trial FIRE-FISH (NCT02913482) had enrolled 21 type
1 SMA infants between the ages of 1 and 7 months [94]. Part 1 focused on the safety, phar-
macokinetics (PK), pharmacodynamics (PD), and the blood SMN protein concentrations,
while part 2 focused on the risdiplam dose. The dosing strategy (daily oral administration)
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followed an escalation pattern starting at either 0.04 mg/kg, 0/08 mg/kg, or 0.2 mg/kg
depending on the participant’s age. The dose was adjusted to 0.2 mg/kg within a few
months of starting the treatment. This was ultimately adjusted to 0.25. mg/kg when the
participant reached 3 years of age. The infants were assessed for the motor milestones based
on the CHOP-INTEND and the HINE scale at baseline [93]. The most common serious
adverse events included respiratory tract infections, and four infants died from respiratory
complications. No retinal toxic effects as seen in cynomolgus monkeys were observed
in this human study. Additionally, the infants that survived did not require permanent
ventilation at 12 months of age, and 7 of the 21 infants could also sit independently [93].
Part 2 of this study bolstered the clinical benefit of risdiplam for type 1 SMA patients with
significant improvements in motor functions beyond 12 months. The primary endpoint
was met with 29% of patients sitting independently for more than 5 s [94]. On 7 August
2020, the FDA granted approval to risdiplam, an RNA SMN2 splicing modifier for the
treatment of SMA in ages 2 months and up [13].

Another study, SUNFISH (NCT02908685), a phase II-III, randomized, double-blind,
placebo-controlled study, enrolled SMA type 2 and 3 patients to test the safety, tolerability,
PK, PD, and the efficacy of risdiplam. Similar to the FIREFISH study, this study also
comprised two parts—part 1 focusing on exploratory dose-finding for 12 weeks, and a
confirmatory part 2 for 24 months. Adolescents and adults in the risdiplam cohort between
the ages of 12 and 25 years received either 3 mg or 5 mg for at least 12 weeks, and then
once the part 2 dose was selected, the participants were switched to the part 2 open-label
study [13]. Participants in the control cohort for this group received a matched placebo
for 12 weeks, followed by the dose of risdiplam (3 or 5 mg), and ultimately were moved
to the part 2 open-label study. Children aged 2–11 years escalated from either a dose of
0.02 mg/kg to 0.05 mg/kg to 0.15 mg/kg or directly from 0.05 mg/kg to 0.15 mg/kg.
Another cohort of this children study received 0.25 mg/kg in part 1 of the study. A total of
2 out of 10 adults that received 5 mg/kg dosing reported adverse effects such as nausea,
pneumonia, and vomiting. A total of 1 out of 21 children (2–12 years) that received the
0.15 mg/kg dose exhibited an upper respiratory tract infection. Four out of seven children
in the 0.25 mg/kg cohort reported adverse events such as gastroenteritis, dehydration,
loss of appetite, upper respiratory tract infection, and chronic respiratory failure. Overall,
the results were promising with no major side effects or toxicity presented. Results from
another clinical trial, Rainbowfish (NCT03779334), which is focused on pre-symptomatic
infants 0–6 weeks of age who were genetically diagnosed with SMA, are currently awaited.

Currently, the approved dose for risdiplam is dependent on body weight and age—
0.2 mg/kg/day for patients 2 months–2 years, 0.25 mg/kg/day for patients 2 years and
up and less than 20 kg in weight, and 0.5 mg/kg/day for those (2 years and up) who
weigh more than 20 kgs [13]. Risdiplam may have harmful effects on the fetus when
administered to pregnant women and may also compromise male fertility. Although
there are not adequate data from pregnant women receiving risdiplam treatment, data
from animal studies demonstrate embryofetal mortality, malformations, and reduced fetal
weight. The prescribing information associated with risdiplam, therefore, recommends
pregnancy testing to be carried out for females before initiating treatment [95].

4.1.7. Combination Therapies

With both AON-based nusinersen treatment and the gene-therapy-based onasemno-
gene treatment proving to be milestones in finding a cure for SMA, the potential of combi-
nation therapy has caught the interest of a few research groups.

Lee et al. first provided an insight on two patients who were first treated with
nusinersen, followed by onasemnogene [96]. Another group studied five patients aged
17–29 months with type 1 SMA who received combination therapy [93]. Four out of
five patients received nusinersen before onasemnogene treatment [97]. Elevated liver
enzymes were seen in these four patients, with patient 2 exhibiting signs of liver failure,
probably related to an immune response because of onasemnogene. Two patients also
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demonstrated mild thrombocytopenia. Liver enzymes were controlled using corticosteroids.
One patient (patient 3), who received onasemnogene treatment before nusinersen, reported
no adverse effects. Despite improvements following nusinersen treatment in these patients,
the rationale for onasemnogene treatment was the continued need for respiratory support
and/or no changes in the bulbar function [97]. The small sample size of the study hinders
the comparison between monotherapy and combination therapy. It also remains unclear
whether SMN expression levels are boosted by combination therapy or by onasemnogene
or nusinersen treatment alone. One study focused on an SMA type 0 patient who had only
one copy of SMN2 [98]. Type 0 is generally very rare since it is rapidly fatal within days to
months. The infant received nusinersen treatment at 14 days of age, with a higher CHOP-
INTEND score one month later. However, the infant was on tracheostomy for respiratory
support and a G-tube for feeding. On day 114, onasemnogene was administered, which
also contributed to an increase in the motor function store. Despite small gains in motor
function, the treatment course was very complex because of several medical problems [98].
There were a few improvements in the bulbar function, but the treatment did not decrease
the level of respiratory support. Cardiac abnormalities and distal necrosis were also quite
evident.

A phase II, open-label, multi-center, interventional, exploratory study (JEWELFISH,
NCT03032172) is currently evaluating the safety, tolerability, and PK of risdiplam (RO7034067)
in infants, children, and adults previously enrolled in Study BP29420 (Moonfish) with the
splicing modifier RO6885247 or previously treated with nusinersen or onasemnogene.
The participants are expected to receive multiple doses of risdiplam orally once daily for
24 months. Following this period, they will be offered the opportunity to participate in
the open-label extension (OLE) study. Extensive and elaborate studies are necessary to
strengthen the beneficial evidence, in any form of combination therapies.

4.2. SMN-Independent Therapies

Reldesemtiv (CK2127107), a next-generation fast skeletal muscle troponin activator
(FSTA) that slows down the release of calcium from skeletal muscle, was investigated for
SMA type II, III, or IV patients (NCT02644668) in a phase II trial [20]. The primary objective
of this study was to assess the effects of PD of reldesemtiv on pulmonary and respiratory
functions, motor function, and muscle strength. Participants in the trial received either
150 mg or 450 mg twice daily for 8 weeks [99]. A couple of patients from both dosing cohorts
reported serious adverse events such as an increase in blood creatine phosphokinase and
aspartate aminotransferase and gastrointestinal infections. Other minor adverse events
include nausea, vomiting, constipation, fatigue, etc. Patients receiving the higher dose
performed better than the lower-dose and placebo cohorts in the 6 min walk test (6MWT)
that measures aerobic capacity and endurance. Ambulatory patients in the higher-dose
cohort also performed better in the TUG test that measures the time taken for a patient to
rise from a chair, walk 3 m, turn back to the chair, and sit down [95]. Patients in the 450 mg
cohort also showed an increase in maximal expiratory pressure (MEP). Further studies in
patients, including type 1 infants, are necessary to determine the efficacy.

Another study, TOPAZ, is currently assessing the safety and efficacy of SRK-015, a
myostatin inhibitor that prevents protease cleavage, prevents myostatin activation, and
increases muscle growth and differentiation [20]. This study is currently active and has
SMA type II and III patients enrolled. (NCT03921528). BIIB110 is a hybrid activin II receptor
(ACTIIR) ligand trap that also targets and sequesters myostatin. This in turn promotes
muscle mass and function. It is currently in phase 1 of clinical development. Several
other candidates are currently in the preclinical stages that include the NU-p38aMAPK in-
hibitor by Columbia University [100], second generation AONs by Biogen/Ionis, and small
molecules by Calibr and AurimMed Pharma. Further advancements in the development
phase will pave the way for clinical trials for these drugs.
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5. Conclusions

The landscape of SMA therapeutics has changed considerably in the last several years
with the FDA approval of DNA- and RNA-targeted therapies. With the discovery of the
SMA-causing gene SMN1, it became a well-known that the severity of the phenotype is
modulated by the number of copies of the paralog gene SMN2. Indeed, the determination of
the SMN2 copy number laid the foundation for understanding SMN biology and the SMA
phenotype. Advancements in molecular diagnostics, genetic testing, and counseling have
contributed to the development of strategies to increase SMN levels in the CNS and tissues
body-wide. Exon inclusion therapy using AONs was the first success story following the
discovery of the ISS-N1 region in exon 7 of SMN2, giving birth to the first FDA-approved
AON for SMA in 2016—nusinersen/Spinraza. Gene therapy is another promising therapy
to augment SMN levels and has been approved for SMA patients <2 years of age.

However, several factors need to be considered for both these approved treatments.
For example, both these treatments are extremely expensive. Additionally, nusinersen
requires repeated intrathecal injections that are often associated with thrombocytopenia
and injection-site adverse events (Spinraza prescribing information: reference ID: 4625921).
Most significant is that nusinersen must be injected directly into cerebrospinal fluid in-
trathecally, due to renal toxicity, and therefore can be used to treat only upper motor
neurons in the CNS. Although nusinersen is expected to extend the lifespan of people with
SMA, treating organs beyond motor neurons will be increasingly important. Findings in
SMA mouse models reveal a reduction in spleen size attributed to SMN loss, along with
mislocalization of the immune cells in the Smn2B/− model [101]. SMN protein is essential
for proper development of lymphoid organs since immune dysregulation contributes to
SMA pathogenesis [101,102]. Furthermore, scoliosis or the abnormal curvature of the spine
may often make it difficult to administer nusinersen intrathecally. Onasemnogene, an
intravenously administered scAAV9-SMN vector, was approved by the FDA in 2019 as
a one-time drug for all SMA patients below the age of 2 years. A limited time frame
for treatment calls for newborn screening of SMA to ensure early diagnosis and timely
treatment. SMA is a progressive muscle-wasting disorder that can be mitigated when
treated earlier, as evidenced by several studies. However, the milder forms of SMA only
appear in later stages, making genetic screening of infants the most crucial step to ensure
the course of treatment for these patients. Although gene therapy provides robust SMN
expression throughout the body, the long-term effects of SMN overexpression in patients
are unknown. Current clinical trials are evaluating the long-term safety and toxicity effects.
Recent studies highlight a gain of toxic function of SMN, especially in the sensorimotor
circuit, including the loss of proprioceptive neurons. Nevertheless, gene therapy does
provide significant improvements in the motor and respiratory functions in the most vul-
nerable SMA type 1 patients. The relevance of these findings of neurotoxicity arising from
SMN overexpression in mice and patients still needs to be carefully evaluated. Different
modes of administration may lead to different levels of SMN expression. Additionally,
levels of SMN decline with age in humans, making the time of intervention important.
Nevertheless, long-term clinical, electrophysiological, and pathological studies in SMA
patients treated with Zolgemsma will aid in the understanding of toxicity associated with
SMN overexpression, if any. Risdiplam, a small molecule that acts as an SMN2 splicing
modifier, received its approval in 2020 for all SMA types in patients 2 years of age and
up after demonstrating functional improvements in patients. Although it overcomes the
necessity for invasive intrathecal injections, it poses a threat to embryofetal health and
reproductive health. Despite the correlation of the disease severity with SMN deficiency,
there remain missing pieces of the puzzle to clearly understand the pathology and its
link to the role of SMN. For example, the actual reason for the susceptibility of motor
neurons to SMN deficiency remains unclear. Future studies in vitro and in vivo can help in
characterizing the disease mechanism and pave the way for combination therapies that are
still being studied in small patient groups. Overall, the prognosis of SMA, in general, is
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improving because of the developing therapies to augment SMN levels as well as improve
muscle strength and function, which ultimately ameliorates the SMA pathology.
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