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Introduction
Spinal muscular atrophy (SMA) is a devastating 
autosomal recessive neuromuscular disease char-
acterized by motor neuron degeneration in the 
brain stem and spinal cord, resulting in progres-
sive muscle weakness and atrophy.1 SMA occurs 
in approximately 1 in 10,000 newborns, and rep-
resents the most common hereditary disease-
causing childhood death to date.2 This disease 
arises from mutations in the survival motor neu-
ron 1 (SMN1) gene. These mutations, that are 
often deletions, lead to the deficiency of the ubiq-
uitous SMN protein.3 The human genome con-
tains a SMN1 paralogous gene, SMN2, which 
produces a truncated unstable protein (SMNΔ7) 
due to alternative splicing which excludes exon 7 

from the final transcript. Therefore, the low level 
(approximately 10%) of full-length functional 
SMN protein produced only partially compen-
sates for the lack of SMN1.4 All patients with 
SMA have at least one copy of the SMN2 gene. 
They are classified as having SMA type 1–4 
(SMA1–SMA4) on the basis of their age of onset 
and their highest motor milestones, and the num-
ber of SMN2 copies inversely correlates with the 
clinical severity of the disease phenotype.5

The SMA field has been revolutionized during 
recent months following therapeutic advances 
that have led to the approval of the first therapy 
regimen for SMA. In addition, progress has been 
made on other specific approaches, such as gene 
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therapy and splicing modifier molecules. In this 
study, we discuss the progress and challenges 
related to the implementation of novel therapies 
for all patients with SMA.

Therapeutic developments
The pipeline of therapies for SMA encompasses 
strategies that are focused on increasing SMN 
levels by modulating SMN2 transcription or 
splicing, promoting full-length SMN protein pro-
duction by antisense oligonucleotides (ASOs) or 
small molecules as well as SMN1 gene replace-
ment with gene therapy (Figure 1). Other thera-
peutic options include SMN independent 
approaches that are centred on previously defined 
targets downstream of SMN, neuroprotective 
approaches (with small molecules or stem cells), 
or approaches that focus on improving muscle 
strength and function. Translational research 
keeps moving forward, and recent clinical trials 
have demonstrated the safety and efficacy of the 
newest approaches (Table 1). In addition to these 
promising results, several clinical trials based on 
repurposed drugs, such as valproic acid, acetyl-L-
carnitine, phenylbutyrate hydroxyurea, riluzole 
and somatotropin, have failed to yield the 

expected results, despite promising preclinical 
data.6,7 Nevertheless, these negative reports pro-
vide relevant information about clinical trial 
design, which represents an essential step in mov-
ing therapeutic compounds towards regulatory 
approval. Furthermore, these negative reports 
also provide information about the reliability and 
feasibility of specific outcome measures and the 
identification of patient populations, which high-
lights the importance of patient stratification to 
ensure the efficacy of the compounds.

Mechanism: increase SMN levels
Mutations in the SMN1 gene that reduce the 
expression of SMN protein have been identified 
as the genetic causes underlying SMA. Therefore, 
one of the most promising strategies investigated 
for SMA treatment is to increase the levels of full-
length SMN.

Strategy: SMN2 splicing modulation
The ASO nusinersen. ASOs are synthetic short 
strands of chemically modified nucleic acids that 
are specifically designed to target and bind to 
RNA to affect RNA activation or alter the exon 

Figure 1. Genetics and therapeutic developments of spinal muscular atrophy (SMA).
SMA is caused by mutations, in the survival motor neuron 1 (SMN1) gene that mainly produces full-length SMN that is 
essential for motor neurons (below right). The human genome harbours a paralogous SMN1 gene, SMN2 (on the left), that 
differs only by a few nucleotides, and in particular by a C to T transition in exon 7. This base change causes the skipping 
of exon 7 in most SMN2 transcripts and generates a truncated unstable protein (SMNΔ7) with low levels (approximately 
10%) of full-length, functional SMN protein produced (below left). Increasing the full-length SMN protein levels by 
promoting the inclusion of exon 7 in SMN2 mRNA, that is, with oligonucleotides (on the left) or transferring a wild-type 
copy of SMN1 through gene therapy (on the right), represents a promising therapeutic approach for SMA. ASO, antisense 
oligonucleotide.
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splicing. The two most commonly used chemi-
cally modified ASOs are phosphorothioate oligo-
nucleotides and morpholino oligonucleotides. 
They can be designed to promote exon exclusion, 
such as exon 51 skipping in Duchenne muscular 
dystrophy, or enhance the inclusion of an exon 
that would be otherwise excluded, such as exon 7 
in SMN2. This gene differs from SMN1 by only a 
few nucleotides and, in particular, by a C to T 
transition in exon 7. This single-base change 
causes the skipping of exon 7 in most SMN2 tran-
scripts, generating a truncated unstable protein 
(SMNΔ7) with approximately 10% of the full-
length, functional SMN protein produced,4 which 
only partially compensates for the lack of SMN1. 
All patients with SMA have at least one copy of 
the SMN2 gene. The ASOs have huge potential in 
SMA as they offer the possibility of promoting the 
inclusion of exon 7 in the SMN2 gene, a strategy 
that is applicable to all patients. Most of the oligo-
nucleotides under investigation target the intronic 
splicing silencer N1 (ISS-N1) motif in SMN2 pre-
mRNA, thus fostering the inclusion of exon 7 into 
the SMN protein. This approach has been safe 
and effective under in vitro and in vivo conditions 
using SMA rodent models and rescuing the SMA 
phenotype.8–12 ASOs have very limited ability to 
cross the blood–brain barrier (BBB), and they can 
be administered by repeated intrathecal injection 
(lumbar puncture) in the cerebrospinal fluid 
(CSF).

Nusinersen (previously also known as IONIS–
SMNRX, with the commercial name Spinraza, 
Biogen Weston, MA, USA) is the first treatment 
for SMA that has been approved by the US Food 
and Drug Administration (FDA) and European 
Medicines Agency (EMA). It received approval 
by the FDA on 23 December 2016 and by the 
EMA Committee for Medicinal Products for 
Human Use on 21 April 2017.

Nusinersen is a modified 2’-O-methoxyethyl 
phosphorothioate ASO that binds to the ISS-N1 
region in the intron 7 sequence and blocks access 
to the sites of negative regulators. This binding 
modulates the splicing of the SMN2 mRNA tran-
script, increasing the inclusion of exon. 
Nusinersen has been demonstrated to increase 
the production of full-length SMN protein both 
in vitro and in transgenic animal models of SMA.9

Based on these positive results, clinical trials have 
been conducted in both type 1 and later-onset 
SMA. A safety, tolerability and dose-range-finding 

phase II open-label study of multiple doses of 
nusinersen (6 mg and 12 mg dose equivalents) in 
patients with SMA1 (n = 20) has been carried out 
(CS3A) [ClinicalTrials.gov identifier: 
NCT01703988] and recently published.13 In this 
trial, infants with a homozygous deletion or muta-
tion of the SMN1 gene were enrolled at the age of 
onset of their SMA symptoms, between 3 weeks 
and 7 months of age. An interim analysis of the 
data showed that treatment with 12 mg nusinersen 
resulted in significant mean improvements in 
developmental motor milestones, including sitting 
and walking, assessed according to the 
Hammersmith Infant Neurological Examination 
(HINE) Section 2 total score, and motor function, 
determined by the Children’s Hospital of 
Philadelphia Infant Test of Neuromuscular 
Disorders (CHOP-INTEND) total score. An 
interim analysis also showed that the Kaplan–
Meier survival curve of patients with two SMN2 
gene copies (n = 17) significantly differed from a 
natural history case series (p = 0.0014). The col-
lected autopsies of three affected infants who 
received treatment showed an increase in full-
length SMN2 transcripts and SMN protein in spi-
nal cord motor neurons compared with patients 
with SMA who were untreated.13 Intrathecal injec-
tion allowed the distribution of nusinersen from 
the CSF throughout the central nervous system 
(CNS) into motor neurons, vascular endothelial 
cells and glial cells. Overall, this study showed a 
good safety profile and presented encouraging effi-
cacy data that supported the continued develop-
ment of nusinersen to treat SMA.

A subsequent randomized, double-blind, sham-
controlled, multinational, phase III study, 
ENDEAR [ClinicalTrials.gov identifier: 
NCT02193074] was conducted to assess the effi-
cacy and safety of nusinersen in infants with 
SMA1 at 6 months or younger who received 
nusinersen (12 mg) or a sham procedure. The 
primary endpoints were a motor milestone 
achievement, based on the HINE, and survival 
without an event (time to death or use of perma-
nent assisted ventilation). In the interim analysis, 
infants in the nusinersen group were significantly 
more likely to reach a motor milestone [21 of 51 
infants (41%)] than infants in the placebo group 
[0 of 27 (0%), p < 0.001]. Based on the positive 
results of the interim analysis, which exhibited 
clinically and statistically significant gains across 
multiple efficacy endpoints, the study was termi-
nated early. The final analysis showed a signifi-
cantly higher likelihood of motor milestone 
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achievement in infants treated with nusinersen 
[37 of 73 infants (51%) than in the control group 
(0 of 37, 0%)]. However, of infants who reached 
motor milestones only 8% were able to sit inde-
pendently, and just 1% were able to stand. Upon 
completion of the trial, 39% of the infants in the 
nusinersen group and 68% in the control group 
had died or needed permanent assisted ventila-
tion. Patients who started treatment within 13 
weeks after the onset of disease showed the best 
response to treatment, with similar incidence and 
severity of adverse events in both treatment and 
placebo groups.14

Following discontinuation of the ENDEAR 
study, participants were given the possibility to 
join an open-label phase III extension study 
SHINE [ClinicalTrials.gov identifier: 
NCT02594124] to gather more information on 
the long-term safety and the tolerability of 
repeated doses of nusinersen. The positive results 
of the interim analysis also included a new drug 
application to the FDA, and the drug was subse-
quently approved for commercialization for all 
SMA types.

The nusinersen phase III programme includes 
the CHERISH study [ClinicalTrials.gov identi-
fier: NCT02292537], which is a randomized, 
double-blind, multinational trial in which patients 
with later-onset SMA (type 2 phenotype) received 
either nusinersen or a sham procedure. Based on 
the positive results of the interim analysis, 
CHERISH was stopped, which allowed the par-
ticipants to transfer to SHINE.

Two additional phase II programmes have been 
carried out to collect additional data on nusin-
ersen. EMBRACE involves a small group of 
infants or patients with late-onset SMA not 
recruited for ENDEAR or CHERISH due to age 
and the other criteria requested [ClinicalTrials.
gov identifier: NCT02462759].

Another very interesting study is NURTURE 
[ClinicalTrials.gov identifier: NCT02386553], an 
ongoing 30-month, open-label, multinational, 
phase II clinical trial in presymptomatic patients up 
to 6 weeks of age after their first dose of nusinersen. 
The primary aim of this study is to determine 
whether treatment with nusinersen could prevent 
or delay the development of SMA symptoms 
[ClinicalTrials.gov identifier: NCT02386553]. 
Interim analysis of the data,15 which have been pre-
sented at the World Muscle Society Congresses 

(2016, 2017) and the American Academy of 
Neurology (2017), support the potential benefit of 
early treatment with nusinersen in SMA.

The clinically approved use of nusinersen consists 
of periodical intrathecal administration patients 
with SMA, and the recommended dose is 12 mg 
injected by lumbar puncture (https://www.access-
d a t a . f d a . g o v / d r u g s a t f d a _ d o c s /
label/2016/209531lbl.pdf). At the beginning of 
the treatment, three loading doses should be 
administered with each dose 14 days apart and a 
fourth loading dose should be provided 30 days 
after the third dose. The maintenance treatment 
schedule is one dose every 4 months thereafter. 
Repeated lumbar punctures have seemed well tol-
erated in nusinersen trials, even if doing this pro-
cedure for many years can pose some challenges in 
terms of patient tolerability. Scoliosis and related 
surgery, advanced disease with respiratory prob-
lems, and the need for sedation represent the cur-
rent challenges for the wide application of this 
approach. The use of intrathecal pumps that 
deliver the compound could represent an alterna-
tive to repeated injections.

The development of ASO-based therapy is an 
important advance to identify effective therapeu-
tic treatments for SMA, but efficient delivery 
remains a major challenge. Further advances in 
this approach provide for the development of 
peptide-mediated oligonucleotides to enable sys-
temic therapy to overcome the difficulties with 
CNS delivery via repeated intrathecal injections 
and allow the targeting of other systemic organs. 
The efficacy of this approach has recently been 
demonstrated in rodent models.16,17

Small molecules. Orally bioavailable small mole-
cules that specifically target the SMN2 gene and 
modulate its splicing are under development for 
the treatment of SMA, and are currently entering 
early phase clinical trials. Oral administration 
makes these drugs more tolerable than ASOs, as it 
overcomes the need for repeated lumbar punc-
ture; moreover, oral administration enables tar-
geting not only the CNS but also other organs. 
The major concern related to this approach is the 
risk of off-target effects given that small mole-
cules, unlike ASOs and gene therapy, are not 
completely specific and can, in principle, affect 
the expression of other genes.

To overcome these issues, it has been proposed 
that small molecules could be designed with high 
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specificity for exon 7 inclusion, and a high-
throughput in vitro screening identified RG7800 
and RG7916 as potential candidates. Treatment 
of mice genetically modified to carry human 
SMN2, resulting in severe SMA1, with either of 
these compounds led to a significant increase in 
SMN protein levels, motor function and survival 
(from 18 days to >150 days).18 Their mechanism 
of action is based on the direct interaction with 
two distinct sites in the SMN2 pre-mRNA: a thin 
bond stabilizes a yet unidentified ribonucleopro-
tein (RNP) complex, ensuring the specific action 
of these small molecules for SMN2 over other 
genes.19 These compounds are now under inves-
tigation in clinical studies.

RG7800. RG7800 was tested in a phase I multi-
centre, randomized, double-blind, placebo-con-
trolled clinical trial (Moonfish) [ClinicalTrials.gov 
identifier: NCT02240355] that investigated the 
safety, tolerability, pharmacokinetics and pharma-
codynamics of 12 weeks of treatment in adult and 
paediatric patients with SMA. Clinical data from 
the study showed significant dose-dependent 
increases in the level of full-length SMN2 mRNA 
after a single dose, which demonstrated the proof 
of mechanism based on the expected pharmaco-
dynamic effect. Following long-term preclinical 
animal tests, data have shown an unexpected 
safety finding that was not observed in humans, 
namely, eye toxicity, which was identified through 
a long-term (39-week) treatment study in mon-
keys exposed to RG7800 [ClinicalTrials.gov iden-
tifier: NCT02240355]. As a safety precaution, the 
study was ended early after recruiting the first 
cohort of patients to evaluate this finding and con-
firm the next steps for the study.

RG7916. Thus, another compound RG7916 was 
moved to the clinical stage. After completion of a 
phase I study [ClinicalTrials.gov identifier: 
NCT02633709] in August 2016 that helped to 
establish the optimal treatment dose by investi-
gating the safety and tolerability of RG7916 dose 
escalation in healthy subjects, RG7916 is being 
tested in phase II clinical trials in Europe in 
patients with SMA. The Sunfish study [Clinical-
Trials.gov identifier: NCT02908685], which is 
currently recruiting participants, aims to assess 
the safety, tolerability and effectiveness of RG7916 
in patients with SMA2 and SMA3. The open-
label (without placebo) Firefish [ClinicalTrials.
gov identifier: NCT02913482] trial will assess 
the effectiveness of RG7916 in patients with 
SMA1 (1–7 months old) with two copies of 

SMN2. The Jewelfish phase II study [ClinicalTri-
als.gov identifier: NCT03032172] will assess 
RG7916 treatment in adults and children with 
SMA2 or SMA3, who were previously treated 
with an SMN2-targeting therapy and received 
once daily doses of RG7916 for 2 years.

LM1070. LM1070 (Novartis, Basilea, Svizzera) is 
another small molecule that may promote exon 7 
inclusion in SMN2. This compound was shown to 
increase life expectancy in SMA model mice and 
demonstrates that a sequence-selective small-mole-
cule based approach is feasible for increasing the 
functional SMN protein level through modifying 
SMN2 splicing.20 In April 2015, an open-label, 
multi-part, phase I/II study of oral LMI070 (brana-
plam) administration to patients with SMA1 [Clini-
calTrials.gov identifier: NCT02268552] was 
initiated to evaluate the efficacy, safety, tolerability, 
pharmacokinetics and pharmacodynamics of 13 
weeks of treatment, as well as to assess the optimal 
dose regimen. Since results obtained from chronic 
preclinical toxicology studies that were conducted in 
animals in parallel with the trial showed unexpected 
toxicities to the peripheral nerves and spinal cord, 
testes and blood vessels in the kidney, enrolment was 
discontinued in mid 2016, and the patients who 
were already enrolled are being closely monitored 
[ClinicalTrials.gov identifier: NCT02268552] to 
decide the appropriate next steps.

Strategy: SMN gene replacement
Gene therapy. The gene therapy approach is based 
on the transfer of a healthy copy of the desired 
gene into cells, which usually occurs through the 
use of viral vectors and represents an extremely 
promising option to treat monogenic diseases. 
The root cause of SMA, the loss of the SMN1 
gene, could be directly corrected by delivering a 
wild-type copy of the faulty gene. Viral SMN1 
gene delivery has been remarkably effective in 
preclinical studies, thanks to the use of a last gen-
eration adeno-associated viral vector (AAV). 
AAVs are small nonpathogen viruses that can effi-
ciently transfect the CNS as they can target motor 
neurons and astrocytes. In particular, AAV sero-
type 9 can be delivered systemically or through 
intrathecal injection since it is able to cross the 
BBB, which allows for noninvasive administration 
of the therapy.21

In 2010, Brian Kaspar’s group demonstrated that 
intravenous injection of a self-complementary (sc)
AAV9 encoding SMN1 could completely rescue a 
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mouse model of severe SMA. After treatment, its 
motor function and neurophysiology were 
improved, and mouse survival was extended from 
2 weeks to beyond 250 days.22 These data were 
independently replicated by other laboratories, as 
well as in large animal disease models by the 
Kaspar group and collaborators.

Based on these preclinical findings, another AAV-
based treatment, scAAV9 carrying the SMN gene 
(AVXS-101; AveXis), has been developed to 
restore SMN protein expression by reintroducing 
SMN1 into cells. An open-label, single-site, phase 
I–II clinical trial [ClinicalTrials.gov identifier: 
NCT02122952] evaluating this was completed in 
January 2017, and the results were published in 
November 2017.23 In this study, the AVXS-101 
under the control of a hybrid CMV enhancer/
chicken-β-actin promoter was administered to a 
total of 15 infants with SMA1 who were 6 months 
old or younger (mean age 3.4 months in the 
higher dose group). Patients were divided into 
two cohorts that received either 6.7e13 vg/kg of 
AVXS-101 (n = 3) or 2.0e14 vg/kg of AVXS-101 
(n = 12), delivered as a single intravenous admin-
istration. The primary outcome was safety, and 
secondary outcome was the time between birth 
and death or time to requirement for assisted ven-
tilation for more than 16 h per day. The explora-
tory analysis evaluated scores obtained by the two 
cohorts based on the CHOP INTEND scale of 
motor function (ranging from 0 to 64, with higher 
scores indicating better function), as well as 
motor milestones achieved in the high-dose 
cohort compared with motor milestones achieved 
in historical cohorts, reflecting the natural history 
of the disease. By the end of the cutoff date (end 
7 August 2017, actual start date 5 May 2014), all 
15 patients treated with AVXS-101 were alive 
and event free, whereas only 8% of infants in his-
torical cohorts were alive at a similar time point. 
In the high-dose cohort, the AVXS-101 gene 
therapy improved CHOP INTEND scale scores 
from baseline (9.8-point increase at 1 month and 
15.4-point increase at 3 months, mean baseline 
score 16 in low-dose group and 28 in high-dose 
group), indicating improved motor function. 
However, in the historical cohort, the CHOP 
INTEND scores declined: 11 of the 12 infants in 
the high-dose cohort were able to sit without any 
support, 9 could roll over, 11 could feed orally 
and speak, and 2 walked independently. Four 
patients showed an increase in serum aminotrans-
ferase levels, which was controlled by the admin-
istration of oral prednisolone 1 mg/kg per 30 days. 

In summary, the one-time intravenous infusion of 
AAV vector containing DNA coding for SMN in 
patients with SMA1 prolonged survival, improved 
motor function and facilitated motor milestones 
achievement in comparison with the historical 
cohorts. Further studies designed to confirm the 
long-term safety and efficacy of this approach in 
patients with SMA1 are needed.

Theoretically, gene therapy appears to be one of 
the most rational and curative approaches to 
SMA. The most important advantage of scAAV9-
mediated therapy is the possibility of achieving 
meaningful clinical benefits by only a single intra-
venous infusion. Possible safety concerns of 
scAAV9 therapies are related to the effective 
long-term expression of the vector; although the 
continued expression of AAVs has been demon-
strated over decades for other diseases, it is not 
completely established.24 In any case, no decrease 
of the therapeutic effect or clinical worsening 
have been reported in the first 2 years of the SMA 
gene therapy study.23

Mechanism: SMN independent

Strategy: neuroprotection
SMA specifically affects lower motor neurons in 
the spinal cord, leading to muscle waste and atro-
phy. Neuroprotection aims to restore motor neu-
ron function and prevent symptoms from 
worsening. This approach is hypothesized to have a 
relevant clinical benefit in patients with SMA and 
may be a successful approach for treating SMA 
when used in combination with genetic therapies.

Olesoxime. The main neuroprotective strategy for 
SMA that is currently under consideration focuses 
on enhancing motor neuron survival and function. 
Among these approaches, olesoxime (TRO19622; 
Roche, Basilea, Svizzera; initially developed by the 
Trophos, Marseille, France) is a cholesterol-like 
compound that entered clinical trials for SMA fol-
lowing the demonstration of its neuroprotective 
properties in cell culture and in SMA model 
mice.25 Preclinical studies suggest that olesoxime 
can preserve mitochondrial function by directly 
interacting with mitochondrial membranes and 
decreasing their fluidity in cell and animal models. 
The first phase II trial [ClinicalTrials.gov identi-
fier: NCT01302600], a multicentre, randomized, 
adaptive, double-blind, placebo-controlled study 
involving patients with SMA aged 3–25 years, was 
completed in October 2013. Although the clinical 
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evidence did not establish a risk–benefit profile for 
this treatment approach, comparison between 
symptomatic patients with SMA2 and SMA3 
treated with olesoxime and individuals treated 
with a placebo in the maintenance of motor func-
tion suggested that olesoxime may slow the typical 
decline associated with SMA over a period of 24 
months.15,25 However, additional efficacy evidence 
has been requested by the FDA and EMA to 
determine whether this is a clinically meaningful 
effect. An open-label phase II study [ClinicalTri-
als.gov identifier: NCT02628743] is currently 
enrolling patients who participated in previous 
studies to evaluate the long-term safety, tolerabil-
ity and effectiveness of olesoxime. This study is 
expected to be completed at the end of 2020.

Strategy: muscle activators
In addition to SMN-restoring strategies, promot-
ing motor neuron survival and neural circuit, 
muscle and neuromuscular junctions represent 
promising targets to treat SMA. Neuromuscular 
junctions are significantly altered in SMA, mani-
festing as immaturity (such as reduced size of ace-
tylcholine receptor clusters), denervation and 
neurofilament accumulation, which are associ-
ated with impaired synaptic functions.26 Thus, 
these symptoms represent an important target for 
correcting the SMA phenotype. Furthermore, 
muscle protection in SMA aims to counter mus-
cle atrophy and increase muscle mass, thus slow-
ing or halting disease progression.

SMN-independent therapeutic approaches include 
the employment of small molecules to enhance the 
ability of muscles to contract and increase muscle 
mass. Some of these agents are being introduced in 
clinical trials and for amelioration of the physical 
performance of patients with SMA.

CK-2127107. CK-2127107 (2-aminoalkyl-5-N-
heteroarylpyrimidine; Cytokinetics, South San 
Francisco, California, USA) is a skeletal muscle 
troponin activator that slows the rate of calcium 
release from the regulatory troponin complex in 
fast skeletal muscles, and sensitizes the sarcomere 
to calcium, which increases the contractile response 
to nerve signalling and improves muscle function 
and physical performance in neuromuscular 
patients. After a phase I clinical trial, a second 
study was conducted with the primary aim of 
assessing the pharmacodynamic effects of the ther-
apy. This study [ClinicalTrials.gov identifier: 
NCT02644668] is a double-blind, randomized, 

placebo-controlled study and will enrol 72 ambu-
lant and nonambulant patients with SMA2, SMA3 
and SMA4 in the USA and Canada.

Muscle exercise. Additionally, exercise has been 
linked with increased motor neuron survival, neu-
romuscular junction protection and improved 
neuromuscular excitability properties in SMA-like 
mice. Furthermore, exercise-induced neuropro-
tection accompanies metabolic and behavioural 
changes.27 Studies focused on the beneficial effects 
of physical activity in patients with SMA have 
assessed feasibility, safety and tolerability of resis-
tance training, as well as the ability of aerobic 
training to improve oxidative capacity.28,29 Further 
efforts are needed to plan patient therapy.

Other compounds acting on muscle. Given the 
role of the small GTPase RhoA and its effector 
Rho kinase (ROCK) in cytoskeleton organiza-
tion,30 RhoA and ROCK have been suggested to 
contribute to the pathophysiology of motor neu-
ron diseases; indeed, enhanced RhoA and ROCK 
activation has been associated with SMA patho-
genesis in the spinal cord of SMA model mice. 
Administration of ROCK inhibitors in SMA mice 
can improve the lifespan and phenotype of SMA 
mice without any effects on motor neuron sur-
vival or on SMN protein expression levels. Several 
lines of evidence suggest that cell types other than 
motor neurons are involved in SMA pathogenesis. 
The therapeutic effects of ROCK inhibitors, such 
as fasudil and Y–27632, on SMA mouse models 
could, therefore, be imputed for the effects of this 
treatment on motor neurons as well as on other 
non-neuronal cell types.31,32

Another compound, the antioxidant flavonoid 
quercetin, has been shown to effectively amelio-
rate neuromuscular pathology in SMA mouse 
models by inhibiting β-catenin signalling, which 
represents an attractive therapeutic target for the 
treatment of SMA.33 The indirect stabilization of 
SMN has been achieved by pharmacologically 
activating MAPK14 or the p38 pathway with 
BAY 55–9837, which is an agonist of the vasoac-
tive intestinal peptide receptor 2 (VPAC2), and 
the disease phenotype of SMA mice treated with 
this compound has been observed.34 Moreover, 
the decreased activity of compounds activating 
the mechanistic target of rapamycin (mTOR) cel-
lular pathway has been related to SMA.35 Given 
that the increase of micro-RNA-183 (miRNA-
183) reduces mTOR activity in SMA cells, an 
approach that focused on the blocking of this 
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miRNA represents another possible target for a 
novel therapeutic intervention in SMA, and war-
rants further examination in mouse models. In 
addition, RNA sequencing of motor neurons may 
identify novel downstream targets of splicing 
alterations.

Another therapeutic strategy that aimed to stabi-
lize the endogenous SMN protein is STL-182, 
which is an orally available small molecule that 
showed promising preclinical efficacy in mouse 
SMA models in which it restored neuromuscular 
function.36

Strategy: stem cells
Stem-cell-based therapies might have notable 
therapeutic benefits, such as protecting unaf-
fected motor neuron function, modulating the 
toxicity of the environment and replacing both 
neuronal and non-neuronal cell populations. 
Our research group has previously demon-
strated that transplantation of neural stem cells 
or motor neuron precursors directly into the 
spinal cord or intrathecally into the CSF ame-
liorates the phenotype of SMA mice.37–41 We 
focused our research on the identification of 
specific neuronal stem cell subpopulations char-
acterized by high migratory capacity and 
engraftment ability, but studies using stem cell 
therapies are still experimental. In the future, 
stem cells may represent a complementary ther-
apeutic approach for SMA along with SMN res-
toration because their progression in clinical 
trials requires a complete understanding of the 
mechanisms of action underlying the biology of 
their therapeutic benefits as well as robust pre-
clinical studies.

Discussion
In the past few years, considerable advancements 
have been made in understanding the pathophysi-
ology of SMA and, along with progress in clinical 
management, this research has created opportu-
nities to perform successful clinical trials with 
progress from proof-of-concept ideas to reality, 
and these approaches offer hope to the broader 
SMA community.

Despite this, several questions remain unanswered. 
One of the main questions concerns the most suit-
able timing for intervention for these approaches: 
is there a moment when the pathology becomes 
irreversible, preventing the possibility of obtaining 

a therapeutic effect with treatment in all subtypes 
of SMA?

The natural history of SMA implies that motor 
neurons are lost early, and the disease severity is 
closely related to the number of remaining motor 
neurons. However, the therapy can also be effec-
tive in the symptomatic stage, when muscle weak-
ness results from not only motor neuron loss but 
also dysfunctional motor neurons losing contact 
with muscles, an aspect that can be repaired when 
SMN is restored. Insights from rodent models 
and current clinical trials suggest that the timing 
of therapy administration plays a crucial role in 
attaining the maximal response from the treat-
ment, but it is necessary to determine whether 
intervening at an advanced stage of the disease can 
benefit a patient. For patients with an advanced 
disease, an SMN-independent approach will 
become increasingly important. Overall, all the 
preclinical and clinical data suggest ‘the earlier, 
the better’ for treatment, and the tipping point is 
represented by a prompt identification of clinical 
manifestations and an early diagnosis. 
Presymptomatic diagnosis will enable clinicians to 
predict SMA disease onset and ultimately prevent 
its progression or even its occurrence.

Furthermore, it is necessary to establish the long-
term effects of the therapeutic approaches, par-
ticularly in growing children. It is crucial to assess 
whether there is a capping effect or continuous 
improvement, especially in the early phases, to 
determine whether the obtained results become 
permanent as children grow. Until now, data 
obtained from the nusinersen/gene therapy trials 
suggest continuous positive amelioration, espe-
cially in responsive patients, but it is not clear 
whether the drug treatment can be discontinued. 
Although SMN is required more in the develop-
mental stages, it is also important during adoles-
cence and adulthood. Since adult-onset SMA4 is 
more likely due to a degeneration process by a 
slight reduction of SMN protein, it is possible 
that therapy must be continued for the patient’s 
entire life, even if the level of SMN required after 
the developmental stages is lower.

Further questions concern the exact magnitude 
of the benefits that SMN upregulation therapy 
can achieve in older patients with a longer dis-
ease duration. All the patients treated up until 
now in the nusinersen/gene therapy trials are less 
than 12 years old, and the definition of clinically 
meaningful effects can vary among different 
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patients’ severity types based on improvement of 
motor functions as well as maintenance of those 
improvements. Programmes that monitor the 
long-term impact of these therapies are required, 
and they should include assessments of cogni-
tion, growth and involuntary functionality. It is 
necessary to determine whether the proposed 
approaches can reduce the disease progression, 
and improve patient function and survival.

SMN is a ubiquitously expressed protein and the 
idea that SMA disease is not restricted to motor 
neurons is emerging.41,42 Evidence of the involve-
ment of skeletal muscle, motor circuits and mul-
tiple subpopulations of neurons, as well as other 
cell types is increasingly being provided. This 
matter raises the issue of the efficacy of therapies 
that target mainly motor neurons rather than 
systemic organ dysfunction as well as the possi-
ble onset of unexpected multiorgan problems if 
individuals lack SMN, which may become an 
issue over time. Additional studies to determine 
the best routes of drug administration and tissue 
distribution will be crucial. Intrathecal adminis-
tration targets mainly the CNS, which does not 
cover the systemic organs. Additionally, the dif-
ferent motor units can respond in different ways 
to the treatment, and preliminary data in clinical 
trials seem to suggest that appendicular motor 
units respond better than axial/bulbar motor 
units to SMN upregulation; this aspect should 
also be considered for patient clinical care.

Conclusion and future directions
The approval of an effective therapy for SMA is 
drastically changing clinical trial design. The ethi-
cal issue of including the placebo arm has already 
been removed from SMA1 trials, and a setting of 
clinical trials with the patients treated with the 
standard of care drug plus the novel investigated 
compound should now take place. Thus, advance-
ment in the second generation of therapeutics 
requires innovative strategies in clinical trial 
design. Moreover, new issues in the clinical appli-
cations of these treatments are emerging given the 
complexity of administering this intrathecal treat-
ment with expanding access to the treatment 
(establishing specialized clinical teams can be 
necessary) and the treatment costs and thereby 
associated problems with reimbursement.

In a field that is constantly moving forward, it is 
important to guarantee access to novel, disease-
modifying treatments and develop new treatments 

tailored for patients with SMA of any age of onset 
and severity. It is reasonable to consider that com-
bined therapies providing SMN-targeted and 
SMN-independent treatments, which aim to pre-
serve neuromuscular function and prevent addi-
tional systemic pathologies, represent the best 
approaches to treating SMA.
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