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Introduction

1 Spinal Muscular Atrophy

Spinal Muscular Atrophy (SMA) is an autosomal recessive genetic disorder characterized by
the loss of nerve cells called motor neurons (MNs) and therefore classified as a motor neuron
disease. The disease affects MNs located in the anterior horn of the spinal cord, resulting in
weakness and progressive paralysis of proximal muscles, leading to muscle atrophy and
respiratory failure (Schroth et al., 2009). SMA is the second most common fatal autosomal
recessive disorder after cystic fibrosis in infants. According to a pan-ethnic study, it has an
incidence of 1 in 11 000 and the carrier frequency of the disease is 1 in 54 (D’Amico et al.,
2011; Bottai et al., 2013).

The first case of SMA was ascertained in 1850 in an adult by the two French doctors Frangois-
Amilcar Aran and Guillaume Duchenne. At the end of the same century, in the 1890s, the
disease in its most severe form was identified in a child by Werdnig and Hoffmann (Werdnig
et al 1891; Hoffmann et al., 1893). But only a century later in 1990, the investigators used
linkage analysis to identify the locus of the SMA gene on chromosome 5q13 (Brzustowicz et
al., 1990; Lunn et al., 2008). In 1994, were identified deletions of multicopy microsatellites
in patients with spinal muscular atrophy; some of which were in linkage disequilibrium with
the disease locus. Lastly, in 1995, the spinal motor neuron gene (smn) was identified as the
disease-causing gene (Lunn et al., 2008).

More than 98% of patients affected by SMA have a homozygous disruption of smn gene by
deletion, rearrangement, or mutation (Lunn et al., 2008). A lack of functional SMN protein,
the product of the smn gene, is responsible for the degeneration of MNs in the spinal cord,
which arises in muscle weakness and hypotonia; in fact, the loss of strength in proximal
muscles is a characteristic of SMA patients. Interestingly, MNs that innervate slow-twitch
muscles are more vulnerable than those that innervate fast-twitch muscles (Butchbach et al.,
2007; Lunn et al., 2008). In two-thirds of cases, SMA patients develop associated problems
such as scoliosis due to the progressive degeneration of MNs and the consequent muscular

atrophy, and, depending on the SMA subtype, difficulties swallowing, poor head control and



respiratory insufficiency that causes death in severe cases (NORD (National Organization for
Rare Disorders https://rarediseases.org/); Vu-Han et al., 2021).

Although SMN is a ubiquitous protein the major pathological hallmarks of SMA are focused
on the neuromuscular system but there are many other organs affected. For example, in some
cases of severe (type I) SMA, there are typical atrial and ventricular septal defects that can
cause dangerous changes to the normal cardiac rhythm and cause sudden death (Bottai et al.,
2013).

It is now known that the pathophysiology of SMA is more complex than thought until a few
years ago and muscle cells are not only major players in the development of the main clinical
symptoms, but also represent a considerable contributor to SMA pathogenesis.

Numerous studies have demonstrated the presence of muscle defects in SMA disease,
indicating that SMN levels are imperative to establish and maintain molecular homeostasis in
skeletal muscle (Mutsaers et al., 2011). Different variations in muscle fiber size can be
observed at a histological level, with SMA muscle cells showing a decreased cross-sectional
area (CSA) due to connective tissue infiltration. This is indicative of muscle cell necrosis
(Cifuentes-Diaz et al., 2001). The sarcolemma is also destabilized, as showed by Cifuentes-
Diaz and colleagues, leading to the high release of muscle enzymes such as creatine kinase 4
(CK) into the circulating blood of SMA patients. CK, in fact, can typically be used as a
biomarker of the disease (Pino et al., 2021). In vitro studies have shown that muscle cells
from patients with SMA inhibit neuronal outgrowth and development when co-cultured with
wild-type motor neurons, indicating that communication between muscles and neurons is
essential for the onset of SMA (Braun et al., 1995; Guettier-Sigrist et al., 2002). It is
noteworthy that muscle activity significantly impacts neurogenesis and motor neuron viability
due to the release of myokines (Pedersen et al., 2011). These myokines can act as retrograde
signals from skeletal muscles through neuromuscular junctions (NMJs) to motor neurons
(Braun et al., 1995; Bottai et al., 2013).

In both mouse models of SMA and patients with SMA, degenerative pathologies in NMJs are
found. NMJs exhibit three principal pathological features, namely immaturity, denervation,
and neurofilament accumulation (Cifuentes-Diaz et al., 2001; Rafii et al., 2002; Kariya et al.,
2008). The initial emergence of these deficiencies during the pathogenesis of SMA suggests
that they may anticipate MN dysfunction, supporting the hypothesis that NMJs and muscles
play an important role in SMA (Cifuentes-Diaz et al., 2001; Kong et al., 2009; Murray et al.,
2008; Boido & Vercelli et al., 2016).



Mitochondria appear to play a crucial role in both MNs and muscles within the context of
SMA. Under normal circumstances, mitochondria are abundant in presynaptic nerve terminals
in animal models, where they play a critical part in modulating the efficacy, plasticity, and
presynaptic differentiation of synapses. However, research has shown that there is a
compromised axonal transport of mitochondria in SMA. The mitochondrial network seems to
be impaired in SMA motor neurons, with the organelles' structure destabilized and displaying
signs of fragmentation, edema, and concentric lamellar inclusions even if their density seems
to remain unchanged (Miller et al., 2016). Mitochondrial mobility indicates a decrease in
retrograde transportation as demonstrated by Miller and colleagues. Furthermore, both basal
and maximum mitochondrial respiration in SMA motor neurons show a decline, coinciding
with an increase in the level of oxidative stress and impairment of the mitochondrial
membrane potential (Miller et al., 2016). These deficits, at least in the mouse model, occur
during the pre-symptomatic phase. This implies that they have a significant role in the
progression of SMA and are not a result of the disease (Miller et al., 2016). Mitochondria are
also known as key activators of the intrinsic apoptosis pathway (Pogmore et al., 2021). The
results obtained by apoptotic markers in SMA MNs suggest the occurrence of programmed
cell death (Piras et al., 2017).

On the other side, muscle tissue from SMA patients shows both mitochondrial depletion and
impaired mitochondrial biogenesis, as evidenced by the fact that mtDNA is significantly
reduced, as well as the expression level of PGCl1-alpha, the primary cofactor of mitochondrial
biogenesis (Montes et al., 2015; Ripolone et al., 2015; Montes et al., 2021). SMA muscle
pathology, in both mouse models and patients, is indeed associated with mitochondrial
respiration impairments, manifested by a decrease in oxidative phosphorylation enzyme
activity, reduced expression of oxidative phosphorylation chain component, and
overproduction of reactive oxygen species (ROS) leading to oxidative stress (James et al.,
2021).

Current pharmacological and cellular approaches, mainly focused on counteracting
alterations at the motor neuron level and overlooking the crucial contribution of muscles and
NMIJ to the development of the condition, are only partially effective in improving the clinical
picture of SMA. It is therefore necessary to develop alternative and parallel intervention sites
that, in the near future, could provide new and real expectations for the treatment of SMA,
especially for patients who unfortunately cannot be treated with recently discovered drugs

(Spinraza, Risdiplam, and Zolgensma).



It is imperative to encompass all aspects relevant to the pathophysiology of SMA when

devising a fresh therapeutic strategy.

2 SMIN — Gene and Protein

2.1 Smn Gene

The smn gene is part of a 500 kb inverted duplication on chromosome 5q13. This gene is
present in multiple copies in the human genome: one Smnl (SmnT, telomeric) and several
Smn2 (SmnC, centromeric). Both genes contain nine exons and eight introns that span about
20 kb genomic region. The telomeric and centromeric copies of this gene are nearly identical
and encode the same protein. Smnl and Smn2 differ by a single nucleotide (C—T) within an
exon splice enhancer of exon 7 (Lorson et al., 1999; Monani et al., 1999). Transcripts derived
from SMN1 contain exon 7 while most of the transcripts from SMN?2 lack exon 7. This kind
of mutation, which affects an exon splice enhancer, results in the exclusion of exon 7 in most
transcripts (90% - SMNA7) (Lunn et al., 2008) (Figure 1). This means that only 10% of the
translated protein is completely functional since the excision of the exon 7 leads to the
synthesis of a protein that is less prone to oligomerize concerning its full-length form,
exhibiting reduced stability and increased susceptibility to degradation. (Burghes & Beattie
et al., 2009; Iyer et al., 2014; Le et al., 2005).

Loss of Smnl is essential to the pathogenesis of SMA, while the severity of the disease is
primarily related to the number of copies of Smn2 (D’amico et al., 2011).

SMA disease is phenotypically very heterogeneous and is classified into five types (0-1V)
based on 3 parameters: the age of onset, the severity of motor decline, and life expectancy.
Most SMA type I patients have two copies of SMN2 (Gavrilov et al., 1998), three SMN2
copies are common in SMA type II, while type III and IV generally have three or four
(Feldkdétter et al., 2002; Rudnik-Schéneborn et al., 2009).

Unlike humans, mice carry only one Smn gene (mSmn) which is equivalent to Smnl
(DiDonato et al., 1997; Viollet et al., 1997). Loss of mSmn results in embryonic lethality in
the mouse suggesting that the mSmn gene product is essential for cell function and survival

(Schrank et al., 1997).
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Fig.1 Representation of pre-mRNA splicing of SMN1 and SMN2 genes (Lunn et al., 2008).

2.2 SMN Protein

Survival of motor neuron or survival motor neuron (SMN) is a protein that in humans is
encoded by the Smnl or Smn2 genes. SMN protein was first highlighted as a protein of interest
when mutations in its coding gene were linked to the SMA (Lefebvre et al., 1995). SMN
encodes a 38 kDa protein with 294 amino acids, ubiquitously expressed and localized in the
cytoplasm and the nucleus, and is particularly abundant in motor neurons of the spinal cord
(Coovert et al., 1997). The SMN protein is expressed in all somatic tissues and is highly
conserved in all living things (Paushkin et al., 2000; Miguel-Aliaga et al., 1999). SMN is a
fundamental protein especially in the nucleus where it is involved in the assembly of small
nuclear ribonucleoprotein complexes (snRNPs), thus being responsible for the correct RNA
maturation and metabolism (Piras et al., 2017; Bowerman et al., 2012). The Tudor domain (a
highly conserved motif with a function in protein-protein interactions) of SMN is responsible
for interaction with coilin, a marker of Cajal bodies (CBs) (Hebert et al., 2001). Mutations in
this domain, are often found in SMA patients. Inside the nucleus SMN protein is condensed
in dot-like structures linked with coiled Cajal bodies, named “gems” (Liu et al., 1996), which
are coilin negative as opposed to CBs. The gem’s function is still unclear, but it has been
observed that SMA patients are characterized by a reduced number of them in their nuclei
concerning controls (Lunn et al., 2008). How the reduced amount of SMN impacts the
formation of CBs or gems and how this affects the severity of SMA must be determined (Lunn

et al., 2008).



SMNI contains nine exons, with exon 8 remaining untranslated. SMN2 differs from SMNI1
at 5 bases, and a C-to-T transition in exon 7 of SMN2 favors skipping of exon 7 during
splicing, resulting in the majority of SMN2 products being a truncated isoform referred to as
SMNAT7 (Lorson et al., 1999; Chaytow et al., 2018). However, it is known that the missing
SMN protein can be partly offset by SMN2, in fact, the number of copies of SMN2 is inversely
proportional to the severity of the pathology (Lorson et al., 1999). Other SMN isoforms have
been found in various tissues (Figure 2, 3): an SMN6B protein can be translated from both
the Smnl and Smn2 genes by the inclusion of an intronic Alu sequence as an alternative exon
following exon 6 (Seo et al., 2016). SMNG6B is tracked both in the nucleus and cytosol and is
twofold more stable than SMNA7 but twofold less stable than full-length SMN. Another
isoform, SMNAS is present in muscle and the central nervous system (Gennarelli et al., 1995).
Finally, an axonal-SMN (a-SMN) has also been proposed, being produced from intron 3
retention during splicing; it is localized to the axon, and its expression is enhanced in the
spinal cord and the brain (Chaytow et al., 2018).

SMN is not only a common protein linked to genetic disease, but it turned out to be important
in multiple fundamental cellular homeostatic pathways, including a well-characterized role in
the assembly of the spliceosome and the biogenesis of ribonucleoproteins. The SMN protein
appears to be involved in multiple functions, including the resolution of R-loops. These are
structures that arise during transcription where DNA-RNA hybrids form. If these structures
go unresolved, it can result in genome instability and DNA damage. SMN associates with
both RNApolll and the helicase SETX during transcription, which are responsible for
resolving these structures (Lomonte et al., 2020).

SMN deficiency has been associated with alterations in oxidative status, dysfunction of
mitochondria, and impairment of bioenergetic pathways. More recent studies have shown that
SMN is also involved in other housekeeping processes, including mRNA trafficking and local
translation, cytoskeletal dynamics, endocytosis, and autophagy (Chaytow et al., 2018).
Moreover, SMN can influence the function of the ubiquitin-proteasome system, it is also
involved in various cellular signaling pathways and the dynamic regulation of membranes
and the cytoskeleton; all of these functions of SMN are crucial for mitochondrial biogenesis,
transport, and dynamics, and for Ca** homeostasis and cell signaling, (Zilio et al., 2022)
(Figure 4).

The in-depth study of the SMN protein regarding its ubiquitous presence and multiple

functions in all eukaryotic cells has led to the conclusion that SMA is not purely an MNs



disorder but it’s something more complex (Burr et al., 2023). It is still uncertain why MNs are

particularly susceptible to low levels of SMN protein. One theory has been put forward to try

to answer this question: the disruption of snRNP formation affects the splicing of a specific

set of genes that are important for MN circuitry. To date, the issue remains unresolved

(Burghes & Beattie et al., 2009; Fallini et al., 2012).

SMN isoform

Splicing

Protein isoform

Expression

Localisation

Full-length SMN (FL-
SMN)
SMNA7

Axonal-SMN (a-SMN)

SMNeB

SMNAS

Exons 1, 2a, 2b, 3, 4, 5,
6.7.8

Exons 1, 2a, 2b, 3, 4,
5.6.8

Inclusion of intron 3

Inclusion of an Alu ele-
ment forming exon 6B

Exclusion of exon 5

Functional SMN protein

Degradation signal intro-
duced by the change in
C-terminal
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premature stop codon
on the boundary of
exon 3intron 3

Truncated protein due to
premature stop codon
after exon 6B

Unknown

High expression during
development, decreas-
ing into the adult CNS

High expression during
development, decreas-
ing into the adult CNS

Expressed during devel-
opment, not derected
in the adult CNS

Unknown

Expressed in the mature
CNS

Nuclear gems and cyto-
solic, including axons,
dendrites and synapses

Nuclear accumulation

Motor neuron axons

Nuelear and cytosolic

Unknown

Fig. 2 Main isoforms of SMN (Chaytow et al., 2018).
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Fig.4 Different SMN functions (Zilio et al., 2022).

3 Spinal Muscular Atrophy Classification

SMA presents itself in a heterogeneous way ranging from death within weeks of birth to mild
proximal weakness developing during adulthood. The disease has been categorized into four
distinct types due to the detailed clinical reports collected over the last 125 years that describe
the clinical manifestations and the wide range of clinical severity of SMA. These reports were
compiled and registered into a categorization scheme in 1991 by the International Consortium
on Spinal Muscular Atrophy, encompassing numerous phenotypes. Initially, the classification
separated SMA into three distinct categories based on the patient's ability to stand or sit and
the age of pathology development. Later, a fourth category was introduced for adult patients
who developed the disease belatedly. Subsequently, a fifth category was necessary to include
patients with prenatal onset resulting in death within weeks (Kolb et al., 2016). Over time, the
classification and description of all types of SMA have become increasingly specific, with the
understanding that the severity of the pathology is inversely proportional to the number of

copies of SMN2 (Smeriglio et al., 2020; Burr et al., 2022) (Figure 5).



3.1 Type 0 (Congenital SMA)

The newborns diagnosed with type 0 SMA represent the most severe phenotype; they
typically only possess one copy of the Smn2 gene and do not survive for more than a few
weeks despite extensive respiratory support (Singh et al., 2021). SMA type 0 defines neonates
who exhibit severe weaknesses and hypotonia and who have a medical history of reduced
fetal movements. It is believed that the weakness is of prenatal origin. Infants with this
condition typically exhibit areflexia, facial diplegia, atrial septal defects, and joint
contractures. Life expectancy is shortened, and the majority do not survive past six months of

age (Kolb et al., 2016).

3.2 Type I (Werdnig-Hoffmann disease)

SMA Type 1, also known as Werdnig-Hoffmann disease, is a severe condition that usually
presents around six months of age. Individuals affected typically possess 2 to 3 copies of the
Smn2 gene. These patients exhibit decreased muscle tone, along with severe and progressive
muscle weakness, abnormal swallowing and speech, weakened sucking ability, and
respiratory failure. SMA Type 1 is characterized by rapid loss of MNs and it leads to fatal
outcomes or the need for permanent ventilator assistance in over 90% of patients (Singh et
al., 2021). The infants never attain the capability to sit independently, the profound hypotonia
they experience can result in a "frog-leg" posture when lying down and poor to absent control
of their head movements. The weakness in the intercostal muscles, with the diaphragm being
relatively spared, results in a chest with a bell-like shape and a pattern of breathing that is
paradoxical, commonly known as "belly breathing". Infants diagnosed with type 1 SMA
typically experience respiratory failure before the age of two years old. Assisted ventilation
can increase survival rates among patients with weak coughs that heighten the risk of mucus
aspiration. Such occurrences directly correlate to an amplified chance of recurrent pulmonary
infections and even suffocation-related death. In severe cases, tracheostomy and antibiotics
may be necessary to manage pneumonia and potential pulmonary complications (Kolb et al.,
2016; Darras et al., 2015). SMA Type I can be subcategorized into IA (or type 0), IB with

onset less than 3 months, and IC with onset from 3 to 6 months (Burr et al., 2023).
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3.3 Type II (Dubowitz disease)

SMA-II, Dubowitz disease, or intermediate type typically emerges between 6 and 18 months
of age. Most children affected with SMA-II typically possess three copies of the Smn2 gene.
Patients attain the ability to sit without support, and some also gain the ability to stand, but
not to walk independently. SMA-II patients exhibit difficulties sitting without support or
standing until they reach one year of age (Singh et al., 2021). This intermediate type of SMA
typically presents as gradual weakness in the proximal legs that exceeds weakness in the arms.
Progressive scoliosis and weakness of the intercostal muscles lead to restrictive lung disease.
In these children, cognition is normal (Kolb et al., 2016). Approximately 70% of patients
survive up to 25 years of age, with some surviving into their third decade; respiratory

compromise is the leading cause of death (Burr et al., 2023).

3.4 Type III (Kugelberg-Welander disease)

SMA-III, also referred to as Kugelberg-Welander disease, a mild SMA, is typified by varying
degrees of muscle weakness. Patients with SMA-III possess 3-4 copies of the Smn2 gene. The
incidence of SMA-III accounts for 30% of all cases of SMA in the population (Singh et al.,
2021). After 18 months, patients present with symptoms similar to type II, including
progressive proximal weakness that affects the legs more than the arms. Despite this, patients
can walk, but as the disease progresses, they may require a wheelchair. Patients may also
experience tremors or exhibit polyminimyoclonus in their hands. In certain instances,
prominent calves may be observed. Life expectancy is around adulthood. SMA Type III can
be further divided into IITA, which presents between 18 months and 3 years, and IIIB, which
presents after 3 years (Burr et al., 2023; Zerres et al., 1997).

3.5 Type IV (adult SMA)

SMA type IV manifests in later life (typically around the age of thirty) and less than 5% of all
SMA patients are affected by it. In this type of SMA, patients possess 4-8 copies of the Smn2
gene. It is a mild form of spinal muscular atrophy that does not significantly impact the
patient's life expectancy (Singh et al., 2021). Patients are ambulatory and present with mild

leg weakness and develop progressive proximal weakness (Burr et al., 2023).
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SMA Type Subtype AgeofOnset Level of Motor Functions Life Expectancy  SMN2cn (%)

0/1a pre-natal Need respiratory assistance <1 month
1 0—6 mo. Cannot sit independently <2 years 2 (73.4%)
1b Absence of head control and
ability to roll over
1c Sometimes gain head control

or the ability to roll from
supine to prone position

2 <18 mo. Cannot stand independently  >2 years 3 (81.8%)
2a Independent sitting lost
2b Independent
sitting conserved
3 >18 mo. Able to stand and walk Adulthood 34
independently (50.6%; 45.5%)
3a 18 mo.-3y.
3b »3y
4 >20y. Weaknesses in lower limbs Adulthood

Fig. 5 Current classification of SMA patients in 5 types (Smeriglio et al., 2020).

3.6 Non-5q SMAs forms

About 95% of cases of SMA result from homozygous deletions occurring in exons 7 and 8 of
the Smnl gene located on chromosome 5q13. This deletion leads to the development of 5q-
SMA, the most common form of the disease. The remaining approximately 5% of cases are
attributed to mutations in various other genes, comprising the non-5qSMA spectrum. Non-
5qSMA is currently associated with 16 genes and one unresolved locus (Axente et al., 2021).
Non-5q forms of SMA are rare and they exhibit genetic and clinical heterogeneity. Typically,
they are classified based on the mode of inheritance (autosomal dominant, autosomal
recessive, or X-linked) and the distribution of muscle weakness (proximal, distal, or bulbar)
(Peeters et al., 2014; Darras et al., 2015). One such form is spinal muscular atrophy with
respiratory distress (SMARD); it is an extremely rare neuromuscular disorder. Generally, it
manifests between two and six months of life. It is characterized by paralysis of the diaphragm
muscles and generalized muscle weakness. Other early clinical features identified in affected
children are growth retardation during fetal development, premature birth, weak crying, and
foot deformities. The illness is a variant of spinal muscular atrophy type 1, but compared to
the latter, the respiratory deficit is more serious. From the beginning, affected children require
mechanical ventilation; many are fed through a gastric probe. It is an autosomal recessive
disorder caused by mutations affecting the ighmbp2 gene located on chromosome 11, which

encodes a protein known as immunoglobulin p-binding protein 2 (IGHMBP2) or
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immunoglobulin S-p-binding protein 2 (SuBP-2). This protein is associated with the RNA
processing machinery in both the cytoplasm and the nucleus in a similar way to the SMN
protein (Zerres et al., 2003; Perego et al., 2020). Important clinical differences with 5q-SMA
consist of diaphragm involvement within the first few weeks of life, which is initially
unaffected in SMA, and weakness distribution that is distal instead of proximal (Zambon et
al., 2023).

One other form is pontocerebellar hypoplasia type 1 (PCH1) which is an autosomal recessive
condition and it is a major cause of non-5q spinal muscular atrophy. The range of phenotypes
in patients can include neonatal death to survival into puberty. Several symptoms can affect
patients, such as lower and upper motor neuron signs, ataxia, visual and hearing impairment,
seizures, or contractures. Additionally, a reduced cerebellar size is always observed, while the
shape remains unaltered (Ivanov et al., 2018; Zerres et al., 2003). In over 50% of cases, PCH1
results from mutations that affect the EXOSC3 gene (PCHI1B form), which encodes subunit
3 of the human exosome complex, the primary machinery responsible for processing RNA.
Therefore, it can be deduced that RNA processing is the root cause of both classical and non-
classical forms of SMA. PCHIC is similar to the PCH1B form, it arises from mutations in the
Exosc8 gene that encodes an additional subunit of the aforementioned complex. Few cases of
mutations affecting slc25a46 (a gene that encodes a mitochondrial carrier protein) have been
reported. It interacts with a protein complex involved in the maintenance of mitochondrial
cristae junctions, has pro-fission capacity, and acts in mitochondrial dynamics (Bagli et al.,
2017; Ivanov et al., 2018). VRK1 (vaccinia-related kinase) also can cause PCH. It encodes a
ubiquitously expressed protein that controls several processes, such as cell cycle regulation

or chromatin organization (Peeters et al., 2014).

4 Diagnosis and treatment of SMA

Unfortunately, due to the variation in age and severity of symptoms, there may be a delay in
making an initial diagnosis of SMA. Individuals with SMA may be identified by three
methods, namely preconception carrier screening, fetal prenatal testing, and post-birth testing.
Carrier screening is pertinent for individuals with or without a positive family history of SMA,

given the relatively high carrier frequency of deletions in SMN1. Prenatal testing of the fetus
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can be carried out through chorionic villus sampling or amniocentesis, or potentially through
the extraction of fetal cells from the maternal circulation. Newborns can undergo testing for
SMA shortly after birth through targeted diagnostic testing if they have a positive family
history of the disease, using commonly available testing laboratories, or through unbiased
population screening (Mercuri et al., 2022). Diagnostic tests, such as further genetic testing,
electromyography, or a blood test to measure creatine kinase, an enzyme released from
damaged muscles, may be required for children. Unlike a genetic molecular blood test, these
assays cannot accurately confirm a diagnosis of SMA, but they can be used to rule out also
other forms of muscle disease. To confirm the diagnosis of SMA a molecular genetic blood
test must be carried out to see if the child has a specific mutation in the Smn/ gene in fact this
test is also called as “Smn gene deletion test”. This test has a dual function as it also measures
the copy number of the Smn2 gene, which indicates the severity of the disease and plays a
fundamental role in identifying SMA conditions accurately. In cases of atypical SMA or
negative genetic testing for both Smn/ deletion and mutations, electromyography is a
fundamental tool (Naveed et al., 2021; Iftikhar et al., 2021). In any case, early diagnosis of
disease is crucial as it enhances treatment effectiveness.

The therapeutic options for SMA depend on the specific case and are determined by the type
and severity of the disease. The most severe forms of SMA result in extreme muscle atrophy
and weakness, necessitating urgent therapeutic interventions (Singh et al., 2021).

Currently, several SMA therapy possibilities exist (Table 1) and the main ones will be

explained below.
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Nusinersen SMN2 mRNA splicing modifier

Risdiplam SMN2 mRNA splicing modifier

Onasemnogene abeparvovec SMNI1 replacement via AAV9 vector

Stem cells Stem cells therapy

Reldesemtiv enhances the sensitivity of the troponin
complex in fast skeletal muscles to calcium

Apitegromab inhibits pro-myostatin and enhances motor
function

Olesoxime promotes the survival of purified MNs lacking
neurotrophic factors

Histone deacetylase inhibitors increase the expression of SMN

Indoprofen, TC007, Azithromycin, inhibition Stabilize the SMN protein
of the proteasome

Table 1 Treatment for SMA

4.1 Splicing modification of SMIN-2 gene

4.1.1 Nusinersen

Nusinersen (SPINRAZA) is the first licensed drug for treating SMA in both child and adult
patients. The US Food and Drug Administration (FDA) approved it in December 2016, while
the European Medicines Agency approved it in June 2017. Nusinersen is an antisense
oligonucleotide (ASO) developed to increase the expression of the SMN protein by
modulating the splicing of the SMN2 precursor messenger RNA (pre-mRNA) to make a full-
length mature messenger RNA (mRNA) from the SMN2 pre-mRNA (Gidaro et al., 2018;
Bennett et al., 2019). In 2006, Singh et collegues discovered Intronic Splicing Silencer N1
(ISS-N1), an intron-7 ISS in the Smni/2 genes of humans. This component is crucial in
regulating alternative splicing of SMN exon 7 and it is associated with SMA pathogenesis (Li
et al., 2020). The most optimum site for ASO targeting was identified within intron 7, located
approximately 10 nucleotides downstream of the 5'-splice site. The binding of this molecule
results in the shifting of the splicing suppressor proteins hnRNP A1/A2. This then permits U1
small nuclear ribonucleoproteins to bind to the 5'-splice site, thereby promoting the inclusion
of SMN2 exon 7 into mRNA (Bennet et al., 2019). Specifically, Nusinersen allows the
incorporation of exon 7 into the mRNA of SMN2 (Chiriboga et al., 2016) (Figure 6).
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The recommended dose for both adults and children entails a single administration of 12 mg
in 5 mL via the intrathecal route through a lumbar puncture because antisense
oligonucleotides cannot cross the blood-brain barrier (Messina et al., 2022; Aartsma-Rus et
al., 2017). Four initial loading doses are required, with the first three doses administered at
14-day intervals before the fourth dose is given 30 days after the third dose. One dose every
four months is the required maintenance dose (Singh et al., 2021).

Clinical trials have demonstrated that SMA type 1 afflicted patients display considerable
enhancements in their motor capabilities after a brief interval following treatment, with these
outcomes affirmed by a decline in the concentrations of markers for axonal damage in both
blood and cerebrospinal fluid (Bianchi et al., 2021). Other studies have indicated the favorable
outcomes of Nusinersen's treatment. Specifically, 51% of patients demonstrated significant
advancements in motor functions, such as achieving full head control and independent sitting,
whilst only 1% of cases showed standing ability (Finkel et al., 2017). Additionally, overall
survival rates were improved (Messina et al., 2022). Recently, a two-year phase IV study with
an open-label design was conducted to assess the safety and clinical outcomes of Nusinersen
therapy in infants and toddlers diagnosed with SMA, who require further medical assistance
following gene therapy treatment. Interim efficacy results from 29 participants treated with
Nusinersen indicated that the majority of patients demonstrated increased motor function
measured by the mean total score on the Hammersmith Infant Neurological Examination
Section 2 (Hine-2) scale, which showed improvements compared to the baseline. Nusinersen
has been approved in over 60 countries as a treatment for spinal muscular atrophy in
individuals ranging from infants to adults. (https://www.osservatoriomalattierare.it/).
Nusinersen could be administered to patients with type I SMA to extend their survival.
However, further investigations are required to determine whether it can improve muscle
function (Aartsma-Rus et al., 2017). No relevant adverse reactions were detected: levels of
CK and transaminases remained stable, indicating the absence of muscle injury or hepatic

abnormalities.
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Fig. 6 Mechanism of action of Nusinersen (Chiriboga et al., 2016).

4.1.2 Risdiplam

Risdiplam was granted FDA approval in August 2020 for treating SMA patients aged 2
months and above. Risdiplam is taken orally once a day after a meal, at about the same time
each day. During pre-mRNA splicing of SMN2, Risdiplam aids in the precise incorporation
of exon 7 into the mature transcript. This inclusion allows to production of adequate quantities
of functional SMN proteins required to counteract the loss of SMN1 function observed in
SMA patients (Ratni et al., 2021). In 2023 the European Commission approved to extension
of the marketing authorization of Risdiplam for the treatment of children below two months
old diagnosed with spinal muscular atrophy (SMA) type 1, 2, or 3, or with one to four SMN2
gene copies. The decision was based on provisional results from the Rainbowfish study of
pre-symptomatic infants with SMA type 1 aged between zero and six weeks. The Rainbowfish
study involved six children with either 2 or 3 copies of the Smn2 gene who participated in the
study for at least one year. After one year of treatment with Risdiplam, 100% (6/6) of the
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participants were able to sit, 67% (4/6) were able to stand, and 50% (3/6) could walk
independently. All children survived without permanent ventilation at 12 months

(https://www.osservatoriomalattierare.it/).

4.2 Gene-therapy Onasemnogene abeparvovec

Onasemnogene abeparvovec (Zolgensma®) formerly known as AVXS-101, is a drug based
on gene therapy approved by the FDA in 2019 and EMA in 2020 for pediatric SMA 5q-
patients who have up to three copies of SMN2 (Messina et al., 2022). Administered via a
single intravenous infusion, Onasemnogene abeparvovec utilizes the adeno-associated virus
(AAV9) vector to introduce a functional copy of the human survival motor neuron Smnl gene
into motor neuron cells (Figure 7). AAVs are small non-pathogenic viruses that can
efficiently transfect the central nervous system by targeting MNs and astrocytes. A particular
AAV serotype, namely serotype 9, can be delivered systemically or through intrathecal
injection, as it can cross the blood-brain barrier. Therefore, this allows for the noninvasive
administration of the therapy (Parente and Corti et al., 2018). Onasemnogene abeparvovec
was well-tolerated overall. While hepatotoxicity is a recognized risk, it can generally be
reduced with prophylactic prednisolone (Blair et al., 2022). Patients who have received
treatment exhibit enhanced motor and respiratory capabilities compared to the control group,
especially when treatment is administered at an early age, emphasizing the significance of

prompt diagnosis and treatment (Naveed et al., 2021).
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Fig. 7 Representation of gene therapy approach for SMA with scAAV9 vector (Parente & Corti et al., 2018).

4.3 Stem cells

Stem-cell therapies may yield distinct therapeutic advantages, including the safeguarding of
unimpaired motor neuron function, the modulation of environmental toxicity, as well as the
replacement of both neuronal and non-neuronal cellular populations. It has previously been
demonstrated that the transplantation of neural stem cells or motor neuron precursors into the
spinal cord or intrathecally into the cerebrospinal fluid improves the phenotype of the SMA
mice model (Parente & Corti et al., 2018). Embryonic stem cells can be differentiated into
neural stem cells through the use of retinoic acid, sonic hedgehog, and neurotrophic factors.
1PSC lines were produced from two patients with type I SMA through nucleofection of adult
fibroblasts with reprogramming factors using a non-viral vector method. The transplant into
a severe SMA mouse model resulted in an improvement in the disease phenotype, remedying
muscle connections and enhancing the physical appearance of the mice. Their weight
increased by approximately 50%, and their lifespan was also slightly extended, by around
40%. Although stem cell therapy looks promising, it is currently not comparable to the results
obtained with gene or molecular therapy (Zanetta et al., 2014). Zeng and colleagues have
generated two 1PSC lines from two SMA type I patients with homozygous SMN1 mutations
and confirmed their pluripotency and ability to differentiate into three germ layers. These

iPSC lines may be used to generate skeletal muscles to model muscle atrophy in SMA that
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persists after the treatment of motor neurons. Furthermore, they will serve as a complementary
platform for in vitro drug screening (Zeng et al. 2023). Even so, the safety and efficacy of cell
therapy must be carefully demonstrated in a preclinical setting before it can be used in humans
(Zanetta et al., 2014). In conclusion, the hope is that stem cell therapy in the future could also
be used in combination with other therapies to significantly improve SMA symptoms, thus
achieving the best possible therapeutic outcome.

However, whenever we think about using stem cells, we face several problems, such as their
limited accessibility and difficulty in obtaining them, as well as issues related to
immunosuppression.

Moreover, it has never been clarified how long the cells can persist in the adult body and

whether they can cause damage (Ahmadian-Moghadam et al., 2020; Zanetta et al., 2014).

4.4 Targeting SMN — independent factors

4.4.1 Reldesemtiv

Reldesemtiv (CK-2127107) i1s a second-generation fast skeletal muscle troponin activator
(FSTA). It enhances the sensitivity of the troponin complex in fast skeletal muscles to
calcium, leading to increased muscle strength in response to neuronal stimuli. It also delays
and reduces the onset and severity of muscle fatigue. Patients treated with this small molecule
exhibit benefits in a variety of parameters, such as the maximum ventilatory volume or the

ability to walk (Hwee et al., 2014; Messina et al., 2022).

4.4.2 Apitegromab

Apitegromab (SRK-015) is a monoclonal antibody designed to inhibit pro-myostatin and
enhance motor function in patients with SMA. SRK-015 has a specific binding affinity to
myostatin preforms, namely, pro myostatin and latent myostatin, leading to the inhibition of
myostatin activation. It is suggested for use as a monotherapy or an additional therapy to
enhance muscle function in affected individuals. It has been demonstrated that mono- and
multiple-ascending doses of Apitegromab are safe and well tolerated at doses up to 30 mg/kg

in healthy volunteers (Barrett et al., 2021). Inhibition of myostatin may prove to be a
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potentially beneficial treatment for patients affected by milder forms of the condition (Long

etal., 2019).

4.4.3 Olesoxime

Olesoxime (TRO19622) is a mitochondrial-targeted neuroprotective compound that is part of
a group of cholesterol-oximes that have been discovered for their ability to promote the
survival of purified MNs lacking neurotrophic factors. Olesoxime aims at the proteins found
on the outer mitochondrial membrane and accumulates in mitochondria to avoid the opening
of the permeability transition pore caused by oxidative stress, among other things. Olesoxime
has demonstrated considerable neuroprotective effects in several in vitro and in vivo models
(Bordet et al., 2010). Analyses indicated that Olesoxime may assist in maintaining motor
function in patients with Types 2/3 SMA. However, recent studies have unfortunately not
confirmed the results obtained in phase 2 clinical trials. Therefore, it is currently challenging
to determine the therapeutic efficacy of Olesoxime for SMA, particularly when compared to

the latest-generation medications (Muntoni et al., 2020).

4.5 Non-specific therapies to increase SMN levels

4.5.1 Histone deacetylase inhibitors

Histone deacetylase (HDAC) remodeling through acetylation and/or deacetylation is crucial
to the transcriptional regulation of eukaryotic cells. HDAC inhibitors selectively modify gene
transcription by remodeling chromatin and altering transcription factor complex protein
structure. HDAC inhibitors have been found to increase SMN2 promoter activity. Valproic
acid, a classic class I HDAC inhibitor, has demonstrated advantageous outcomes in SMA
mouse models increasing the expression of SMN. Another class I HDAC inhibitor,
phenylbutyrate, demonstrated significant SMN expression elevation in patient fibroblasts.
However, the drug showed highly varied outcomes in patients. While these molecules
demonstrated success in mice models of SMA, they have not progressed to clinical trials. In
conclusion, HDAC inhibitors alone do not provide the same level of therapeutic benefit as

SMN replacement (Mohseni et al., 2013; Chaytow et al., 2021).
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4.5.2 Stabilizing the SMN protein

Avoiding the degradation of SMNA7, the product of SMN2 would permit low-level
expression to have a more pronounced effect on intracellular pathways, which could be
therapeutic. Indoprofen is a non-steroidal anti-inflammatory drug (NSAID), which was
discovered through an SMN2-luciferase screen to raise SMN protein levels in patient
fibroblasts. This screening process was additionally utilized to establish further compounds
that enhance SMN expression in vitro and in vivo. A new aminoglycoside, TC007, has been
discovered to function as a read-through compound for exon 8 of SMN2, causing an increase
in the number of nuclear gems found in patient fibroblasts. Furthermore, it may slightly
enhance the survival rate of the severe SMA mouse model. Azithromycin has shown efficacy
in the animal model of SMA too. The inhibition of the proteasome may offer another
alternative means to enhance SMN levels. Notwithstanding, none of these approaches have

yet undergone clinical trials for SMA (Chaytow et al., 2021).

5 Animal models

The treatments for SMA that we know of today have been made possible by different animal
models that have allowed the discovery of new therapeutic strategies. The nematode
Caenorhabditis elegans (C. elegans) is a powerful model for studying the function of several
disease-related genes. The C. elegans genome has a single SMN ortholog, Smnl, which
encodes for an SMN protein with 36% identical characteristics to its human orthologue. SMN
is found essential for the survival of C. elegans animals. The C. elegans Smn/ mutants serve
as a proficient tool for identifying modulators of SMN function via large-scale screening. The
genome of Drosophila also encodes a single copy of the SMN ortholog Smn and it exhibits a
41% sequence homology to human SMN1. Drosophila models carrying various mutations of
Smn have undergone thorough development and analysis.

Another example is the zebrafish which is well suited to the examination of neuromuscular

dysfunction and motor neuron disease because of its well-established motor neuron circuitry
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and comparatively uncomplicated neuromuscular setup. Many techniques, including
transgenesis and gene knockdown/knockout, are feasible in zebrafish, which enhances the
model's potency for genetic studies.

The mouse, like most mammals, contains only one copy of SMN (unlike man, who contains
two). Homozygous deletion of Smnl in mice results in significant cell death during
embryonic blastocyst development, leading to lethality. This indicates the crucial biological
roles of the SMN protein. To establish the genetic basis of human SMA, various mouse
models have been created via gene targeting or transgenesis to express varying copies of
human SMN2 on a homozygous disruption background of Smnl. The phenotypic
presentations of severe (type I), intermediate (type II), and mild (type III) forms of SMA in
various mouse models demonstrate a direct correlation with SMN expression levels and this
finding aligns with clinical observations in humans (Edens et al., 2015). For these reasons,

mouse models are predominantly used as animal models for studying SMA.

5.1 SMINA7 mice model

The most widely used SMA mouse model is the Smn1—/—; SMN2tg/tg; SMNA7tg/tg called
SMA A7 mice by Jackson Laboratory stock #005025 (Le et al. 2005). This mouse model
carries two transgenic alleles and one targeted null mutant. The Tg(SMN2*delta7)4299 Ahmb
transgene comprises an SMA cDNA without exon 7, while the Tg(SMN2)89Ahmb transgene
comprises the complete human SMN2 gene. The Smn-targeted mutant lacZ reporter allele
substitutes endogenous Smn expression with lacZ expression
(https://www.jax.org/strain/005025). SMNA?7 is not harmful as it demonstrates a prolonged
survival rate of SMA mice from 5.2 to 13.3 days and exhibits symptoms and neuropathology
comparable to patients suffering from intermediate type Il SMA (Le et al., 2005; Edens et al.,
2015) (Figure 8). SMNA7 SMA mice are significantly smaller than their carrier and normal
littermates (Figure 9). They demonstrate deficits in surface righting, negative geotaxis, and
cliff aversion reflex responses. Furthermore, SMNA7 SMA mice demonstrate deficits in their
motor function manifested by lowered spontaneous activity levels (fewer grids crossed and
fewer pivots), prolonged latency in showing a crawling/walking response, and impaired
homing test response. Finally, these mice exhibit weakened muscle strength, indicated by a

considerable decrease in their grasping response (Butchbach et al., 2007).
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Fig 8 Cumulative survival of SMN2+/+; SMN -/- compared to SMN2+/+; SMNA7 +/+ SMN -/- (Le et al., 2005).

Fig. 9 SMNA7 SMA mouse with spinal muscular atrophy (left) and a control mouse (right) at 11 days old.
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6 SMA and skeletal muscle

Whilst the fundamental importance of MNs in SMA is widely acknowledged the more severe
forms of SMA demonstrate the involvement of many other tissues and organs (Sleigh et al.,
2011; Simone et al., 2016) and the muscular tissue, as already mentioned, is the most affected
tissue next MNs.

Pathological alterations in the skeletal muscle system in SMA mice models and patients with
SMA have been extensively documented in the scientific literature and a plausible direct
involvement of muscle in the pathogenesis of SMA has been postulated (Mutsaers et al., 2011;
Lee et al., 2011; Kim et al., 2020). Available data indicate a myotube maturation delay
(Martinez-Hernandez et al., 2009) and a disruption in the skeletal muscle molecular
composition, along with an increase in the activity of the cell death pathway (Lee et al., 2011).
Additionally, abnormal differentiation in muscle satellite cells has been reported (Hayhurst et
al., 2012). Skeletal muscle fibers from mice with muscle-specific SMN knockout showed a
disorganized sarcolemma and mice had reduced lifespan without displaying any overt
neuropathology (Cifuentes-Diaz et al., 2001). Histological analysis revealed also marked
variation in muscle fiber size, degenerative changes as internal nuclei, proliferation of
interstitial connective tissue, and necrosis leading to high serum CK levels (Namba et al.,
1970; Mastaglia and Walton et al., 1971). In vitro experiments have shown that muscle cells
from SMA patients displayed a reduction in fusion (Arnold et al., 2004), which can inhibit
neuronal outgrowth and development when co-cultured with wild-type motor neurons,
suggesting that degeneration of muscle-neuron communication is involved in the
development of SMA (Braun et al., 1995; Guettier-Sigrist et al., 2002). The decrease in
muscular force produced by SMA muscles is attributed to their small muscle fiber size rather
than any deficiencies in their innervation. Significant muscle weakness is associated with the
delayed expression of mature isoforms of specific proteins, such as ryanodine receptors and
sodium channels. Concurrently, there is increased expression of the perinatal myosin
isoforms, accompanied by decreased expression of the adult ones (Lee et al., 2011).

The significance of SMN protein to muscle function is intrinsic as studies have shown that
reintroducing SMN to muscle, even in advanced stages of pathology, can help alleviate the

condition (Kim et al., 2020).
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The effect of SMA on the skeletal muscle system is not uniform, and the muscle groups that
are affected by the disease and those spared are similar in both human and mouse models of
SMA (Durmus et al., 2017). Abnormalities and dysfunction in NMJs have been also
discovered leading to an overt phenotype that compromises survival.

Severe denervation affecting numerous muscles essential for vital motor functions (such as
maintaining head posture, respiration, and mastication) was observed in end-stage SMA mice
models similar to what we observe in human SMA patients (Ling et al., 2012). Denervation
is more prevalent in the muscles located in the head and trunk; however, it also occurs in the
muscles situated in the proximal and distal limbs (Ling et al., 2012). Mice SMA models
exhibit aberrant synaptic protein expression, delayed post-synaptic maturation, impairment in
the development of acetylcholine receptor (AChR) clusters together with impaired release of
synaptic vesicles (Jablonka et al., 2007; Kariya et al., 2008; Murray et al., 2008; Kong et al.,
2009; Ling et al., 2010; Ruiz et al., 2010; Torres-Benito et al., 2011). This is accountable for
the halted post-natal development of the NMJ and maturation of motor units and also

contributes to muscle weakness (Voigt et al., 2010).

The presence of mitochondrial disturbances in the locomotor muscles of patients and mice
models of SMA was also observed. It has been demonstrated, in fact, that muscle pathology
in SMA is connected to a decrease in mitochondrial respiration, reduced activity in enzymes
for oxidative phosphorylation, and a simultaneous reduction in the expression of subunits for
oxidative phosphorylation machinery that are encoded in both the nucleus and mitochondria
(James et al., 2021). Analysis of muscle biopsy samples from patients with SMA-II compared
to age-matched controls indicated evidence of mitochondrial dysfunction in skeletal muscle
as a decreased COX activity in the limb muscles and paraspinal muscles (Ripolone et al.,
2015). Defects in mitochondrial activity in SMA muscle impede proper muscle fiber
maturation and contraction, hence leading to patient weakness and hypotonia. It is interesting
to note that myoblasts and differentiated myotubes from SMA patients showed an intrinsic
energy deficit characterized by an increased reliance on mitochondrial ATP production (James
et al., 2021).

Finally, electron microscopy analysis has revealed the presence of mitochondrial swelling and
vacuolar degeneration, with various grades, with a concentric, onion-like arrangement of

mitochondrial cristae in SMA mice models with Smnl deficiency in muscle leading to
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autophagy/mitophagy alterations and finally defective mitochondrial clearance (Chemello et

al., 2023).

6.1 Diaphragm muscle in SMA

Although muscle atrophy and severe muscle weakness are the classic features of SMA, the
diaphragm muscle deserves a separate chapter.

Respiratory involvement plays a major role in morbidity and mortality in children (LoMauro
et al., 2016) and mice (Michaud et al., 2010) with SMA. Severe SMA mouse models exhibit
defects in breathing patterns with smaller ventilation volume, longer breath duration, and
greater apnea frequency and duration (Michaud et al., 2010). Intercostal and paraspinal
muscles are more impacted than the diaphragm, which is relatively less affected (Crawford et
al., 2003). Based on clinical evaluations, patients with intermediate type II SMA were found
to have relatively intact diaphragm strength. However, these patients also showed an increase
in fatigue sensitivity which can lead to acute respiratory failure, particularly during sleep
(Fauroux et al., 2020). This suggests that the diaphragm serves as the primary muscle upon
which the entire respiratory process relies and, as a result, experiences heightened fatigue.
Diaphragmatic fatigue was detected by Fauroux and colleagues in SMA type 2 patients above
10 years of age. The rapid increase in the burden on the diaphragmatic muscles, coupled with
the mechanical hindrance caused by spinal deformity, worsens lung compliance (Khirani et
al., 2013).

As has long been known, muscular fatigue is strongly linked to mitochondrial function
(Schiaffino & Reggiani et al., 2011). Mitochondria could influence muscle fatigue,
predominantly through the modulation of energy production and/or through ROS
accumulation and consequently the oxidation of cellular proteins including myofilaments,
DHPR, RyR1 receptors, and SERCA pumps (Wan et al., 2017).

Very few studies analyzed the human SMA diaphragm at the molecular level. No clear damage
at the mitochondrial level was found in one postmortem diaphragm muscle sample from a

patient with SMA type I (Ripolone et al., 2015).

Degenerative changes of NMJs in the diaphragm have been described. At the molecular level,

the majority of NMJs in the diaphragm of mice with SMA exhibit suboptimal terminal
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arborization, as well as neurofilament buildup and a decreased quantity of AchRs (Neve et
al., 2016; Kariya et al., 2008). The axons of the phrenic nerve innervating the SMA diaphragm
degenerate, but functionally, however, this muscle appears to be comparatively preserved,
which may be a paradox that can be explained by the diaphragm's ability to tolerate a much
higher loss of healthy motor units than other nearby muscle groups (Kariya et al., 2008).
Moreover, pronounced swelling and disintegration of mitochondria have been observed in
both the postsynaptic areas and the presynaptic axon terminal of mice diaphragm (Voigt et al.,
2014). Finally, a proteomic study evidenced altered expression of several proteins involved
in diverse mechanisms, including the respiratory electron transport chain, mitochondrial
transport, proteolysis, oxidative phosphorylation, protein acetylation, and apoptosis at the
level of sub-synaptic regions (Neve et al., 2016).

These changes seem to be degenerative rather than developmental. In fact, the diaphragm
must be highly efficient at birth to expand and clear the lungs, as movement is very limited in
the first few days of life. The maturation of the neuromuscular components of the trunk
proceeds in a neck-to-tail direction during embryogenesis. This means that the occurrence of
SMA-dependent pathological changes may be contingent upon the maturation of motor units,
despite the fact that these changes are not developmental in and of themselves. This stage
would be reached earlier in the diaphragm than in the lower limbs (Voigt et al., 2010; Voigt et
al., 2014; Mcgovern et al., 2008).

7 SMA and Nervous System

SMN deficiency plays a major role in MNs' development and maintenance, which could result
in the intrinsic deterioration of skeletal muscle due to MNs death in SMA.

The rapid degeneration of MNs during disease onset results in postnatal NMJ impairments
both in mice and humans.

As already mentioned NMJ pathology in SMA mice involves the accumulation of
neurofilaments and insufficient axonal growth, causing denervation and disrupted calcium
homeostasis that leads to decreased motor neuron excitability, reduced terminal arborization,
and inhibited synaptic vesicle release (Kariya et al., 2008; Shababi et al., 2014). Interesting

studies indicate that these impairments could arise as a secondary outcome of intrinsic MNs
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pathology, as synapse loss is inhibited by a selective increase of SMN levels in MNs (Gogliotti
et al., 2012). Specific deficiencies comprise hindered acquisition of excitatory synaptic inputs
of MNs and mature firing patterns of MNs; radial growth of motor axons, ensheathment, and
myelination of Schwann cells (Mercuri et al., 2022). Mitochondria in the MNs of SMA-
afflicted mice displayed functional impairment and fragmentation, along with reduced
respiration and ATP synthesis, defective retrograde transport, lower membrane potential, and
increased ROS production (Miller et al., 2016).

The low levels of SMN could also impact certain phases of brain maturation and maintenance.
Low SMN levels disturb cell proliferation and neurogenesis in SMA mice (Wishart et al.,
2010). The most notable morphological changes were qualitatively observed in the
hippocampus, with a particularly striking effect on the hippocampal dentate gyrus. Wishart
and colleagues showed evidence of reduced hippocampal cellular proliferation and
neurogenesis after birth in severe SMA mice models, alongside changes in protein expression
levels that control proliferation, migration, and developmental process of neuronal cells.
Nevertheless, cognitive function remains preserved in chronic SMA, and clinical observations
suggest that infants with SMA Type II exhibit earlier speech development compared to
typically developing toddlers (Shababi et al., 2014).

Moreover, the brain shows a high sensitivity to oxidative stress; consequently, the
maintenance of redox homeostasis in the brain is crucial for the regular function of the central
nervous system (CNS). The redox imbalance might cause tissue damage and initiate
neurodegenerative disorders (NDDs). In the brain, mitochondria play a key role in ATP supply
to cells via oxidative phosphorylation, as well as the synthesis of essential biological
molecules. Inefficient oxidative phosphorylation may generate ROS. Mitochondrial
metabolism, phospholipid metabolism, and proteolytic pathways are the potential and major
sources of free radicals. A lower concentration of ROS is essential for normal cellular
signaling, whereas the higher concentration and long-time exposure of ROS cause damage to
cellular macromolecules such as DNA, lipids, and proteins, ultimately resulting in necrosis
and apoptotic cell death. Various neurodegenerative diseases such as Parkinson’s disease
(PD), Alzheimer’s disease (AD), Huntington’s disease (HD), and amyotrophic lateral
sclerosis (ALS), among others, can be the result of biochemical alteration due to oxidative
stress (Singh et al., 2019; Jurcau et al., 2021). Most likely these alterations are also present in

SMA (Hayashi et al., 2002; James et al., 2021).
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Ultimately, it can be said that increased ROS and oxidative stress in SMA pathology, with any
exceptions indicating that tissue/cell-type differences and the type of ROS examined, are

important (Acsadi et al., 2009).

8 Hericium erinaceus and Ergothioneine

Hericium erinaceus also known as Yamabushitake (in Japanese), Houtou (in Chinese), or
"lion's mane", is an edible and medicinal mushroom belonging to the class Basidiomycetes,
subclass Holobasidiomycetidae, order Hericiales, and family Hericiaceae. It has been used in
traditional Chinese medicine for centuries (Gravina et al., 2023). H. erinaceus synthesizes at
least 70 distinct bioactive metabolites including B-glucans, erinacines, hericenones, alkaloids,
sterols, and volatile aroma compounds. H. erinaceus has many health-promoting properties
such as antibiotic, anticancer, antioxidant, antifatigue, antisenescence, neuroprotective,
antidepressant, and anti-anxiety activities. It has been demonstrated that the inclusion of H.
erinaceus in the diet proved effective in increasing hippocampal neurotransmission,
enhancing locomotor performance and recognition memory in normal mice, and improving
recognition memory in frail mice during aging (Ratto et al., 2019; Rossi et al., 2018;
Brandalise et al., 2017). Additionally, it induced hippocampal and cerebellar neurogenesis
(Roda et al., 2021). The impacts of H.erinaceus are not limited to the nervous system. It has
been noted that administering this mushroom to mice enhances muscle endurance and boosts
mitochondrial function (Komiya et al., 2019).

Of all the components found in H. erinacius, Ergothioneine is undoubtedly one of the most
significant. L-Ergothioneine (ERGO) is a thiol derivative of histidine that occurs naturally
(Tang et al., 2018) (Figure 10). It is named after the Ergot fungus which was responsible for
its first identification (Cheah et al., 2017). ERGO arises naturally in the human diet and is
synthesized by most mushrooms, cyanobacteria, and numerous types of soil bacteria, although
not by animals or plants (Ames et al., 2018). However, it is actively absorbed from the diet of
both humans and animals by an intestinal transporter, OCTN1, (encoded by the gene sic22a4
or Octnl) that has a high degree of specificity. This suggests that ERGO serves a useful
function. It is also not quickly metabolized or excreted in urine so it can be found in a variety

of human tissues and bodily fluids (Halliwell et al., 2018). Numerous in vitro studies have
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indeed demonstrated that ERGO has many functions. It is capable of scavenging ROS and
Reactive Nitrogen Species (RNS), such as hydroxyl radicals, hypochlorous acid, singlet
oxygen, and peroxynitrite; can also modulate inflammation, chelate divalent metal cations
like iron and copper (thus reducing their potential to cause oxidative damage), and protect
various sources of damage (Cheah et al., 2017). In addition, ERGO may protect mitochondrial
DNA from oxidative damage caused by hydrogen peroxide or UV exposure. The therapeutic
benefits of ERGO are thought to be mediated through mitochondrial protection (Cheah et al.,
2021). It has been suggested that ERGO accumulates and acts as an adaptive antioxidant for
the protection of injured tissues. Human studies confirm these effects (Ames et al., 2018).
This accumulation appears to be linked to a rise in the expression of the Octnl gene, causing
an increase in transporter activity (Halliwell et al., 2018). The deletion of the Octnl
transporter gene in mice or zebrafish leads to oxidative damage to DNA and lipids,
highlighting its essential role. Moreover, ERGO promotes the differentiation of neuronal stem
cells, which could be crucial for the development and maintenance of the central nervous
system (Cheah et al., 2017). The available evidence indicates that ERGO could potentially
safeguard the brain from oxidative damage, neuro-inflammation, and toxic amyloid
accumulation, and target underlying pathologies in neurodegeneration. Regarding its
distribution in the organism, Ergo is capable of crossing the blood-brain barrier, this includes
breast milk and even the placenta (Halliwell et al., 2018). ERGO is currently being used as a
human food supplement for its antioxidant, cell protection, vision, and heart health properties

(Halliwell et al., 2018).
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Fig. 10 Structure of Ergothioneine (Tang et al., 2018).
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Aims and Objectives

The relevance of respiratory muscles to the clinical picture of patients with SMA and the lack
of data on the intrinsic contractile capacity of the diaphragm warrant investigations. The main
goal of this study is to perform a comprehensive analysis of intrinsic diaphragm functionality
and underlying molecular adaptations by integrating functional, biochemical, and molecular
analyses of i1solated diaphragm muscle from the SMNA7 mouse of 11 days. By utilizing a
SMA mouse model, we could investigate the diaphragm muscle, which for obvious ethical
reasons, cannot be studied at the molecular level in humans. To further understand the
diaphragm muscle defects could be of importance for the prevention and effective

management of respiratory complications in SMA patients.

The second aim of the study was to test the effect of ERGO, a very potent natural antioxidant
molecule, on SMA mice in vivo. The identification of a natural supplement capable of
improving the life quality in SMA mice and possibly in SMA patients could be a valuable tool
to be combined with the current therapies.

In order to answer this aim, a dietary supplementation will be carried out in pregnant/mothers
by adding ERGO to drinking water during pregnancy and feeding time, and the life quality

and the lifespan of the newborns were analyzed.

The effectiveness of ERGO treatment was evaluated also on the isolated diaphragm. Based
on the antioxidant and protective actions of ERGO on mitochondrial constituents and
properties, the hypothesis that oxidative/metabolic damage in diaphragm muscle may play a

major role in SMA phenotype could be validated.

Finally, in collaboration with Dr. Daniele Bottai, a neurobiologist with great experience in
neural stem cells and neurodegenerative diseases, molecular and cellular analyses on Neural
Stem Cells (NSCs) prepared from the subventricular zone of the brain of SMNA7 mice were
also performed. Studying the impact of ERGO on NSCs and diaphragm muscle will allow us
to understand whether the effect in vivo is only due to a peripheral action or can be achieved

by a concomitant action at a central level.
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Material and methods

1 Animals and treatment

Mice showing SMA phenotype and control littermate mice 11 days of age were used (SMNA7
mice from Jackson Laboratory stock #005025). This time point was adopted as a compromise
to obtain a higher number of sick animals that are alive, given that the median survival age of
SMNAT7 mice is approximately 13 days. SMNA7 mice have undergone genetic modification
to serve as carriers. They have been engineered to contain two transgenic genes: the Smnl
gene, which lacks exon 7 (SMNA?7), and the human Smn?2 allele, as well as the mutated Smn 1
gene. These models are created through Genome Editing techniques and are employed to
develop disease models by inserting specific mutations in one or several genes. Transgenic
animals are essential for studying gene expression and conducting biomedical research. In our
particular case, we can replicate human symptoms of a genetic disease, enabling us to study
it in depth.

Heterozygous SMNA7 mice for the null allele (SMN+/—) were bred, resulting in offspring
with the following genotypes:

. Homozygous for both transgenes and heterozygous for the null allele (7SMN+/+; SMN2 +/+;
SMN-+/——50%). These mice do not show SMA phenotype and are used as breeders.

. Homozygous for both transgenes and homozygous for the null allele (7SMN+/+; SMN2 +/+;
SMN+/+—25%). These mice do not show SMA phenotype and are used as control mice
(WTs).

. Homozygous for both transgenes and homozygous for the null allele (7SMN+/+; SMN2 +/+;
SMN—/—25%). These mice show SMA phenotype (SMAs).

To evaluate the effect of ERGO, a dietary supplementation will be carried out in heterozygous
SMNA?7 pregnant/mother by adding ERGO (20 pg/die) to drinking water during pregnancy
and feeding time. As already mentioned, ERGO is capable of crossing the blood-brain barrier,
this includes breast milk and even the placenta (Halliwell et al., 2018).

From mating with a heterozygous male, we obtained:
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1. Treated homozygous for both transgenes and heterozygous for the null allele
(7SMN+/+; SMN2 +/+; SMN+/—50%). These mice after washing out were used as
breeders.

2. Treated homozygous for both transgenes and homozygous for the null allele
(7SMN+/+; SMN2 +/+; SMN+/+—25%). These mice were named WT+ERGO.

3. Treated homozygous for both transgenes and homozygous for the null allele
(7SMN+/+; SMN2 +/+; SMN—/———25%). These mice were named SMA+ERGO.

Mice were genotyped utilizing a PCR assay.

They were euthanized using cervical dislocation. The lower part of the thorax was excised,
and the muscle of the diaphragm was dissected.

All procedures were approved by the Animal Care and Use Committee at the University of
Pavia (protocol reference number 280/2021-PR) and were communicated to the Ministry of

Health and local authorities by Italian law.
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2 Genotyping

A piece of the tail was taken from each newborn as a sample for testing. Each sample was
transferred in a 1.5 ml tube, where 500 pl of Lysis buffer final volume of100mL (10mL of
Tris HCI 1 M pH 8.5, SmL EDTA 100 mm pH 8, 1ml of 20% SDS, 20mL of NaCl 1M) and
30 ul of Proteinase K, an enzyme belonging to the S8 family of proteases, commonly used in
molecular biology to purify the preparations of nucleic acids digesting contaminant proteins
have been previously added. The presence of Protein K is required because it inactivates
nucleases (in this case DNases) that might degrade DNA during the purification. Each sample
tube was placed in a thermostatically controlled bath at 55°C overnight. Following this, the
samples underwent centrifugation for 10 minutes at 14000 rpm under room temperature, and
the resultant supernatant was then added to 500 pl of isopropanol to allow the recovery of the
DNA in solid form. Further centrifugation is performed at the maximum speed for 5 min at
room temperature. Subsequently, the supernatant is discarded. 1 mL of 70% ethanol was
added to each DNA sample, followed by a third centrifugation at 14000 rpm for 10 minutes
at room temperature. Subsequently, the supernatant was removed once again. The pellets
obtained from each sample were resuspended in 200 pl of TE final volume 100 ml (1mL of
Tris HCI 1 M PH 8.5, Iml of EDTA 100 mm PH 8). Each sample was then incubated in a bath
at 55°C for 5 hours while agitating. The DNA thus obtained was then quantified, (ng/ul) using
a NanoPhotometer N60/N50 (IMPLEN, Westlake Village, CA, USA). The next stage involves
the use of PCR, or polymerase chain reaction, a molecular technique that enables us to amplify
fragments of nucleic acids. However, we must be aware of the initial and terminal nucleotide
sequences.

Offspring were genotyped using a PCR-based test carried out on tail DNA samples. The
mouse Smn knock-out allele was detected using the primers (Sigma Aldrich, St. Louis, MO,
USA) in Table 2. The procedure for PCR involved heating for 5 minutes at 94 -C, following
which there were 40 cycles, each consisting of 1 minute at 94 -C, 1 minute at 53 °C, and 1
minute at 72 °C. After PCR, electrophoresis was performed on a 1.5% agarose gel. This
method is commonly utilized for examining and isolating nucleic acids by capitalizing on the
charges inherent in DNA or RNA molecules (which are negatively charged) to encourage their
migration, under the influence of an electric field, through the agarose gel. The samples for

analysis have been placed in specific vertical slots, known as "wells". As DNA is a polyanion,
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fragments are inclined to migrate towards the positive pole of the gel. To enable the
visualization of nucleic acids, several dyes are available for use. Ethidium bromide is the most
commonly used dye. This molecule is intercalated between DNA bases and emits fluorescent
light when it is exposed to ultraviolet light (300 nm). Ethidium bromide can be used in the
gel preparation process. After running we proceed to the acquisition of the bands on the gel
using UV transillumination system ImageMaster® VDS. The 800 kDa band corresponds to
the WT phenotype, while the 500 kDa band corresponds to the SMA phenotype. The presence
of both bands indicates the heterozygous phenotype. On the eleventh day of the life of mice,
WT and SMA animals are sacrificed, and the diaphragm is collected for functional or

molecular studies.

SMN1 WT FORWARD S'CTCCGGGATATTGGGATTG ¥
SMN1 WT REVERSE 5 TTTCTTCTGGCTGTGCCTIT 3
SMN1 MUTANT REVERSE 5' GGTAACGCCAGGGTTTTCC 3
SMN2 WT FORWARD 5" CTGACCTACCAGGGATGAGG 3'
SMN2 TRANSGENE 5" GCTCTGTTCTACAGCCACAGC ¥
SMN2 WT REVERSE S'CCCAGCTGCGTTTATAGACTCAGA 3
SMNA7 TRANSGENE 01 5 TCCATTTCCTTCTGGACCAC 3
SMNA7 TRANSGENE 02 5" ACCCATTCCACTTCCTTTIT 3
SMNA7 POSITIVE CTRL FORWARD 5 CAAATGTTCCTTGTCTGGTG 3
SMNA7 POSITIVE CTRL REVERSE 5 GTCAGTCGAGTGCACAGTITY

Table 2 Primers used for PCR assay to genotype offspring (Cadile et al., 2023).

3 Ex Vivo Functional Analysis

The mice were sacrificed by cervical dislocation, the lower part of the chest was removed,
and the diaphragm (Figure 11) was sectioned and immersed in an oxygenated Krebs solution
(NaCl 120 mM, KCl1 2,4 mM, CaCl> 2,5 mM, MgSO4 1,2 mM, Glucose 5,6 mM, KH,PO4 1,2
mM, NaHCOs 24,8 mM, pH 7.4). A stereomicroscope (with a magnification range of %10 to
x60) was employed for the dissection of diaphragm strips (with a width of 1-2 mm) that
encompassed the central tendon. The diaphragm strips were transferred to the myograph and
secured using hooks between a force transducer (AMES801; Aksjeselkapet Mikkroelektronik,

Horten, Norway) and a movable shaft that is used for adjusting the muscle length. The strips
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were fastened by creating small apertures in between the ribs and reinforcing them using
ligatures of silk thread (Rossi et al., 2001). At a stable temperature of 22°C, the samples were
transferred to an organ bath containing Krebs solution enriched with 95% O and 5% COx,
and connected to a force transducer (FT-03, Astromed, West Warwick, RI USA). Platinum
electrodes, linked to a stimulator (stimulator S48, AstroMed, Warwick, RI, USA), were
situated on either side of the perfusion bath, around 2 mm from the sample. The preparations
were stretched to Lo (the length at which maximum twitch force is observable), and their
reaction to electrical stimulation was measured (Figure 12). Strips were stimulated for
approximately 30 minutes using supra-maximal and low-frequency stimuli (0.03 Hz). The
maximum force of contraction, the time at the peak tension (TTP), and the relaxation time
(TTR) were measured. Afterward, tetanic isometric contractions (110 Hz, 500 ms,
supramaximal amplitude) were evoked at Lo. The fatigue index was calculated by measuring
the reduction in maximum absolute tetanic force following 20 successive contractions using
a ramp protocol at frequencies of 0.03, 0.09, 0.3, and 0.9 Hz (Careccia et al., 2021;
Mahmoodzadeh et al., 2021). The normalized tetanic force was expressed as the maximal
tetanic force/muscle cross-sectional area (CSA) (mN/mm?), while the fatigue index was
expressed as a percentage of the maximal tetanic force. The voltage transducer's output signals
underwent analog-to-digital conversion (A/D) and were stored in a personal computer (PC)
for subsequent analysis. The analysis was performed using the CEA Spike2 software (CED,
Cambridge, UK) and the Cambridge Electronic Design (CED) 1401 A/D electronic converter.
The functional experiments were repeated after incubating for 30 minutes in Krebs solution
augmented with 0.4% of a water solution that contained 20pg of ERGO, to demonstrate the
capacity of this molecule to confer advantages on muscle functions. The dosage of ERGO
was selected from relevant literature (Roda et al., 2021) and adjusted to facilitate a

translational comparative study with human subjects taking ERGO as a dietary supplement.
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Fig. 11 Isolated mouse diaphragm. Fig. 12 The diaphragm strips in the organic bath.

4 Oxyblot Analysis

Frozen diaphragm samples were homogenized at 4 °C in a buffer consisting of protease
inhibitors (1:50), B-mercaptoethanol (1,5% v/v), Tris-HC1 0.5M pH 7.6, NaCl 1M, EDTA 100
mM pH 7, and 0.1% NP40. The suspension of protein underwent centrifugation at a speed of
13,500 rpm for 20 min at 5 °C. Following the recovery of the supernatant, protein
concentration was determined using the RC DC Protein Assay from Bio-Rad Laboratories via
spectrophotometric analysis. Oxyblot Protein Oxidation Detection Kit (purchased from
Millipore, Vimodrone, Italy) was utilized to detect the protein carbonylation level, using
reagents to detect carbonyl groups in the protein side chain. Six micrograms of protein lysate
were denatured by the addition of 12% SDS, resulting in a final SDS concentration of 6%.
Samples were derivatized, through incubation for 10 min with 2,4-dinitrophenylhydrazine
(DNPH), to 2,4 dinitrophenylhydrazone (DNP hydrazone). The derivatization reaction was
then blocked by the addition of 7.5 pl of a neutralization solution. Lastly, beta-
mercaptoethanol (5% v/v) was added to each sample. The DNP-derivatized protein samples
were separated using polyacrylamide gel electrophoresis (4—20% SDS precast gels, Biorad,
Hercules, CA, USA) and subsequently subjected to Western blotting. One-dimensional
electrophoresis was then performed on 15% SDS-polyacrylamide gel (running gel:

Acrylamide (40% solution) 37.8%, bis (2% solution) 20.2%, Tris-HCI (1.5 M solution pH
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8.8) 870 mm, SDS 0.5%, ammonium persulphate 0.3%, TEMED 0.075%; staking gel:
Acrylamide (40% solution) 11.4%, bis (2% solution) 6%, Tris-HCI (1 M solution pH 6.8) 350
mm, SDS 0.5%, ammonium persulphate 0.5%, TEMED 0.1%). The proteins were
subsequently transferred onto nitrocellulose membranes at 100V 400 mA 100 W for a total
duration of 2 hours. The membranes were first stained with Ponceau Red and then incubated
with a 3% BSA/T-PBS 1X solution (Aspecific Bond Block Solution) at room temperature
with stirring for 2 hours to achieve blocking. Subsequently were incubated with a primary
antibody that specifically targeted the DNP moiety of the proteins. This was succeeded by an
HRP-antibody conjugate that targeted the primary antibody (second antibody: goat anti-rabbit
IgG). Protein detection was performed using the Amersham ECL Select™ detection system
(Cytiva Life Sciences, ex GE Healthcare, Marlborough, MA, USA), which highlights the
HPR substrate through a chemiluminescent reaction. Membranes were obtained using
ImageQuant™ LAS 4000 analysis software (GE Healthcare Life Sciences, Milwaukee, WI,
USA) and the densitometric analysis was carried out using Photoshop 7 (Adobe) software.
Protein oxidation was measured by determining the oxidative index (OI), which is the ratio
of densitometric values of the OXYBLOT bands to those stained with Ponceau Red. The OI

was compared between different experiments by expressing it relative to the control samples.

5 Gene Expression Analysis

Frozen muscle tissues were pulverized using a sterile pestle and mortar previously treated
with RNase Zap (Merck, Germany) to remove any trace of RNase presence. The powder
resulting from each sample was used for RNA extraction using a specific kit (SV Total RNA
Isolation System, Promega, Italia). The concentration of RNA was evaluated by using
NanoPhotometer N60/N50 (IMPLEN, Westlake Village, CA, USA). The protocol was as
follows: in 300 ng of RNA of each sample were added 2 pL of reaction mix composed by 1
pL of random primers and 1 pL of deoxyribonucleosides (dATP, dGTP, dCTP, and dTTP 10
mM each at neutral pH) and 6.5 pL of a second mix composed by First-Strand Buffer 5x,
DTT 0.1 M, RNaseOUT Recombinant RNase Inhibitor (40 U/uL) and SuperScript III RT (200
U/uL). The mixture thus composed was incubated at 25°C for 5 min, and at 50°C for 60 min

(annealing and extension steps). Afterward, the reaction was inactivated by increasing the
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temperature to 70°C for 15 minutes. The cDNA obtained was analyzed by real-time PCR

(Applied Biosystems 7500, Waltham, MA) with the SYBR Green PCR kit (Applied
Biosystems, Waltham, MA). A mixture, containing 15 pL of SYBR Green PCR Master Mix,
0.6 uL of oligo primers specific to each gene, 3 uL of cDNA mold of each sample, and 12 pL.
of sterile H20, was prepared. The protocol for amplifying the gene involved a four-step
process: A pre-incubation cycle of ten minutes at 95°C is necessary for activating the Hot-
Start-Taq polymerase and denaturing the DNA. Forty amplification cycles, with each one
divided into:

First, the samples were subjected to denaturation by being brought to a temperature of 95°C
for 15 seconds.

A 60-second step was taken at 60°C, during which the primer was annealed.

A 30-second stage at 72°C was performed, during which the DNA strand underwent
elongation.

Table 3 presents oligonucleotide primers implemented for real-time PCR. The concentration
of the target gene was quantified concerning the housekeeping gene (GAPDH) concentration.
The ACt was computed by deducting the threshold cycles (Ct) values of each sample from
the Ct value of the reference sample for both the housekeeping genes and target genes. The
values obtained from the target genes were normalized against the values obtained from the

housekeeping gene.

Forward Primer Reverse Primer
SERCA1 TCTTTGTCCTATTITCGGGGTG AATCCCCACAAGCAGGTCTTC
SERCAZ CACAACGCTCACACAAAGACC CAATTCGTTGCAGCCCCAT
PGCla ACCCCAGAGTCACCAAATGA CGAAGCCTTGAAAGGGTTATC
SIRT1 CCCGCGGATAGGTCCATATACT AACAATCTCCCACAGCGTCA
NRF1 GCACCTTTGGAGAATGTGGT CTCAGCCTGCGTCATTTTGT
NRF2 TICTTTCAGCAGCATCCTCTCCAC ACAGCCTTCAATAGTCCCGTCCAG
BNIP3 TTCCACTAGCACCTTCTGATCA GAACACCGCATTTACAGAACAA

Table 3 Oligonucleotide primers used for real-time PCR (Cadile et al., 2023).
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6 Western Blot Analysis

Frozen muscles were pulverized using a ceramic pestle in a steel mortar while keeping it
frozen with a continuous supply of liquid nitrogen to preserve the integrity of muscle
components. The obtained powder was homogenized using a lysis buffer containing Tris-HCI
20 mM, Triton X-100 1%, glycerol 10%, NaCl 150 mM, EDTA 5 mM, NaF 100 mM, and
NaPPi 2 mM supplemented with protease inhibitor 5x (Protease Inhibitor Cocktail, Sigma-
Aldrich, St. Louis MO), phosphatase inhibitors 1x (phosphatase Inhibitor Cocktail, Sigma-
Aldrich, St. Louis MO), and phenylmethylsulfonyl fluoride (PMSF) 1 mM. Tissue lysis was
carried out on ice for a duration of 40 minutes. The homogenate was centrifuged at 13,500
rpm for 20 minutes at 4°C. Subsequently, the supernatant was transferred to clean Eppendorf
tubes and kept at -80°C until required. The protein concentration in the lysates was ascertained
utilizing the reducing agent and detergent compatible (RC-DC) protein assay (Bio-Rad,
Hercules, CA). It is a colorimetric assay utilized for the determination of protein in the
presence of reducing agents and detergents. Equal amounts of muscle samples were loaded
on 4-20% gradient precast gels purchased from BioRad (Bio-Rad, Hercules, CA) and
subjected to electrophoresis. Electrophoresis was conducted for two hours at a constant
current of 100 V in a running buffer with pH 8.8 (Tris 25 mM, glycine 192 mM, SDS 1%).
To monitor protein separation, a marker of protein molecular weight (Prestained Protein
Ladder Marker, Bio-Rad, Hercules, CA) comprising a mixture of proteins with known
molecular weight was loaded onto the gel. Proteins were electro-transferred to polyvinylidene
fluoride (PVDF) membranes using a constant voltage of 100 V for 2 hours at 4°C in a transfer
buffer comprising Tris 25 mM, glycine 192 mM, and methanol 20%. The effective protein
transfer to the membrane was the membrane was confirmed by staining with Ponceau Red
(Merck, Darmstadt, Germany) in acetic acid (Ponceau Red 0.2% in acetic acid 3%) for 15
minutes with stirring at room temperature. Non-specific binding sites on the PVDF membrane
were saturated using a blocking solution consisting of 5% fat-free milk in solution with Tris
0.02 M, NaCl 0.05 M, and Tween-20 0.1% (Tris-buffered saline-Tween 20, TBS-T) for 2h at
room temperature with constant agitation. After incubation, the membrane underwent three
washes of TBS-T, each lasting 10 minutes. Afterward, the membranes were incubated with
specific primary antibodies (Table 4) overnight at 4°C. Subsequently, the membranes were

incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies.
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Protein detection was carried out using an advanced chemiluminescence detection system
(GE Healthcare Life Sciences, Little Chalfont, UK) that identifies the substrate of horseradish
peroxidase (HRP) by chemiluminescence reaction (Figure 13). The membrane was analyzed
using ImageQuant LAS 4000 analysis software (GE Healthcare Life Sciences, Little Chalfont,
UK). The content of each protein investigated was assessed by determining the brightness-
area product of the protein band as previously described (Gondin et al., 2011). The levels of
the target protein were standardized using a housekeeping protein (tubulin). The
phosphorylation levels of some proteins were calculated by the ratio between phosphorylated
and unphosphorylated total forms of the same protein.

The five mitochondrial complexes comprising the respiratory chain can be detected on a
single PVDF membrane by a five-antibody cocktail targeting the corresponding proteins. Five
micrograms of quantified proteins were loaded onto precast gradient
acrylamide/bisacrylamide gels from Bio-Rad, and electrophoresis was performed.
Electrophoresis was then conducted at a constant current (100 V) for 2 hours in a running
buffer. At the end of the gel run, gels were transferred on a PVDF membrane at 100 V for 2 h
at 4C or a constant 35 mA overnight (O/N) in a cold transfer buffer. After saturation with a
5% fat-free milk (in TBS-T 1x) blocking solution for 2 h at room temperature, membranes
were incubated O/N at 4°C with the specific primary antibody against the mitochondrial
complexes of the respiratory chain in 5% fat-free milk in TTBS 1x. Subsequently, the
membranes were incubated for one hour at room temperature and agitated while using the
HRP-conjugated donkey anti-mouse secondary antibody in 5% fat-free milk. Protein
detection was performed using the Amersham ECL Select detection system (Cytiva Life
Sciences, formerly known as GE Healthcare) and membranes obtained through the
ImageQuant LAS 4000 software (GE Healthcare Life Sciences). The exposure time is
automatically adjusted or can be edited depending on the intensity of the signal emitted.
Subsequently, to visualize the overall protein quantity on the membrane, they underwent
Coomassie PVDF-specific staining (0.1% Coomassie blue R-250, 50% methanol, 10% acetic
acid) for 20 min and destained with a destaining solution composed by 40% methanol and
10% acetic acid. Air-dried membranes were then digitized with a scanner and analyzed. Data
were reported as the ratio brightness area product (BAP) for each of the five complexes to the

total amount of protein stained with Coomassie (in arbitrary units).
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Primary Antibody Species Dilution Supplier
p-AMPK Rabbit 1:1000 Cell Signaling
AMPK Rabbit 1:1000 Cell Signaling
PGCla Rabbit 1:1000 Abcam
TOM20 Rabbit 1:1000 Santa Cruz
DRP1 pSer637 Rabbit 1:1000 Cell Signaling
DRP1 Rabbit 1:1000 Cell Signaling
SOD1 Rabbit 1:1000 Abcam
Catalase Rabbit 1:1000 Abcam
PRDX3 Rabbit 1:1000 Abcam

LC3B Rabbit 1:1000 Sigma

p62 Rabbit 1:2000 Cell Signaling
PARKIN Mouse 1:2000 Invitrogen
Tubulin Mouse 1:2000 Sigma
SERCA1 Rabbit 1:1000 Cell Signaling
SERCA2 Rabbit 1:1000 Cell Signaling
GPX Rabbit 1:1000 Abcam

Table 4 Antibody used for WB assay.
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Fig. 13 Workflow of Western blot assay (Meftahi et al., 2020).
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7 Oxygraph-2k for High-Resolution Respirometry (O2k HRR)

Mitochondrial respiration was measured using the Oxygraph-2k (O2k, OROBOROS
Instruments, Innsbruck, Austria) (Figure 14A, B). For each mouse, the diaphragm muscle
was properly dissected and divided into two parts in ice-cold BIOPS buffer (biopsy
preservation solution: 7.23 mM K>EGTA, 5.77 mM Na,ATP, 2.77 mM CaK,EGTA, 6.56 mM
MgCl*6H,0, 20 mM Taurine, 15 mM NayPhosphocreatine, 20 mM Imidazole, 0.5 mM
Dithiothreitol (DTT), 50 mM MES, pH 7.1) at 0 -C. Both pieces were used for the analysis in
duplicate during the day.

Pieces of diaphragm were washed in ice-cold BIOPS for 10 min, permeabilized with 20
pg/mL Saponin (Merck) in BIOPS in agitation at 4 °C, and finally washed with mMiR05
buffer (mitochondrial respiration medium: 3 mM MgClz, 60 mM lactobionic acid 0.5 mM
EGTA, 20 mM taurine, 10 mM KH2PO4, 20 mM 4-(2-hydroxyethyl) piperazine-1-ethane
sulfonic acid (HEPES), 110 mM D-sucrose, and 1 g-L-1bovine serum albumin (pH 7.1)).
Muscle samples were transferred into Oroboros-O2k chambers; The experiment was
conducted in Mir05 solution at 37 °C with an oxygen concentration ranging from 400 to 250
uM to prevent respiratory O limitation. The medium was re-oxygenated with pure gaseous
O whenever the oxygen concentration fell below the 250 uM threshold. Additionally, the
measurements were carried out while utilizing Blebbistatin, an inhibitor of myosin II-ATPase,
at a concentration of 25 uM, which was dissolved in a 5 mM stock solution of DMSO (Perry
et al., 2011) to prevent spontaneous contraction in the respiratory medium of muscle samples.
Calibration at air saturation was executed every day before commencing experiments.
Respiration was assessed using substrate-uncoupler-inhibitor titration (SUIT) protocols
previously described with modifications (Zuccarelli et al., 2021; Makrecka-Kuka et al., 2015).
Glutamate and malate (10 mM and 4 mM, respectively) are added to measure non-
phosphorylating resting mitochondrial respiration in the absence of adenylates, to assess
oxygen consumption, which is primarily determined by proton leakage through the inner
mitochondrial membrane (known as "LEAK" respiration). Succinate (10mM) facilitated the
convergent electron flow into Complexes I and II through the Q-junction, thereby determining

the LEAK of both Complexes I and II. ADP was added until a final concentration of 10 mM
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was reached to achieve maximal ADP-stimulated mitochondrial respiration (OXPHOS
capacity). Titrations wusing FCCP, the uncoupler protonophore carbonylcyanide-p
trifluoromethoxyphenylhydrazone (a few steps of 1 pM), were conducted to ascertain the
capacity of the electron transfer system (ETS). Rotenone (Rot, 0.5 uM added to inhibit
Complex I) and Antimycin A (AmA, 2.5 uM to inhibit Complex III and thus the mitochondrial
respiratory chain) were added for the determination of maximal respiratory uncoupled
efficiency and residual oxygen consumption (ROX), respectively, independently by
mitochondria. Before administering AmA, the chambers were supplemented with
Cytochrome C (10 uM) to assess the integrity of the outer mitochondrial membrane. A rise in
oxygen flow exceeding 15% would signify compromised organelles. At the end of each
experiment, muscle samples were removed from the chambers, washed in PBS, centrifuged
at 14,000x g for 10 minutes at 4 °C, and frozen in liquid nitrogen before being stored at —80
°C until further determinations. All mitochondrial respiration parameters have been adjusted
for residual O2 consumption (ROX) and normalized using the value of citrate synthase

activity (see below) (Larsen et al., 2012).

7.1 Citrate Synthase Activity

CS activity was determined using the Citrate Synthase Activity Assay Kit (Merck, Darmstadt,
Germany). Muscle samples were homogenized in an ice-cold CS Assay Buffer provided by
the kit, kept on ice for 40 min, and centrifuged at 10,000 g for 20 min at 4C to obtain a protein
extract. Protein concentration was assessed using the RC-DC protein assay (Bio-Rad,
Hercules, CA), and 5 pg of protein lysate was utilized to assess CS activity. The initial
absorbance (Tinitial) Was measured at 412 nm after the addition of the appropriate Reaction
Mix by a plate reader (CLARIOstar Plus, BMG Labtech, Ortenberg, Germany). Subsequently,
the absorbance (A412) was measured at 5-minute intervals for 45 minutes. CS enzyme
activity was measured by interpolating the final reading at the time (Tfina1) on a standard curve
with scalar concentrations of a solution of a known concentration (2 nmol/L) of GSH Standard
solution. Values for citrate synthase activity were used to normalize the parameters evaluated

by using O2k HRR.
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Fig.14A, B Oxygraph-2k (Mitochondrial Physiology Network 06.01: 1-18 (2011)).

8 Electron Microscopy (EM)

Intact diaphragms were fixed at room temperature with 3.5% glutaraldehyde in 0.1M Na
Cacodylate buffer, pH 7.2 for several hours. Small pieces of fixed diaphragms were then
postfixed in 2% OsO4 in the same buffer for 2 hrs and then blockstained in aqueous saturated
uranyl acetate. After dehydration, specimens were embedded in an epoxy resin (Epon §12).
Ultrathin sections (~50nm) were cut using a Leica Ultracut R microtome (Leica
Microsystem) with a Diatome diamond knife (Diatome Ltd.) and double-stained with uranyl
acetate and lead citrate. Sections were viewed and photographed using a 120 kV JEM-1400
Flash Transmission Electron Microscope (Jeol Ltd., Tokyo, Japan) equipped with a CMOS
camera (Matataki and TEM Center software Ver. 1.7.22.2684 (Jeol Ltd., Tokyo, Japan))
(Boncompagni et al., 2009).

8.1 EM Quantitative analyses

For all quantitative EM analyses, micrographs of non-overlapping regions were randomly
collected from longitudinal sections of internal areas of diaphragm fibers. The number of

mitochondria was evaluated in longitudinal sections and reported as an average number/ 100
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um?, while the size of mitochondria was measured using TEM Center Software and reported

as Average Mitochondrial Size (um?).

9 In vivo tests

Survival, muscle function, and other selected phenotypic tests to quantify key features and
drug effects in the neonatal SMA A7 mice model were evaluated. A battery of straightforward,
easy-to-perform, rapid, and moderate throughput tests of motor function, and indices of
neonatal well-being were performed on mice from birth to to the last day of life (El-Khodor
et al., 2008).

All the in vivo tests were conducted in the four groups: WT, WT+ ERGO, SMA, SMA +
ERGO.

9.1 Survival

Survival evaluation was performed using the Kaplan—Meier method which is a non-
parametric statistical method employed to assess the survival function derived from data on
lifetimes. It displays the likelihood of a subject surviving up to a particular time point (Jager
et al., 2008). The curve is created by graphing the survival probability over time. In medical
research, it is often used to measure the fraction of patients living for a certain amount of time
after treatment. The Kaplan-Meier survival curve approximates survival probabilities from
data that are missing, censored, or truncated.

The estimator of the survival probability or survival function S(t) is given by:

Sty =]1 (1—%);

i t<t

with a time when at least one event happened, d; the number of events (e.g., deaths) that
happened at time, and the individuals known to have survived (have not yet had an event or
been censored) up to time The survival rate of two animal groups, SMA and SMA +ERGO,
was compared from the day of birth until their natural death. The statistical significance of

the curve was assessed by the log-rank test.
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9.2 The hind-limb suspension test

The hind-limb suspension test or the tube test is a new non-invasive motor function
assessment specifically created for neonatal rodents. This test evaluates the proximal hind-
limb muscle strength, weakness, and fatigue in mouse or rat neonates. Furthermore, it
evaluates overall neuromuscular performance, muscle strength, and body posture. During
each trial, the mouse is suspended upside down by its hind limbs in a 50 ml plastic centrifuge
tube with a cotton ball. The experiment typically consists of two consecutive trials, but extra
trials can be done to evaluate the progression of muscle exhaustion in animals. Padding at the
base to safeguard the animal's head in the event of a fall. Hind-limb score (HLS) which
assesses the positioning of the legs and tail (El-Khodor et al., 2008) (Figure 15). Pups
belonging to the 4 groups: WT, WT+ ERGO, SMA, and SMA + ERGO are tested daily.

The scoring of the adopted posture was based on the following criteria: a score of 4 denotes
a normal posture, typical hind-limb separation with an elevated tail. A score of 3: The animal
displays signs of weakness, with its hind limbs positioned closely together but rarely touching
each other. Score 2: Hind limbs are near each other, often in contact. A score of 1: Weakness
is evident, and hind limbs are frequently in a clasped position with the tail raised. The HLS
score provides an objective measurement of the extent of hind-limb extension during the first
10-15 seconds of hanging onto the tube lip. The score remains constant even if the animal

displays a higher or lower score later on.

Figure 15 The tube test and the scoring criteria for the hind-limb score (HLS) (El-Khodor et al., 2008).
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9.3 Body weight and growth of hair

The weight and the growth of hair of mice belonging to the 4 groups: WT, WT+ ERGO, SMA,
and SMA + ERGO have been monitored daily.

9.4 Righting Reflex

Pups belonging to the 4 groups: WT, WT+ ERGO, SMA, and SMA + ERGO are tested daily.
They are positioned on their back on a level surface, and their ability to move to a dorsal
position was evaluated Release the pups and record the duration of time it takes until they
return to the prone position, including the direction of their righting (left or right) (Figure 16).
A maximum of one minute is allotted for each trial if necessary. As this test is a reflex, there

is no learning component and it can be repeated throughout the experimentation period

(Feather-Schussler et al., 2016).

I 1% ;1 i.'__l AR ".&
L-. .. 2 A ) “lb\} 3.l

Fig. 16 Phases of surface Righting (Feather-Schussler et al., 2016).

9.5 Open Arena Test

The animals were placed in a 63x42 cm arena for 5 minutes, after which their performances

were recorded by a SMART video tracking system (2 Biological Instruments, Besozzo,
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Varese, Italy) and a Sony CCD color video camera (PAL). Using this software, the total

distance covered by the mice in centimeters was measurable.

9.6 Calculation of scores

Scores ranging from 1 to 4 were assigned to each of the above four parameters (hindlimb
suspension test, weight, righting reflex, and total distance in open arena). Scores were
assigned to each mouse, with a value of 1 indicating poor performance or low weight, while
a value of 4 indicating maximum performance or weight. Scores of 2 and 3 represented
intermediate values (Table 5,6,7,8).

To the last parameter: hair, only two scores were assigned. A value of 1 in the case of absence

or 2 in the case of the presence of hair (Table 9).

All the individual scores ( hindlimb suspension test, weight, righting reflex, total distance in
open arena, and hair growth) were then added up and the total value indicated the quality of
life of the mouse. The overall score, which is a summation of individual five scores, ranges
from 5 (minimum) to 18 (maximum). A score of 5 indicates a poor quality of life, while a

score of 18 denotes an excellent quality of life.

Score 1 Very poor performance
Score 2 Poor performance

Score 3 Intermediate performance
Score 4 Excellent performance

Table 5 Hindlimb suspension test and relative scores.

Score 1 0-3 gr

Score 2 3,01- 4,34 gr
Score 3 4,35—5,68 gr
Score 4 >5,69 gr

Table 6 Weight and relative scores.
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Score 1 0-10 cm

Score 2 10,1-40 cm
Score 3 40,1-100 cm
Score 4 >100 cm

Table 7 Total distance in an open arena with relative scores.

Score 1 >15s
Score 2 5,1-15 s
Score 3 3-5s
Score 4 0-2,9 s

Table 8 Righting Reflex and scores.

Score 1 No hair

Score 2 Hair

Table 9 Hair growth and scores.

10 NSCs preparation

10.1 Dissection of the brain and isolation of the SVZ

The cells used in the experiments were derived from the brains of delta 7 SMA and WT mice
sacrificed on day 11 of life. Dissection and isolation operations involve removing the brain
from the skull, washing it several times with PG solution (50 mL PBS 10X, 5 mL Penicillin-
streptomycin (final concentration100 U/ml), 10 mL Glucose 30% (final concentration 0.6%)
for the final volume of 500 mL) and then surgically isolating the regions of interest (Adami
et al., 2018). The part of the brain used in the experiments is the subventricular zone (SVZ),

which extends between the lateral walls of each ventricle and the hippocampus. These are two
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brain regions that contain neural stem cells (NSCs), which generate new neurons in the
olfactory bulb, to which the NSCs migrate by differentiating (Bottai et al., 2003). To harvest
both SVZs, place the brain under a dissecting microscope and make a coronal cut
approximately 4 mm from the olfactory bulbs, then make a second cut approximately 2-3 mm
posteriorly to obtain a 2 mm slice containing the SVZ (Daniela et al., 2007). Afterwards, the
samples are transferred to a 15 mL falcon containing PG solution and stored at 4°C until the

dissection of all mice is completed.

10.2 Dissociation of brain tissue and primary cultures

The brain tissue is cut into small fragments, using special scissors and for juvenile mice, as in
our study, the usage of the papain digestion protocol is unnecessary due to the fragile nature
of the tissue, which can be easily broken down. The tissue can be readily broken down by
placing it in a 1 ml EBSS solution and dissociating it mechanically. This can be achieved by
passing it through the tip of a 1000 ul Gilson pipette approximately 30 times. Then we add 5
ml of EBSS solution and centrifuge at 123 rpm for 10 minutes. Once the supernatant has been
removed, leaving approximately 200 ul in the falcon, gently dissociate the pellet using a 200
ul Gilson pipette set at 180 ul by passing through the tip 20-25 times, then add 5 mL of EBSS
and centrifuge for 10 minutes at 123 rpm. At this point, the supernatant is completely removed
and the cells are resuspended in 0.5 ml of DB1 proliferation medium (2 mM L-glutamine,
0,6% Glucose, 9,6 pg/ml Putrescein, 0,025 mg/ml Insulin, 6,3 ng/ml Progesterone, 0,1 mg/ml
Apo-transferrin, 5,2 ng/ml sodium selenite, 20 ng/ml EGF, 10 ng/ml FGF-2, 4 mg/L Heparin,
1:100 Penicillin/streptomycin) and counted using trypan blue as a dye to exclude dead or
damaged cells. The cells are plated at a density of about 3500 cells/cm? in the growth medium
(DB1) using 6-well plates (3 ml of medium) or 25 cm? culture flasks (5 ml DBI).
Subsequently, they are placed inside a cell culture incubator set at 37°C and 5% CO; for
cultivation (Daniela et al., 2007). The medium used for DB1 cell proliferation consists of
DBO0, a medium base, which is a control medium, to which growth factors such as EGF and
FGF2. DBO also forms the basis of other media such as F (Table 10) and CTRL (Table 11)
media used for the differentiation of NSCs.
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L-glutamine 2 mM
Glucose 0,6%
Putrescein 9,6 pg/ml
Insulin 0,025 mg/ml
Progesterone 6,3 ng/ml
Apo-transferrin 0.1 mg/ml
sodium selenite 5,2 ng/ml
FGF-2 10 ng/ml
Heparin 4 mg/L
Penicillin/streptomycin 1:100
Table 10 F medium.

L-glutamine 2 mM
Glucose 0,6%
Putrescein 9,6 pg/ml
Insulin 0,025 mg/ml
Progesterone 6,3 ng/ml
Apo-transferrin 0,1 mg/ml
sodium selenite 5,2 ng/ml
Fetal Bovine serum (FBS) 2%
Heparin 4 mg/L
Penicillin/streptomycin 1:100

Table 11 CTRL medium.

10.3 Cell cultures and proliferation

Five to seven days after seeding, the cells form spherical structures derived from a single stem
cell (i.e. they are clones). These are mechanically dissociated into single cells and replated in
the appropriate plates with a proliferation medium in a volume appropriate to the plate (Bottai
et al., 2008). These spheres, called neurospheres, are heterogeneous structures that include:
neural stem cells, apoptotic cells, mature progenitor cells, differentiating cells, and
differentiated cells. They tend to grow in suspension, but sometimes can also grow attached

to the plate, forming elongated structures. These spheres increase in size due to the continuous
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division of NSCs, but also due to the increase in the number of progenitors and other cells.
Once they reach a considerable size, usually around 100-150 pm, it is appropriate to dissociate
them so that their big size does not prevent medium trophic factors from entering the
innermost regions of the spheres, a mechanical dissociation is done to obtain single cells again
so that they can be counted and their growth progress assessed. To allow the proliferation of
these cells, it is necessary to provide them with a regular supply of growth factors, made
possible by the addition of a new medium every 2 days (DB1) and the storage of plates in an

incubator at a constant temperature of 37°C and 5% partial pressure of COa,.

10.4 Mechanical dissociation of neurospheres

The choice of the ideal time for dissociation is a compromise between a high number of
neurospheres and their size, which must never be exceeded as this would prevent the diffusion
of nutrients into the interior, and is usually between 5-10 days. This is done by harvesting the
cells and centrifuging them at 123g for 10 minutes. The supernatant, consisting of the spent
medium, is then removed, leaving at the bottom approximately 200 ul consisting of the pellet
(cells) and a small residue of the medium. At this point, we proceed to the mechanical
dissociation step using a 200 pl Gilson pipette set at 180 pl, the contents of the Falcon are
passed through the tip approximately 100 times.

Dissociation occurs due to the friction generated between the liquid coming out of the tip and
the wall of the test tube. Once the dissociation is complete, continue counting; dilute a small
aliquot taken from the residue in the falcon in trypan blue by performing a dilution
proportional to the number of cells contained in the 200 pl; usually starting with a 1:2 dilution
(5ul of suspension in Sul of trypan blue) and increasing to 1:10 if the cells were highly
concentrated in previous dilutions. Counting is performed under a video microscope (100X
magnification) after placing the aliquot of cells and stain in the Burker counting. In this
device, you count the cells that do not appear colored, because trypan blue enters in the cells
with damaged plasma membrane (dying). The count allows the total cell content of the 200
ul to be determined in one simple operation:

Cell concentration (cell/ul) = n°cell/0.1p1*10*Dilution factor

As the individual squares in the counting chamber subtend 0.1pl, multiplication by 10 and the

dilution factor gives the number of cells contained in 1pl. To find the total number of cells,
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simply multiply this value by the volume of residue in the tube: total cells = (n°cells/ul)*200
ul.
Once the counting is complete and the total number of cells is obtained, the cells are plated

on plates chosen according to the total number of cells and the surface area of the plate itself.

10.5 Growth curves

The proliferative capacity of the cells is assessed using the proliferation assay (growth curves)
obtained from 10 samples (5 WT and 5 SMA). At each passage, the cells are mechanically
dissociated when the spheres reach the appropriate size (approximately 0.1 mm) and plated
at a density of 10000 cells/cm? (Adami et al., 2018). This assay uses 6-well multiwells, each
with a surface area of 9 cm?, each plated with 90000 cells. The total number of cells is
calculated by multiplying the proliferation rate obtained from the ratio of live cells counted
to plated cells (90000) by the total number of cells from the previous passage (Adami et al.,
2018).

10.6 Ergothioneine dose-response curve

This assay is used to determine the concentration of ERGO that induces a greater increase in
NSCs proliferation. The assay is performed in a 48-well multi-plate with 10000 cells seeded
in each well with 300uL of DB1 medium and different concentrations of ERGO were added
to a final concentration of: 2.5 uM, 5 uM, 10 uM, 20 uM, 50 uM, 100uM and 200 uM which
were dissolved in water, a control containing the vehicle (H.O) was included). Each sample
was run in duplicate. After 5 days, the neurospheres were dissociated to obtain single cells,
which were then counted to determine the concentration of ERGO at which the number was

greatest.

10.7 MTT Assay

This is an assay to measure the metabolic activity of cells, an indicator of their proliferation
and viability. It is performed in a 96-well multiwell plate divided into vertical columns so that
each sample is quadruplicated. Five thousand cells are seeded into each well and 100 puL DB1
is added. Samples are divided into CTR (vehicle-treated and ERGO-treated 0.5uM.

After 3 days, 10uL of MTT (0.5mg/ml) is added and left for 3 hours (Adami et al., 2018). At

the end of the three hours required for the reaction to take place, all the medium is removed,
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taking care not to remove the cells. Finally, the spectrophotometer is used to analyze the cell

viability.

11 Statistical Analysis

The data were expressed as mean + S.D. The statistical significance of the differences between
the averages was determined with the Student t-test; a probability of less than 5% (p < 0.05)
was considered significant. The statistical analysis was performed using GraphPad Prism 9.0
software. The sample size was predetermined based on the published literature and chosen to

use the fewest number of animals to achieve statistical significance.
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Results and Discussion part I

The main objective of my PhD thesis was to explore the key functional, biochemical, and
molecular, differences between SMA and WT diaphragm of SMNA7 mice model 11 days old.
The study of the diaphragm in this pathology is, as mentioned above, very limited, but at the
same time of fundamental interest in order to improve the life quality of SMA patients.

These experiments have been published in “International Journal of Molecular Sciences”

(Cadile et al., 2023).
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Abstract: Spinal muscular atrophy (SMA) is a genetic disorder characterized by the loss of spinal
motor neurons leading to muscle weakness and respiratory failure. Mitochondrial dysfunctions
are found in the skeletal muscle of patients with SMA. For obvious ethical reasons, the diaphragm
muscle is poorly studied, notwithstanding the very important role that respiratory involvement plays
in SMA mortality. The main goal of this study was to investigate diaphragm functionality and the
underlying molecular adaptations in SMINA7 mice, a mouse model that exhibits symptoms similar
to that of patients with intermediate type Il SMA. Functional, biochemical, and molecular analyses
on isolated diaphragm were performed. The obtained results suggest the presence of an intrinsic
energetic imbalance associated with mitochondrial dysfunction and a significant accumulation of
reactive oxygen species (ROS). In turn, ROS accumulation can affect muscle fatigue, cause diaphragm
wasting, and, in the long run, respiratory failure in SMINA7 mice. Exposure to the antioxidant
molecule ergothioneine leads to the functional recovery of the diaphragm, confirming the presence of
mitochondrial impairment and redox imbalance. These findings suggest the possibility of carrying
out a dietary supplementation in SMNA7Z mice to preserve their diaphragm function and increase
their lifespan.

Keywords: SMA; diaphragm muscle; muscle fatigue; ergothioneine

1. Introduction

SMA is an autosomal recessive genetic disorder characterized by loss of spinal motor
neurons leading to muscle atrophy, weakness, and respiratory failure [1]. SMA has an
incidence of about one in 10,000 live births [2]. It is caused by mutations in the SMN1 gene,
which encodes the Survival Motor Neuron (SMN) protein, essential for the survival and
normal functioning of motor neurons [3].

In humans, there are two SMN genes, the telomeric SMN1 coding for a ubiquitous
protein (full-length SMN), and its centromeric homolog SMN2 mostly generating a protein
lacking exon7 (SMNA?7), which is not functional: the SMIN2 gene produces a limited amount
of functional protein that can modulate SMA severity [4].

Although the key role of motoneurons in determining the most severe symptoms of
SMA is widely recognized, the presence of defects in other cell/tissue types in SMA models
indicates the complexity of this disease [5-7]. Pathological changes in the SMA skeletal
muscle system have been widely reported, and a direct contributing role of muscle in SMA
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was also hypothesized [8,9]. Besides denervation, available data also indicate the presence
of mitochondrial disturbances in the locomotor muscles of patients and mouse models of
SMA [10-12].

The effect of SMA on the skeletal muscle system is not uniform, and the muscle
groups that are affected by the disease and those spared are similar in both humans
and mouse models of SMA [13]. Respiratory involvement plays an important role in
morbidity and mortality in children [14] and mice [15] with SMA. It is, in fact, necessary to
monitor respiratory muscle performance in order to avoid acute and /or chronic respiratory
failure [16]. Despite the relevance of this aspect, for obvious ethical reasons, very few
studies have characterized the diaphragm muscle in patients with SMA. Specifically, based
on clinical evaluations, relatively well-preserved diaphragm strength was found in patients
with intermediate type Il SMA as well as an increase in fatigue sensitivity that eventually
leads to acute respiratory failure, especially during sleep [16]. Very few studies have
analyzed the molecular level of the human SMA diaphragm. Degenerative changes in
neuromuscular junctions (NM]s) in the diaphragm have been described in 6-month-old
patients [17], and no clear damage was found in one post-mortem diaphragm muscle
sample from a patient with SMA type I [10].

Several murine models of SMA have been generated, mostly based on Smn1 (murine
homolog of human SMN1) gene inactivation and the introduction of more copies of the
human SMN2. Severe SMA mouse models exhibit defects in breathing patterns with smaller
ventilation volume, longer breath duration, and greater apnea frequency and duration [15].
Moreover, pronounced swelling of mitochondria [18] and alteration in the expression of
proteins with an important role in the mitochondrial respiratory chain were found at the
level of sub-synaptic regions [19].

The relevance of respiratory muscles to the clinical picture of patients with SMA and
the lack of data on the intrinsic contractile capacity of the diaphragm warrant further
investigations. An understanding of the diaphragm muscle defects could be important for
preventing and effectively managing respiratory complications in SMA patients.

The central goal of this study was to carry out a comprehensive analysis of the intrinsic
diaphragm functionality and the underlying molecular adaptations, combining functional,
biochemical, and molecular analyses on isolated diaphragm muscle of SMNA7 mice. This
model is, to date, one of the lines of SMA mice most widely used in numerous laboratories
around the world. Ref. [20] exhibited symptoms and neuromuscular pathology similar
to that of patients with intermediate type II SMA [21,22]. In this mouse model of SMA,
ultrastructural study revealed features of NM]J alterations in diaphragm muscle [18], but
no information about its contractile function is available. The results obtained in this
study showed high fatigue sensitivity related to a redox imbalance in the diaphragm from
SMNA7 mice. Interestingly, exposure of the diaphragm muscle to ergothioneine, a potent
antioxidant molecule, seems able to restore diaphragm function.

2. Results
2.1. Ex Vivo Functional Analysis

The contractile performance was assessed on diaphragm muscles isolated from SMNA7
(SMA) and control (WT) mice. Twitch time parameters, i.e., time to peak (TTP) and half
relaxation time (TTR), showed a significant prolongation in the SMA diaphragm. Conse-
quently, the isometric specific tension developed in twitch was increased, while specific
tetanic tension was not changed (Figure 1a). Importantly, the fatigue test showed that the
fatigue resistance was significantly reduced in SMA diaphragm in comparison with WT
(Figure 1b).
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Figure 1. Alterations of contractile functions in SMA diaphragm. (a) Mean values of twitch time to
peak (TTP), twitch half relaxation time (TTR), twitch specific tension (Po/CSA), and specific tetanic
tension determined in ex vivo functional analysis in the diaphragm muscles (WT, n = 21; SMA,
n = 17). (b) Fatigue index (percentage of the maximal tetanic force) (WT, n = 12; SMA, n = 12).
(c) Gene (by RT-PCR) expression (WT, n = 5; SMA, n = 3) and protein (by Western blot) expression
(WT, n = 8; SMA, n = 7) of sarcoplasmic reticulum Ca%t ATPase pumps (SERCAL1 and 2). The level
of protein target was normalized against the level of the housekeeping tubulin measured in the
same blot. Representative Western blots are shown. Bars represent means= SD. Individual data are
represented as scatter plots. *p < 0.05** p < 0.01 *** p < 0.001**** p < 0.0005.

The kinetics of force development and relaxation are mainly dictated by Ca2+ handling
in the cell. A significant decrease in sarcoplasmic reticulum (SR) Ca2+ ATPase (SERCA1
and 2) pump gene and protein expression was found (Figure 1c).

2.2. Energy Imbalance and Oxidative Metabolism

A significantly increased phosphorylation of the energy sensor AMPK was found in
the SMA diaphragm (Figure 2a), suggesting a higher AMP/ATP ratio in the muscle and the
presence of energy imbalance. Gene expression of PGCle, Sirtuinl, and NRF1, involved in
the regulation of oxidative metabolism by stimulating mitochondrial biogenesis, and the
PGCl« protein expression were found significantly downregulated in the SMA diaphragm
(Figure 2b,c). Unexpectedly, however, the protein expression of mitochondrial import
receptor subunit TOM 20 was significantly higher (Figure 2c) in the SMA diaphragm,
suggesting an increased mitochondrial mass. In agreement, the key components of the
mitochondrial respiratory chain (OXPHOS complex), in particular, complex I, III, and IV
(Figure 3), were significantly up-regulated. To evaluate whether the increased level of
mitochondrial complexes leads to enhanced mitochondrial function, we compared the
respiratory capacity of the diaphragms of SMA and WT mice. No changes were found
in leak cellular respiration, oxidative phosphorylation (OXPHOS), and electron transfer
system capacity (ETS) sustained by complex I, complex II, and by the contribution of both
(Figure 4).

60



Int. J. Mol. Sci. 2023, 24, 14953

40f17

PAMPKIAMPK
s
516
(a) 3
£ 20
B
15
x . WT  SMA
§ " 62K00 |y e g | P-AMPK (1, 17
2 o5
4 62KDa |w——— | AMPK
a T T
W sma
(b) PGG-1a NRF1
15 20
-
= + = =
£ ER 2% 3+ .
Zos z
g [3 % 05
oo 00
WT sMA w1 sMA
(©) Tomzo
PGC-1a ,
15 15
.
3. 2l
s i . s
= WT_ SMA 2 . WT  sma
£ S =
L8 9 KDa |[== == — —| PGC-la -g-" =2 20KDa [W s | TOM20
& — &
S5KDy | = == == TUBULIN i S5 KDa [ ==  TUBULIN
W A W SMA

Figure 2. Energy imbalance in SMA diaphragm. (a) Mean values of the ratio between the content in
the phosphorylated (p) and total forms for AMPK determined by Western blots (WT, n = 6; SMA,
n = 5). (b) Gene expression of PGCl, Sirtuinl (SIR1) and NRF1 by RT-PCR (WT, n = 5; SMA,
n = 3). (c) Protein expression of PGCla (WT, n = 4; SMA, n = 5) and mitochondrial import receptor
subunit TOM-20 (WT, n =7; SMA, n = 7) determined by Western blots. The level of protein target was
normalized against the level of the housekeeping tubulin measured in the same blot. Representative
Western blots are shown. Bars represent means =+ SD. Individual data are represented as scatter plots.
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Figure 3. Up-regulation of OXPHOS complexes in SMA diaphragm. Experiments were performed on
controls (WT, n = 4) and SMA phenotype (SMA, n = 4) diaphragms. Mean values of the components
of the mitochondrial respiratory chain determined by Western blots. The level of protein target was
normalized against the level of the same blot. stained with Comassie. Representative Western blots
are shown. Bars represent means = SD. Individual data are represented as scatter plots. * p < 0.05.
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Figure 4. Mitochondrial respiration indices (LEAK—Resting non-phosphorylating electron trans-
fer, OXPHOS—Oxidative phosphorylation, ETS—electron transfer system) are not changed in the
complexes evaluated (Complex [—CI and Complex II—CII, both complexes—CI + CII) in SMA
diaphragm. Experiments were performed on controls (WT, n = 8) and SMA phenotype (SMA,
n = 8) diaphragms. Mean values of the mitochondrial respiration indices. Bars represent means + SD.
Individual data are represented as scatter plots.

To better characterize mitochondrial adaptations in the diaphragm of SMA mice,
markers of mitochondrial dynamics were analyzed. Expression of pro-fusion proteins
(OPA1, MNF1, MNF2), proteins involved in mitochondrial fission (FIS1, and the phospho-
rylate form of DRP1 at serine 616) showed no changes except for a significant increase in
phosphorylation at serine 637 in DPR1 (Figure 5a,b).
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Figure 5. Alteration of markers of mitochondrial dynamics in SMA diaphragm. (a) Protein levels of
OPA1, MNF1, MNF2 and FIS1 determined by Western blots (WT, n = 6; SMA, n = 6). (b) Phosphory-
lation of serine 616 and serine 637 of DPR1 (WT, n = 7; SMA, n = 7). The level of protein target was
normalized against the level of the housekeeping tubulin measured in the same blot. Representative

Western blots are shown. Bars represent means + SD. Individual data are represented as scatter plots.
**p < 0.01.
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2.3. Autophagy and Mitophagy

To assess the activation of the autophagy process, the ratio between the active and
the inactive forms of LC3B (LC3BII/LC3BI) and the protein level of p62 were determined.
The significant induction of the active form LC3BII, together with the decrease in p62
expression (Figure 6a), suggest the activation of the autophagy flux, which, however, does
not result in an increased mitophagy activation. Indeed, a decrease in gene expression of
BNIP3 (Figure 6b) and of PARKIN protein content, both involved in promoting the selective
autophagy of depolarized mitochondria, was found (Figure 6c).
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Figure 6. Alteration in autophagy and mitophagy processes in SMA diaphragm. (a) The ratio between
the active form and the inactive form of LC3B (LC3BII/LC3BI) (WT, n = 7; SMA, n = 7) and protein
levels of p62 (WT, n = 5; SMA, n = 6), determined by Western blots. (b) Gene expression of BNIP3 by
RT-PCR (WT, n= 8; SMA, n= 7). (c) Protein levels of mitophagy makers PINK1 and PARKIN (WT,
n = 6; SMA, n = 6), determined by Western blots. The level of protein target was normalized against
the level of the housekeeping tubulin measured in the same blot. Representative Western blots are
shown. Bars represent means + SD. Individual data are represented as scatter plots. * p < 0.05
**p <0.0L

2.4. Redox Imbalance

Redox imbalance was investigated by evaluating the level of protein carbonylation,
the level of ROS scavenger protein superoxide dismutase 1 (SOD1), catalase, Heat Shock
Protein 27 (HSP27), Heat Shock Protein 70 (HSP70), Peroxiredoxin 3 (PRDX3) and gene
expression of NRF2, the major sensor of cell redox balance. A significant increase in
carbonylated proteins in the SMA diaphragm was revealed by Oxyblot analysis (Figure 7a).
No induction of NRF2 (Figure 7b) and no changes in SOD1, catalase, HSP27, and HSP70
content were found. Peroxiredoxin 3 (PRDX3) was the only protein of antioxidant defense
systems that revealed a significant increase in its expression (Figure 7c).

2.5. Effect of Exposure to the Antioxidant Molecule Ergothioneine

To test the impact of redox imbalance on contractile function, the determination of
the contractile performance was repeated after incubation of the diaphragm in Krebs (for
30 min) and with 0.4% of water solution of ergothioneine (ERGQO) added. Importantly, the
exposure to ERGO restored TTP and TTR values to the WT level (Figure 8a) and reduced
SMA diaphragm fatigability (Figure 8b).
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Figure 7. Presence of redox imbalance and ROS accumulation in SMA diaphragm. (a) Protein levels
of carbonylated proteins revealed by Oxyblot analysis (WT, n= 3; SMA, n= 3). (b) Gene expression
of NRF2 by RT-PCR (WT, n = 8; SMA n = 7). (c) Protein levels of SOD1 (WT, n = 6; SMA, n = 6),
Catalase (WT, n = 5; SMA, n = 7), HSP27 (WT, n = 6; SMA, n=4), HSP70 (WT, n = 4; SMA, n = 2) and
Piroxiredoxin 3 (PRDX3) (WT, n= 5; SMA, n= 3), determined by Western blots. The level of protein
target was normalized against the level of the housekeeping tubulin measured in the same blot.
Representative Western blots are shown. Bars represent means = SD. Individual data are represented
as scatter plots. * p < 0.05.
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Figure 8. Recovery of contractile functions in SMA diaphragm following ergothioneine exposure.
Experiments were performed on diaphragms of controls (WT), SMA phenotype (SMA), controls
treated with ergothioneine (WT + ERGO), and SMA phenotype treated with ergothioneine (SMA
+ ERGOQ). (a) Mean values of twitch time to peak (TTP), twitch half relaxation time (TTR), twitch
specific tension (Po/CSA) and specific tetanic tension (WT, n = 21; SMA, n = 17, WT + ERGO, n =5
and SMA + ERGO, n = 7). (b) Fatigue index (percentage of the maximal tetanic force) (WT, n = 12;
SMA, n =12, WT + ERGO, n = 3 and SMA + ERGO, n = 8). Bars represent means + SD. Individual
data are represented as scatter plots. * p < 0.05** p < 0.01 *** p < 0.001 *** p < 0.0005 SMA vs. WT;
#p < 0.05#H p < 0.001 SMA vs. SMA+ERGO.
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3. Discussion
3.1. SMA Diaphragm Exhibits Reduced Fatigue Resistance

The lack of variation in specific tetanic tension (Figure 1a) suggests the function of the
myofibrillar contractile machinery is preserved in the SMA diaphragm. This is in agreement
with studies in patients with SMA demonstrating that the diaphragm function is quite
spared [16]. Notwithstanding the capacity to develop tension, a significant increase in both
time to peak tension and time to half relaxation of single twitch in diaphragms from SMNA7
mice was found. Kinetics of force development and relaxation are mainly dictated by Ca”*
handling in the cell. The rate of release of calcium ions by the sarcoplasmic reticulum
(SR) depends on the activity of dihydropyridine and ryanodine receptors, whereas the
rate of calcium reuptake is modulated by the activity of the SR calcium ATPase (SERCA)
pumps. These pumps are particularly prone to suffer activity alterations, since they are
characterized by an average life of 30-40 days, making these proteins potentially susceptible
to oxidative damage [23]. In the present study, a significant reduction in gene and protein
expression of SERCA1 and SERCA2 was found (Figure 1c). A very interesting result was
the finding of a higher fatigability in diaphragm isolated from SMA mice (Figure 1b). This
result is in accordance with the paper of Fauroux and colleagues suggesting that, in SMA
patients, the inspiration relies mainly on the diaphragm that maintains its capacity to
develop force but increases its fatigue sensitivity [16]. Therefore, our attention was focused
on molecular determinants of diaphragm fatigue.

3.2. Energy Balance in SMA Diaphragm

One of the multiple factors leading to muscle fatigue could be a decrease in avail-
able ATP [24], as suggested by the finding of the activation of the energy sensor AMPK
(Figure 2a). A decrease in available ATP could act on SERCA pumps and account for a
longer timing of the single twitch. Moreover, a decrease in available ATP and a metabolic
impairment could explain the greater sensitivity to fatigue observed in the diaphragm of
SMA mice. The main source of ATP in the muscle is the oxidative phosphorylation that
takes place in mitochondria. Our results showed that PGCle, Sirtuinl, and NRF1 were
significantly reduced in SMNA? diaphragm, suggesting a defect in mitochondrial biogen-
esis (Figure 2b,c). Several indications of mitochondrial defects were found in the tibialis
anterior muscle from SMNA7 mice [25,26] and muscle-specific Smn1 knockout mice [12],
and in several skeletal muscles but not the diaphragm in patients with SMA [10]. Notice
that only one diaphragm post-mortem was analyzed in these patients [10]. Interestingly,
Chemello and colleagues demonstrated, in the tibialis anterior muscle of muscle-specific
Smn1 knockout mice, the presence of dysfunctional mitochondria together with several
unaltered mitochondria and higher mitochondrial protein levels [12]. Recently, it has been
reported that mitochondrial activity was increased in an SMN depletion cell model [27]. In
our study, an increased expression of mitochondrial import receptor subunit TOM-20 and
marker proteins of OXPHOS complexes (Figures 2¢ and 3), but no changes in basal mito-
chondrial activity, were found (Figure 4). These apparently conflicting results point to the
presence of dysfunctional mitochondria that could account for the increase in mitochondrial
proteins but not contribute to an increase in mitochondrial activity.

To ensure optimal function in energy generation, the dynamic properties of mitochon-
dria are critical [28]. Among the mitochondrial-shaping proteins, the contribution of active
dynamin-related protein 1 (DRP1) is one of the important factors affecting mitochondrial
shape controls, calcium homeostasis, and muscle mass [29], and the phosphorylation plays
a crucial role in its activity regulation [30]. Moreover, available evidence indicates that
phosphorylation of DRP1 in Ser637 induces mitochondrial elongation against oxidative
stress [31,32]. In the present study, a significant increase in Ser637 phosphorylation of
DRP1 was found (Figure 5b), suggesting an alteration in mitochondrial shape. Fused
mitochondria have been demonstrated in aging [33,34], under nutrient deprivation [35],
and in neuromuscular disease [36,37]. In-depth morphological studies are necessary to
verify the presence of fused/elongated mitochondria in SMA diaphragm. Preliminary
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qualitative EM investigations on SMA diaphragms show the presence of mitochondria
of variable shape often clustered in shorter columns scattered within the fiber interior
(Figures S1IA-C and S2ab) and the lack of “triadic” mitochondria, i.e., mitochondria
coupled to the Ca?* Release Units (CRUs) or triads (Figure S1d-f), supporting their mis-
placed and uneven distribution [38]. The proper “triadic” association is essential for the
bi-directional cross-talk between the two organelles, as the Ca®* released from SR during
EC coupling enters into the mitochondrial matrix, stimulating ATP production [39-41].

Mitochondrial quality control is managed by mitophagy. Mitophagy represents, how-
ever, an “extreme decision” for a cell because mitochondria are an essential source of ATP.
Moreover, to be degraded by autophagosome, the mitochondria must undergo a prior frag-
mentation process [42]. Tt was demonstrated that under starvation, mitochondria protect
themselves from mitophagy by promoting fusion in order to maximize ATP production [32].
Only upon prolonged starvation do mitochondria undergo degradation and removal by
mitophagy. Chemello and co-workers found a decrease in BNIP3 gene expression and an
increase in LC3II in tibialis anterior of muscle-specific Smn1 knockout mice. Moreover,
they found a reduction in LAMP1 and LAMP2 and a reduction in autophagic flux, leading
them to hypothesize dysfunctional mitochondrial clearance [12]. In accordance with this
study, a decrease in gene expression of BNIP3 and the protein level of PARKIN (Figure 6b,c)
was found in the SMA diaphragm. However, the general autophagy process seemed to
be activated, as indicated by a significant increase in the protein level of LC3BII and by a
significant decrease in p62 protein expression (Figure 6a). So, the scenario emerging from
the results of our study confirms the hypothesis of a reduction in mitochondria renewal
also in diaphragm muscle that, on one hand, could meet the muscle need for the supply of
ATP to the cells, but, on the other hand, could lead to an increase in ROS production.

3.3. Oxidative Stress in SMA Diaphragm

The presence of redox imbalance and ROS accumulation in SMA mouse diaphragms
was revealed by the presence of a great amount of carbonylated proteins (Figure 7a) and by
an increase in complexes I and III of the mitochondrial respiratory chain, the main factors
responsible for ROS formation (Figure 3) [43]. The increase in ROS production is expected
to promote the expression of the antioxidant system composed of NRF2, SOD], catalase and
HSPs, but in the SMA diaphragm, all of these factors were not changed (Figure 7b). The lack
of induction of the scavenging system could lead to ROS accumulation. Interestingly, only
the expression of mitochondrial antioxidant protein peroxiredoxin 3 (PRDX3), essential for
maintaining mitochondrial mass and membrane potential [44], was increased, in accord
with the increased TOM20 expression (Figure 7c). Importantly, ROS accumulation could
contribute to muscle fatigue, as indicated by an increasing body of evidence [24,45]. Accord-
ingly, the recovery of the contractile performance of the isolated diaphragm after ERGO
exposure was found (Figure 8). ERGO is a very water-soluble natural antioxidant molecule
accumulating within tissues through the action of a specific organic cation transporter, and
it is able to permeate the plasma, placenta and mitochondrial membranes [46,47]. While the
exact function of ERGO has yet to be elucidated, it was established as a powerful scavenger
mitochondria-derived superoxide species and a protector of mitochondrial constituents
from damage by ROS [46,47].

4, Materials and Methods
4.1. Animals

SMA (SMNA7Z mice from Jackson Laboratory stock #005025) and control littermate
mice 11 days of age were used. This time point was chosen as a compromise to have
a higher number of alive sick animals, since the median age of survival of SMA mice
is ~13 days. Heterozygous SMNA7 mice for SMN1 (SMN+/—) were crossed together to
generate offspring with the following genotypes:
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1.  Homozygous for both transgenes and heterozygous for the null allele (7SMN+/+;
SMN2 +/+; SMN+/——50%). These mice do not show SMA phenotype and are used
as breeders.

2. Homozygous for both transgenes and heterozygous for the null allele (7SMN+/+;
SMN2 +/+; SMN+/+—25%). These mice do not show SMA phenotype and are used
as control mice (WTs).

3. Homozygous for both transgenes and heterozygous for the null allele (7SMN+/+;
SMN2 +/+; SMN — / ——25%). These mice show SMA phenotype (SMAs).

In order to achieve statistical significance, the sample size was chosen to use the small-
est number of animals; there were no statistical methods employed to predetermine the
sample size. The mice were identified through genotyping, but there was no randomization
in the experiments. All procedures were approved by the University of Pavia’s Animal
Care and Use Committee (protocol reference n° 280/2021-PR) and, in conformity with
Italian law, were communicated to the Ministry of Health and local authorities.

4.2. Genotyping

A PCR-based assay on tail DNA was used to genotype offspring. The mouse Smn
knock-out allele was detected using the primers (Sigma Aldrich, St. Louis, MO, USA) in
Table 1. The PCR procedure consisted of 5 min of heating at 94 °C, then 40 cycles of 94 °C
for 1 min, 53 °C for 1 min, and 72 °C for 1 min, and finally a cycle of 10 min at 72 °C.

Table 1. Primers used for PCR assay to genotype offspring.

SMN1 WT FORWARD 5'CTCCGGGATATTGGGATTG 3/
SMN1 WT REVERSE 5 TTTCTTCTGGCTGTGCCTTT 3/
SMN1 MUTANT REVERSE 5 GGTAACGCCAGGGTTTTCC 3/
SMN2 WT FORWARD 5 CTGACCTACCAGGGATGAGG 3’
SMN2 TRANSGENE 5 GGTCTGTTCTACAGCCACAGC 3/
SMN2 WT REVERSE 5'CCCAGGTGGTTTATAGACTCAGA 3/
SMNA7 TRANSGENE 01 5 TCCATTTCCTTCTGGACCAC 3/
SMNA7 TRANSGENE 02 5 ACCCATTCCACTTCCTTTTT 3/
SMNA7 POSITIVE CTRL FORWARD 5 CAAATGTTGCTTGTCTGGTG 3/
SMNA7 POSITIVE CTRL REVERSE 5' GTCAGTCGAGTGCACAGTTT 3/

4.3. Ex Vivo Functional Analysis

The mice were sacrificed by cervical dislocation, the lower part of the chest was re-
moved, and the diaphragm was dissected and immersed in an oxygenated Krebs solution.
A stereomicroscope (x10 to x60) was used to dissect the diaphragm strips (width 1-2 mm)
including the central tendon. The diaphragm strips were transferred to the myograph
and mounted by hooks between a force transducer (AMES801; Aksjeselkapet Mikkroelek-
tronik, Horten, Norway) and a movable shaft used to adjust muscle length. The strips
were secured by opening small holes between the ribs and strengthening them with silk
thread ligatures [48]. At a constant temperature of 22 °C, the preparations were placed in
an organ bath that was filled with Krebs solution bubbled with 95% O, and 5% CO, The
preparations were stretched to Lo (the length at which the maximum twitch force is seen),
and their electrical stimulation response was evaluated. If a response could be elicited,
the preparation was stimulated for ~30 min with supramaximal, low-frequency (0.03 Hz)
stimuli. Time to peak tension (TTP), and time to half relaxation (TTR) were measured.
Subsequently, tetanic isometric contractions were evoked (110 Hz, 500 ms, supramaximal
amplitude) at Lo. By calculating the decrease in the force of the maximal absolute tetanic
force after 20 repeated contractions in a ramp protocol at 0.03, 0.09, 0.3, and 0.9 Hz, the
fatigue index was determined [49,50]. The normalized tetanic force was expressed as the
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maximal tetanic force/muscle cross-sectional area (CSA) (mN/mm?), while the fatigue
index was expressed as a percentage of the maximal tetanic force. The functional experi-
ments were repeated following incubation for 30 min in Krebs augmented with 0.4% of a
water solution containing 20ug of ergothioneine (ERGO), a naturally occurring amino acid
derivative of histidine. ERGO has a powerful antioxidant action [51,52], and the dose was
chosen based on data present in the literature [53] and modified to allow a translational
comparison with human subjects taking ERGO as a dietary supplement.

4.4. OXYBLOT Analysis

Frozen diaphragm samples were homogenized at 4 °C in a buffer containing protease
inhibitors, 3-mercaptoethanol, Tris-HC1 0.5M pH 7.6, NaCl 1M, EDTA 100 mM pH?7, and
0.1% NP40. The protein suspension was centrifuged at 13,500 rpm for 20 min at 5 °C. The
Oxyblot Protein Oxidation Detection Kit (purchased from Millipore, Vimodrone, Italy) was
utilized to detect the protein carbonylation level, using reagents to detect carbonyl groups
in the protein side chain. Six micrograms of protein lysate were denatured by adding 12%
SDS for a final concentration of 6% SDS. Samples were derivatized, through incubation for
10 min with 2,4-dinitrophenylhydrazine (DNPH), to 2,4-dinitrophenylhydrazone (DNP
hydrazone). Polyacrylamide gel electrophoresis was used to separate the DNP-derivatized
protein samples (4-20% SDS precast gels, Bio-rad, Hercules, CA, USA), followed by Western
blotting. The membranes were stained with Ponceau Red and then incubated with a
primary antibody that was specific to the DNP moiety of the proteins, followed by an HRP-
antibody conjugate directed against the primary antibody (secondary antibody: goat anti-
rabbit IgG). Protein detection was performed using the Amersham ECL Select™ detection
system (Cytiva Life Sciences, ex GE Healthcare, Marlborough, MA, USA), which highlights
the HPR substrate through a chemiluminescent reaction. Membranes were gained through
an analysis software, ImageQuant™ LAS 4000 (GE Healthcare Life Sciences, Milwaukee,
WI, USA). Protein oxidation was quantified by defining the oxidative index (OI), i.e., the
ratio between densitometric values of the OXYBLOT bands and those stained with Ponceau
Red. The OI was expressed relative to control samples to compare different experiments.

4.5. Gene Expression Analysis

Total RNA, from diaphragm muscles, was extracted using the Promega SV Total RNA
isolation kit; the concentration of RNA was evaluated by using NanoPhotometer N60/N50
(IMPLEN, Westlake Village, CA, USA). A 300 ng amount was reverse-transcribed with
Super Script Il reverse transcriptase (Invitrogen, Carlsbad, CA, USA) to obtain cDNA. The
¢DNA was analyzed by real-time PCR with the SyBR Green PCR kit (Applied Biosystem,
Foster City, CA, USA), and the data were normalized to tubulin expression (Quantitect
primer assay from QIAGEN, Hilden, Germany). Oligonucleotide primers used for real-time
PCR are listed in Table 2. To identify genes that expressed differently, the default threshold
of 6.0 was utilized. The difference between cycle threshold (Ct) values for each mRNA
was calculated by taking the mean Ct of duplicate reactions and subtracting the mean Ct
of duplicate reactions for the reference RNA measured on an aliquot from the same RT
reaction (CAt = Ct target gene — Ct reference gene). All samples were then normalized to
the ACt value of a calibrator sample to obtain a AACt value (ACt target — ACt calibrator)
(comparative method).

4.6. Western Blot Analysis

Diaphragm samples (stored at —80 °C) were pulverized with liquid nitrogen and
suspended in a lysis buffer (1% triton x 100, 10% Glycerol, 20 mM TRIS-HCI, 5 mM EDTA,
150 mM NaCl, 100 mM Naf, 2 mM NaPPi, and 1 mM PMSF) supplemented with protease
inhibitor cocktail and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
After 20 min on ice, the protein lysate was centrifuged at 18,000 g at 4 °C for 20 min,
and the supernatant was transferred to a clean Eppendorf tube and stored at -80 °C until
it was ready to use. Protein concentration was determined using the RC DCTM protein
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assay kit (Bio-rad Hercules, CA, USA). Equal amounts of protein sample (40 ug) were
loaded on a polyacrylamide gel (Any kD precast gel—Biorad Hercules, CA, USA) and
subjected to electrophoresis. Proteins were then electrotransferred to a membrane made of
nitrocellulose at 35 mA O/N. After blocking in 5% milk in TBST for 1 h, the membranes
were incubated O/N at 4 °C with the specific primary antibody appropriately diluted in
a solution of TBST 1X containing 5% BSA or 5% fat-free milk (depending on specificities
of antibodies in the datasheet (Table 3)). Lastly, the membranes were then incubated in
HRP conjugated secondary antibody, goat-anti-rabbit (1: 10,000, from Millipore, St. Louis,
MI. USA) or rabbit-anti-mouse (1:5000, from dako, Santa Clara, CA, USA), diluted in 5%
milk, for 1 h at room temperature. The Amersham ECL Select™ detection system (Cytiva
Life Sciences, Marlborough, MA, USA, ex GE Healthcare) was utilized to visualize the
proteins, which highlights the HPR substrate by a chemiluminescent reaction. The target
protein levels were normalized with respect to the amount of a housekeeping protein
(tubulin); the phosphorylation levels of some proteins were evaluated by the ratio between
phosphorylated and unphosphorylated total forms of the same protein.

Table 2. Oligonucleotide primers used for real-time PCR.

Forward Primer Reverse Primer
SERCAI TGTTTGTCCTATTTCGGGGTG AATCCGCACAAGCAGGTCTTC
SERCA2 GAGAACGCTCACACAAAGACC CAATTCGTTGGAGCCCCAT
PGClua ACCCCAGAGTCACCAAATGA CCGAAGCCTTGAAAGGGTTATC
SIRT1 CCGCGGATAGGTCCATATACT AACAATCTGCCACAGCGTCA
NRF1 GCACCTTTGGAGAATGTGGT CTGAGCC?SGGTCATTTTGT
NRF2 TTCTTTCAGCAGCATCCTCTCCAC ACAGCCTTCAATAGTCCCGTCCAG
BNIP3 TTCCACTAGCACCTTCTGATGA GAACACCGCATTTACAGAACAA

4.7. Oxygraph-2k for High-Resolution Respirometry (O2k HRR)

For the measurements of mitochondrial respiration, the Oxygraph-2k (Ok,
OROBOROS Instruments, Innsbruck, Austria) was utilized. For each mouse, the diaphragm
muscle was properly dissected and divided into two parts in ice-cold BIOPS buffer (biopsy
preservation solution: 7.23 mM K;EGTA, 5.77 mM Na; ATP, 2.77 mM CaK;EGTA, 6.56 mM
MgCl,e6 H;O, 20 mM Taurine, 15 mM NasPhosphocreatine, 20 mM Imidazole, 0.5 mM
Dithiothreitol (DTT), 50 mM MES, pH 7.1) at 0 °C. Both parts were used in order to perform
the analysis in duplicate during the day. Pieces of diaphragm were washed in ice-cold
BIOPS for 10 min, permeabilized with 20 pug/mL Saponin (Merck) in BIOPS in agitation at
4 °C, and finally washed with mMiR05 buffer (mitochondrial respiration medium: 3 mM
MgCly, 60 mM lactobionic acid 0.5 mM EGTA, 20 mM taurine, 10 mM KH;POy4, 20 mM 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 110 mM D-sucrose, and 1 g-L-1
bovine serum albumin (pH 7.1)). Muscle samples were transferred into Oroboros-O,k
chambers; the experiments were performed in Mir05 solution, at 37 °C with an oxygen con-
centration between 400 and 250 uM to avoid O, limitation of respiration, and the medium
was reoxygenated with pure gaseous O; when oxygen concentration decreased below
the threshold of 250 uM. Moreover, the measurements were performed in the presence of
Blebbistatin (a myosin II-ATPase inhibitor, 25 uM), dissolved in DMSO 5 mM stock [54]
in order to avoid spontaneous contraction in the respiration medium of muscle samples.
Calibration at air saturation was performed each day before starting experiments. Res-
piration was determined using substrate-uncoupler-inhibitor titration (SUIT) protocols
previously described [55,56], with modifications. Glutamate and malate (10 mM and 4 mM,
respectively) were added to measure non-phosphorylating resting mitochondrial respi-
ration in the absence of adenylates, in order to evaluate the consumption of O, mainly
determined by the leakage of protons through the inner mitochondrial membrane (“LEAK”
respiration). Succinate (10 mM) was then used to support convergent electron flow into
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the Q-junction through Complexes I and II (determining the LEAK of both Complexes I
and II). ADP was added until reaching a 10 mM final saturating concentration, to obtain
maximal ADP-stimulated mitochondrial respiration (OXPHOS capacity). Titrations with
FCCP, the uncoupler protonophore carbonylcyanide-p trifluoromethoxyphenylhydrazone
(a few steps of 1 uM), were performed to determine electron transfer system (ETS) capacity.
Rotenone (Rot, 0.5 uM added to inhibit Complex I) and Antimycin A (AmA, 2.5 uM to
inhibit Complex III and thus the mitochondrial respiratory chain) were added for the deter-
mination of maximal respiratory uncoupled efficiency and residual oxygen consumption
(ROX) independently by mitochondria, respectively. Prior to AmA, Cytochrome C (10 uM)
was added to the chambers to evaluate the outer mitochondrial membrane integrity: an
increase in oxygen flux of more than 15% would indicate damaged organelles. At the end
of each experiment, muscle samples were taken from the chambers, washed in PBS, and
centrifuged for 10 min at 14,000x g at 4 °C, and frozen in liquid nitrogen to be stored
at —80 °C until further determinations. All of the mitochondrial respiration parameters
analyzed were corrected for O, flux resulting from residual O, consumption (ROX) and
were normalized by the value of citrate synthase activity (see below) [57].

Table 3. Antibodies used for Western Blot Analysis.

Primary Antibody Species Dilution Supplier Catalog Number
p-AMPK Rabbit 1:1000 Cell Signaling #4188
AMPK Rabbit 1:1000 Cell Signaling #2532
PGCla Rabbit 1:1000 Abcam Ab54481
TOM20 Rabbit 1:1000 Santa Cruz sc-11415
OPA1 Mouse 1:3000 Abcam Ab157457
MNF1 Mouse 1:1000 Abcam Ab57602
MNF2 Rabbit 1:1000 Abcam Ab50843
FIS1 Rabbit 1:1000 Abcam Ab71498
DRP1 pSer616 Rabbit 1:1000 Cell Signaling #3455
DRP1 pSer637 Rabbit 1:1000 Cell Signaling #4867
DRP1 Rabbit 1:1000 Cell Signaling #8570
SOD1 Rabbit 1:1000 Abcam Ab16831
Catalase Rabbit 1:1000 Abcam Ab52477
Hsp27 Mouse 1:1000 Abcam Ab2790
Hsp70 Mouse 1:1000 Abcam Ab47455
PRDX3 Rabbit 1:1000 Abcam Ab73349
LC3B Rabbit 1:1000 Sigma L7543
po2 Rabbit 1:2000 Cell Signaling #5114
PINK1 Rabbit 1:1000 Invitrogen #PA1-16604
PARKIN Mouse 1:2000 Invitrogen #39-0900
Tubulin Mouse 1:2000 Sigma T6199
OXPHOS Mouse 1:1000 Abcam Ab110413
SERCA1 Rabbit 1:1000 Cell Signaling #12293
SERCA2 Rabbit 1:1000 Cell Signaling #9580

4.8. Citrate Synthase Activity

CS activity was assessed using the Citrate Synthase Activity Assay kit (Merck, Darm-
stadt, Germany). Muscle samples were homogenized in CS Assay Buffer provided by the kit
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and centrifuged at 10,000 x g for 20 min at 4 °C after being kept on ice for 40 min. RC-DC™
protein assay (Bio-rad Hercules, CA, USA) was used to determine protein concentration;
5 ug of protein lysate was used to test CS activity. The absorbance was measured at 412 nm
at the initial time (Tinitial), after adding the appropriate Reaction Mix, with a plate reader
(CLARIOstar Plus, BMG Labtech, Ortenberg, Germany), and then the measurement was
followed for 45 min, taking an absorbance measurement (A412) every 5 min. CS enzyme ac-
tivity was calculated by interpolating the value of the final time (Tfinal) on a standard curve
whose points was scalar concentrations of a solution of known concentration (2 nmol/uL)
of GSH standard solution. Values for citrate synthase activity were used to normalize the
parameters evaluated by using O,k HRR.

4.9. Electron Microscopy (EM)

Intact diaphragms were fixed at room temperature with 3.5% glutaraldehyde in 0.1M
Na Cacodylate buffer, pH 7.2 for several hours. Small pieces of fixed diaphragms were
then processed, cut, and stained as in Boncompagni et al. 2009 [38]. Sections were viewed
and photographed in a 120 kV JEM-1400 Flash Transmission Electron Microscope (Jeol
Ltd., Tokyo, Japan) equipped with CMOS camera (Matataki and TEM Center software Ver.
1.7.22.2684 (Jeol Ltd., Tokyo, Japan)).

4.10. Statistical Analysis

The data were expressed as mean =+ S.D. The statistical significance of the differences
between the averages was determined with the Student t-test; a probability of less than
5% (p < 0.05) was considered significant. The statistical analysis was performed using
GraphPad Prism 9.0 software. The sample size was predetermined based on the published
literature and chosen to use the fewest number of animals to achieve statistical significance.

5. Conclusions

Current pharmacological and cellular approaches, mainly focusing on motor neuron
alterations, are only partially effective in ameliorating SMA clinical presentation. To achieve
new and real expectations for SMA disease treatment in the future, it is necessary to develop
alternative and parallel sites of intervention, especially for the patients who unfortunately
already are not treatable with the newly discovered drugs (Spinraza, Risdiplam, and AVXS-
101 (Zolgensma)). In particular, the improvement of diaphragm function could be useful to
improve the quality of life of all patients with SMA.

The results obtained in the present study give the first demonstration of an intrinsic
energetic imbalance and a significant ROS accumulation not scavenged by the antioxidant
enzyme pool in the diaphragm of SMNA7 mice. Both conditions can contribute to muscle
fatigue and, in the long run, lead to diaphragm wasting and respiratory failure. The
significant increase in fatigue resistance of isolated diaphragm from SMA mice following
ERGO exposure supports the rationale to test the effect of dietary supplementation with
ERGO in SMA mice to improve their life quality and increase their lifespan.
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Results part 11

The second aim of my Ph.D. thesis was to test the effect of ERGO on the SMNA7 mice model
in vivo, in isolated diaphragm of 11 days old mice and on Neural Stem Cells (NSCs) in order

to identify a supplement capable of improving the life quality in SMA patients.

1 Ex vivo Functional Analysis (TTP and TTR)

In the paper of Cadile and colleagues had been demonstrated a significant increase in fatigue
resistance of isolated diaphragm from SMA mice following ERGO exposure.

During ex vivo functional experiments, the time to peak tension (TTP), and time to half
relaxation (TTR) of the single twitch were also measured.

Both times were significantly increased in SMA in comparison with WT and after the

exposition to ERGO returned to baseline levels (Figure 17).

TP TTR
*k
*k
0.20 ™"
0.20
0.15-
g 0.15-]
@ “
E 0104 _T. " -
# 0.10-
E
0.05 :
-
0.05-]
0.00
0.00 : . :
(] O
& & P I
6 Xé. X@Q.
v
& B

Fig. 17 Mean values of twitch time to peak (TTP), twitch half relaxation time (TTR), determined in ex vivo
functional analysis in the diaphragm muscles. TTP: (WT, n= 24 ; SMA, n= 18 ; WT + ERGO, n=4 ;SMA +
ERGO, n="7). TTR: (WT, n =26 ; SMA, n= 19 ; WT + ERGO, n= 4 ;SMA + ERGO, n=7). * p < 0.05 ** p <
0.01, *** p <0.001.
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2 Survival and in Vivo Tests

Due to the encouraging preliminary results obtained through ex-vivo functional analysis, it
was possible to formulate a rationale for testing the effect in vivo of ERGO administration on
SMNA7 mice. ERGO supplementation was administered transplacentally to the fetus during

the mother's pregnancy and feeding time.

Kaplan-Meier Curve Survival

Kaplan-Meier survival curves were used to evaluate the survival of SMA +ERGO mice in
comparison with SMA mice. The graph shows the number of days on the x-axis and the
survival probability on the y-axis (Figure 18).

According to the literature, SMAA7 mice have an average lifespan of approximately 13 days
(Le et al., 2005) and the treatment with ERGO was found able to extend their survival to up
to 21 days. The difference in the overall survival was statistically significant (p=0.002)
demonstrating the efficacy of treatment with ERGO in delaying the progression of debilitating

symptoms of the disease and confirming the rationale for the treatment with antioxidants.
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Fig. 18 Kaplan Meier survival curve. In blue SMA, n= 35; in red SMA + ERGO, n= 29.
The log-rank test was statistically significant (p=0.002).

The Life’s Quality Graph

In order to evaluate the overall quality of life of SMA + ERGO mice in comparison with
SMA, we daily conducted in vivo measurements and tests from birth until day 11 of life.
The parameters considered were: the hind limb suspension test (Figure 19), weight and the
presence of hair, the righting reflex, and the total distance in an open arena. It was
immediately apparent that the SMA+ ERGO mice grew and developed much faster than the
SMAs and were almost comparable to the WTs. The average difference in weight at 11 days
was significant (SMA+ ERGO were 72,58% heavier than SMA). Among the parameters that
were assessed daily, there was hair growth, which appeared at 7 days after birth in WT mice
while SMA mice were hairless for almost all of the 11 days assessed.

Regarding motor performance, SMA + ERGO mice exhibited good motor skills, greater
muscle strength, and fatigue resistance compared to the untreated mice.

These parameters were combined and represented as a single value named 'quality of life'

(Figure 20). The total score can range from a minimum of 5 to a maximum of 18. WTs are in
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the range from 15 to 18, SMA from 5 to 7, and SMA + ERGO from 8 to 17, and the differences
among the groups were significant. The results showed that the SMA + ERGO mice had a
better quality of life than the SMA mice.

SMA: score 1 SMA + ERGO: score 4

——

A

Fig.19 The hindlimb suspension test measures the capacity to develop force by the hind legs. SMA with an
evident weakness (on the left) and SMA+ ERGO with normal posture (on the right).
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Fig. 20 The life’s quality graph includes the in vivo parameters: weight, hindlimb suspension test, righting
reflex, hair growth, and total distance in an open arena. (WT, n= 18; SMA, n=7; WT + ERGO, n=9; SMA +
ERGO, n= 16). Bars represent means + SD. Individual data are represented as scatter plots. p < 0,01 ***

78



3 WB analysis on the isolated diaphragm

Molecular analysis performed by WB experiment was repeated on the isolated diaphragms of
SMNA7 mice 11 days old belonging to the 4 groups (SMA, WT, SMA + ERGO, WT+ ERGO).
It is known the influence of calcium handling on fatigue, so the action of ERGO on the
sarcoplasmic reticulum (SR) Ca2+ ATPase (SERCAT1 and 2) pumps expression was assessed.
The results indicate a restoration of the protein expression in SMA + ERGO compared to

SMA (Figure 21) confirming the possibility of counteracting the isolated diaphragm fatigue
by ERGO exposure.
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Fig. 21 Western blot analysis of protein expression (WT, n="7; SMA, n=5; WT+ ERGO, n=8; SMA+ ERGO,
n= 6) of sarcoplasmic reticulum Ca2+ ATPase pumps (SERCA1) (WT, n=7; SMA, n=5; WT+ ERGO, n= §;
SMA+ ERGO, n=6) and SERCA2 (WT, n="7; SMA, n=6; WT+ ERGO, n= 8; SMA+ ERGO, n= 7). The level
of the protein target was normalized against the level of the housekeeping tubulin measured in the same blot.
Representative Western blots are shown. Bars represent means+ SD. Individual data are represented as scatter

plots. * p<0.05 ** p<0.01
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protein level

3.1 Energy Imbalance and Oxidative Metabolism

Unexpectedly, the energy imbalance observed in SMA seems to be maintained in SMA +
ERGO. Specifically, ERGO seems to not affect the energy sensor AMPK and the
mitochondrial biogenesis regulator PGCla (Figure 22 A, B).

On the contrary, the mitochondrial mass which was increased in SMA (TOM-20 and PRDX3)
was significantly normalized in SMA+ERGO, (Figure 22 C, D).
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Fig. 22 Effect of ERGO on energy balance. (A) Mean values of the ratio between the content in the
phosphorylated (p) and total forms for AMPK determined by Western blots (WT, n = 7; SMA, n = 5; WT+
ERGO, n= 6; SMA+ ERGO, n= 7). (B) Protein expression of PGCla (WT, n=; 6 SMA, n=5; WT+ ERGO, n=
8; SMA+ ERGO, n= 8) and (C) mitochondrial import receptor subunit TOM-20 (WT, n=8; SMA, n=6 ; WT+
ERGO, n= 7, SMA+ ERGO, n= 6) and (D) Piroxiredoxin 3 (PRDX3) (WT, n=5; SMA, n=5; WT+ ERGO,
n=8; SMA+ ERGO, n=_8), determined by Western blots. The level of each protein target was normalized against
the level of the housekeeping tubulin measured in the same blot. Representative Western blots are shown. Bars

represent means + SD. Individual data are represented as scatter plots. * p < 0.05, ** p <0.01, *** p <0.001
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The expression of specific proteins involved in mitochondrial dynamics was assessed.

No significant difference following ERGO treatment was found (Figure 23).
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Fig. 23 Effect of ERGO on mitochondrial dynamics. Phosphorylation of serine 637 of DPR1 (WT, n = 5;
SMA, n = 5; WT+ ERGO, n= 6; SMA+ ERGO, n= 6). Mean values of the ratio between the content in the
phosphorylated (pe37) and total forms for DRP1 determined by Western blots. Bars represent means + SD.

Individual data are represented as scatter plots. * p < 0.05

3.2 Autophagy and Mitophagy

The significant induction in SMA of the active form LC3BII, along with the decrease in p62
expression, suggested the activation of the autophagy. Treatment with ERGO seems to
maintain the autophagic activation (Figure 24 A, B). However, contrary to what happens in
SMAs, the protein expression of Parkin is increased suggesting the activation of the
mitophagy process (Figure 24C).

Based on this result and according to the reduction in mitochondria mass (TOM20 and
PRDX3) it could suggest that the degradation of non-functional mitochondria by the

mitophagy process occurs.
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Fig. 24 Effect of ERGO on Autophagy and Mitophagy (A) The ratio between the active form and the inactive
form of LC3B (LC3BII/LC3BI) (WT, n=7; SMA, n= 6; WT+ ERGO, n=5; SMA+ ERGO, n=7), ) and (B)
protein levels of p62 (WT, n= 6; SMA, n=35; WT+ ERGO, n= 6; SMA+ ERGO, n= 6), determined by Western
blots. (C) Protein levels of mitophagy maker PARKIN (WT, n = 8; SMA, n = 4; WT+ ERGO, n= 6; SMA+
ERGO, n= 6), determined by Western blots. The level of the protein target was normalized against the level of

the housekeeping tubulin measured in the same blot. Representative Western blots are shown. Bars represent

means + SD. Individual data are represented as scatter plots. * p < 0.05 ** p <0.01.

3.3 Redox imbalance

Oxyblot analysis showed a higher level of carbonylated protein in SMA compared to WT due
to ROS accumulation since the main antioxidant systems (SODI, Catalase) were not
activated. ERGO administration seems to eliminate only partially the carbonylated proteins
so that in comparison with SMAs no significant difference was found (Figure 25A)

but, even if ERGO did not affect the activation of SOD1 and catalase, it did significantly
stimulate the activation of the GPX antioxidant system (Figure 25D).
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Fig. 25 Effect of ERGO on redox imbalance (A) Protein levels of carbonylated proteins revealed by Oxyblot
analysis (WT, n= 6; SMA, n=5; WT+ ERGO, n=4; SMA+ ERGO, n= 3). Protein levels of (C) SOD1 (WT, n
=8; SMA, n=7; WT+ ERGO, n= 8; SMA+ ERGO, n= 8), (B) Catalase (WT, n=8; SMA, n=6; WT+ ERGO,
n= 8, SMA+ ERGO, n= 8), (D) GPX (WT, n = 8, SMA, n = 6; WT+ ERGO, n= 8; SMA+ ERGO, n= 7)
determined by Western blots. The level of the protein target was normalized against the level of the housekeeping
tubulin measured in the same blot. Representative Western blots are shown. Bars represent means + SD.

Individual data are represented as scatter plots. * p <0.05 ** p <0.01.

4 Electron Microscopy analysis of isolated diaphragm

Through collaboration with Prof. Boncompagni, we were able to study the morphology of the
diaphragm’s mitochondria through electron microscopy (EM) analysis.

Preliminary qualitative investigations on SMA diaphragms show the presence of
mitochondria of variable shape often clustered in shorter columns scattered within the fiber
interior (Figures 26A, B, C and 27A, B) and the lack of “triadic” mitochondria, i.e.,
mitochondria coupled to the Ca2+ Release Units (CRUs) or triads (Figure 26E, F, G),
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supporting their misplaced and uneven distribution (Boncompagni et al., 2009). The proper
“triadic” association is essential for the bi-directional cross-talk between the two organelles,
as the Ca”' released from SR during EC coupling enters into the mitochondrial matrix,
stimulating ATP production (Rossi et al., 2009 and 2011).

In SMA+ERGO mice frequency and distribution of mitochondria appear very similar to that
described for WT mice: both roundly shaped and elongated mitochondria clustered to form
longitudinal long rows that are quite evenly distributed between myofibrils (Figure 26D).
Mitochondria coupled to CRUs are also present (Figure 26H).

To support the visual observation, the frequency and the size of mitochondria in WT, SMA,
and SMA+ERGO mice were quantified. The number and the size of mitochondria are
significantly decreased in the SMA diaphragm compared to WT and increase significantly in

treated mice (Table 12).

SMA SMA + ERGO

Fig. 26 Mitochondria and CRUs distribution in muscle fibers from mice of the diaphragm at 11 days of
age. Representative EM images from WT (A and D) SMA (B and F) and SMA+ERGO (D and H) mice. Labeling:
large empty arrows point to rows of mitochondria columns; small black arrows point to CRUs; large black

arrows point to Z-line; M is for mitochondria. Scale bars: A, B, C, and D: 2 um; D, E, F, and H: 0.5 um.
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Fig. 27 Additional ultrastructural observations of diaphragm fibers from mice at 11 days of age from
SMA. Representative EM images from SMA fibers show a large cluster of mitochondria (A, asterisk) and a
completely degenerated fiber (B). Scale bars: A and B: 1 mm.

No. of Average
Mitochondria Mitochondria

/100 pm? Size (um?)

WT 55.57+13.1 0.5+0.04

SMA 20.68 + 4.0* 0.6 +0.04

SMA+ 4157+2.7¢% 0.5+0.04
ERGO

Table 12 Frequency and the size of mitochondria in diaphragm fibers from mice at 11 days of age. Data
are shown as mean = SEM. *p<0.02 (SMA vs WT); p<0.009 (SMA+ERGO vs SMA). Sample size: 24 fibers
from 1 WT mice, 24 fibers from 1 SMA mice; 10 fibers from 1 SMA+ ERGO mice; 2 micrographs/fiber.
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S Neural Stem Cells Analysis

In collaboration with Dr. Bottai, molecular and cellular analyses on NSCs prepared from the
subventricular zone of the brain of WT and SMA mice were performed. A significant
difference in NSCs proliferation and self-renewal has been observed (Figures 28 and 29).
The effect of different concentrations of ERGO on NSCs proliferation was tested on NSCs
from WT mice. The number of cells was measured at ERGO concentrations of 2.5, 5, 10, 20,
50, 100, and 200uM. At concentrations of 10 and 20uM, there was a significant increase in
the proliferation capability of the NSCs, almost double that of the control group. At higher
concentrations of 50, 100, and 200uM, ERGO treatment exhibited an inhibitory effect (Figure
30).

The 10uM concentration was used to conduct an MTT assay before and after ERGO
treatment. The relative change in NSCs metabolic activity was compared between WT NSCs
treated with ERGO and the WT NSCs control, as well as between the SMA NSCs treated with
ERGO and the SMA NSCs control. The results indicate that ERGO is able to increase the
metabolic activity of SMA NSCs more than WT NSCs (Figure 31).

Other experiments are to be performed to demonstrate the positive effect of ERGO on NSCs.
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Fig. 28 Impaired proliferation of SMA NSC cells. NSCs from WT and SMA animals obtained from the
subventricular zone (SVZ) proliferate exponentially. A and B are representative growth curves of WT and SMA
NSCs. C The pendency of the growth curves is significantly lower in NSCs from SMA animals * p<0.05. N=5
for each group.
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Fig. 29 The clonogenicity of NSCs is decreased in SMA. White: WT, green: SMA, * p<0.05; n =6 for each group.
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Discussion part I1

1 Effect of ERGO administration

In the paper of Cadile and colleagues, a significant increase in fatigue resistance of isolated
diaphragm from SMA mice following ERGO exposure was found. ERGO is a very potent
natural antioxidant molecule that acts as a powerful scavenger of mitochondria-derived
superoxide species and a protector of cell constituents from damage by ROS (Cheah et al.,
2017). It is important to note that the time of exposure to ERGO was only 30 minutes. In this
short time, it was impossible for ERGO to eliminate oxidized proteins present in the sample.
ERGO is a histidine derivative that contains an imidazole ring. Its imidazole ring is suitable
to function as a pH buffer (Holecek et al., 2020). In fact, histidine compounds such as
carnosine, act as powerful buffers and attenuate changes in intracellular pH in muscles during
anaerobic exercise (Abe et al., 2000). Based on this information, it is possible to assume that,
within the organic bath, ERGO was able to bind H" ions derived from lactic acid that has
accumulated following repeated high-frequency contractions. The accumulation of lactic acid
in muscle has historically been suggested to be the major cause of muscle fatigue (Fitts et al.,
1994).

Beyond that, ERGO, even if was not able to eliminate all the carbonylated proteins that have
already been irreversibly modified, could protect the diaphragm’s proteins from further
oxidation by stimulating mitochondria function to reduce ROS formation and provide an
adequate ATP amount in order to delay the onset of fatigue.

The availability of an adequate amount of ATP for SERCA pumps could also explain the
reduction in both time-to-peak tension and time-to-half relaxation of a single twitch in SMA

+ERGO (Figure 17). Moreover, the western blots experiments on the diaphragm of SMA +
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ERGO indicate a restoration of SERCA pump protein expression (SERCA 1 and SERCA 2)
compared to SMA (Figure 21).

So the alteration in contractile properties of isolated SMA diaphragm seems to be
counteracted by ERGO and it could contribute to prolonging the onset time of respiratory
failure in mice.

Based on the results obtained in an isolated diaphragm we wanted to test the effect of dietary
supplementation with ERGO in SMA mice to assess its capacity to improve their life quality
and possibly increase their lifespan. ERGO administrated at a dose of 20 pg/day to
pregnant/mothers in drinking water during pregnancy and feeding time, was found to have a
very powerful effect in vivo. ERGO was able to increase the pup's growth, motor
performance, and in general life quality (Figure 20). Very importantly, mice treated with
ERGO managed to survive an average of 7 days longer (Figure 18).

Assuming that the in vivo ERGO effect was related to an antioxidant effect on the diaphragm
muscle which in the absence of ROS is able to resist fatigue, improve the respiratory function
of mice, and consequently increase their survival, the diaphragm of SMA +ERGO mice was
analyzed at molecular level. At first, the effect of ERGO on energy imbalance was
investigated. Surprisingly results showed that, despite ERGO administration, the energetic
defect in SMA diaphragm persisted (Figure 22A). It could lead, in the long run, to respiratory
failure.

The expression of mitochondrial import receptor subunit TOM-20 and the mitochondrial
antioxidant protein PRDX3 (Figure 22C, D) were significantly decreased in SMA +ERGO
in comparison with SMA mice even if the expression of TOM20 was still significantly higher
than WT. As the low expression of PGCla did not play in favor of an ERGO stimulation of
mitochondria biogenesis (Figure 22B), the still high amount of mitochondrial proteins
combined with the presence of an energy deficit suggests that some dysfunctional
mitochondria could be still present.

Notwithstanding the presence of dysfunctional mitochondria was assumed, in SMA +ERGO
a significant increase in Parkin protein expression was found, suggesting the stimulation of
the mitophagic process by ERGO (Figure 24C). In addition, the autophagy process seems to
remain activated as indicated by the maintenance of a significant increase in the protein level
of LC3BII and a decrease in p62 protein expression (Figure 24A, B).

The EM analysis of the diaphragm of SMA +ERGO mice was a crucial step in supporting the
results obtained at the molecular level. In SMA + ERGO diaphragm the shape, size, and
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distribution of mitochondria appear very similar to WTs, and mitochondria coupled to CRUs
are again present (Figure 26 D, H).

ERGO was found to increase GPX enzyme expression, with no impact on other antioxidant
enzymes such as SOD1 and catalase (Figure 25 B, C, D) The main biological role of GPX is
to protect the organism from oxidative damage. It is able to scavenge free radicals, aid in the
prevention of lipid peroxidation, and in the maintenance of intracellular homeostasis and
redox balance (Lubos et al., 2011).

This result led to the assumption of the elimination of ROS in the SMA diaphragm by ERGO
but the Oxyblot analysis showed only a decreasing trend in carbonylated proteins amounts in
SMA+ ERGO mice (Figure 25A). It must be noted that a small number of samples were

analyzed.

On the basis of the obtained results, it is not possible to say that in vivo ERGO effect can be
only due to the antioxidant action on the diaphragm but other targets must be considered.
SMA is primarily a neuromuscular disease and it is known that altered ROS levels and
oxidative stress are present in SMA neural cells (Acsadi et al., 2009; Miller et al., 2016; Ando
et al., 2020; James et al., 2021, Katsetos et al., 2013). Thanks to Dr. Bottai's collaboration, we
were able to analyze NSCs from the subventricular zone of SMNA7 mice's brains. Preliminary
results indicated a significant difference in NSCs proliferation and self-renewal capacity
between SMA and WT (Figure 28 and 29). The presence of oxidative stress could be the
reason for the lower growth curve of the NSCs in SMA (Hwang et al., 2021). Regarding the
effect of ERGO, it has been observed that it could increase the metabolic activity of SMA
NSCs, as determined by MTT assay, at a concentration of 10 uM (Figure 31). The same dose
allowed a higher increase in NSCs proliferation and for this reason, has been chosen to
perform future experiments (Figure 30). Although these are preliminary results, they are very
encouraging and suggest that the observed in vivo effect of ERGO may not only be due to

peripheral action but also achieved through concomitant action at a central level.
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Conclusions

The results obtained in the present study give the first evidence of an intrinsic energetic
imbalance and significant accumulation of reactive oxygen species (ROS) that are not
scavenged by the antioxidant enzyme pool in the diaphragm of SMNA7 mice. Both conditions

can contribute to muscle fatigue, which can lead to diaphragm wasting and respiratory failure.

The significant increase in fatigue resistance of isolated diaphragm from SMA mice following
ERGO (a very potent antioxidant molecule) exposure, supported the rationale to test the effect
of dietary supplementation with ERGO in SMA mice in order to improve their life quality
and increase their lifespan. In vivo tests demonstrated that ERGO treatment significantly
enhanced the quality of life of SMA mice and extended their lifespan.

At the molecular level it has been observed that ERGO has the ability to stimulate mitophagy
and increase the expression of the antioxidant GPX. It could result in a partial elimination of
non-functional mitochondria and a reduction of oxidative stress in the diaphragm of SMNA7
mice. Supporting this hypothesis, electron microscopy showed an improvement in the
morphology of the mitochondria in the treated mice, which are almost indistinguishable from

the controls.

In conclusion, ERGO had positive effects on the SMNA7 mice, particularly evident in vivo.
The antioxidant action of ERGO could partially counteract the redox imbalance in the SMA
dipahragm but the improvement of motor skills and the increase in survival must be the result
of an overall effect on multiple physiological systems. It can be hypothesized that the
antioxidant action of ERGO takes place also in the locomotor muscles and at the central level.
Preliminary analyses conducted on NSCs from the subventricular zone of the brain showed
an increase in proliferation and an increase the metabolic activity in the treated mice compared
to controls.

These results are very encouraging but much work needs to be done and the actions of ERGO

should be further investigated.
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To summarise, it has been demonstrated that ERGO is able to restore crucial alterations in
SMA mice. Translating this information to the human level, ERGO could be effective in
improving the quality of life in all SMA patients even if it cannot be the substitute for the
newly available drugs. It could be also very useful in patients who do not respond to the
therapies. Moreover, ERGO can be administered also during gestation (this cannot be done
with the other approved drugs) so it could help to increase the window for the treatment.

The results of this research could open the possibility of a novel potential adjuvant to alleviate

the symptoms of this serious neuromuscular disease.
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