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Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative and fatal 

disease characterized by progressive cortical, bulbar and spinal motor 

neuron (MN) degeneration, leading to progressive muscle weakness, 

atrophy, paralysis and, ultimately, death. ALS can occur in two different 

forms: sporadic ALS (sALS) in ∼90% of individuals and familial ALS 

(fALS). Different genes have been associated with fALS and/or sALS; 

C9ORF72–SMCR8 complex subunit (C9ORF72) is the gene most 

commonly linked to inherited ALS, followed by TAR DNA-binding 

protein 43 (TARDBP), superoxide dismutase 1 (SOD1) and FUS RNA-

binding protein (FUS). Such genes affect several cellular functions, 

including oxidative stress (SOD1), RNA metabolism (C9ORF72, 

TARBDP and FUS), cytoskeletal organization [e.g. tubulin alpha-4a 

(TUBA4A) and profilin 1 (PFN1)] and autophagy [e.g. TANK-binding 

kinase 1 (TBK1) and optineurin (OPTN). ALS-associated mutant genes 

are ubiquitously expressed, thus alterations in structure, metabolism 

and physiology occur in different cell types, synergistically contributing 

to ALS degenerative pathways. It is generally accepted that ALS is 

primarily caused by MN death. However, growing evidence has shown 

that muscle is active and plays a crucial role in the disease onset and 

progression. Currently, there are no effective treatments for ALS. 

Indeed, one of the major aims in ALS research is the development of 

successful therapies, by deepening the knowledge of the molecular 

events leading to the degeneration of both MNs and muscle tissue. 

Abstract   1 
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It has become increasingly clear that RNA dysregulation is a key 

contributor to ALS pathogenesis. Among non-coding RNAs, long non-

coding RNA (lncRNAs) are emerging as molecular contributors to ALS 

pathophysiology because of their role in regulating gene expression. 

LncRNAs, that are 300 to thousands nucleotides long, being more 

similar to mRNA than microRNAs, are key MN and muscle gene 

expression regulators. However, the exact contribution to ALS 

pathogenesis is still unknown.  

Here, we analysed the expression levels of MALAT1, NEAT1 and 

HOTTIP lncRNAs, known to be involved in the development and 

homeostasis of the skeletal muscle, in a human induced pluripotent 

stem cell (hiPSC) model differentiated towards a myogenic destiny 

through a small molecule-based protocol, obtained from ALS patients 

and healthy controls.  

The expression of key markers of skeletal muscle development was 

assessed by qPCR. Further, mRNA targets of the lncRNAs were 

predicted in silico, and validated by qPCR. We reported a differential 

lncRNA and mRNA target expression pattern in ALS-mutant cultures 

compared to controls, particularly at the mesodermal progenitor, early 

myocyte and myotube stages. Specifically, through hierarchical 

clustering analysis we identified specific clusters of lncRNA/target gene 

defining ALS cell lines, suggesting that an altered expression of these 

molecules might contribute to the disease pathogenesis. 

Our findings on dysregulation of MALAT1, NEAT1, HOTTIP and their 

target genes in the iPSC-based ALS in vitro model provide new insights 

into ALS molecular basis, pointing out the possibility that altered 

muscle differentiation processes, depending on these lncRNAs, could 

eventually lead to an alteration in the architecture and mass of the 

skeletal and in its function, throughtout the disease progression. 

Further studies in genetically defined, or not defined, ALS patients, and 
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in other motor neuron diseases (MNDs), could help to deeply 

understand the synergistic effect of MALAT1, NEAT1 and HOTTIP in 

disease onset and/or progression, towards future development of 

patient-specific lncRNA-based therapeutic strategies for ALS and other 

MNDs.  
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1.1. Amyotrophic Lateral Sclerosis 

 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease 

characterized by progressive and selective cortical, bulbar and spinal 

motor neuron (MN) loss. ALS symptoms begin with focal weakness in 

the limbs, and spread inexorably to the other skeletal muscles, leading 

to progressively muscle wasting, atrophy, paralysis and ultimately 

death. The initial presentations of ALS vary according to disease onset. 

Some of them present a spinal-onset, but others about 30% show a 

bulbar-onset disease characterized by dysarthria and dysphagia 

[Hardiman O. et al, 2017].  

However, a spectrum of non-motor manifestations is also common, 

since about 30%-50% of patients develop cognitive and/or behavioural 

impairment, whereas 13% of ALS patients show concomitant 

behavioural variant of frontotemporal dementia (FTD), from the onset 

[Huynh W. et al, 2020]. Average age of onset is 58–60 years with 

median survival from onset to death within two to four years, mainly 

due to respiratory failure [Hardiman O. et al, 2017].  

Disease progression and survival vary among different disease 

subtypes, according to clinical features, with older age and bulbar onset 

having a worse outcome [Chiò A. et al, 2009]. Almost ∼90% of ALS 

cases are sporadic (sALS), whereas 10% are familial (fALS), showing 

different patterns of inheritance, including autosomal dominant, 

Introduction   1 
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autosomal recessive, X-linked or with no discernible family history 

[Boylan K. 2015].  

As shown in Figure 1., many causative genes are associated with ALS, 

as C9orf72–SMCR8 complex subunit (C9ORF72), TAR DNA-binding 

protein 43 (TARDBP), superoxide dismutase 1 (SOD1) and FUS RNA-

binding protein (FUS). These genes affect different cellular functions, 

mainly involving oxidative stress (SOD1), RNA metabolism (C9ORF72, 

TARBDP and FUS), cytoskeletal organization [e.g. tubulin alpha-4a 

(TUBA4A) and profilin 1 (PFN1)] and autophagy [e.g. TANK-binding 

kinase 1 (TBK1) and optineurin (OPTN)] [Hardiman O. et al, 2017]. The 

genetic heterogeneity reflects the different initial clinical presentations, 

making ALS struggling and lengthy to diagnose.  

 

 

Figure 1. Timeline of gene discovery and pathogenic mechanism in ALS. Blue 

circles indicate genes associated with fALS, red circles indicate genes associated 

with sALS. The size of each circle reflects the proportion of all familial ALS cases 

associated with that gene. From Brown R. H. et al, 2017. 

A common pathogenic hallmark of ALS is the aggregation and 

accumulation of protein inclusions in MNs. Pathological aggregations of 
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TDP43 are seen in up to 97% of ALS patients, although mutations in 

TARDBP are a rare cause of the disorder. In specific subtypes of ALS, 

other types of protein aggregates were observed, such as FUS, 

Sequestosome-1 (p62), OPTN and Ubiquilin 2 (UBQLN2) inclusions 

[Blokhuis A.M. et al, 2013].  

It has become increasingly clear that RNA dysregulation is a key 

contributor to ALS pathogenesis, especially in C9ORF72, TARBDP and 

FUS mutant form of ALS.  

The GGGGCC hexanucleotide repeat expansion in the first intron or 

promoter region of C9ORF72 gene leads to the accumulation of repeat-

containing RNA foci in ALS patient tissues [Gendron T.F. et al, 2013]. 

In turn, RNA foci lead to RNA-binding protein mislocalization causing 

RNA metabolism alterations [Donnelly C. J. et al, 2013]. It is still not 

clear how C9ORF72 expansion causes ALS for toxic gain of function, 

loss of function, or both.  

TARDBP gene codes for TDP43 protein that has a major role in 

different stages of mRNA processing, as splicing, stability and transport 

[Buratti E. and Baralle F. E. 2008]. TDP43 is normally nuclear, but in 

case of TARDBP mutations, it is mislocalized to the cytoplasm and 

forms aggregates. TDP43 aggregation provokes a loss of function of 

TDP43 and thus a dysregulated RNA metabolism and a gain of 

function, since the aggregates are cytotoxic [Kabashi E. et al, 2010].  

FUS plays multiple roles in RNA processing by directly binding to RNA, 

with an essential role in splicing regulation [Lagier-Tourenne C. et al, 

2012]. Indeed, it was shown that loss of function of FUS led to splicing 

changes in more than in more than 300 genes in mice brain [Lagier-

Tourenne C. et al, 2012]. 

Transgenic SOD1 mouse is the most known and used ALS animal 

model of the disease [Gurney M.E. et al, 1994]. However, the broad 
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variety of genetic mutations identified in ALS led to generate several 

transgenic ALS animal models of different species as Caenorhabditis 

elegans, Drosophila melanogaster, Danio rerio, Rattus norvegicus and 

Sus scrofa in which were introduced different mutations as TARDBP, 

FUS, C9ORF72, VAPB and VCP [Picher-Martel V. et al, 2016]. These 

models mainly recapitulate the molecular and cellular features that 

mimic those characteristic of fALS and sALS.  

 

The discovery of human induced pluripotent stem cells (iPSCs) 

revolutionized the approach to human disease modelling [Takahashi K. 

et al, 2007]. IPSCs are a unique tool for studying the cellular and 

molecular mechanisms of neurodegenerative diseases including ALS, 

since these cells are patient-specific in vitro model and they are able to 

differentiate in different cell types [Fujimori K. et al, 2018]. Moreover, 

considering the great genotypic and phenotypic heterogeneity in ALS, a 

personalized model better recapitulates the epidemiology of the 

disease and allows the progress of precision medicine [Hardiman O. et 

al, 2017].  

Treatment of ALS is managed by a multidisciplinary research approach, 

but only two compounds, Riluzole and Edaravone, were approved by 

the Food and Drug Administration (FDA). Riluzole is a glutamate 

antagonist, acting as inhibitor of the voltage-gated sodium channels on 

presynaptic neurons, reducing the excessive glutamatergic 

neurotransmission; Edaravone is a free radical scavenger, protecting 

cells against oxidative stress. However, Riluzole and Edaravone show 

modest and few benefits on survival [Hardiman O. et al, 2017].  

Recently, a multicentric phase 2 clinical trial demonstrated that 

Guanabenz, a drug targeting the unfolded protein response, 

significantly slowed the progression of bulbar ALS patients, even 

though the mechanisms underlying the effect on such disease subtype 
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are  unknown [Dalla Bella E. et al, 2021].   

 

1.2. Skeletal muscle as a key site of ALS pathophysiology  

In ALS, the major intrinsic pathogenic mechanisms occurring within 

MNs include massive excitotoxic insult, axonal transport deficiency and 

neurofilament aggregation [Tsitkanou S. et al, 2019; Le Gall L. et al, 

2020]. However, a specific MN vulnerability arises from the combination 

of several factors and events that result from MN interaction with 

surrounding non-neuronal cells, including protein misfolding and 

aggregation, mitochondrial alterations, oxidative damage, insufficient 

growth factor signalling, inflammation and glutamatergic excitotoxicity 

[Ross C. A. and Poirier M. A. 2004; Raimondi A. et al, 2006; Said A. M. 

et al, 2000; Ragagnin A. M. G. et al, 2019; Menon P. et al, 2015].  

ALS is considered a ‘multi-systemic’ disease, where MN damage is 

enhanced by impaired neighbouring cells, such as activated astrocytes 

and microglia, which contribute to generate an inflammatory state 

[Lobsiger C. S. and Cleveland D. W. 2007]. It is generally accepted that 

ALS is primarily caused by MN death. However, growing evidence has 

shown that muscle is active and crucial role in the onset and 

progression of ALS [Scaricamazza S. et al, 2021].   

 

 

1.2.1 The skeletal muscle   

Skeletal muscle is one of the most dynamic and plastic tissues of the 

human body. It is composed by a heterogeneity of cell types as 

myofibers, fibroblasts, endothelial cells, blood cells, neurons and 

others. Myofibers are the basic unit of the skeletal muscle and are 

multinucleated since they are generated by the fusion of multiple 

myotubes [Cretoiu D. et al, 2018].  
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Of note, the ability to adapt to physiological and ectopic stimuli, as 

physical exercise or disease state, is a distinctive and unique 

characteristic of the skeletal muscle. The muscle plasticity is a useful 

characteristic for responding to any circumstance with the best 

performance, also in case of disease. This feature slows down disease 

progression and counteract myodegeneration. In particular, muscles 

regenerate or modify the composition of their fibre phenotypes, 

switching from fast to slow-twitch fibres or vice versa, or they change 

their cross-sectional area and thus the amount of force they can 

produce [Hoppeler H. 2016].  

 

1.2.2. Skeletal muscle regeneration 

The skeletal muscle has the ability to self-regenerate by the 

proliferation and differentiation of satellite cells (SCs). SCs mostly 

originate from Paired box (PAX) 3+ and PAX7+ embryonic progenitor 

cells. Under basal conditions, SCs are quiescent and reside in a 

muscle niche located between the sarcolemma and basal lamina.  

During muscle damage and denervation or in exercise condition, SCs 

proliferate and differentiate into mature myofibers to counteract the 

damage or to positively support the physical activity.  

The quiescence state is maintained through the expression of PAX3 

and PAX7 genes, wheras SC activation is determined by a down 

regulation of PAX3 and PAX7 genes and an up regulation of Myoblast 

determination protein (MYOD) and Myogenic factor 5 (MYF5) genes. At 

this stage, SCs differentiate into myoblasts, myogenic precursors 

characterised by an intense proliferative capacity (Figure 2.A.).  

Interesting, the subsequent activation of Myogenin (MYOG), Myocyte 

enhancer factor 2C (MEF2C) and MYF6, determines the start of 

terminal differentiation step characterised by the fusion of several 

myoblasts to generate multinucleated myofibers (Figure 2.A.).  
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The morphological unit of the mature skeletal muscle is the myofiber 

positive for Myosin heavy chain (MHC) that is the terminal 

differentiation marker of the myogenic process [Chal J. and Pourquié 

O. 2017]. 

 

1.2.3. Fibre type switch 

In mammalian skeletal muscles, two types of myofibres exist and are 

classified as ‘slow-twitch’ (type I) or ‘fast-twitch’ (type II) fibres.  

Slow-twitch fibres express myosin heavy chain (MHC)-IB (encoded by 

MYH7) and are characterized by a slow contraction capacity and a slow 

rate of fatigue; they are innervated by small-calibre axons, have a small 

diameter, high myoglobin content, numerous capillaries, oxidative 

metabolism and a high number of mitochondria. Because of these 

characteristics, slow-twitch fibres are involved in sustained, tonic 

contractile events [Schiaffino S. and Reggiani C. 2011].  

In contrast, fast-twitch myofibres contract rapidly and are susceptible to 

fatigue. Fast-twitch myofibres express MHC-IIA (encoded by MYH2), 

MHC-IIX (MYH1) and MHC-IIB (MYH4); they are characterized by a 

low number of mitochondria and are innervated by large-calibre axons. 

Fast IIA-twitch fibres employ an oxidative metabolism and are 

responsible for a fast contraction time with a high resistance to fatigue. 

In turn, IIB fibres have the biggest diameter and the lowest amount of 

mitochondria, they rely on a glycolytic metabolic pathway, which 

guarantee a very quick contraction but a high susceptibility to fatigue. 

  

Skeletal muscle fibres are generally intermingled within a single muscle 

group and different muscle groups have varying proportions of fibre 

types [Schiaffino S. and Reggiani C. 2011].  
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Of note, myofibres change from fast-twitch to slow-twitch type to allow 

adaptation to different events or stimuli, a phenomenon called fibre-

type switching, as shown in Figure 2.B.  

Fibre-type switching is observed as a consequence of exercise and 

enhances muscle fatigue resistance. It is also a preventive mechanism 

to counteract myodegeneration, as observed in ALS patients and mice 

[Peggion C. et al, 2017; Telerman-Toppet N. and Coërs C. 1978]. 

 

1.2.4. Regulation of muscle mass 

Skeletal muscle fibres have the ability to change their cross-sectional 

area and thus the amount of force they can produce. Muscle fibre size 

is influenced by a wide range of physiological inputs as physical 

exercise, nutrients, growth hormones, cytokines, and other secreted 

factors. Skeletal muscle tissue grow by two 

mechanisms: hyperplasia (cell number increase) and hypertrophy (cell 

size increase) [Schiaffino S. et al, 2013].  

The postnatal growth of skeletal muscles is primarily due to 

hypertrophy, which is due to an increasing net protein content, that 

causes an elongation and expansion of the diameter of myofibers [Li M. 

et al, 2015].  

The control of muscle mass is achieved through the regulation of the 

balance between protein synthesis and degradation in skeletal muscle 

fibres. This balance is regulated by Protein kinase B (AKT) pathway, 

via two major branches: the AKT/ mammalian target of rapamycin 

(mTOR) pathway that controls protein synthesis and the AKT/ 

Forkhead box O (FOXO) one controlling protein degradation. These 

pathways are activated respectively by Insulin-like growth factor 1 

(IGF1), acting as a positive regulator of muscle growth, and by 
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Myostatin (MSTN), which negatively regulates muscle mass (Figure 

2.C.) [Francaux M. and Deldicque L. 2019].  

 

 

Figure 2. Overview of skeletal muscle plastic functions. A. myogenesis, B. fibre 

switch and C. mass regulation. 

 

Muscle mass increases following progressive exercise training and in 

contrast, it is lost in case of neuromuscular disease, chronic disease, 

ageing, as well as limb immobilization or prolonged bed rest due to 

injury or trauma.  

Skeletal muscle atrophy is a well-known ALS symptom and different 

studies investigated the molecular pathways causing it [Halon-Golabek 

M. et al, 2018]. 
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1.2.5. Skeletal muscle in ALS  

 

The general assumption that ALS is only due to MN degeneration, is 

widely debated. Different studies support the idea that ALS is caused 

by a cell-autonomous dysfunction occurring in the MNs, suggesting that 

ALS related mutant genes only affect MNs and thus that the neuronal 

damage is the unique determinant of disease onset and progression. 

The selective expression of G93A-SOD1 mutant protein in the neurons 

of adult mice, was shown to be sufficient to induce the disease in 

transgenic mice [Jaarsma D. et al, 2008]. Indeed, according to the so-

called “dying forward” theory, MN dysfunctions begin within the cell 

body of upper MNs, at the cortical level. Cortical MN hyper-excitability 

causes the degeneration of spinal MNs, via an anterograde trans-

synaptic glutamatergic mechanism, since axonal electrophysiological 

dysfunctions or axonal transport defects were observed in ALS [Menon 

P. et al, 2015; Marcuzzo S. et al, 2019]. However, all ALS causative 

genes are ubiquitously expressed, thus non-neuronal cells may 

contribute to MN loss, then resulting in the disease.  

Indeed, previous studies demonstrated the contribution to ALS of many 

different cell types, as microglia, astrocytes, oligodendrocytes, T cells 

and myofibers [Ilieva H. et al, 2009]. These studies support the so-

called “dying back” hypothesis, which postulates that MN dysfunctions 

begin distally, at the neuromuscular junction (NMJ) level or in the 

peripheral tissues and progress toward the cell body. For this reason, 

ALS was also described as a distal axonopathy, which, via a retrograde 

signalling cascade, leads to MN death [Moloney E.B. et al, 2014; 

Rocha M.C. et al, 2013].  

Growing evidence define ALS as multi systemic disease, since it arises 

within different cell types, all contributing to a toxic environment, which 

sustain MN intrinsic degeneration. Based on these evidences, the 
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skeletal muscle has a relevant role in ALS pathogenesis [Ilieva H. et al, 

2009].  

In G93A-SOD1 ALS mouse model, it was showed an early reduction of 

the skeletal muscle volume before any clinical sign and 

neurodegeneration in the motor nuclei [Marcuzzo S. et al, 2011]. 

Mutant G93A-SOD1 or G37R-SOD1 proteins, expressed exclusively in 

murine muscles, lead to progressive muscle inactivity and paresis 

caused by a continuous myofiber loss. These conditions are 

accompanied by NMJ and spinal cord MN alterations, suggesting that 

the presence of mutant SOD1 in the muscle is sufficient for MN 

degeneration in mice [Martin L.J. and Wong M. 2020].  

 

As shown in Figure 3., several cellular properties and functions are 

dysregulated in ALS myofibers, including alterations in the structure, 

DNA integrity, dynamics and function of mitochondria. Mitochondrial 

changes alter cellular respiration rate and ATP production, leading to 

calcium homeostasis loss, stimulation of pro-apoptotic signalling and 

increased ROS levels [Smith E.F. et al, 2019]. Mitochondrial 

dysfunctions and the accumulation of reactive oxygen species (ROS), 

that are partially causative for the hypermetabolic state of ALS, have 

been observed in human muscle biopsies during disease progression 

[Echaniz-Laguna A. et al, 2006]. Another ALS pathophysiological 

alteration that is already well-known in ALS MNs is an imbalanced 

proteostasis, in particular, the cytoprotective autophagic pathways are 

suppressed in ALS skeletal muscle, whereas apoptosis is enhanced, 

leading to a booster in muscle atrophy and ALS progression [Xiao Y. et 

al, 2015]. In turn, these alterations actively contribute to the 

accumulation of protein aggregates, consisting of misfolded proteins, 

mainly TDP43, in the muscle tissue, which are associated with 

myogenic muscle degeneration [Mori F. et al, 2019]. Moreover, satellite 

cells (SCs) from ALS muscle, fundamental for myofiber regeneration, 
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exhibit a high proliferative potential but display an abnormal senescent-

like morphology, characterized by an elevated number of vacuoles, and 

altered capacity to differentiate into myotubes, contributing to muscle 

defects [Scaramozza A. et al, 2014].  

 

 

 

 

Figure 3. Fast-to-slow myofibre type conversion in the context of ALS 

pathogenesis. Organelle and mitochondrial alterations, oxidative stress, aberrant 

Ca2+ homeostasis, protein aggregates and reduced proteasome activity are all 

pathogenic events implicated in MN degeneration and muscle atrophy in ALS (see 

inset in green). Bulbar and spinal cord MNs, connecting upper MNs to skeletal 

muscle, are affected by glutamatergic excitotoxicity and axon alterations that 

contribute to degenerative events (see inset in blue). Senescent satellite cells and 

hypermetabolism are a known characteristic of ALS atrophic muscle (red inset). From 

Giagnorio E. et al, 2021 
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Fast-to-slow myofiber conversion acts as a mechanism to counteract 

ALS myodegeneration [Hegedus J. et al, 2008]. Specifically, in ALS it 

was observed an early degeneration of large-calibre axon MNs, which 

in turn is accompanied by degeneration of fast-twitch muscle fibres. 

Sprouting of neighbouring intact small calibre axons determines the 

innervation of multiple fibres by the same motor axon, leading to fibre 

clustering and promoting reinnervation. As large-diameter axons 

degenerate early in ALS, reinnervation becomes dependent on small-

diameter axons, which then lead to muscle fibre grouping, thereby 

causing their fast-to-slow phenotypic change and hence a slower 

muscle-contraction capacity (Figure 3.) [Giagnorio E. et al, 2021]. 

The involvement and accessibility of the skeletal muscle in ALS 

suggests that it could represent a crucial and accessible site for 

curative interventions, particularly for gene and cellular therapies. 

Intramuscular injections of lentiviral vectors specifically inhibiting SOD1 

expression in ALS G93A-SOD1 mice result in improved survival of 

vulnerable brainstem and spinal cord MNs [Ralph G.S. et al, 2005]. 

Furthermore, intramuscular injections of neuregulin 1 type I (NRG1-I), a 

trophic factor highly expressed in normal MNs and NMJs and 

implicated in muscle reinnervation processes, shows positive effects on 

survival of G93A-SOD1 mice [Mòdol-Caballero G. et al, 2020]. 

Interestingly, repeated intramuscular transplantation of human umbilical 

cord blood-derived mesenchymal stem cells into the gastrocnemius of 

G93A-SOD1 mice significantly improves motor activity and prolonged 

survival [Kook M.G. et al, 2020]. In ALS patients, intramuscular 

injections of autologous mesenchymal stem cells secreting 

neurotrophic factor (NTF) have been used in a phase 1/2 and 2a 

clinical trial. The treatment was safe and well tolerated (primary 

outcome) over the study follow-up period and leads to a reduction of 

the disease progression rate (secondary outcome), accompanied by a 

lower muscle volume decline [Petrou P. et al, 2016]. These studies 
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indicate that skeletal muscle is a promising therapeutic target. 

Therefore, treatment strategies aimed at improving muscle tissue 

homeostasis and function could lead to a general disease improvement 

due to the strict ‘MN–muscle’ communication. Nevertheless, the 

development of such types of strategies would greatly benefit from a 

deeper understanding of the molecular alterations in ALS.   

Intrinsic skeletal muscle deterioration plays a crucial role in the disease 

and contributes to ALS progression. Currently, there are no effective 

treatments for ALS, highlighting the need to obtain a deeper 

understanding of the molecular events underlying degeneration of both 

MNs and muscle tissue, with the aim of developing successful 

therapies. 

 

1.3. Long non coding RNAs 

Genomes are extensively transcribed and give rise to thousands of 

long non-coding RNAs (lncRNAs), which are defined as RNAs longer 

than 200 nucleotides that are not translated into functional proteins. 

The number of functional lncRNAs is still debated, since the number of 

known protein-coding genes has remained stable over recent years 

whereas the number of known lncRNAs is still increasing [Mercer T.R. 

and Mattick J.S. et al, 2013]. They are widely expressed and have key 

roles in gene regulation.  

Several studies have begun to unravel how the biogenesis of lncRNAs 

is distinct from that of mRNAs and it is associated with their specific 

subcellular localization and functions [Statello L. et al, 2020].  

Based on their localization and interactions with DNA, RNA and 

proteins, lncRNAs modulate chromatin structure and function, regulate 

the assembly of membraneless nuclear bodies, alter the stability of 

cytoplasmic mRNAs and influence different signalling pathways. These 

functions ultimately affect gene expression in different biological and 
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pathophysiological contexts, such as neurological disorders. Tissue-

specific and condition-specific expression patterns suggest that 

lncRNAs are potential biomarkers and new therapeutic targets for the 

treatment of different diseases [Statello L. et al, 2020].  

 

1.3.1. Biogenesis and classification  

Most lncRNAs are generated via pathways similar to that of protein-

coding genes, since they are transcribed by RNA polymerase II, they 

undergo a splicing phase and have 5′-end m7 G caps and 3′-end poly 

(A) tails.  

LncRNA genes are less evolutionarily conserved, because they contain 

few exons that are less abundantly expressed than mRNAs but they 

show a very high tissue-specific expression, as lncRNAs muscle 

specific, including linc-MD1 and lncMyoD [Statello L. et al, 2020; 

Legnini I. et al, 2014; Gong C. et al, 2015]. LncRNAs loci are often in 

strong association with protein coding genes, but they are transcribed 

independently, even though it was shown that small polypeptides 

(micropeptides) origin from lncRNAs [Anderson D.M. et al, 2015]. 

According to their localisation in the genome, lncRNAs are classified as 

intergenic lncRNA (lincRNAs) if the lncRNA does not overlap with a 

protein-coding transcript, or as genic lncRNAs if lncRNAs overlap with 

a protein-coding transcript [Ransohoff J.D. et al, 2018]. Genic lncRNAs 

are further classified as a) Exonic lncRNAs that overlap with exonic 

regions of a protein-coding gene; b) Intronic lncRNAs that merge with 

intronic regions of a protein-coding gene; c) Overlapping lncRNAs that 

overlap with a protein-coding gene in the sense or antisense direction. 

However, lncRNA classification is confusing and overlapping, since 

several transcriptome sequencing studies are accumulating, generating 

ambiguity and lack of clarity in the field [revised in St Laurent G. et al, 

2015]. 
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1.3.2. Structure  

LncRNAs have heterogenic structures, compared to microRNAs 

(miRNAs), reflecting their multifaceted functional properties. LncRNAs 

are characterized by a modular architecture that adds a further level of 

complexity to non protein-coding RNAs (ncRNAs) activity [Guttman M. 

et al, 2012].  

Each module corresponds to an RNA functional domain, including tens 

to hundreds of nucleotides, characterised by an independently-folding 

secondary structure which confers to the domains an independent 

function [Guttman M. et al, 2012].  

Clearly, lncRNA secondary structures reflects the secondary structure 

motif of their each target [Mathews D.H. et al, 2010]. The secondary 

structures independently fold and subsequent tertiary interactions 

occur, resulting in the hierarchical assembly of RNA structure. 

Interestingly, lncRNAs tend to acquire complex secondary and tertiary 

structures and their function is dependent on structural conservation 

rather than primary sequence conservation.  

Another characteristic of lncRNA structure is the flexibility. Indeed, 

junctions confer rigidity the molecule wheras internal loops are critical 

to modulate lncRNA flexibility of the helical stems [Zhao C. et al, 2015]. 

 

1.3.3. Function  

Growing evidence highlights the role of lncRNAs as positive or negative 

regulators of gene expression at the epigenetic, transcriptional, or post-

transcriptional level and they are responsible for the integrity of nuclear 

structures [Laneve P. et al, 2021].  

Compared with mRNAs, several lncRNAs are retained in the nucleus 

and, thanks to their long sequences, they contain multiple functional 

https://www.tandfonline.com/doi/full/10.1080/10409238.2020.1828259
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domains that permit to interact with different molecules as DNA, 

mRNAs, miRNAs and proteins, at the same time coordinating their 

activity in time and space [Marchese F.P. et al, 2017]. Interestingly, 

lncRNAs regulate the expression of either nearby genes acting in cis in 

the nucleus or genes elsewhere in cells acting in trans in the nucleus 

via chromosomal looping or cytoplasm [Marchese F.P. et al, 2017]. 

LncRNAs positively or negatively modulate gene expression at different 

levels, via their interaction with DNA, mRNAs, miRNAs and proteins, as 

shown in Figure 4.. 

 

 

Figure 4. LncRNA mechanisms of action. A describes lncRNA-DNA interaction; B 

lncRNA-mRNA interaction; C lncRNA-miRNA interaction and D lncRNA-protein 

interaction. Adapted from Sweta S. et al, 2019. 

 DNA interaction. LncRNAs modulate chromatin structure and 

functionality via three mechanisms.  
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o LncRNAs directly interact with the DNA, in a sequence-

specific manner, via the formation of a triple helix. The 

chromatin looping of two distant regions of the genome, as 

enhancer and promoter, allows to bring these two regions in 

close proximity thus to modulate target-gene transcription. 

Interestingly, it was shown that MEG3 causes chromatin 

looping of promoter-distal regulatory regions of Transforming 

growth factor beta 1 (TGFβ) genes modulating the activity of 

TGFB pathway genes [Mondal T. et al, 2015].  

o LncRNAs act as scaffolds for chromatin modifiers or 

transcription factors. By protein-RNA photo-crosslinking and 

mass spectrometry experiments on embryonic stem cell 

nuclei, many RNA-binding regions were identified in several 

chromatin regulators, as Ten-eleven translocation 2 (TET2), 

demonstrating their ability to bind RNA molecules [He C. et 

al, 2016]. Indeed, TET2-interacting lncRNA (TETILA) guides 

the position of TET2 on the genome in turn activating target 

gene expression [Zhou L. et al, 2019].  

o LncRNAs combine these two functions firstly forming a DNA-

RNA triplex helix that is subsequently recognised and act as 

scaffold for chromatin-modifying enzymes. Of note, Khps1 is 

transcribed in antisense orientation to the proto-oncogene 

Sphingosine kinase 1 (SPHK1) directly associates with the 

promoter of SPHK1 gene by DNA-RNA triplex. This 

mecchanism leads to the anchoring of effector proteins to the 

gene promoter stimulating the expression of the proto-

oncogene [Postepska-Igielska A. et al. 2015]. 

 mRNA interaction. Through the formation of RNA-RNA duplex by 

direct base pairing, lncRNAs alter the transcriptome and proteome 

by affecting mRNA splicing and editing. Specifically, lncRNA-pre-

mRNA duplex conformation causes the blockade of spliceosome 
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assembly impairing intron-exon junction [Beltran M. et al, 2008]. 

Indeed, Snail1 lncRNA alters Zeb2 mRNA processing by masking 

an internal ribosome entry site. At this site, Snail1 prevents the 

binding of the spliceosome to this specific splice region causing the 

retaining of an idditional intron that is fundamental for the correct 

translation of Zeb2 [Beltran M. et al, 2008]. Moreover, lncRNA-

mRNA duplex is a good substrate for RNA adenosine deaminase, 

an enzyme that converts adenine to inosine, altering the base 

pairing. Several A to I editing sites are contained in lncRNA 

sequences leading to a change in the lncRNA secondary structure 

and therefore in their functions [Salameh A. et al, 2015]. Prostate 

cancer antigen 3 (PCA3) lncRNA negatively targeting the tumor 

suppressor gene Prune homolog 2 with BCH domain (PRUNE2), 

thereby promoting malignant cell growth. PCA3 binds PRUNE2 

mRNA generating a lncRNA-mRNA duplex which is recognised by 

adenosine deaminase acting on RNA (ADAR) proteins. These 

deaminases A to I edit PCA3 or PRUNE2 leading to a 

downregulation of the edited RNA [Salameh A. et al, 2015]. 

 miRNA interaction. According to the competing endogenous RNA 

(ceRNA) hypothesis, lncRNA-miRNA interaction impairs miRNA 

activity through their sequestration, acting as miRNA “sponges” or 

sequestrator [Salmena L. et al, 2011]. Interestingly to note that the 

lncRNA HULC sequesters the miR-372 modulating its transcriptional 

upregulation in hepatocellular carcinoma [Wang J. et al, 2010]. 

 Protein interaction. LncRNAs mainly exist in the form of protein 

complexes and act as guides, scaffolds and decoys for different 

proteins. Moreover, lncRNAs are structural components of 

subnuclear structures [Bond C.S. et al, 2009].  

o LncRNAs act as guides. A lncRNA identifies and binds a 

specific DNA loci acting as guide for recruiting the proteins 

and enzymes towards the chromatin sites to regulate 
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downstream gene expression. For example, lncRNAs guide 

the activity of polycomb repressive complex (PRC) 1 and 2 to 

target genes. PRC1 and PRC2 cause the trimethylation of 

histone H3 on lysine 27 (H3K27) leading to gene repression 

[Fiorenzano A. et al, 2019]. For example, X-inactive specific 

transcript (Xist), via this mechanism, is responsible for the 

entire inactivation of one X-chromosome in female somatic 

cells by forming a transcriptionally repressed heterochromatic 

structure [Cerase A. et al, 2014]. 

o LncRNAs act as scaffolds to create protein complexes in 

specific regions of the genome. They recruit chromatin 

remodelling complexes thus inducing a conformational 

changes in the state of the chromatin, causing a negative or 

positive regulation of the gene expression in specific loci. By 

this function, lncRNAs recruit, bind and complex PRC1, 

PRC2 and other proteins to inhibit gene expression in 

discrete regions of the genome [Tsai M.C. et al, 2010]. HOX 

transcript antisense RNA (HOTAIR) serves as a scaffold for 

PRC2 and LSD1/CoREST/REST repressor complex. The 

interaction between these factors leads to histone 

modifications, responsible for Homeobox D cluster (HOXD) 

silencing [Tsai M.C. et al, 2010]. 

o LncRNAs act as decoys to remove proteins from target loci 

thus positively or negatively regulating gene expression or 

alternative splicing. LncRNAs sequester splicing factors to 

modulate their nuclear distribution, therefore regulating the 

alternative splicing of pre-mRNAs at a precise time, place, 

and concentration [Tripathi V. et al, 2010]. 

o LncRNAs are structural scaffold for the formation and regulation 

of subnuclear compartments including speckles and 

paraspeckles as MALAT1 and NEAT1, respectively [Yang L. et 
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al, 2011]. Speckles and paraspeckles are ribonucleoprotein 

bodies, enriched in pre-mRNA and splicing factors, located in the 

interchromatin space of cell nuclei. These compartments play a 

relevant role in regulating the gene expression and RNA splicing 

[Mao Y.S. et al, 2011]. 

 

1.3.4. LncRNAs in the skeletal muscle  

In view of the critical regulatory function of the RNA metabolism and the 

crucial role of muscle in ALS pathogenesis, muscle-specific lncRNAs 

are worthy of further investigation as potential molecular targets of 

therapeutic strategies to improve symptoms and counteract disease 

progression. 

LncRNAs are effective regulators of muscle development, myogenesis 

and differentiation in both physiological and pathological conditions as 

described in Table 1. LncRNA yin yang T (yylncT) is involved in the 

development of the skeletal muscle during the first days of the embryo 

life. Indeed, it activates BRACHYURY (T) locus, leading to mesodermal 

cell fate transition during gastrulation [Frank S. et al, 2019]. Moreover, 

Maternally expressed gene 3 (Meg3) was shown to promote skeletal 

muscle development by interacting with PCR2 during embryogenesis, 

but it also has a role in the postnatal myogenesis, stimulating myoblast 

identity differentiation via regulating epithelial-mesenchymal transition 

by the repression of TGFβ signalling [Dill T.L. et al, 2021].  

The function of the most lncRNAs was deepen in the adult myogenesis 

and differentiation processes because of their possible contribution to 

muscle regeneration. Several lncRNAs act as sponges over miRNAs, 

as lncMyoD, Long intergenic non-protein coding RNA muscle 

differentiation 1 (lincMD1), Linc-smad7 and long non coding RNA 

Insulin receptor substrate 1 IRS1 (lncIRS1) over miR-370-3p, 

miR133/135, miR-125b and miR-15, respectively. Via the ceRNA 
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mechanism, these lncRNAs stimulate muscle differentiation [Zhang P. 

et al, 2021; Cesana M., et al, 2011; Legnini I. et al, 2014; Song C. et al, 

2018; Li Z. et al, 2018]. Interestingly, lncMyoD is under the 

transcriptional control of MYOD1 itself, suggesting a central regulatory 

role for the lncRNA in the myogenic differentiation process. Moreover, 

by binding and inhibiting IGF2-mRNA-binding protein 2 (IMP2), 

lncMyoD, blocks myoblast proliferation, in turn creating a permissive 

state for differentiation [Gong C. et al, 2015]. LncRNA muscle anabolic 

regulator 1 (MAR1) acts as a miR-487b sponge to regulate Wnt5a 

protein, resulting in promoting muscle differentiation and regeneration, 

whereas Myogenesis-associated lncRNA (lnc-mg) promotes 

myogenesis by functioning as a ceRNA for both miRNA-125b and miR-

351-5p [Zhu M., et al, 2017; Du J., et al, 2019]. LncRNAs promote the 

myogenesis acting on the expression of myogenic regulatory factors 

(MRF), a transcription factors that controls the determination and 

differentiation of skeletal muscle cells during postnatal myogenesis, 

indirectly. For instance, Mechanical unloading-induced muscle atrophy-

related lncRNA (lncMUMA) promotes myogenic differentiation by 

functioning as a miR-762 sponge in turn regulating the core myogenic 

regulator MYOD [Zhang Z.K. et al, 2018]. The lincMD1 and miR-

133/135 pairing inhibits the expression of MAML1 and MEF2C 

activating the muscle-specific gene expression [Cesana M., et al, 2011; 

Legnini I. et al, 2014]. Linc-YY1 is transcribed from the promoter of the 

transcription factor Yin Yang 1 (YY1) gene and interacts with YY1 to 

evict YY1/PRC2 activating the gene expression of myogenic factors in 

trans [Zhou L. et al, 2015]. However, lncRNAs are directly involved in 

the transcriptional control of MRFs, as Irm, which regulates the 

expression of myogenic gene MEF2D, promoting the assembly of 

MYOD1/MEF2D, thus regulating myogenesis [Sui Y., et al, 2019]. Linc-

RNA activator of myogenesis (linc-RAM), Long non-coding steroid 

receptor RNA activator (SRA) and MYOD1 upstream noncoding 
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(MUNC) recruit and activate the MYOD gene promoting muscle growth 

and regeneration [Yu X. et al, 2017; Caretti G., et al, 2006; Mueller A., 

et al, 2015]. LncRNAs influence myoblast fusion at the end of 

myogenesis as lnc-mg. By inducing the expression of myomaker 

(MYMK), lnc-mg affects a muscle-specific transmembrane protein 

harbouring a critical role in the generation of multinucleated myotubes 

beyond its ceRNA activity [Militello, G., et al, 2018]. Moreover, 

Myogenin promoter-associated long non-coding RNA (Myoparr), a 

lncRNA derived from the upstream region of the MYOG gene, has a 

dual role in myogenesis: 1) it is involved in myoblast cell cycle 

withdrawal by the transactivation of myo-miRNAs expression; 2) it is 

responsible for the activation in cis of MYOG transcription through the 

interaction with DEAD-Box Helicase 17 (Ddx17)/P300/CBP-associated 

factor (PCAF) and MYOG promoter allowing the entrance of myoblasts 

into myogenic differentiation [Hitachi K., et al, 2019].  

 

In addition, lncRNAs have a negative role in controlling myogenic 

differentiation processes, in turn supporting the proliferative myoblast 

state inhibiting their differentiation. Indeed, lncRNA silent information 

regulator 1 (Sirt1 AS) forms an RNA duplex to promote Sirt1 mRNA 

translation by competing with miR-34a inhibiting muscle formation. 

AK017368 lncRNA has the ability to induce proliferation and inhibit 

myoblast differentiation by sponging miR-30c and inducing fibre 

hypertrophy in mouse [Wang G.Q. et al, 2016; Liang T. et al, 2018]. 

Finally, SYNPO2 intron sense-overlapping lncRNA (SYISL) promotes 

proliferation and inhibits myoblast differentiation by silencing MYOG 

and myosin heavy chain (MHC) 4 genes [Jin J.J. et al, 2018].  

 

lncRNA Function Target Reference 

AK017368 Myoblast proliferation miR-30c Liang T. et al, 2018 
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Atrolnc-1 Muscle wasting ABIN-1 Sun L. et al, 2018 

Chronos Atrophy EZH2 Neppl R.L. et al, 2017 

Irm Myoblast differentiation MEF2D Sui Y., et al, 2019 

LINC00961 Inhibits regeneration v-ATPase Matsumoto A. et al, 
2016 

lincMD1 Myoblast differentiation miR-133/135 Legnini I. et al, 2014; 
Cesana M., et al, 2011 

linc-RAM Regeneration MYOD Yu X. et al, 2017 

Linc-smad7 Myoblast differentiation miR-125b Song C. eta al, 2018 

Linc-YY1 Myoblast differentiation YY1/PCR2 Zhou L. et al, 2015 

Lnc-31 Myoblast proliferation ROCK1 Ballarino M. et al, 2018; 
Dimartino D. et al, 2018 

lncIRS1 Myoblast differentiation miR-15 Li Z. et al, 2018 

lnc-mg Myoblast differentiation 
miRNA-125b and 

miR-351-5p 
Du J., et al, 2019;  

lnc-mg Myoblast differentiation MYMK Militello, G., et al, 2018 

lncMUMA Myoblast differentiation miR-762 Zhang Z.K. et al, 2018 

lncMyoD Myoblast differentiation IMP2 Gong C. et al, 2015 

lncMyoD Myoblast differentiation miR-370-3p Zhang P. et al, 2021 

MAR1 Myoblast differentiation miR-487b Zhu M., et al, 2017 

Meg3 Muscle development TGFβ signalling Dill T.L. et al, 2021 

MUNC Myoblast differentiation 
MYOD, MYOG and 

MHC3 
Mueller A., et al, 2015 

Myolinc  Myoblast differentiation TDP43 and Filip1 Militello G. et al, 2018 

Myoparr Myoblast differentiation Ddx17/P300/PCAF Hitachi K., et al, 2019 

Sirt1 AS Myoblast proliferation miR-34a Wang G.Q. et al, 2016 

SRA Myoblast differentiation MYOD Caretti G., et al, 2006 

SYISL Myoblast proliferation PCR2 Jin J.J. et al, 2018 

yylncT 
Mesodermal 

differentiation 
T Frank S. et al, 2019 
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Table 1. Summary of the lncRNAs and their functions in the skeletal muscle: 

myoblast proliferation (light green); myoblast differentiation (green); muscle 

regeneration (dark green); muscle atrophy is (red); muscle development (light blue).  

 

1.3.4.1. MALAT1 

Metastasis associated lung adenocarcinoma transcript 1 (MALAT11) 

gene, also known as nuclear-enriched abundant transcript 2 (NEAT2) 

contains more than 8 kb and is located within human chromosome 

11q13. MALAT1 displays a high level of conservation throughout 33 

mammalian species and is ubiquitously expressed in almost all human 

tissues [Ji P. et al, 2003]. MALAT1 transcript is around 7-kb in humans 

and lacks a poly A tail.  

The primary transcript of MALAT1 is processed by RNase P and 

RNase Z into a long 6.7-kb transcript, which localizes to nuclear 

speckles, sub-nuclear bodies containing pre-mRNA processing 

proteins, and a much smaller MALAT1-associated small cytoplasmic 

RNA (mascRNA) [Bernard D. et al, 2010].  

MALAT1 was one of the first identified cancer-associated lncRNAs, 

since it drives tumorigenesis through promoting tumour cell proliferation 

[Zhang X. et al, 2017].  

However, several studies demonstrated a crucial and relevant role of 

this molecule in the myogenic processes. Indeed, MALAT1 was found 

up-regulated during differentiation of both human and murine myoblasts 

[Watts R. et al, 2013; Butchart L.C. et al, 2016]. Of note, MALAT1 

modulates Serum response factor (SRF) through miR-133 via ceRNA 

mechanism, thus stimulating myocyte differentiation [Han X. et al, 

2016]. Moreover, MALAT1 inhibition reduces C2C12 myoblast 

proliferation and promote their differentiation into myotubes, acting on 

the expression of MYOG gene [Watts R. et al, 2013]. A more recent 
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study showed that inhibition of MALAT1 accelerates the myogenic 

differentiation in vitro. These experiments were confirmed by in vivo 

studies, where MALAT1 KO mice displayed a significant muscle 

regeneration after injury and in dystrophic mice. According to the 

authors, MYOD is inhibited by MALAT1 but, upon differentiation, the 

pro-myogenic miR-181 expression level is increased and it targets 

MALAT1 transcripts for degradation, allowing MYOD activation [Chen 

X. et al, 2017]. Another in vivo study showed that MALAT1 expression 

levels are not altered by a variation of physical activity and muscle 

mass [Hitachi K. et al, 2020]. In addition, it was also observed that the 

expression of MALAT1 was significantly upregulated throughout the 

skeletal muscle regeneration process in vivo, positively correlating with 

the expression of MYOG and MYOD. These findings supported the 

hypothesis that Malat1 is implicated in the regeneration of contused 

skeletal muscle [Zheng L. et al, 2020].  

 

1.3.4.2. NEAT1 

Nuclear enriched abundant transcript 1 (NEAT1), also known as Men 

ε/β, is transcribed from the same promoter of MALAT1, generating a 

short variant called NEAT1_v1 or MENε of 3.7 kb transcript, and a 

longer one, called NEAT1_v2 or MENβ, of 23 kb. NEAT1_v1 RNA is 

polyadenylated, whereas NEAT1_v2 is not, since it is an essential 

component for the formation of the nuclear structure paraspeckles, 

harbouring a critical role in the control of gene expression of hyper-

edited transcripts by tethering them within the nuclear bodies 

[Nishimoto Y. et al, 2021].  

NEAT1_v2 interacts with core paraspeckle proteins PTB‐associated 

splicing factor (PSF) and Non-POU domain containing octamer binding 
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(NONO), which recruit PSP1 and NEAT1_v1 and other associating 

molecules to the periphery of paraspeckles [Nakagawa S. et al, 2016].  

As MALAT1, NEAT1 is highly conserved across mammalian species 

[Yamazaki T. et al, 2015].  

In cattle muscle tissue, the expression levels of NEAT1 are upregulated 

during the development of the muscle tissue suggesting that this 

upregulation is associated by an increased number of nuclei in the 

developing myofibers [Lehnert S.A. et al, 2007]. However, a higher 

NEAT1 expression was observed in C2C12 cells upon myoblast 

differentiation, because of NEAT1 direct interaction with NONO 

[Sunwoo H. et al, 2009]. In line with this, in a C57BL/6J mouse model it 

was observed that both variants of NEAT1 are upregulated during post-

natal growth, with NEAT1_v2 showing a more gradually increase than 

NEAT1_v1 [Butchart L.C. et al, 2016]. Moreover, analysing a pig model 

of acute physical activity, it was reported that NEAT1 was upregulated 

in this stressing condition, probably in the attempt to regenerate the 

muscle tissue [Jensen J.H. et al, 2012].  

In a conflicting study, NEAT1 expression levels did not show any 

significant alteration in atrophic and hypertrophic mouse models, 

suggesting that NEAT1 involvement in skeletal muscle development is 

not completely clear [Hitachi K. et al, 2020].  

However, the main suggested function for NEAT1 is in regulating 

myoblast proliferation, rather than differentiation, considering its role in 

the generation and development of the muscle tissue. Indeed, a more 

functional study showed that knockdown of NEAT1 improved the cross-

sectional area of muscle fibres by increasing the expression of 

myogenic genes and delaying muscle regeneration, primarily by a 

reduction in the number of Pax7+ cells. Specifically, NEAT1 promotes 

myoblast proliferation and inhibits myogenic differentiation by guiding 

EZH2 to target MYOG, MHC4, Troponin I2 (Tnni2), and CDKN1A 
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cyclin-dependent kinase inhibitor 1A (p21) genes. Moreover, 

NEAT1 regulate myogenesis via other proteins or signalling pathways, 

because NEAT1 also inhibited MYOD expression in an EZH2-

independent manner [Wang S. et al, 2019b].  

1.3.4.3. HOTTIP 

HOXA transcript at the distal tip (HOTTIP) is a lncRNA of 3.7 kb, 

transcribed from the 5' tip of the Homeobox A Cluster (HOXA) locus on 

chromosome 7, that coordinates the activation of several 5' HOXA 

genes in vivo.  

In the skeletal muscle, the chromosomal looping brings HOTTIP into 

close proximity to its target genes, where it binds the adaptor protein 

WD Repeat Domain 5 (WDR5) and WDR5/ Mixed lineage leukemia 

protein-1 (MLL) complexes, driving histone H3 lysine 4 trimethylation 

(H3K4me3) and thus causing gene transcription [Wang K.C. et al, 

2011]. In mouse and chick embryos, it was shown that HOTTIP is 

expressed in posterior and distal anatomical locations, suggesting a 

conserved HOTTIP expression pattern from development to adulthood 

[Wang K.C. et al, 2011]. Moreover, HOTTIP is required to maintain 

active expression of 5’ HOXA genes, by keeping a stable MLL complex 

at the 5’ end of HOXA gene cluster [Pradeepa M.M. et al, 2017]. 

HOTTIP expression is required for the activation of HOXA13 and 

HOXA10/11 and, at a lower level, of HOXA9 and HOXA7 [Wang K.C. et 

al, 2011]. KO HOTTIP in vivo experiments in the mouse showed 

abnormalities of the hind limbs, including muscle weakness and 

skeletal malformations, suggesting a central role for this molecule in the 

development of the skeletal muscle [Lai K.M. et al, 2015]. 
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1.3.5. LncRNAs in muscle and motor neuron diseases 

 

Growing evidence highlights the role of lncRNAs as regulators of 

muscle mass as shown in Table 1. In the field of muscle diseases, the 

role of lncRNAs in the atrophic processes was investigated in skeletal 

muscle disease as Duchenne muscle atrophy (DMD).  

It was demonstrated that lnc-31 counteracts myoblast differentiation 

and its expression is abundant in human DMD myoblasts, thus actively 

participating in the disease progression by the interaction with Rho 

associated coiled-coil containing protein kinase 1 (ROCK1) [Ballarino 

M. et al, 2018; Dimartino D. et al, 2018]. In addition, it was shown that 

lncRNAs reduce the regenerative capacity of the skeletal muscle 

stimulating muscle hypertrophy and atrophic pathways. Indeed, it was 

demonstrated that LINC00961 is downregulated in mouse muscle upon 

acute injury, since it interacts with lysosomal v-ATPase negatively 

regulating mTOR Complex 1 (mTORC1) activation, acting as 

suppressor of muscle regeneration ability [Matsumoto A. et al, 2016]. 

Chronos, that is positively regulated in muscle with advancing age, has 

the ability to inhibit muscle hypertrophy by zeste 2 polycomb repressive 

complex 2 subunit (EZH2) interaction regulating muscle gene 

expression [Neppl R.L. et al, 2017]. Furthermore, Atrophy-related long 

noncoding RNA-1 (Atrolnc-1) is abundantly expressed in skeletal 

muscle and its expression is markedly increased in atrophying muscles 

from mice with cachexia. Mechanistically, Atrolnc-1 strongly binds to 

ABIN-1 inhibiting NF-κB signalling and causing protein degradation in 

muscle cells [Sun L. et al, 2018].  

In the field of MN diseases, the role of lncRNAs is not completely clear 

and investigated. However, different lncRNAs were shown to interact 

with TDP43, with only two studies deepening their role in myogenesis 

[Li P. et al, 2015; Militello G. et al, 2018; Keihani S. et al, 2019; Li J. et al. 
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2020]. However, their involvement in ALS pathological processes still 

needs to be uncovered.  

As demonstrated in C2C12 cells, Myolinc is an important regulator of 

myogenic differentiation in vitro and it is involved in skeletal muscle 

regeneration in vivo, since Myolinc siRNA injection in mouse tibialis 

anterior determines a reduction in fibre cross sectional area and in 

MHC+ myofibers. In fact, Myolinc−TDP43 interaction was shown to be 

essential for the binding of TDP43 to the promoter regions of MYOD 

and other muscle marker genes to control signalling pathways 

necessary for the differentiation of myoblasts into myofibers [Militello G. 

et al, 2018]. Another TDP43 binding lncRNA H19 acts a scaffold to 

localise TDP43 at the promoter region of MYOD in porcine SCs, thus 

promoting myogenic differentiation [Li J. et al. 2020].  

In ALS patients it was observed that NEAT1_v2, the essential 

component of the paraspeckles, is highly enriched in neurons of the 

anterior horn of the spinal cord and in cortical tissues. In line with this, 

paraspeckle hyper-assembly was also observed in ALS [Shelkovnikova 

T.A. et al, 2018]. At the cellular level, NEAT1_v2 colocalizes with 

TDP43 and FUS proteins in ALS MN paraspeckles [Nishimoto Y. et al, 

2013]. However, the role of NEAT1_v2 and paraspeckles in ALS 

progression remains poorly understood. It was only hypothesised that 

NEAT1_v2 facilitates paraspeckle formation, as a protective response 

in cells with impaired function of the mRNA machinery [Shelkovnikova 

T.A. et al, 2018]. 

Two antisense transcripts were found to be transcribed from 

C9ORF72 gene: C9ORF72 sense (C9ORF72-S) and antisense 

(C9ORF72-AS). Both transcripts are translated into poly-dipeptides and 

found in the MNs of C9ORF72 ALS patients [Mori K. et al, 2013]. 

Moreover, the C9ORF72-S and C9ORF72-AS form RNA foci in 

the spinal cord of ALS patients. Poly-dipeptides and RNA foci represent 
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two distinct ways in which C9ORF72 repeat expansion evoke 

neurotoxic effects, suggesting that the two lncRNAs contribute to ALS 

pathogenesis [Gendron T.F. et al, 2013]. 

Ataxin 2 (ATXN2) is a coding gene linked to ALS [Elden A.C. et al, 

2010]. ATXN2 localizes in the endoplasmic reticulum and is implicated 

in different functions, as translation, mRNA maturation, energy 

metabolism, endocytosis and RNA-binding protein [Sproviero W. et al, 

2017]. An antisense transcript from the ATXN2 locus, ATXN2-AS, was 

also described. As for C9ORF72-S and C9ORF72-AS, ATXN2-AS has 

a neurotoxic effect in cortical neurons, because of its disrupting effect 

on RNA metabolism, contributing to ALS pathogenesis [Li P.P. et al, 

2016]. 

In Spinal muscular atrophy (SMA) it was identified a lncRNA, Survival 

motor neuron antisense strand 1 (SMN-AS1), which represses SMN 

expression by recruiting PCR2 contributing to the selective MN 

degeneration in SMA disease. Moreover, SMN-AS1 targeted 

degradation with antisense oligonucleotides (ASOs) in neurons, 

improves survival of severe SMA mice [d'Ydewalle C. et al, 2017]. 
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2.1. Patients  

The study included: four ALS patients, one female and one male 

carrying the G4C2-rich C9ORF72 repeat (OMIM#105550); two males, 

carrying the p.A382T mutation in TARDBP gene (OMIM#605078.0013); 

two age- and sex-matched healthy controls. The clinical features of all 

subjects included in the study are shown in Table 2.  

Patient Sex 
Age at 
onset 

Region 
of onset 

Phenotype sALS/fALS Mutation 

C9ORF72_1 F 46,9 S-LL UMNP sALS 
C9ORF72 repeat 
expansion 

C9ORF72_2 M 61,2 S-LL Classical sALS 
C9ORF72 repeat 
expansion 

TDP43_1 M 50,7 S-UL Classical sALS p.A382T in TARDBP 

TDP43_2 M n/a n/a n/a sALS p.A382T in TARDBP 

CTRL_1 F 45 n/a n/a n/a n/a 

CTRL_2 M 37 n/a n/a n/a n/a 

Table 2. Summary of the main features of ALS patients. F, female; M, male; S-LL, 

spinal-lower limb onset; S-UL, spinal-upper limb onset; UMNP, upper motor neuron 

predominant.  

Materials and Methods    2 
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Written informed consent was obtained from ALS patients and from 

healthy controls. The study was approved by the local Ethics 

Committee and performed according to the amended Declaration of 

Helsinki. 

2.2. Fibroblast cultures, iPSC generation and spontaneous 

differentiation into three germ layer-specific cell types 

Fibroblasts were isolated from skin biopsies as previously described 

[Cazzato D. et al, 2016]. Cells were maintained and expanded until 

passage 3-4 in Dulbecco's modified Eagle medium (DMEM) 

supplemented with 20% Fetal bovine serum (FBS), 1% L-Glutamine, 

1% non-essential amino acids, 100 mM sodium pyruvate and 1% 

penicillin/streptomycin (P/S). Fibroblasts were plated at a 30%-60% 

confluence and after two days they were infected by using CytoTune®-

iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) as previously described [Bardelli D. et al, 2020]. 

After the infection, they were maintained in their medium for 7 days and 

therefore plated onto Matrigel coated dishes (Corning, Glendale, AZ, 

USA). From day 8, medium was replaced with the iPSC-specific 

Essential 8 medium (Thermo Fisher Scientific). At day 14-15, six clones 

per sample were picked for expansion. Colonies were passaged using 

an EDTA 0.5 mmol/L solution (Euroclone, MI, Italy) and cultured in 

Essential 8 medium.   

iPSC pluripotency was evaluated via assessing the ability of iPSCs to 

spontaneously differentiate into cells of the three germ layers, 

ectoderm, endoderm and mesoderm. iPSCs were suspended in low 

adhesion plates in HuES medium composed by DMEM/F12, 20% 

knock-out serum replacement, 2 mmol/L L-glutamine, 10 U/mL 

penicillin, 10 μg/mL streptomycin, 0.1 mmol/L Minimum Essential 

Medium (MEM) Non-Essential Amino Acids (NEAA) and 110 μmol/L β-

mercaptoethanol (all reagents from Thermo Fisher Scientific). After 7 
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days, embryoid bodies (EBs) were generated. They were plated on 

Matrigel-coated coverslips in Essential 8 medium (Thermo Fisher 

Scientific) for additional 10 days to obtain cells differentiated into the 

three germ layers.  

 

2.3. PCR analysis for pluripotency markers 

iPSC characterization was performed to evaluate the pluripotency of 

the cells by PCR using primers specific for pluripotency-associated 

stem cell markers including SRY‑ box transcription factor 2 (SOX2), 

Octamer binding transcription factor 3/4 (OCT 3/4) and Nanog 

homobox (NANOG) (Eurofins Genomics, Luxembourg, LU). Total RNA 

was isolated from iPSCs using Trizol Reagent (Thermo Fisher 

Scientific) following manufacturer's protocol, and reverse transcribed 

into cDNA (40 ng/uL) using SuperScript II reverse transcriptase 

(Thermo Fisher Scientific). PCR was performed with the following 

protocol: denaturation 95°C 30 seconds, annealing 60°C 30 seconds, 

elongation 72°C 1 minute, for 35 cycles and the primers are listed in 

Table 3.  

Gene Primer Sequence 

SOX2 F GGGAAATGGGAGGGGTGCAAAAGAGG 

SOX2 R TTGCGTGAGTGTGGATGGGATTGGTG 

OCT3/4 F GACAGGGGGAGGGGAGGAGCTAGG 

OCT3/4 R CTTCCCTCCAACCAGTTGCCCCAAC 

NANOG F CAGCCCTGATTCTTCCACCAGTCC 

NANOG R GTTCTGGAACCAGGTCTTCACCTG 

 

Table 3. Sequences of the primers used for PCR.  
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2.4. Generation of human skeletal muscle cells 

Skeletal muscle cells were obtained by skeletal muscle differentiation 

protocol adapted from Swartz and colleagues [Swartz E. W. et al, 

2016]. The iPSCs were cultured for 1.5 days in Essential 8 medium 

(Thermo Fisher Scientific) supplemented with 1% dimethyl sulfoxide 

(DMSO) (Merck, RM Italy) to select the cells [Ogaki S. et al, 2015]. 

Then, the medium was replaced with Chemically defined medium 

supplemented with bFGF, Ly294002, BMP4 and CHIR99021 

(CDMFLyBC). CDM was composed of DMEM/F12 medium 

supplemented with bovine serum albumin (BSA) (Merck), chemically 

defined (CD) lipid concentrate 0.01% (Thermo Fisher Scientific), 

transferrin 15 ug/mL (Merck), 1-thioglycerol 450 uM (Merck), insulin 7 

ug/mL (Thermo Fisher Scientific), 0,01% P/S (Thermo Fisher 

Scientific). CDM medium was supplemented with 20 ng/mL of basic 

fibroblast growth factor (bFGF) (Peprotech, Rocky Hill, NJ, USA), 10 

uM of 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (Ly294002) 

(MedChem, Monmouth Junction, NJ, USA), 10 ng/mL of bone 

morphogenetic protein 4 (BMP4) (Peprotech) and 10 uM of 6-[[2-[[4-

(2,4-Dichlorophenyl)-5-(5-methyl-1H-imidazol-2-yl)-2-

pyrimidinyl]amino]ethyl]amino]-3-pyridinecarbonitrile (CHIR99021) 

(StemCell Technologies, Vancouver, Canada). Cells were cultured in 

CDMFLyBC for 1.5 days. At day 1.5 medium was changed to CDMFLy, 

consisting of CDM supplemented with 20 ng/mL of bFGF and 10 uM of 

Ly294002 until day 7. At day 7, the cells were cultured in Myoblast 

Growth Medium (MGM) composed by 75% of Ham's F-12 Nutrient Mix 

(Thermo Fisher Scientific) and 25% of FBS (Thermo Fisher Scientific), 

supplemented with 2.5 ng/mL of bFGF (resuspended in 0.5% BSA/PBS 

solution) and 1% P/S. After 5 days, the medium was changed to fusion 

medium (FM), made of DMEM and 2% horse serum (Merck) (Thermo 

Fisher Scientific), and it was fully changed on alternating days.  
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To obtain mature myotubes, the medium was replaced with the terminal 

differentiation medium (TDM), composed of DMEM/F12 (Thermo Fisher 

Scientific) plus N2-supplement (1%) (Thermo Fisher Scientific) and ITS 

Liquid Media Supplement (1%) (Merck) and fully changed daily for 14 

days.   

 

2.5 ALS mutation analysis 

Genomic DNA was extracted from IPSCs and iPSC-derived myotubes, 

according to a standard phenol-chloroform procedure. DNA samples 

were screened for exon 6 of TARDBP gene. Exon and intron–exon 

boundaries were amplified by polymerase chain reaction (PCR) and 

analysed by direct sequence analysis using an automated sequencing 

system (ABI 3130 XL, Thermo Fisher Scientific). Nucleotides and 

amino acid residues were numbered according to the reference gene 

sequence of the transcript GenBank (NCBI).   

 

The GGGGCC hexanucleotide repeat in C9ORF72 gene was analysed 

by a two-step protocol, including a first PCR amplification step using 

the genotyping primers previously reported [DeJesus-Hernandez M. et 

al., 2011]. The normal range fragment length analysis was performed 

on 2% agarose gel. Samples presenting two distinct amplification 

products in the normal size range are definitively considered negative. 

Samples resulting in a single amplification product were further 

analysed in a second step by the repeat-primed polymerase chain 

reaction method (AmplideX PCR/CE C9orf72 Kit (RUO)) on a 3100XL 

ABI Prism Genetic Analyzer (Applied Biosystems). The presence of 

C9ORF72 repeat expansion (RE) was assigned when the sample 

displayed a typical electropherogram profile with decaying stutter 

amplification peaks. This method are highly sensitive and robust, 

single-tube, 3-primer C9ORF72 PCR reagents that can flag all 
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expanded samples irrespective of length and provide accurate sizing 

up to ~145 repeat units using capillary electrophoresis. 

 

2.6. Real-time PCR for myogenic marker expression  

Total RNA was extracted by TRIzol reagent and reverse-transcribed 

using SuperScript VILO cDNA Synthesis kit (Thermo Fisher Scientific 

Inc.). cDNA (10 ng) was amplified in duplicate by Taqman gene 

expression assays specific PAX3, PAX7, MYOD1, MYOG, desmin 

(DES), MHC2, MHC3, MHC7 on the ViiA7 Real time PCR system 

(Thermo Fisher Scientific). 18s ribosomal RNA was stably expressed in 

both control and ALS samples (standard deviation of Ct values: < 0.5) 

and was used as endogenous control. Transcriptional levels of the 

target genes were expressed as relative values normalized towards 

18s levels according to the following formula 2-ΔCt.  

 

2.7. Immunofluorescence  

Immunostaining analysis was performed on cells obtained from the 

EBs, iPSCs, and iPSC-derived myotubes plated onto Matrigel-treated 

glass coverslips. The cells were fixed in 4% paraformaldehyde at room 

temperature for 20 minutes, permeabilized with 0.25% Triton X-100 

(Carlo Erba Reagents, Cornaredo, MI, Italy) for iPSCs and 0.1 %Triton 

X-100 for cell from the EBs and cells differentiated into myotubes, and 

treated with 10% normal goat serum (NGS, Vector Laboratories, 

Burlingame, CA, USA) in PBS.   

Cells derived from the EBs were incubated with the following 

antibodies: III β-tubulin (β-III-TUB) (1:500, rabbit monoclonal, Abcam) 

for ectoderm, DES (1:10, rabbit polyclonal, Merck, Darmstadt, 

Germany) for mesoderm and Alpha-fetoprotein (AFP) (1:125, mouse 

monoclonal, Thermo Fisher Scientific) for endoderm.  
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To analyse the pluripotency of iPSCs, these cells were stained for 90 

minutes at 37°C with the following primary antibodies: T cell receptor 

alpha locus (TRA) -1-60 (1:125, mouse monoclonal, Thermo Fisher 

Scientific), Stage-specific embryonic antigen-4 (SSEA-4) (1:100, mouse 

monoclonal, Thermo Fisher Scientific) and alkaline phosphatase (ALP) 

(1:250, rabbit monoclonal, Abcam, Cambridge, UK).   

The iPSC-derived myotubes were immunostained over night at 4°C 

with: rabbit anti-T (1:1000, rabbit polyclonal, Abcam), rabbit anti-PAX3 

(1:200, rabbit polyclonal, Abcam), mouse anti-PAX7 (1:200, mouse 

monoclonal, Abcam), rabbit anti-MYOD1 (1:200, rabbit polyclonal, 

Abcam), mouse anti-MYOG (1:200, mouse monoclonal, Thermo Fisher 

Scientific), rabbit anti-MHC2 (1:2, rabbit monoclonal, Leica Biosystems, 

Wetzlar, Germany) and rabbit-anti DES (1:200, rabbit polyclonal, Bio-

Techne, Minneapolis, MN, USA). These cells were also stained with 

hematoxylin-eosin (Bio Optica, Milan, Italy) and examined by optical 

microscopy (Eclipse E100, Nikon).  

Immunopositivity was revealed with Alexa Fluor 488-conjugated goat 

anti-mouse IgG, Alexa Fluor 555-conjiugated goat anti-rabbit IgG, and 

Alexa Fluor 546-conjugated goat anti-rabbit IgG secondary antibodies 

(All antibodies 1:500, Thermo Fisher Scientific). Cells were 

counterstained with DAPI (1:1000) (Thermo Fisher Scientific) and the 

coverslips were mounted with FluorSave (Merck). Confocal 

fluorescence images were obtained with a laser-scanning microscope 

(Eclipse TE 2000-E, Nikon, Tokyo) and analysed using EZ-C1 3.70 

imaging software (Nikon).  

 

2.8. Real-time PCR for lncRNA expression  

We selected three lncRNAs, MALAT1, NEAT1 and HOTTIP from 

literature, chosen because they were specifically expressed in the 

muscle tissue and associated with development and maintenance of 
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the skeletal muscle. cDNA previously analysed for myogenic marker 

expression, was amplified in duplicate by TaqMan gene expression 

assays (Thermo Fischer Scientific) specific for MALAT1, NEAT1 and 

HOTTIP on the ViiA7 Real time PCR system (Thermo Fisher Scientific). 

18s ribosomal RNA was stably expressed in both control and ALS 

samples (standard deviation of Ct values: < 0.5) and was used as 

endogenous control. Transcriptional levels of lncRNAs were expressed 

as relative values normalized towards 18s levels, according to the 

following formula 2-ΔCt.  

 

2.9. Prediction and selection of lncRNA target genes 

We aimed to predict in silico the target genes of MALAT1, NEAT1 and 

HOTTIP, in order to identify potentially disease-modifying pathways 

and to investigate their regulatory networks in the skeletal muscle 

tissue.  We used two online resources, lncTarD 

[http://biocc.hrbmu.edu.cn/LncTarD/JumpToAdvancedSearch#tableDiv

Head] and LncRNA2Target v2.0 

[http://123.59.132.21/lncrna2target/search.jsp], to predict functional 

lncRNA target genes. Network analysis was performed via the use of 

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) databases [Gene Ontology Consortium 2013; Kanehisa M. et 

al, 2000]. Enrichment analyses of the identified potential target genes 

were performed using ClueGO app implemented in Cytoscape v3.7.1 to 

identify the possible implications of the dysregulated lncRNAs and 

mRNAs in the relevant GO terms and signalling pathways [Shannon P. 

et al, 2003]. Bonferroni adjusted P-value <0.05 was considered to 

indicate a statistically significant difference. Heat map analysis of 

lncRNA and mRNA expression profiles was performed using the 

Pheatmap R package.  
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2.10. Real-time PCR for lncRNA target genes  

 

cDNA previously analysed for myogenic markers and lncRNA 

expression, was amplified in duplicate by TaqMan gene expression 

assays (Thermo Fisher scientific) specific for AKT, Autophagy related 

(ATG) 4D, ATG7, ATG12, B cell lymphoma-2 (BCL2), Caspase (CASP) 

3, CASP9, DEAD-box helicase 5 (DDX5), ELAV like RNA binding 

protein 1 (ELAVL1/HUR), EZH2, High mobility group box 1 (HMGB1), 

HOXA11, HOXA13, Mitogen-activated protein kinase (MAPK) 1, 

MAPK3, Mouse double minute 2 (MDM2), mTOR, MYOG, Nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFKB1), Ras-

related protein RAB5A (RAB5A), Suppressor of cytokine signalling 1 

(SOCS1), Signal transducer and activator of transcription 3 (STAT3), 

TGFβ1, Transforming growth factor beta receptor (TGFβR) 1, TGFβR2 

and WD repeat domain 5 (WDR5) on the ViiA7 Real time PCR system 

(Thermo Fisher Scientific). 18s ribosomal RNA was stably expressed in 

both control and ALS samples (standard deviation of Ct values: < 0.5) 

and was used as endogenous control. Transcriptional levels of lncRNA 

target genes were expressed as relative values normalized towards 

18s levels according to the following formula 2-ΔCt. 

Gene 
Assay ID (Thermo 

Fisher) 

ATG4D Hs00262792_m1 

ATG7 Hs00893766_m1 

ATG12 Hs04980076_s1 

BCL2 Hs04986394_s1 

CASP3 Hs00234387_m1 

CASP9 Hs00962278_m1 

DDX5  Hs01075383_g1 

DES Hs00157258_m1 
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ELAVL1/HUR Hs00171309_m1 

HMGB1 Hs01923466_g1 

HOXA11 Hs00194149_m1 

HOXA13  Hs00426284_m1 

MAPK1 Hs01046830_m1 

MAPK3  Hs00385075_m1 

MDM2 Hs00540450_s1 

MHC2 Hs00430042_m1 

MHC3 Hs01074230_m1 

MHC7 Hs01110632_m1 

mTOR Hs00234508_m1 

MYOD Hs00159528_m1 

MYOG Hs01072232_m1 

NFKB1 Hs00765730_m1 

PAX3 Hs00240950_m1 

PAX7 Hs00242962_m1 

RAB5A Hs00702360_s1 

SOCS1 Hs00705164_s1 

STAT3 Hs00374280_m1 

TGFβ1 Hs00998133_m1 

TGFβR1 Hs00610320_m1 

TGFβR2 Hs00234253_m1 

WDR5 Hs00424605_m1 

 

Table 4. IDs of the assays used for RT-PCR.  
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3.1. Generation of iPSCs from CTRL, C9ORF72 and TDP43 patients  

We generated iPSC lines by reprogramming fibroblasts from two 

C9ORF72 and two TDP43 mutant ALS patients and two age- and sex-

matched healthy controls. Both ALS and control iPSCs expressed the 

pluripotency markers including SOX2, OCT3/4 and NANOG (Figure 

5.A.). In addition, the cells were positive to ALP, SSEA-4 and TRA-1-60 

(Figure 5.B.). These molecules are specific markers for undifferentiated 

pluripotent stem cells, thus indicating that the iPSCs showed a 

pluripotent state [Takahashi K. et al, 2006]. All ALS and control iPSCs 

displayed similar morphology and proliferative capacity (Data not 

shown). Next, we investigated the iPSC pluripotency capacity by 

assessing their ability to spontaneously differentiate into cells of the 

three germ layers [Takahashi K. et al, 2006]. All iPSCs formed EBs 

which directly differentiated into ectoderm, endoderm and mesoderm 

positive to β-III-TUB, AFP and DES, respectively (Figure 5.C.). All 

reprogrammed iPSCs expressed pluripotency markers, differentiated 

into the three germ layers and did not show any significant difference in 

morphology.  
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Figure 5. Generation of iPSC colonies. A. RT-PCR analysis of SOX2, OCT3/4 and 

NANOG genes in CTRL, C9ORF72 and TDP43 iPSCs (N=2 per group). B. Representative 

confocal images of CTRL, C9ORF72 and TDP43 iPSCs positive for ALP (red), SSEA-4 

(red), TRA-1-60 (red). Cell nuclei were stained with DAPI (blue). Scale bar, 50 μm. C. 

Representative confocal images of CTRL, C9ORF72 and TDP43 iPSCs stained for β-III-

TUB (green), AFP (red) and DES (green) and DAPI (blue). Scale bar, 50 μm. 

A 
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3.2. Generation of contractile myotubes from CTRL, C9ORF72 and 

TDP43 iPSCs  

To obtain skeletal muscle cells, we differentiated ALS and control 

iPSCs into spontaneously beating myotubes, after 36 days of 

differentiation. Figure 6. shows different myogenic differentiation stage 

of control cells from the CTRL_1 line stained with haematoxylin/eosin.  

 

 

Figure 6. Timeline diagram of myogenic differentiation protocol for obtaining 

spontaneously contractile myotubes. Marker genes and medium composition are 

represented for each stage in black or white squares, respectively. The lower panel 

shows representative hematoxylin/eosin stained CTRL_1 cells at day 0 (a.), day 1.5 

(b.), day 7 (c.), day 12 (d.), day 22 (e.) and day 36 (f.)40x magnification.  

 

At day 0 the cells showed the typical iPSC morphology positive to 

SOX2, NANOG and OCT4, with very large nuclei, little cytoplasm and 

colonial organization (Figure 6.a.) [Nagasaka R. et al, 2017]. After 1.5 

days in CDMFLyBC medium, cells started to migrate towards the edges 

of the colony and were increasing in size. At the same time, cells 

located at the periphery of the colony acquired a more defined 

morphology, with distinct edges; indeed, the central ones were still 
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undifferentiated, retaining a roundish shape (Figure 6.b.). From day 1.5 

to day 7, cells completely abandoned the colonial organization, 

generating a unique layer, and are positive to T and PAX3 myogenic 

markers. Moreover, cells left their undifferentiated architecture and their 

morphology shifted from roundish to polygonal, but still retaining 

minimal amounts of cytoplasm (Figure 6.c.). From day 7, the cells, 

besides differentiating, they actively proliferated, reaching the 

confluence in MGM at day 12. From that time, the cells are positive to 

PAX3, PAX7 and MYOD, showing a cellular morphology characterised 

by large and round nuclei, randomly and sparse distributed, 

comparable to an immature myoblast stage, became more 

phenotypically differentiated [Ishikawa K. et al, 2019]. In addition, they 

started to move in close proximity one to each other, to align and 

elongate (Figure 6.d.). At day 22, the cells positive to PAX7 and MYOG 

were morphologically similar to myocytes with a very low nuclear-

cytoplasmic ratio, distinctive elongated nuclei surrounded by huge 

amounts of cytoplasm, and they started to fuse to become myotubes 

(Figure 6.e.) [Ishikawa K. et al, 2019].  

At day 36, we observed multinucleated myotubes positive to PAX7, 

MYOG, DES and MHC myogenic markers, characterised by peripheral 

elongated nuclei, mixed with central roundish nuclei, still in 

differentiation [Ishikawa K. et al, 2019]. Moreover, the culture showed 

an organized architecture, where the myotubes arranged in a parallel, 

dense, fibre-like structure (Figure 6.f.). As shown in Video 1, at day 36 

the myotubes showed a spontaneous contractive activity.   

 

https://drive.google.com/file/d/1pGqquatbgqux3EouS0eTvN_n9J9Jophr/view?usp

=sharing 

Video 1. Spontanously beating myotubes- CTRL_1 beating myotubes after 36 days 

of myogenic differentiation. 10x magnification. 
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Of note, the iPSCs and iPSC-derived myotubes retained the G4C2-rich 

C9ORF72 repeat (Figure 7.A.) and the TARDBP mutation (Figure 7.B.) 

of ALS patients, confirming that the cells after reprograming and 

muscle differentiation still expressed the specific genetic profile of the 

patients.  

 

 

Figure 7. ALS related mutation retention in C9ORF72 and TDP43 cells. A. Repeat 

primed PCR from C9ORF72_1 to confirm the G4C2-repeat expansion in iPSCs (left 

panel) and at day 36 of differentiation (right panel). B. Sanger sequencing of 

p.A382T mutation in TDP43_1 in iPSCs (left panel) and at day 36 of myogenic 

differentiation (right panel). 

 

3.3. Altered expression of myogenic markers in iPSC-derived 

myotubes from CTRL, C9ORF72 and TDP43 patients 

To investigate the potential alterations in myogenic processes caused 

by ALS mutations, we analysed the expression levels of myogenic 

differentiation markers at different stages of skeletal muscle 

development, specifically at iPSC (day 0), mesodermal progenitor (day 

12), early myocyte (day 22) and myotube (day 36) stages of 

differentiation. We evaluated the expression levels of two mesodermal 
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progenitor markers, T and PAX3. PAX3 is also an early myocyte 

marker, together with MYOD1.  

Moreover, we investigated the expression levels of MYOG and PAX7, 

early myotube and satellite cell (SC) markers. The expression of DES, 

MHC2, MHC3 and MHC7, late myotube markers was explored too 

(Figure 8.) [Zammit P.S. et al, 2006].  

At day 0, the iPSCs did not express high levels of the myogenic 

markers in all cell cultures (Figure 8). 

By molecular analyses, we observed an increased expression trend of 

T, PAX3, PAX7, MYOD and MYOG at day 12 compared to days o, 22 

and 36.  However, the expression of these markers showed a 

decreased expression trend in ALS cells compared to healthy controls. 

Among the disease lines, we detected a higher expression level of 

these markers in TDP43 cell lines than from the C9OFR72 ones 

(Figure 8.).   

At day 22, we observed that PAX3 expression was higher in CTRL than 

ALS cells, whereas it was lower in C9ORF72 lines than TDP43 ones. 

Moreover, MYOD1 was expressed only in CTRL lines (Figure 8.).  

At day 36, the expression levels of PAX7, MYOD1, MYOG showed a 

lower expression trend in ALS cells compared to controls, but among 

the two ALS lines, TDP43 cells showed a higher expression trend 

compared to C9ORF72 cells. Molecular data demonstrated the 

presence of active SCs, normally positive to PAX7, in all cultures. 

These data demonstrated that the iPSCs differentiated into SCs, 

representing a crucial stage for the myogenic development (Figure 8.) 

[Pradat P.F. et al, 2011]. In addition, at day 36, the molecular analyses 

revealed an increased expression of DES, MHC2, MHC3 and MHC7 

compared to the other time points (day 0, day 12 and day 22), 
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suggesting that the differentiated cells showed a molecular signature of 

multinucleated myotubes (Figure 8.).  

Indeed, comparing the expression of DES and MHC3 at day 36, we 

detected a slightly lower expression of DES, in all cell lines, compared 

to the expression of MHC3, the embryonic myosin isoform. Specifically, 

CTRL and TDP43 lines showed a higher expression pattern of DES 

and MHC3 than C9ORF72 lines (Figure 8.). At day 36 MHC2 and 

MHC7 the two mature myosin isoforms, showed an opposite 

expression trend. Indeed, MHC2, the fast myosin isoform, showed a 

lower expression trend in ALS lines compared to controls; whereas 

MHC7, the slow isoform, showed a higher expression trend in the ALS 

lines compared to controls, specifically in TDP43 compared to 

C9ORF72 cells (Figure 8.).  

 

 

Figure 8. Transcriptional levels of the myogenic differentiation markers in 

iPSCs and iPSC-derived muscle cells at 12, 22, 36 days of differentation.  qPCR 

analysis of T, PAX3, PAX7, MYOD, MYOG, DES, MHC3, MHC2 and MHC7 genes in 

CTRL (pink bar), C9ORF72 (red bar) and TDP43 (burgundy bar) cells at days 0, 12, 

22 and 36 of myogenic differentiation protocol. Data were expressed as mean of two 
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patients for each group. Expression levels were normalized to 18S and expressed as 

fold changes using the 2−ΔCt formula.  

 

 

Figure 9. Differentation of iPSCs into myotubes. Representative confocal images 

of CTRL_2, C9ORF72_2 and TDP43_2 cells stained for myogenic differentiation 
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markers T (green), PAX3 (red), MYOD1 (red) and DAPI (blue) at day 12, for PAX7 

(red), MYOG (green) and DAPI (blue) at day 22 and for DES (red), MHC (green) and 

DAPI (blue) at day 36. Scale bar, 50 μm. 

By immunofluorescence, we found that iPSC-derived skeletal muscle 

cells were positive to T, PAX3 and MYOD1 at day 12, PAX7 and 

MYOG at day 22, and DES and MHC2 at day 36, as shown in Figure 9. 

Interestingly, at days 12 and 36 immunostaining data showed a 

different morphology for C9ORF72 cells compared to TDP43 and CTRL 

cell lines. In particular, at day 12 C9ORF72 cells displayed a higher 

amount of cytoplasm, as well as bigger nuclei, as shown by PAX3 and 

MYOD immunofluorescence markers (Figure 9.). At day 22, PAX7 

staining revealed a delay in the elongation and parallelization of 

C9ORF72 cells, compared to TDP43 and CTRL cells. In addition, 

MYOG staining showed that C9ORF72 cells were characterised by a 

wider nucleus at day 22 (Figure 9.). However, at day 36 of 

differentiation ALS and CTRL differences were not detectable anymore 

from the morphological point of view. In fact, we reported an 

overlapping signal form DES and MHC2 positive cells from all cell lines 

(Figure 9.).  

 

3.4. Dysregulated expression of lncRNAs in relation to human 

disease mutations and upon myogenic differentiation  

To investigate whether lncRNAs have a role in muscle degeneration in 

ALS, we analysed the expression levels of selected lncRNAs, including 

MALAT1, NEAT1 and HOTTIP, that are known to be expressed in the 

skeletal muscle and play a relevant function in myogenic processes 

[Butchart L.C. et al, 2016; Chen X. et al, 2017; Han X. et al, 2015; 

Hitachi K. et al, 2020; Jensen J.H. et al, 2012; Lai K.M. et al, 2015; 

Lehnert S.A. et al, 2007; Pradeepa M.M. et al, 2017; Sunwoo H. et al, 

2009; Wang K.C. et al, 2011; Wang S. et al, 2019b; Watts R. et al, 
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2013; Zhang X. et al, 2017; Zheng L. et al, 2019]. We investigated the 

lncRNAs in ALS and CTRL cell lines upon muscle differentiation 

(Figure 10.). 

In ALS cells, MALAT1 expression trend is decreased at day 22 

compared to controls (Figure 10.). In control cells the expression levels 

of MALAT1 showed an opposite trend; upon the early steps of 

differentiation at days 0, 12, and 22, MALAT1 expression progressively 

increased and it decreased at day 36 (Figure 10.).  

 

 

Figure 10. Expression of MALAT1, NEAT1 and HOTTIP lncRNAs upon the 

myogenic differentiation. qPCR analysis of lncRNAs MALAT1, NEAT1 and HOTTIP 

in CTRL (light yellow bar), C9ORF72 (yellow bar) and TDP43 (orange bar) cells at 

day 0, 12, 22 and 36 of myogenic differentiation protocol. Data were expressed as 

means of two patients for group. Expression levels were normalized to 18S and 

expressed as fold changes using the 2−ΔCt formula. 
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Regarding NEAT1, its expression trend gradually increased during the 

early stages of differentiation, particularly from the iPSC stage until day 

22, in all cell lines, but it decreased at day 36.  

TDP43 cell lines showed a lower expression trend of NEAT1, compared 

to CTRL and C9ORF72 lines, whereas mutant C9ORF72 cell lines 

exhibited a much higher expression trend compared to controls at day 

12 and 22 (Figure 10.).  

The expression trend of HOTTIP was increased during the myofibre 

maturation phase at day 36 compared to day 0, 12 and 22. 

Interestingly, both C9ORF72 and, even more, TDP43 mutant cell lines 

showed a higher expression trend of HOTTIP, compared to controls 

(Figure 10.).  

These results suggest that the expression of the selected lncRNAs may 

contribute to skeletal muscle differentiation in relation to ALS 

pathogenesis. 

 

3.5. MALAT1, NEAT1, HOTTIP and target gene involvement in 

signalling pathways associated to human disease mutations and 

myogenic differentiation  

In order to understand the biological and molecular role of MALAT1, 

NEAT1 and HOTTIP in the skeletal muscle, by LncRNA2Target v2.0 

and LncTArD databases and literature data, we identified and 

investigate 26 lncRNA target genes implicated in myogenic processes 

in relation to ALS pathogenesis (Figure 11.). In particular, we selected 

MALAT1’s targets as key molecules for the regulation of the apoptosis 

(BCL2, CASP3 and CASP9), autophagy (ATG4D, ATG7, ATG12 and 

RAB5A), protein degradation/synthesis (AKT1, MDM2 and mTOR), 

RNA editing (ELAVL), some miRNAs (miR-133 and miR-206) or 
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transcription factors (EZH2, MYOG, HMBG1, MAPK1, MAPK3, NFKB1, 

SOCS1 and STAT3);  

NEAT1’s targets as relevant molecules for the modulation of apoptosis 

(BCL2), development (TGFβ1), RNA editing (DDX5), miRNAs (miR-

124) and transcription factors (EZH2, MYOG and STAT3); HOTTIP’s 

targets involved in apoptosis (BCL2), in development (HOXA11, 

HOXA13, TGFβR1 and TGFβR2) and some transcription factors (EZH2 

and WDR5) (Figure 11.).  

 

Figure 11. Cake graph representing the main functions of the predicted mRNA targets. 

 

By hierarchical clustering analysis, we identified three distinct heat 

maps for C9ORF72, TDP43 and CTRL cell lines showing different 
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clusters that characterize iPSC and iPSC-derived muscle cells at day 

12, day 22 and 36 stages of the differentiation (Figure 12.). Moreover, 

we distinguished a subcluster at day 12, which differentiated from 

another subcluster at day 22 and day 36 (Figure 12.).  

 

 

Figure 12. Hierarchical clustering heatmap of lncRNA and mRNA expressions. 

Heat map representation of lncRNAs and their target expression profile in control and 

ALS iPSCs and iPSC-derived muscle cells upon myogenic differentiation at days 12, 

22, 36. Comparison of expression levels of differentially expressed lncRNAs and 

target genes, normalized against 18S endogenous control and calculated using the 
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ΔCt method, in control, C9ORF72 and TDP43 iPSCs, and muscle cells. In rainbow 

scale color, red indicates down-regulation and green indicates up-regulation of 

lncRNAs and their targets in control and ALS cells upon muscle differentiation (days 

0, 12, 22, 36).  

 

In particular, as shown by heat maps, C9ORF72 and TDP43 cell lines 

displayed a similar clusterisation of the mRNA targets, presenting two 

identical clusters, respectively composed of HOXA11, HOXA13 and 

MYOG for one cluster, and SOCS1, HOTTIP, BCL2, TGFB1, CASP9, 

ATG4D, TGFBR2 and ATG7 for the other cluster. Moreover, C9ORF72 

and TDP43 shared another mRNA target cluster, comprehending 

AKT1, ATG12, CASP3, ELAVL, EZH2, HMBG1, MALAT1, MAPK3, 

MDM2, mTOR, NFKB1, RAB5A, TGFBR1 and WDR5. However, 

selected lncRNAs and mRNA targets showed different expression 

levels between C9ORF72 and TDP43, as shown in the heat maps. On 

the other hand, in CTRL cell lines HOXA11, HOXA13 and MYOG still 

shape a cluster, but together with other molecules, as HOTTIP and 

BCL2. These data suggest that MALAT1, NEAT1, HOTTIP and mRNA 

targets, regulate a wide range of molecular and cellular pathways upon 

myogenic differentiation process in relation to ALS pathogenesis. 
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ALS is a devastating neurodegenerative disease characterized by the 

progressive loss of upper and lower MNs [Kim G. et al, 2020]. Even 

though it is generally accepted that ALS is primarily caused by MN 

death, growing evidences have shown that the skeletal muscle has an 

active and crucial role in the disease onset and progression 

[Scaricamazza S. et al, 2021].  

Notably, almost all phases of skeletal muscle development are 

regulated by lncRNAs, and specifically by MALAT1, NEAT1 and 

HOTTIP that are selectively enriched in muscle tissue and involved in 

myogenic processes [Butchart L.C. et al, 2016; Chen X. et al, 2017; 

Han X. et al, 2015; Hitachi K. et al, 2020; Jensen J.H. et al, 2012; Lai 

K.M. et al, 2015; Lehnert S.A. et al, 2007; Pradeepa M.M. et al, 2017; 

Sunwoo H. et al, 2009; Wang K.C. et al, 2011; Wang S. et al, 2019b; 

Watts R. et al, 2013; Zhang X. et al, 2017; Zheng L. et al, 2019].   

In the present study, we investigated the expression of MALAT1, 

NEAT1 and HOTTIP lncRNAs, along with their putative target genes in 

iPSC-derived skeletal muscle cells from ALS patients and controls.  

Our aim was to explore the role of these lncRNAs in skeletal muscle 

development and function in the context of ALS disease, and hence 

their potential as therapeutic targets for counteracting the disease.  

Discussion   4 
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Firstly we demonstrated that iPSC-derived fibroblasts presenting the 

p.A382T mutation in TARDP gene or carrying the G4C2-repeat 

expansion in the C9ORF72 gene were able to differentiate into 

spontaneous contractile myotubes. According to the previous protocol 

published by Swartz and colleagues, iPSC-derived myotubes 

maintained the genetic background of ALS patients, thus representing 

an ideal new patient-specific in vitro model to study and reveal 

molecular and cellular disease mechanisms, or to develop novel drugs 

[Swartz E.W. et al, 2016].  

Our molecular analyses showed a low expression of early, T, PAX3, 

PAX7, MYOD, MYOG, and late, DES, MHC2, MHC3, MHC7, myogenic 

markers in undifferentiated iPSCs.  At day 12 of differentiation, we 

observed a higher expression of myogenic markers for mesodermal 

progenitor stage, including T, PAX3, PAX7, MYOD and MYOG, 

compared to other time points. These findings indicate that our in vitro 

model displayed the typical markers of early muscle differentiation, in 

line with previous studies [Borchin B. et al, 2013; Zammit P.S. et al, 

2006]. At the final differentiation stage (day 36) we detected an 

increased expression of terminal myogenic differentiation markers, 

such as DES and MHC2, MHC3 and MHC7, compared to the other 

time points (days 12, 22), in all cell lines.  

Of note, we found an opposite expression trend of MHC2 and MHC7 at 

day 36, with a lower expression of MHC2 and higher expression of 

MHC7 in ALS spontaneous contractile myotubes. On the other hand, 

healthy control cell lines showed a higher expression of MHC2 and a 

lower expression of MHC7 at day 36. These findings suggest that fast–

twitching cells, normally regulated by the fast myosin isoform MHC2, 

may be defective in ALS lines. This phenomenon is compensated by 

the action of slow-twitch myofibers, generated by the expression of 

MHC7. Notably, the skeletal muscle is highly plastic in response to 
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environmental and physiological changes. Indeed, myofibers can 

change from fast-twitch to slow-twitch type to adapt to different events 

or stimuli, a phenomenon called fiber-type switching. Fiber-type 

switching is observed as a consequence of exercise and it improve 

muscle fatigue resistance. It is also a preventive mechanism to 

counteract myodegeneration, as observed in ALS patients and mice 

Hegedus J. et al, 2008; Peggion C. et al, 2017; Telerman-Toppet N. 

and Coërs C. 1978]. Our results strength the potential of our iPSC 

model as an in vitro model of ALS patient-specific pathogenic events 

related to myofiber changes from fast-twitch to slow-twitch type, as 

observed by our molecular studies.  

It is generally accepted that an increased proliferative potential of 

PAX7+, MYOD+ and MYOG+ SC, represents a regenerative mechanism 

to counteract muscle atrophy in the skeletal muscle of ALS patients 

[Pradat P.F. et al, 2011; Scaramozza A. et al, 2014]. Our molecular 

analysis unequivocally demonstrates that PAX7, MYOD and MYOG 

expression increased at the final stage of myogenic differentiation, and 

this increase was more evident in TDP43 compared to C9ORF72 cells. 

The overall findings highlight that myogenic regulatory markers are 

implicated in the pathogenesis of ALS in the skeletal muscle 

differentiation context. 

Results from our iPSC model were again in line with data obtained from 

ALS patients, since we observed in vitro evident molecular myotube 

changes. In fact, muscle abnormalities associated with ALS include 

changes in the expression of mitochondrial genes and a higher 

susceptibility to oxidative stress, as observed in ALS skeletal muscle 

[Loeffler J.P. et al, 2016]. Moreover, C9ORF72-ALS myocytes display a 

high expression and aggregation of TDP43, strongly indicating that 

skeletal muscle cells experience pathological changes caused by 

C9ORF72 mutation [Lynch E. M. et al, 2021]. In line with these 
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evidences, our molecular analyses demonstrated a differential 

expression pattern of myogenic markers, in ALS cell lines, particularly 

in C9ORF72 compared to controls. We hypothesize that the cytotoxicity 

induced by TDP43 aggregates and the alteration of RNA processing 

caused by C9ORF72 repeat expansion could induce a change in the 

amount and timing of expression of myogenic markers, in turn causing 

an intrinsic delay in the correct development and functionality of the 

skeletal muscle. These findings revealed a transcriptomic pattern 

specifically associated with muscle differentiation and that is potentially 

implicated in ALS. 

Data from our in vitro model thus provide the foundation for further 

functional studies on cellular and molecular pathological alterations in 

ALS skeletal muscle, in order to discover new therapeutic targets 

against this devastating disease. 

The precise cause of muscle atrophy in ALS is not well established. 

Thus, a greater knowledge of the different molecular pathways 

underlying the ‘motor nerve ending–muscle fiber’ cross talk could open 

new therapeutic perspectives [Giagnorio E. et al, 2021]. Our findings 

identified MALAT1, NEAT1 and HOTTIP lncRNAs as key molecules 

involved in myogenic differentiation, in relation to ALS pathogenesis. 

Indeed, our results showed an increased expression of NEAT1 upon 

muscle differentiation, specifically in the first stages of differentiation, 

which suggested a role for this molecule in the myogenesis, at the 

myoblast state as described by Wang and colleagues [Wang S. et al, 

2019b]. The expression of HOTTIP was higher in iPSC-derived skeletal 

muscle cells compared to early mesodermal progenitor cells and 

iPSCs, supporting the idea that this lncRNA might have a crucial role in 

the development of the skeletal muscle. This finding is in line with a 

previous study demonstrating that HOTTIP regulates skeletal muscle 

development by targeting WDR5 and MLL protein complex [Wang K.C. 
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et al, 2011]. Interestingly, HOTTIP expression was higher in ALS lines 

compared to control cells, suggesting that dysregulation of this lncRNA 

might be dependent on ALS mutations, as observed for Myolinc 

lncRNA that binds TDP43, thus controlling the expression of myogenic 

regulatory factors [Militello G. et al, 2018]. Even though our results 

should be confirmed and extended in future studies, due to the limited 

sample size, they highlight the potential role of HOTTIP and NEAT1 as 

players in muscle dysregulation in ALS. Thus, they could represent 

possible targets for new therapeutic strategies to modulate muscle 

function and improve disease symptoms.   

By applying hierarchical clustering to the expression of lncRNAs and 

their putative mRNA targets, we revealed specific lncRNA/mRNA 

clusters associated with a distinct myogenic differentiation stage in ALS 

and control cells, suggesting that an altered expression of these 

molecules might contribute to disease pathogenesis. In particular, we 

identified a cluster specific for C9ORF72 and TDP43 lines, which 

included HOXA11, HOXA13 and MYOG.   

HOXA genes are responsible for the embryonic development and they 

were shown to play a key role in the development of skeletal muscle. 

Specifically, HOXA11 and HOXA13 were found to participate in limb 

muscle development by reducing MYOD expression. Combined with 

MYOG hyper-expression, it is crucial for the early myogenic process at 

the myoblast stage [Yamamoto M. et al, 2003]. Our molecular analysis 

showed a higher expression of HOXA11, HOXA13 and MYOG in 

C9ORF72 and TDP43 compared to control lines, at the iPSC stage, 

when the cell showed a pluripotent capacity typical of undifferentiated 

cells [Takahashi K. et al, 2007]. This result suggests the presence of 

intrinsic molecular alterations in iPSCs, likely depending on ALS related 

mutations, that cause an impairment of the myogenic process and an 

altered cellular muscle morphology. 
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 It was already demonstrated the involvement of SOCS1 in inhibiting 

the skeletal muscle differentiation through a negative feedback 

regulation of IGF-I receptor-mediated signalling in myoblasts [Inaba M. 

et al, 2005]. In line with this previous study, C9ORF72 mesodermal 

progenitors at day 12 showed an increased expression of SOCS1 

compared to TDP43 and control cells. Our data support the idea that 

C9ORF72 repeat expansion may negatively influence myogenic 

differentiation processes, determining an altered molecular muscle 

signature closely related to the altered muscle morphology.  

Our overall data identified MALAT1, NEAT and HOTTIP as lncRNAs 

implicated in the differentiation program from iPSCs to iPSC-derived 

myotubes, and as molecules whose altered expression might 

significantly affect signalling pathways relevant for ALS-related 

pathogenic processes. Of interest, hierarchical clustering analysis of 

lncRNA expression levels in the axis “iPSCs-iPSC derived myotubes” 

revealed specific clusters characterizing the stages of the myogenic 

differentiation in ALS and control cells, suggesting that altered 

expression of these molecules might contribute to the disease 

pathogenesis in relation to muscle atrophy.  

Our findings about the dysregulation of MALAT1, NEAT and HOTTIP, 

and their target genes, in the iPSC-derived ALS in vitro model provide 

new insights into ALS molecular basis, pointing out the possibility that 

altered muscle differentiation processes, depending on these lncRNAs, 

could eventually lead to an altered availability of muscle mass and 

function in the disease. Further studies in genetically defined, or not 

defined, ALS patients, and in other MNDs, could help to deeply 

understand the synergistic effect of MALAT1, NEAT and HOTTIP in 

disease onset and/or progression, towards future development of 

patient-specific lncRNA-based therapeutic strategies for ALS and other 

MNDs. 
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