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RNA metabolism is central to cellular physiopathology. Almost all the molecular pathways underpinning biological

processes are affected by the events governing the RNA life cycle, ranging from transcription to degradation. The

deregulation of these processes contributes to the onset and progression of human diseases.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is an aging-related and lethal neurodegenerative disorder characterized by the

progressive degeneration of motoneurons (MNs) in the spinal cord (SC), brainstem (BS), and motor cortex (MCx). The

consequent motor axonal retraction causes muscle weakness and progressive paralysis as major symptoms. Death

usually occurs due to respiratory failure, generally within three to five years of onset. However, population-based studies

revealed that ALS involves the central nervous system (CNS) more extensively than previously imagined. In particular, up

to 50% of ALS patients develop cognitive and behavioral alterations and about 13% have concomitant frontotemporal

dementia (FTD), which led to considering ALS and FTD as the two ends of one clinicopathological spectrum .

ALS has been classified into familial ALS (fALS), representing about 10% of cases, and sporadic ALS (sALS). They are

indistinguishable from a clinical point of view, except for the onset which is earlier in fALS . The latter can be inherited in

an autosomal dominant manner and, more rarely, in an autosomal recessive or X-linked manner . Cases of fALS have

been attributed to mutations, mostly missense substitutions, in more than 20 genes. Among these, four genes, namely

SOD1 (Cu-Zn superoxide dismutase 1), C9ORF72 (hexanucleotide expansion repeat in chromosome 9 open reading

frame 72), TARDBP (transactive response DNA-binding protein 43 kDa), and FUS (fused in sarcoma), account for up to

70% of all cases of fALS . Individuals who do not have affected relatives are classified as sALS patients.

DNA sequencing analyses carried out in patients with sALS revealed that 1–3% of cases are caused by SOD1 mutations

 and 5% by intronic expansion in C9ORF72 . Mutations in the other ALS-associated genes, such as TARDBP, coding

for TDP-43 protein, FUS, HNRNPA1, SQSTM1, VCP, OPTN, and PFN1, are rare in sALS, whose onset could be

contributed to by environmental factors .

ALS was initially interpreted as a proteostasis failure . This view was supported by the finding that some mutated RNA-

binding proteins (RBPs), such as the components of the ribonucleoprotein (RNP) granules TDP-43 and FUS, are

delocalized in the cytoplasm where they form pathological aggregates . This phenomenon is exacerbated by the

alterations of the two main pathways of protein clearance, namely the ubiquitin–proteasome system  and autophagy

. However, the same ALS-associated proteins are regulators of RNA metabolism, leading to a further interpretation of

the pathology as an RNA disorder. Interacting with thousands of RNA targets, they affect splicing, transport, stability, and

even translation, which means that a disturbance in the function of these proteins may affect RNA metabolism on a broad

scale . As an example, cross-linking immunoprecipitation (CLIP)-Seq analysis unveiled more than 39,000 TDP-43-

binding sites in the mouse transcriptome . Furthermore, the splicing patterns of 965 messenger RNAs (mRNAs), whose

products were mainly involved in synaptic activity, were altered upon reduction of the protein from adult mouse brain,

Indicating that TDP-43 is key to normal splicing patterns of several brain-enriched mRNAs . Similarly, alternative

splicing of mRNAs was altered in FUS-related ALS, with consequent deregulation of neuronal gene expression and

production of thousands of aberrantly processed mRNAs . The fact that these ALS-associated proteins intervene not

only in the metabolism of mRNAs, with dramatic consequences on protein products, but also in noncoding RNAs

(ncRNAs) with an impact on the biological processes they control, is of growing interest. A clear example is the role played

by TDP-43 and FUS in the biosynthesis of microRNAs (miRNAs), small ncRNAs that orchestrate differentiation and

developmental programs by pleiotropically regulating gene expression .
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Based on these considerations, ALS has also been proposed as an RNA-mediated neuropathology, which better reflects

the heterogeneity of the disease .

2. A Brief History of ALS

ALS is also called Lou Gehrig’s disease in the United States and MN disease in the United Kingdom . The name of the

pathology reflects both the degeneration of the upper MNs, whose axons project from the cortex to the BS and lateral SC

(lateral sclerosis), and the death of lower MNs, which project from the BS or SC to the muscle, causing its wasting

(amyotrophy). It was first described as a specific entity in 1869 by the neurologist Jean-Martin Charchot . In the mid-

1900s, Kurland and Mulder, carrying out a study on a case series of 58 patients, reported 10% familial cases . More

recently, the combination of population-based epidemiological studies with advanced genetics and the development of

new bioinformatics tools and neuroimaging techniques led to considering ALS as a syndrome encompassing a wide

clinical and pathological spectrum. These findings prompted further stratification of ALS into subtypes, which will be very

helpful for the prediction of prognosis and for the design of specific treatments based on different disease mechanisms.

Different criteria have been used for classifying ALS. The traditional definition of ALS subtypes, based on the involvement

of upper or lower MNs, was overtaken by other classifications relying on different parameters. A statistical method was

developed that predicts prognosis with more accuracy than do clinical phenotypes. It consisted of applying latent class

cluster analysis to a large database including 1467 records of ALS patients. This method provided five phenotypic classes

of ALS that strongly predicted survival . Another classification of ALS is based on the site of onset and the involvement

of different sets of MNs. Accordingly, four forms can be diagnosed: (i) progressive muscular atrophy, which mainly affects

spinal neurons or lower MNs and causes limb weakness and atrophy; (ii) primary lateral sclerosis, which primarily affects

corticospinal MNs and causes spasticity with increased limb tone; (iii) bulbar ALS, a devastating variant, that mainly

affects BS MNs innervating tongue muscles, causing difficulties in speech, chewing, and swallowing; (iv) pseudobulbar

palsy, that affects cortical frontobulbar MNs and causes emotion accentuation, absence of facial expression, spastic

dysarthria, and dysphagia . To date, none of the used classifications include the cognitive and behavioral symptoms.

A range of subtypes should also be highlighted to overcome the heterogeneity of ALS and define subcohorts of patients to

address personalized treatments.

3. Face with ALS: Onset, Clinical Manifestation, and Diagnosis

As an aging-related neurodegenerative disease, the occurrence of ALS is growing with the increasing aging of the

population . It is the most common adult-onset MN disease diagnosed in 1–2 cases per 100,000 individuals every year

in most countries and it is, therefore, considered an orphan disease. However, its inevitably lethal outcome gives

incommensurate importance to its occurrence. In the United Kingdom and the United States, ALS determines more than 1

in every 500 deaths in adults, which has led to the prediction that more than 15 million people presently alive across the

world will die of the disease . In more detail, population-based studies highlighted that ALS is more common in men

than in women  and that its incidence differs depending on ancestral origin. It is particularly low in the population of

mixed ancestral origin in North America (0.63 cases per 100,000 individuals) , whereas it is higher in regions with

relatively homogeneous populations, such as in European populations (2.6 cases per 100,000 individuals) .

The age of onset is highly variable but almost always occurs in the fifth or sixth decade of life, at a mean age of 55 years.

Presumably, it might begin early in the first two decades of life without clear symptoms and emerge only later during life.

Median survival is 2 to 4 years from the onset with only 5–10% of patients surviving longer . In particular, many of

the long-term survivors show either upper MN or lower MN involvement .

Disease onset begins focally and eventually spreads to other body districts. Patients initially experience muscle

weakness, fasciculations, muscle atrophy, spasticity, and hyperreflexia that ultimately lead to paralysis . Astrogliosis

and microgliosis, accompanied by mitochondrial dysfunction and defects in axonal transport, are hallmarks of the disorder

.

The diagnosis of ALS is made difficult by the heterogeneous clinical presentation and the absence of a specific test. It

relies on a detailed description of the symptoms, physical examination, electrodiagnostic testing, neuroimaging, and

familiar history. The El Escorial or Awaji diagnostic criteria are exploited when there is a history of progressive weakness

in one or more body regions and evidence of involvement of upper and lower MNs . Thus far, ALS standard treatment

consists of multidisciplinary care, including respiratory support and symptom management, whereas the only U.S. Food

and Drug Administration-approved drugs are riluzole and edaverone that have only limited effects on patient survival .
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The absence of effective treatments for the disease is due to the lack of deeper knowledge of the pathogenic mechanisms

responsible for MN death, and to the delayed diagnosis usually made in an advanced pathological state. This could be

overcome with the identification of reliable biomarkers for early diagnosis, patient stratification, and for the effectiveness of

pharmacological therapies.

Many studies are going in this direction. They mainly focus on neurofilaments (Nfs), neuron-specific cytoskeletal proteins

that are involved in the stabilization and polarization of neural cells and, therefore, in effective axonal conduction. Notably,

their concentration increases in biological fluids proportionally to the degree of axonal damage .

Although not yet adopted into clinical practice, the levels of phosphorylated neurofilament heavy chain (pNfH) in

cerebrospinal fluid (CSF) have been proposed as specific biomarkers for MN disease. pNfH is endowed with the best

performance to discriminate between patients with ALS and healthy and neurological controls with a sensitivity of about

90% . Another study explored blood as an alternative source for measuring pNfH levels. ALS patients displayed

elevated concentrations of serum pNfH, that correlated with the disease progression rate . However, given the

proximity to the degenerating MNs in the brain and SC, CSF pNfH outperformed serum pNfH (10-fold higher than blood)

in discriminating ALS patients . Recently, single-molecule assays allowed the evaluation of ultralow concentrations

of blood Nf, which may be very advantageous since blood samples are easily accessible and attainable in a less invasive

way compared to CSF .

4. RNA Biology of ALS

The protein-coding genes associated with ALS pathogenesis have been grouped into three main classes: the genes

altering proteostasis and protein quality control, those involved in cytoskeletal dynamics, and genes affecting RNA

metabolism . Recently, great emphasis has been given to the latter gene class and deregulation of RNA has emerged

as a major contributor to ALS.

Accordingly, the major ALS-causative genes, namely SOD1, C9ORF72, TARDBP, and FUS, are involved in the control of

RNA metabolism to different degrees. In particular, SOD1 negatively affects the stability and function of some mRNA

species by interacting with their 3′-untranslated region (3′-UTR) . The interaction of mutant SOD1 with vascular

endothelial growth factor (VEGF) mRNA, besides causing the recruitment of other proteins such as TIAR and HuR into

insoluble aggregates, also determines a decrease in VEGF mRNA levels. Similarly, as observed in human spinal MN from

SOD1-ALS cases, the binding of mutant SOD1 to neurofilament light chain (NFL) mRNA destabilizes the transcript .

The reduction of NFL mRNA levels results in an aberrant stoichiometry of NF subunits, NF aggregation, and neurite

degeneration in the iPSC-derived model of ALS . Additionally, mutant SOD1 has been shown to induce alternative

splicing deregulation .

The C9ORF72 gene could cause ALS through an RNA toxicity mechanism. It carries repeat expansion mutations and

accounts for about 50% of fALS and 10% of sALS cases . Both strands of C9ORF72 repeat expansion are transcribed,

producing RNA foci that accumulate in patient tissues . The aberrant RNA foci may, in turn, act as a platform that

sequesters several RBPs, such as hnRNP-A3, FUS, and TDP-43, producing alterations in RNA metabolism at a global

level . Accordingly, the use of antisense oligonucleotides (ASOs) targeting C9ORF72 repeat expansion avoids

RNA foci formation and restore the alteration of gene expression in ALS MNs .

Mutations in the TARDBP gene are found in most cases of ALS . Importantly, independent studies carried out in

zebrafish , Drosophila , cultured mammalian neuronal cells , and mice  pointed to the relevance of

TDP-43 activity as an RNA processing regulator of neuronal differentiation, synaptic transmission, and neuronal plasticity.

Several studies underscored its involvement in every step of RNA metabolism  as well as its relevant role in miRNA

biosynthesis .

Mutations in TDP-43 mainly occur in the C terminus, containing the nuclear localization signal, and are responsible for

mislocalization of the nuclear protein in the cytoplasm of MNs, where it forms insoluble aggregates. This may cause, at

the same time, a loss of function of TDP-43 in the nucleus and a gain of cytoplasmic toxic function, both being detrimental

to neuronal function and survival.

As for TDP-43, FUS is a ubiquitously expressed RBP regulating several aspects of RNA metabolism and processing. It is

a predominantly nuclear protein crucially involved in transcription, pre-mRNA splicing, and miRNA biogenesis .

However, it shuttles to the cytoplasm , particularly in neurons, indicating that it may participate in regulating mRNA

transport into neurites and local protein translation at synapses . Mutant FUS displays an abnormal cytoplasmic
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localization in the neurons of ALS patients where it accumulates in cytoplasmic inclusions, the stress granules (SGs) 

.

Interestingly, it was demonstrated that the RNA-binding domain of both TDP-43 and FUS is essential for the

neurodegenerative phenotype . In particular, it was shown that RNA-binding-incompetent FUS, also carrying ALS-

causing mutations, predominantly localizes in the nucleus in both Drosophila MNs and in a neuronal cell line . This

finding reveals that the aberrant cytoplasmic localization of FUS is mediated by its RNA-binding ability, conferring to RNA

molecules a relevant role in FUS-ALS pathogenesis .

Although much emphasis has been placed on the influence that these ALS causative genes exert on the metabolism of

protein-coding RNAs, it is time to complete the biological context of the disease by highlighting the contribution of different

classes of ncRNAs with regulatory activities.

Notably, a recent transcriptome profiling of both coding and long noncoding RNAs (lncRNAs) in peripheral blood

mononuclear cells of unmutated sALS patients  versus healthy controls highlighted that the majority of differentially

expressed genes belong to the nonprotein-coding class. In particular, among the 380 differentially expressed genes, 293

were lncRNAs (183 upregulated and 110 downregulated genes) whereas 87 were mRNAs (30 downregulated and 57

upregulated) . It is noteworthy that the high levels of altered noncoding transcripts were not observed in other

neurodegenerations such as Alzheimer’s and Parkinson’s disease , which supports the hypothesis of a major

involvement of the transcriptional machinery in ALS.

5. Noncoding RNA Landscape

Upon the completion of the Human Genome Project, it was realized that of the three billion bases of the human genome,

only approximately 2% encode proteins, whereas the most conspicuous portion produces a huge number of so-called

ncRNAs . Notably, their denomination refers to what they are not. In fact, with only some exceptions, they are not

endowed with a codogenic potential, having only short open reading frames often interrupted by stop codons. NcRNAs

are very diversified, they can be of various sizes, short (less than 200 nt) or long (greater than 200 nt), and have different

conformations, both linear and circular (Figure 1). The unifying theme for all these RNAs is their function as fine

regulators of gene expression, which eventually orchestrate differentiation and developmental programs through the

interaction with other biological macromolecules. Moreover, their high enrichment in the nervous system (NS) led to a

tremendous interest in decrypting their role in NS development and function.

Figure 1. Mechanisms of action of noncoding RNAs. In the nucleus, lncRNAs can regulate gene expression by guiding

epigenetic machineries (A), recruiting transcription factors to specific loci (B), acting as enhancers to promote

transcription (C), or by recruiting splicing factors (D). In the cytoplasm, lncRNAs modulate mRNA stability and translation

(E). MicroRNAs act as translational repressors (F) and may be sponged by both lncRNAs and circRNAs (G). LncRNAs

and circRNAs may also act protein scaffolds (H) or decoys (I). T arrows indicate inhibition activity.
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