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Preface

Despite significant advances in our understanding of the pathological and 
biochemical changes that are associated with the motor neuron disease 
Amyotrophic Lateral Sclerosis (ALS), no cure currently exists. Although available 
treatments can temporarily slow disease progression, they are unable to prevent 
neuronal death. The groundbreaking discoveries in 2006 that implicated toxicity 
of the RNA/DNA-binding proteins TDP-43 and FUS in ALS triggered a flurry of 
research activities towards understanding the neurobiology and pathology of 
these proteins. Resultantly, the involvement of more than a dozen additional 
factors (e.g., C9ORF72, profilin, senataxin, etc.) was subsequently reported. 
Still, how these factors trigger neuronal dysfunction remains unclear, which has 
been a roadblock in the development of more effective therapeutics. The relative 
contribution of ‘gain-of-toxicity’ or ‘loss-of-function’ of ALS-linked factors is a key 
question. While initial research focused on RNA processing defects, recent studies 
demonstrated a widespread imbalance in genome damage versus repair rates, thus 
opening avenues for potential DNA repair-based therapeutics. This book debates 
recent advances in our understanding of the ALS group of diseases and outlines 
future directions for research activities towards finding a cure for these debilitating 
brain diseases. The diverse but complementary chapters highlight the need for an 
overarching approach to unravel the fundamental mechanisms of disease initiation 
and progression that will ultimately allow scientists and clinicians to design 
effective ways to develop improved treatment protocols for ALS patients.

The book contains eight chapters that cover both basic research/methodologies and 
therapeutic advances in the area of ALS, with a particular focus on emerging science 
and concepts. Both common and rare subsets of ALS are covered, including sporadic 
and inherited disease. Chapters address various topics, such as ALS-associated 
etiological factors TDP-43, FUS, and senataxin alongside emerging research on 
genome repair defects, mitochondrial dysfunction, exosomes, non-coding RNA/
biomarker discovery, R-loop as well as the recent advances in ALS therapy and 
utilization of axonal transport for drug delivery. These chapters are contributed by 
esteemed scientists from the United States, Italy, Sweden, Belgium and Costa Rica.

The editor would like to express his sincere gratitude to the chapter authors for their 
invaluable contributions.

Dr. Muralidhar L. Hegde, PhD, FABAP
Department of Neurosurgery,

 Center for Neuroregeneration,
Houston Methodist Research Institute,

Affiliate of Weill Medical College,
New York, Houston, Texas, USA 
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Chapter 1

The Role of TDP-43 in 
Genome Repair and beyond in 
Amyotrophic Lateral Sclerosis
Joy Mitra and Muralidhar L. Hegde

Abstract

The pathology of the RNA-/DNA-binding protein TDP-43, first implicated a 
decade ago in the motor neuron disease amyotrophic lateral sclerosis (ALS), has 
been subsequently linked to a wide spectrum of neurodegenerative diseases, includ-
ing frontotemporal dementia (FTD), Alzheimer’s disease (AD), and related demen-
tia-associated disorders. ALS, also known as Lou Gehrig’s disease, is a progressive, 
degenerative motor neuron disorder, characterized by a diverse etiopathology. TDP-
43 pathology, mediated by a combination of several mutations in the TARDBP gene 
and stress factors, has been linked to more than 97% of ALS patients. We recently 
identified, for the first time, the critical involvement of TDP-43 in neuronal genome 
maintenance and the repair of DNA double-strand breaks (DSBs). Our studies 
showed that TDP-43 regulates the DNA break-sealing activities of the XRCC4-DNA 
Ligase 4 (LIG4) complex in DSB repair, suggesting that loss of genomic integrity 
in TDP-43-associated neurodegeneration may be amenable to a DNA repair-based 
intervention. In this chapter, we discuss the broader aspects of TDP-43 toxicity-
induced pathomechanisms, including the emerging role of TDP-43 in neuronal DSB 
repair and its synergistic genotoxic effects with other neurodegeneration-associated 
etiologies that contribute significantly to neuronal dysfunction. We also discuss 
potential future perspectives and underscore how unraveling the molecular basis 
and implications of TDP-43-induced genome instability in ALS could guide the 
development of neuroprotective therapies.

Keywords: TDP-43, DNA damage, DNA double-strand breaks, nonhomologous end 
joining, XRCC4-DNA ligase 4, ALS, stress granule, Rab11, neurodegeneration

1. TDP-43 pathology: a predominant player in ALS

Transactive response DNA-binding protein 43 (TDP-43) is a versatile 43 kDa 
DNA-/RNA-binding protein of the heterogeneous nuclear ribonucleoprotein 
(hnRNP) family. TDP-43’s cytosolic aggregation and inclusion body formation 
are the key pathologic hallmarks of amyotrophic lateral sclerosis (ALS) and fron-
totemporal dementia (FTD) [1–3]. In these progressive motor neuron diseases, 
TDP-43 pathology manifests as the tau- and synuclein- negative and ubiquitin-
positive inclusions in the anterior horn, spinal cord, neocortex, and hippocampus 
regions of the brain. In the last decade, tremendous scientific investigations have 
been carried out to understand the etiopathologies of TDP-43 toxicity in ALS and 
FTD. These studies demonstrated that TDP-43 pathology-linked ALS is one of the 
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most complex neurological diseases due to TDP-43 pathomechanisms overlapping 
with other ALS-causing genes, such as C9orf72 [4–6], valosin-containing protein 
(VCP) [7–9], fused in sarcoma (FUS) [10], optineurin (OPTN) [11], ubiquilin 2 
(UBQLN2) [12, 13], and ataxin 2 (ATXN2) [14, 15]. Strikingly, TDP-43 pathology 
has been detected in more than 97% of sporadic ALS cases (>90%), making it a 
predominant player in most ALS patients.

1.1 Familial and sporadic ALS

Due to highly overlapping symptoms, determining the sporadic or familial 
nature of the ALS disease at its time of onset is difficult based on clinical fea-
tures alone. Familial ALS (FALS) is predicted based on genetic screening for 
TARDBP mutation(s) in the patient and matching the same mutation in the family 
member(s) with a positive clinical/medical history of neurodegeneration and 
dementia in the juvenile or early stage of life. Race, age, and gender are risk factors 
for progression of FALS. FALS incidences vary significantly from 5 to 10% among 
all ALS cases. The disease is more common in Caucasian men and women than 
African, Asian, and Hispanic populations [16]. Notably, clusters of ALS incidences 
have been associated with socio-economic conditions along with race. According 
to Centers for Disease Control and Prevention, ALS prevalence is highest in the 
Midwest and Northeast of US main land (5.7 and 5.5 per 100,000 population, 
respectively) [17]. In Europe, the prevalence of FALS was lower in the southern part 
[18]. Studies show that men are at slightly higher risk than women, with an aver-
age age of onset ~60 years. Patients usually survive for 1.5–4 years after diagnosis, 
depending on the disease aggressiveness [19].

FALS associated pathology affects anterior horn motor neurons in the cervical 
and lumbosacral regions in the spinal cord, frontal cortex, and cranial nerve motor 
neurons in the pons and medulla segments of brainstem. Both sporadic ALS (SALS) 
and FALS pathologies are associated with upper and/or lower motor neurons of the 
spinal cord. Upper motor neuron diseases accompany degeneration of lateral cor-
ticospinal tracts leading to hyperreflexia/spasticity and cardiac arrest. Conversely, 
lower motor neuron death leads to muscle atrophy and denervation.

FALS cases fall into to three categories, namely, autosomal dominant, autosomal 
recessive, and X-linked dominant. Autosomal dominance is the most common inher-
ited pattern among the FALS cases, where a mutation in one copy of the ALS-linked 
gene is sufficient to develop ALS conditions. These patients usually have a strong 
positive family history and their children bear 50% risk of developing ALS. However, 
autosomal dominance can also happen in apparently sporadic ALS (because the 
genetic inheritance is unknown or poor medical history) with de novo dominant 
mutation(s). In such cases, patients’ siblings may have very low risk but children may 
have up to 50% risk of developing ALS. To date, more than 50 mutations in TARDBP 
gene have been identified in ALS etiopathologies [20]. In addition, a study on a 
German cohort of non-SOD1 FALS patients revealed mutations in TARDBP, sug-
gesting TARDBP gene mutation screening should be crucial among non-SOD1 FALS 
patients [21]. The known TARDBP mutations in FALS are G290A, G298S, A315T, 
M337V, N345K, A382T, and I383V; some of the common mutations identified in SALS 
are D169G, G287S, G294A, Q331K, G348C, R361S, and N390S/D (Figure 1) [21–27]. 
Most of these TARDBP mutations are located within exon 6, as commonly found 
in Caucasian and European ALS patients; however, a large cohort of Han Chinese 
population with non-SOD1 SALS did not show any such mutations in exon 6 [28].

SALS has been reported in an increasing number among people exposed to lead 
or other heavy metals [29–31], smoking [32, 33], and pesticides [34]. Increased 
exposure to organochlorine pesticides, biphenyls, and brominated flame retardants 
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used in household furniture is associated with higher risk for ALS [35–37]. 
Interestingly, while smoking has been shown to predispose individuals to ALS 
risk, alcohol consumption did not show any effect on ALS development [38]. This 
suggests that diet and exposure to various environmental toxins could increase the 
ALS susceptibility in the vulnerable population. Most notably, US veterans from the 
Gulf War [39, 40] and those with head injury [41, 42] are also at a greater risk for 
developing SALS. By targeted sequencing of exon 6 of TARDBP from brain samples 
of US veterans with SALS, we observed several missense mutations (both reported 
and novel) and the association of TDP-43 Q331K mutation with DNA DSB repair 
impairment [22]. Another well-known incidence of sporadic ALS is the Guamanian 
ALS, which falls on the Parkinsonism-dementia complex spectrum (ALS/PDC). 
This particular type of ALS in people living in Guam and Rota islands is caused by 
the consumption of cyanobacteria-infested cycad fruits containing the neurotoxin 
β-methylamino-L-alanine (BMAA) [43, 44]. BMAA exerts neurotoxicity by incor-
porating into amino acid sequences and inducing tau pathology, oxidative stress, 
glutathione depletion, and protein aggregation [45–48]. Genome-wide analyses for 
ALS-/PDC-associated chromosomal loci revealed three disease-specific loci—two 
regions on chromosome 12 and the MAPT region on chromosome 17—in these 
populations [49].

1.2  Unique feature of TDP-43 pathology: dual role of loss of function  
and gain of toxicity

Given that TDP-43 contains a prion-like domain, its cellular content and distri-
bution are two contributing factors for preventing the protein aggregation leading 
to the onset of disease. These two conditions are maintained by TDP-43’s autoregu-
latory feedback loop mechanism. TDP-43 is mainly a nuclear protein, but it also 
shuttles to the cytosol, mitochondria, and other cellular organelles in response to 
various stimuli. In ALS/FTD pathology, TDP-43 mislocalization, due to pathogenic 
mutations and/or protein aggregation, is known as the primary culprit for the onset 
of neurodegeneration. Studies suggest that initiation of caspase-3/7 activation by 
TDP-43 toxicity facilitates the disease progression by cleaving mislocalized TDP-43 
into 35 and 25 kDa fragments. These highly aggregation-prone fragments promote 
inclusion body formations with the hyperphosphorylated and polyubiquitinated 
C-terminal domain of TDP-43 [50, 51]. In addition to the C-terminal fragment, 
full-length and homo-dimerized TDP-43 also has been identified in the spinal cord 

Figure 1. 
TDP-43 protein’s structural organization. Schematic representation of TDP-43 protein structure shows 
N-terminal domain of TDP-43 consists of highly ordered nucleic acid binding domains, namely, RNA 
recognition motifs (RRM) 1 and 2. RRM1 domain follows a bifurcated nuclear localization signal sequence 
(82–98aa)—NLS1 and NLS2. RRM1 domain spans from 104 to 176aa. RRM2 domain ranges from 192aa to 
262aa including bifurcated nuclear export signal sequence (239–250aa)—NES1 and NES2. Later part in the 
C-terminal domain is mostly disordered and contains majority of the pathogenic mutational hotspots. Familial 
ALS-related mutations are indicated in red, and sporadic ALS-linked mutations are in blue color.
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Figure 1. 
TDP-43 protein’s structural organization. Schematic representation of TDP-43 protein structure shows 
N-terminal domain of TDP-43 consists of highly ordered nucleic acid binding domains, namely, RNA 
recognition motifs (RRM) 1 and 2. RRM1 domain follows a bifurcated nuclear localization signal sequence 
(82–98aa)—NLS1 and NLS2. RRM1 domain spans from 104 to 176aa. RRM2 domain ranges from 192aa to 
262aa including bifurcated nuclear export signal sequence (239–250aa)—NES1 and NES2. Later part in the 
C-terminal domain is mostly disordered and contains majority of the pathogenic mutational hotspots. Familial 
ALS-related mutations are indicated in red, and sporadic ALS-linked mutations are in blue color.
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and brain of ALS patients [52, 53]. Furthermore, recent findings have highlighted 
that this protein aggregation enhances the aggregation propensities of other 
prion-like domain containing proteins. The interaction of these prion-like proteins 
increasing the disease complexity severalfold higher than that of single-protein 
toxicities [54]. TDP-43’s cellular shuttling is regulated by the bifurcated nuclear 
localization signal (NLS) and nuclear export signal (NES) sequences (Figure 1), 
and loss of either of these signal sequences could be deleterious for cell survival. 
In vitro studies expressing NLS-deleted TDP-43 found accelerated cytoplasmic 
aggregate formation along with aberrant RNA processing defects [55, 56]. This phe-
nomenon was further supported by in vivo studies with a transgenic mouse model 
and transcriptomic analysis in ALS/FTD human brain samples, which revealed 
significantly altered mRNA splicing of histones and aberrant chromatin remod-
eling following cytosolic accumulation of toxic TDP-43 [57]. Almost all of the 
pathogenic sporadic and familial mutations in TDP-43 induce its nuclear clearance 
and cytosolic sequestration to varying extents. However, in vitro studies with the 
FALS-linked, NLS-specific A90V mutation in TDP-43 found disease-like detergent 
insoluble cytosolic aggregates, confirming the crucial role of NLS/NES sequences in 
TDP-43 homeostasis, and further suggesting cytosolic aggregation of TDP-43 is a 
determining factor in motor neuron death [58, 59].

Persistent neuroinflammation is considered one of the leading causes for motor 
neuron death in ALS/FTD and also affects patients’ therapeutic response. Innate 
immune responses, including microglial hyperactivation and astrogliosis, were 
consistently documented in human postmortem ALS human brain and spinal 
cord, as well as brains from ALS-model mice [60–63]. TDP-43 plays a vital role in 
regulation of neuroinflammation by inhibiting NF-κB activation, possibly through 
competitive binding to importin α3 [64]. TDP-43 depletion or nuclear loss induces 
extracellular secretion of TNF-α and enhanced nuclear localization of NF-κB p65 in 
glia and neurons [65–67]. Furthermore, inflammatory responses increase nuclear 
loss of TDP-43 and progression of ALS/FTD pathology.

2. Broad functions of TDP-43 in central nervous system (CNS)

2.1 RNA transactions

Extensive research in the last decade on TDP-43 toxicity in ALS has established 
that TDP-43 has multiple functions, including autoregulation of its levels through 
a negative feedback loop and controlling a diverse set of RNA-associated mecha-
nisms, including pre-mRNA processing and splicing, micro RNA biogenesis, and 
RNA transport, transcription, and translation. Importantly, TDP-43 also regulates 
protein levels of critical RNA-binding proteins involved in RNA splicing, including 
SRSF1, PTB, and hnRNP L [68, 69]. TDP-43’s autoregulation is solely controlled 
by the TDP-43-binding region (TDPBR) domain, which is comprised of several 
polyadenylation (pA) sites. The silent intron-7 linked to the TDPBR regulates the 
alternative splicing of pA sites based on the TDP-43 cellular concentration. In the 
steady state, pA1 allows cytoplasmic shuttling of TDP-43 mRNA for the appropriate 
amount of protein production. When overexpressed, TDP-43 binds threefold more 
to TDPBR and increases polymerase II binding at this sequence, which then pro-
cesses intron-7 to remove the pA1 signal sequence and enforces the use of pA2 and 
pA4 sites [70]. The use of pA2/A4 sites makes the TDP-43 mRNA partially retained 
in the nucleus and leads to reduced production of TDP-43 protein in the cell [71]. 
Moreover, a recent study on TDP-43 autoregulation using the Drosophila model 
has identified human homolog transcription elongation regulator 1 (TCGER1) of 
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Drosophila protein GC42724 as having a role in TDP-43 mRNA alternative splicing 
and nucleo-cytoplasmic shuttling. TCGER1 regulates TDP-43 production through 
its TDPBR region [72].

TDP-43 contains two RNA recognition motifs (RRMs): RRM1 and RRM2 
(Figure 1). Each RRM contains two highly conserved RNA recognition segments: 
octameric ribonucleoprotein 1 and hexameric ribonucleoprotein 2 [73]. TDP-43 
RRMs bind a minimum of six UG/TG repeats, and its binding affinity increases 
with increasing numbers of repeats [74]. However, the binding preference is quite 
different between two motifs; unlike RRM1, RRM2 prefers a short stretch of UG 
repeats over long repeats ((UG)3 > (UG)6) [75].

Amino acid sequence analysis reveals a high degree of sequence similarities in 
the N-terminal domains of TDP-43 among human, mouse, rat, Drosophila melano-
gaster, and Caenorhabditis elegans, suggesting that TDP-43’s function is crucial in 
these organisms. The C-terminal region of TDP-43 is predominantly disordered in 
its native structure, comprising a prion-like domain and several glycine-asparagine 
rich patches that contribute to the exon-skipping activity of TDP-43 (Figure 1). 
In vivo studies have revealed that TDP-43 regulates its splicing mechanism via 
its C-terminal glycine-rich domains [76]. A recent study of TDP-43 knockdown 
in a Drosophila model expressing chimeric repressor proteins demonstrated that 
TDP-43 in motor neurons regulates RNA splicing fidelity through splicing repres-
sion [77]. These findings are in agreement with previous studies reporting TDP-43’s 
interaction with more than 6000 mRNAs in the mouse brain and TDP-43 depletion-
induced altered splicing of ~900 mRNAs causing neuronal vulnerability (Figure 2) 
[78]. Furthermore, a recent study with ALS-TDP-43 M337V mutant knock-in 
mouse model has revealed mRNA splicing deregulation as the major pathological 
hallmark of mutant TDP-43, even in the absence of any noticeable motor deficits 
[79]. The mammalian TDP-43 primary transcript produces 11 alternatively spliced 
variants of mRNA, further supporting the functional complexity of TDP-43 
[80]. As part of the hnRNP family, TDP-43 has a similar domain organization to 
hnRNP A1 and A2/B1 [81]. TDP-43’s C-terminal domain interacts with a number of 
hnRNP family proteins, particularly hnRNP A2/B1 and A1, to form the hnRNP rich 
complex that is crucial for splicing inhibition [82]. HnRNP A1, a 34 kDa protein, 
is abundant in motor neurons and has been implicated in the pathomechanism of 
spino-muscular atrophy [83]. Mislocalized TDP-43 modulates the inclusion of exon 
7B in the alternatively spliced hnRNP A1 transcript, leading to the production of an 
isoform with an extended prion-like domain [84–86]. Because TDP-43 and hnRNP 
A1 interact directly, increasing the aggregation propensity of hnRNP A1 could 
strongly influence TDP-43’s aggregation in a synergistic pattern [87].

In addition to pre-mRNA splicing regulation, the N-terminal domain (NTD) of 
TDP-43 plays an essential role in protein stabilization and prevention of pathogenic 
cytoplasmic aggregation. In vitro studies have shown that N-terminal Leu71 and 
Val72 in the β7 strand region at the interface are crucial for its homodimeriza-
tion into dimers and/or tetramers in a concentration-dependent manner [88]. 
Furthermore, single amino acid substitutions at V31R and T32R disrupt TDP-43’s 
splicing activity and induce aggregation. The L28A mutation strongly destabilizes 
the TDP-43 NTD and promotes its mislocalization, and the L27A mutation increases 
its monomeric forms [89]. Recent findings by Chen et al. show that the K181E 
mutation near the TDP-43 RRM1 domain disrupts TDP-43’s ability to process 
mRNA, induces mutant TDP-43 hyperphosphorylation, enhances detergent-resis-
tant aggregation propensity by several fold, and leads to more wild-type TDP-43 in 
the nuclear and cytoplasmic inclusion bodies [90]. TDP-43 oligomerization has 
been reported to be the first toxic intermediate in TDP-43 proteinopathies [91]. An 
RNA-mediated intervention strategy showed inhibition of TDP-43 misfolding in 
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wild-type and pathogenic ALS-TDP-43 mutants, further suggesting a critical role 
for RRM domains in TDP-43 pathology.

MicroRNAs (miRNAs) are the master regulators of a number of vital cellular 
mechanisms and diseases, including neurodegeneration and genomic instability. 
TDP-43 regulates a subset of miRNAs by direct interaction and modulates their 
biogenesis through Drosha and Dicer complexes [92]. In the brain, neurexin-1 
(NRXN1) controls vesicular trafficking between synaptic junctions. TDP-43 has 
been shown to bind mir-NID1 to suppress NRXN1 expression and thereby inhibit 
neuronal development and functionality [93]. Given that long noncoding RNA 
(lncRNA) confers a higher degree of gene expression regulation, TDP-43’s increased 
interaction with two crucial lncRNAs, MALAT1 and NEAT1, possibly modulates 
the RNA metabolism dysregulation of ALS- and FTD-associated TDP-43 pathology 
[94, 95]. Furthermore, lncRNA gadd7, which is involved in cell cycle regulation and 
DDR signaling, orchestrates TDP-43’s interaction with CDK6 mRNA that leads to its 
controlled decay [96].

2.2 Stress granules

Stress granule (SG) assembly is a dynamic, reversible process that promotes cell 
survival when stress factors are present. Membraneless SG organelles vary in their 
morphology and building composition in a cell type-specific manner [97, 98]. As 
long as the assembly/disassembly ratio is maintained in healthy cells, SGs act as the 
emergency store house for certain classes of RNA and protein molecules to protect 

Figure 2. 
TDP-43 proteinopathy causes RNA processing defects. TDP-43 being a major functional subunit of spliceosomal 
complex regulates the RNA maturation processes of hundreds of target genes. Many of which are directly 
associated with amyotrophic lateral sclerosis (ALS) and FTD. TDP-43, through its RRM domains, binds 
mainly to intronic and 3ʹ UTR-located UG-repeat sequences of pre-mRNA to modulate their splicing events. 
In healthy condition, TDP-43 strongly promotes normal splicing events and inhibits disease-causing aberrant 
alternative splicing. However, ALS/FTD-TDP-43 pathology induces aberrant splicing several folds higher 
than normal splicing leading to mRNA dysregulation-associated proteinopathies in motor neurons and 
glia. Moreover, exposure to various environmental toxins like heavy metals (Lead, iron, zinc), pesticides 
(organochloride compounds), and food toxins (BMAA) could cause pathogenic alterations in TDP-43 leading 
to its mislocalization and dysregulation of its splicing activity as a result causing sporadic ALS.
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them from the various stress stimuli (Figure 3). However, altered SG assembly pro-
cesses are associated with a number of human diseases, including neurodegenera-
tive disorders and dementia [99]. Recent discoveries indicate SGs are critical players 
in modulating signal circuits determining cell death versus survival in response to 
stress exposure.

Emerging evidence suggests that TDP-43, but not FUS, regulates SG dynam-
ics and secondary polymerization of TIA-1, which is essential for SG assembly 
(Figure 3) [100]. TIA-1 is an RNA-binding protein and classical SG marker and has 
more recently been considered as a candidate gene for ALS and ALS/FTD due to 
its rare heterozygous mutations (P362L and E384K) in the conserved amino acid 
residues within its low complexity domain [101]. TDP-43 increases its association 
with TIA-1 in a time-dependent manner in response to the osmotic and oxidative 
stressor, Sorbitol, in primary glial cells or other stressor-induced SGs in primary 
cortical neurons and astrocytes [102]. Studies have also shown aging as a crucial 
modulator of SG dynamics in neurodegenerative conditions. Notably, wild-type 
and ALS-linked pathogenic TDP-43 mutants show distinct patterns of stress forma-
tion rates and morphology. Mutant TDP-43 exhibits faster stress granule incorpo-
ration along with rapid increases in granule-size, while wild-type TDP-43 forms 
increasing numbers of granules with consistent size over time [99]. Apart from 
the TIA-1 aggregation regulation, TDP-43 also controls the mRNA level of G3BP1, 
an essential SG initiation factor. The loss of functional TDP-43 or pathogenic 
TDP-43-mediated G3BP1 mRNA depletion perturbs the interaction between SG 
components and processing bodies, leading to impaired storage of polyadenylated 
mRNAs [103]. However, different TDP-43 ALS-mutant variants exhibit differential 
regulation mechanisms. For instance, TDP-43 D169G does not affect SG formation 
mechanism, but R361S and A382T variants show loss-of-function phenotypes with 

Figure 3. 
TDP-43 is a critical component of stress granule. Stress granule formation, in normal condition, is a very 
important cellular defense mechanism to overcome stress responses. Stress granule assembly and disassembly is 
a reversible process in healthy cells. It’s a membraneless structure consisting of stress granule marker proteins 
TIA-1, G3BP-1, and TDP-43 as the major structural component. Given that ALS-/FTD-associated TDP-43 
pathology induces aberrant cytosolic sequestration of toxic TDP-43, it impairs the reversible nature of stress 
granule formation mechanism, thereby inducing the seeding mechanism for protein aggregation.
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respect to SG dynamics [104, 105]. Interestingly, chronic TDP-43 liquid-liquid 
phase separation (LLPS) has been observed in neuronal cells and ALS-iPSc-derived 
motor neurons, even with only a transient stress induction from sonicated amyloid 
fibrils or arsenite. Early stage LLPS TDP-43 droplets are formed in the nucleus 
independent of conventional SG mechanisms. Cytosolic TDP-43 droplets formed 
by transient stress induction gradually incorporate importin-α and Nup62, leading 
to the mislocalization of nuclear pore complex proteins Nup107, Ran, and RanGap1. 
This situation inhibits nucleo-cytoplasmic shuttling and clearance of toxic TDP-43 
and results in neuronal cell death [106]. Hans et al. have shown that TDP-43 hyper-
ubiquitylation-mediated insolubility could happen by multiple distinct mechanisms 
independent of its translocation to cytosolic SGs [107]. This study shows neither 
endoplasmic reticulum kinase inhibitors nor translation blockers could prevent 
TDP-43 ubiquitylation. Moreover, the sorbitol-induced stress response involves 
impaired TDP-43 splicing activity, whereas sodium arsenite-induced SG forma-
tion occurs through oxidative stress, which can be quenched by the treatment with 
antioxidant like N-acetylcysteine. High-content screening of inhibitors for blocking 
pathogenic TDP-43 accumulation in SGs from ALS patient-derived iPSc-motor 
neurons has identified planar aromatic moieties with DNA intercalation properties 
as the potent small molecule therapy for ALS/FTD-TDP-43 pathology [108]. In this 
context, it is important to mention that TDP-43 aggregates/inclusions do not com-
pletely overlap with TDP-43 associated SGs, rather a subpopulation of those TDP-
43 aggregates enter into SGs, and ALS-pathology-linked TDP-43 inclusion bodies 
are devoid of SGs. Notably, SGs indirectly exhibit positive feedback regulation of 
TDP-43 aggregation by disrupting HDAC6-mediated pathogenic TDP-43 clearance 
from ALS neurons and thereby accelerating TDP-43’s cytosolic aggregation [109].

2.3 Novel roles of GTPases: Rab11 and RGNEF in neurodegeneration

A common feature in a number of neurodegenerative diseases, including ALS, 
Alzheimer’s, and Parkinson’s disease, is the impaired clearance and recycling of 
damaged and aggregated proteins from cells. Moreover, perturbation of physiologi-
cal vesicle trafficking systems affects several vital mechanisms in the cells, such as 
efficient nutrient absorption, failure of cell-to-cell communication, the immune 
response, and loss of synaptic transmission [110, 111]. Rab-GTPases, first discov-
ered in brain tissue, belong to the major subset of the Ras superfamily [112]. In 
neurons, Rab-GTPases primarily orchestrate vesicle sorting and trafficking between 
target membranes through their interactions with effector proteins (coat proteins, 
kinesins, and dyneins), in addition to tethering and SNARE complexes [113, 114]. 
Among the Rab-GTPases, Rab11 plays critical roles in trafficking, sorting, and 
recycling endosomal vesicles around the perinuclear region. Rab11 is transported 
to the cellular periphery via recycling vesicles traveling along the microtubules and 
directly regulates vesicular exocytosis at the plasma membrane (Figure 4) [115, 116]. 
Furthermore, Rab11 has been identified as the master regulator for the transport of 
neurotrophin receptors and β-integrin via axonal junctions in dorsal root ganglion 
neurons and is critical for their maturation, functionality, and survival [117]. Rab11 
participates in different cell survival pathways in neurodegenerative diseases in 
response prion/prion-like protein toxicity. In the ALS-TDP-43 Drosophila model, 
TDP-43 toxicity reduces levels of the synaptic growth promoting bone morphoge-
netic protein (BMP) at the neuromuscular junction and increases BMP receptors in 
recycling endosomes and at the neuromuscular junction. This pathogenic condition 
leads to larval crawling defects in ALS fruit flies, which are rescued by the overex-
pression of Rab11 [118]. Schwenk et al. has shown that TDP-43 regulates the number 
of Rab11-positive recycling endosomes in dendrites (Figure 4) [119]. These recycling 
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defects in turn affect transferrin recycling in neurons and its decrease in cerebrospi-
nal fluid of patients. In Drosophila, a Rab11 mutation induces JNK and MAPK/ERK 
signaling activation and apoptosis, resulting in defective eye and wing phenotypes 
[120, 121]. TDP-43 can be phosphorylated at threonine 153 and tyrosine 155 by MEK 
kinase, a central player in MAPK/ERK signaling pathway, in response to heat shock 
[122]. However, this unique phospho-TDP-43 variant is not involved in aggregate 
formation but is instead recruited to nucleoli for processing nucleolar-associated 
RNA. Further supporting the Drosophila model results, we have observed that 
sporadic ALS-TDP-43 mutations induce the loss of Rab11 in patients’ brain and spinal 
cord compared to age-matched control samples [123]. In contrast to MAPK/ERK and 
Akt signaling pathways operating in parallel to activate mTORC signaling [124], we 
have shown that Akt and ERK signaling pathways work in a competitive manner to 
determine the cell fate. Moreover, in Parkinson’s disease, Rab11 co-localizes with toxic 
α-synuclein inclusion bodies in dopaminergic neurons, and overexpression of Rab11 
prevents the affected neurons from degeneration and rescues behavioral deficits 
[125]. In Huntington’s disease, Rab11 overexpression restores synaptic dysfunction 
and prevents glutamate-induced cell death in neurons [126, 127]. Rab11 has also been 
found to co-localize with Rab7 and C9orf72 in postmortem ALS brain samples and 
primary cortical neurons exhibiting C9orf72-induced disrupted vesicular trafficking 
system in ALS [128]. These findings suggest a broader impact of TDP-43 mutation-
induced Rab11 dysfunction on cellular function and survival signaling cascades.

Apart from the Rab-GTPases of Ras superfamily, small RhoA GTPases also regu-
late broad spectrum of cellular mechanisms including cell-to-cell communication, 
migration, and proliferation. Given that the mode of GTPase functionality relies on 
the rate of GTP to GDP turn over and vice versa, dysregulation of guanine nucleo-
tide exchange factor (GNEF) that is responsible for such turnover has been linked 
to a number of diseases including neurodegeneration. Among this class of proteins 
with enzymatic activity, Rho GNEF (RGNEF/p190) is directly associated with neu-
rodegenerative disease like ALS, where it not only regulates the function of GTPases 

Figure 4. 
TDP-43 modulates synaptic vesicle trafficking. Synaptic vesicle trafficking is a crucial mechanism for 
transporting macromolecules and neurotransmitters across the neuronal axon junctions. Defect in this 
mechanism may lead to accumulation of toxic waste products in the cells and activation of neurodegenerative 
conditions. Ras-GTPases like Rab11 plays a critical role in endosomal vesicle trafficking, sorting, and recycling. 
A study with sporadic ALS patients’ brain and spinal cord samples show loss of Rab11 could be closely linked 
to TDP-43 proteinopathies in ALS and FTD. Loss of Rab11 affects the cargo load capacity and the size of the 
vesicles as well. This condition in turn activates JNK and MAPK/ERK signaling cascades leading to neuronal 
apoptosis.
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for stress survival [129] but also acts as the RNA-binding protein to modulate the 
stability of the crucial low molecular weight cytoskeleton protein neurofilament’s 
mRNA by binding to its 3′ untranslated region [130]. Emerging studies on GNEF’s 
involvement in ALS has revealed that RGNEF co-exists with TDP-43 and FUS in the 
neuronal cytoplasmic inclusion bodies in spinal motor neurons indicating a cross 
talk of protein aggregation and dysregulated cell signaling pathways in the ALS 
pathogenesis [131]. Micronuclei structures, containing small DNA fragments with 
clustered DSBs and surrounded by one lipid layer, are a strong hallmark of cellular 
metabolic stress, exposure to genotoxic agents, and genomic instability leading to 
apoptosis [132–134]. Notably, micronuclei have been observed in the ALS patient 
brain and spinal cord tissue samples. Studies have shown that TDP-43 interacts with 
RGNEF through its leucine-rich domain and forms co-aggregated structures [135]. 
Taken together, these findings further support the fact that genomic instability is 
one of the major outcomes in ALS-TDP-43 pathology leading to neuronal death.

3. DNA binding and role in DNA transactions

TDP-43 was first identified and characterized as the transcriptional regulator of 
HIV-1 gene expression by binding to long terminal repeat TAR DNA motifs [136]. In 
contrast, a separate study found that when exposed to HIV-1 infection, HIV-1 viral 
production could occur in T cells and macrophages, even in the absence of TDP-43 
protein [137]. As an RNA-/DNA-binding protein, TDP-43 also interacts with spe-
cific TG and non-TG repeat containing DNA sequences through its RRM domains, 
with each domain having specific interaction affinities and DNA conformation 
requirements [138]. TDP-43 has been found to regulate the cyclin-dependent kinase 
6 (CDK6) transcript and protein levels through its binding to the highly conserved 
long-stretch of GT repeats in CDK6 gene sequence. This binding leads to CDK6 
upregulation and thereby increases phosphorylation of retinoblastoma proteins pRb 
and pRb2/p130 [139]. TDP-43 also acts as the transcriptional repressor and/or insu-
lation regulator for the spatiotemporal regulation of the ACRV1 (SP-10) gene [140, 
141]. TDP-43 binds to two GTGTGT motifs in the promoter core region through 
its N-terminal RRM1 domain during spermatogenesis. In vivo studies reveal that, 
unlike the wild-type variant, mutations in the GTGTGT motifs in the −186/+28 
promoter region leads to premature reporter gene expression in the meiotic sper-
matocytes [142]. Previously, TDP-43 has been shown to bind both double-stranded 
DNA as well as single-stranded DNA, with a higher affinity toward single-stranded 
DNA through binding its RRM1 domain [143, 144]. Qin et al. reported that TDP-
43’s N-terminal domain is indispensable for its physiological and proteinopathy 
functions and showed that the N-terminus maintains a highly ordered structure 
that equilibrates the C-terminal disordered structure by acquiring a novel ubiq-
uitin-like fold that directly binds single-strand DNA [145]. More recently, we also 
documented in vitro studies on TDP-43’s affinity for binding free double-stranded 
DNA ends, instead of binding a partially or completely blocked terminus [146].

4. TDP-43 in DNA damage response (DDR) and repair

Induction of DNA damage and dysregulated damage response are critical factors 
for neuronal death in ALS and other neurodegenerative diseases [147, 148]. Studies 
also suggest endogenous DNA breaks, including DSBs, are routinely generated and 
repaired in healthy neurons and are essential for the regulation of neuronal gene 
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expression [149, 150]. Besides the transcriptional regulation by RRM domains of 
TDP-43, no other DNA interactions have been reported for TDP-43. Based on an 
interactome study targeting TDP-43 in human cells, Freibaum et al. identified 
the DNA repair protein, Ku70, as one of the interacting partners of TDP-43 [151]. 
Furthermore, we found that TDP-43’s interaction with Ku70 was modulated by DNA 
damage induction in neuronal cells. Notably, TDP-43 showed pathway-specific roles 
in DNA DSB repair via direct interaction with the classical nonhomologous end join-
ing (NHEJ) factors XRCC4 and DNA Ligase 4 (LIG4) complex, but not with single-
strand break repair factors XRCC1 and DNA Ligase 3 (LIG3) complex. Further 
experimental studies revealed TDP-43’s interaction with a number of NHEJ pro-
teins, including DNA-PKcs, 53BP1, polymerase lambda, XRCC4-like factor (XLF), 
and the DNA damage response (DDR) factors phosphorylated ATM and histone 
H2AX (γH2AX). Interestingly, TDP-43 depletion in neurons elicited hyperactivation 
of DDR signaling without affecting the recruitment of activated DDR proteins to 
genome damage sites and inhibited the docking, but not assembly, of DNA ligation 
complex factors (XRCC4, LIG4, and XLF) at the break sites. This suggests that 
TDP-43 has a crucial role in maintenance of genomic integrity by efficiently com-
pleting the rate-limiting DSB sealing step (Figure 5). Consistent with these results, 
neuronal cells with TDP-43 downregulation exhibited delayed DSB repair kinetics 
and a higher population of apoptotic cells due to the persistent accumulation of 
unrepaired DSBs than controls. In a correlative study of postmortem human spo-
radic ALS brain and cervical spinal cord samples, we determined that samples with 
extensive TDP-43 aggregation and/or fragmentation had greater staining for DSB 
markers (γH2AX and TUNEL) than their age-matched controls [146].

Figure 5. 
TDP-43’s scaffolding role in NHEJ repair mechanism of nuclear genome. In response to DNA damage 
induction, TDP-43 gets recruited at the DSB sites and participates in relaying DDR signaling through 
interaction with p-ATM (Serine1981), p-histone H2AX (Serine139), p-53BP1 (Serine1778), and Ku70/80 
heterodimer. More importantly, TDP-43 regulates the most rate-limiting step of the DNA DSB repair 
pathway—DNA DSB end ligation, through its interaction with DNA ligation complex XRCC4-ligase 4 at 
the break sites. However, pathogenic mutations in TDP-43 related to ALS and FTD cause enhanced cytosolic 
mislocalization of TDP-43, thereby inhibiting the DNA damage-induced translocation of XRCC4-ligase 4 
complex from cytosol to nucleus. Either of TDP-43 loss-of-function or ligation complex translocation inhibition 
causes DNA DSB repair impairment leading to nuclear genome instability in ALS/FTD motor neurons.
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4.1 Mutant TDP-43 and defective DSB repair in neurons

Efficient sealing of DNA DSBs, which are the most lethal form of DNA dam-
age, is critical for maintaining genome integrity and fidelity. In the majority of the 
SALS cases, the total amount of TDP-43 does not change significantly, but a sig-
nificant proportion of the protein mislocalizes to the cytosol and causes ALS/FTD 
pathophysiology similar to disease-linked mutant TDP-43. We recently linked the 
TDP-43 Q331K mutation with genome instability and DSB repair defects. In studies 
with conditionally expressed TDP-43 Q331K mutant, cultured neurons exhibited a 
strong nuclear clearance phenotype and a higher amount of DNA damage at basal 
level without the effect of any external DNA damaging agents than control cells. 
Further investigations showed that TDP-43 Q331K trapped XRCC4 and LIG4 in the 
cytosol and inhibited their translocation to the nucleus in response to DNA damage 
induction. These findings suggest that TDP-43 is not only involved in the recruit-
ment of the DNA ligation complex at genomic break sites but also regulates the 
damage-dependent nuclear translocation of DNA repair proteins (Figure 5). These 
impaired TDP-43 functions in the disease condition leading to genomic instability 
and neurodegeneration [22].

5.  A double whammy of DNA damage induction and defects in their 
repair in TDP-43-ALS

We and others have observed that the most salient hallmarks of ALS/FTD-
TDP-43 pathology, the protein aggregation and inclusion body formation in 
the cytosol, increase oxidative stress in affected neurons [22, 48, 152, 153]. 
4-hydroxynonenal (HNE) increases as an oxidative stress indicator in sporadic ALS 
patients’ brain, spinal cord, and serum. HNE induces oxidative damage to a broad 
range of cysteine-containing proteins, including TDP-43, through cysteine oxida-
tion. Oxidized TDP-43 mislocalizes from the nucleus to form insoluble cytosolic 
aggregates in ALS [154]. Such nuclear clearance and cytosolic increase may cause a 
gain-of-toxicity, leading to aberrant mRNA processing, which in turn exerts a direct 
DNA destabilization through impaired DSB repair and an indirect repair inhibition 
by negatively regulating mRNA splicing of DNA repair proteins. Furthermore, 
the unrepaired DNA DSBs leads to persistent DDR signaling activation through an 
ATM-mediated signaling cascade that promotes neuroinflammation. This inflam-
matory response may induce oxidative genome damage and enhanced TDP-43’s 
nuclear clearance, exacerbating the ALS/FTD conditions in a feed forward pattern. 
Moreover, dysregulation of metal homeostasis has been observed in ALS patients’ 
brain/spinal cord tissues. In the presence of cellular oxidative stress, zinc induces 
TDP-43’s mislocalization and cytoplasmic inclusions [155, 156]. Given that zinc is 
a crucial metal co-activator for several transcription factors, trapping of zinc in 
TDP-43 aggregates could globally affect gene activation patterns, including those 
for DNA repair and response-associated factors, leading to genomic instability.

6. Conclusions: TDP-43-ALS, a case for DNA repair-targeted therapy?

Emerging studies from our laboratory and other groups have shown that in 
addition to its RNA processing and miRNA biogenesis functions, TDP-43 acts as a 
key component of the NHEJ pathway for DSB repair in neurons, and its pathological 
clearance from the nucleus leads to the DSB repair defects seen in ALS and other 
TDP-43-linked neurodegenerative diseases. These newly discovered paradigms link 
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TDP-43 pathology to impaired DNA repair and suggest potential avenues for DNA 
repair-targeted therapies for TDP-43-ALS and related motor neuron diseases. Future 
studies should focus on a comprehensive delineation of the molecular mechanisms 
involved in order to develop efficiently targeted interventions. In addition, the impli-
cations of these defects in neuronal and glial functions in the CNS of TDP-43-ALS 
patients and the role of TDP-43 in maintaining genome integrity in non-neuronal 
brain cells, including glia and astrocytes, are important lines of investigation. By 
comparing the DNA repair role of TDP-43 in post-mitotic vs. cycling cells, we could 
learn important mechanistic insights on the selective vulnerability of neurons in ALS.

Recently, an increasing number of studies have demonstrated the role of RNA/
DNA-binding proteins in DNA repair. We previously documented the involve-
ment of hnRNP-U, a member of the hnRNP family, in oxidative damage repair 
in the human genome and its role as a molecular switch between DSB repair and 
oxidative damage repair when these complex damages occur in a clustered fashion 
[157, 158]. We also discovered that another RNA-/DNA-binding protein, fused in 
sarcoma/translocated in liposarcoma (FUS/TLS), linked to the ALS-FUS subtype, 
participates in break sealing during DNA SSB repair [10]. Because both TDP-43 and 
FUS influence the final DNA break/sealing step of repair, further investigations in 
DNA repair mechanisms are critical to developing clinically effective strategies for 
ameliorating the genome instability of ALS-TDP-43.
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4.1 Mutant TDP-43 and defective DSB repair in neurons

Efficient sealing of DNA DSBs, which are the most lethal form of DNA dam-
age, is critical for maintaining genome integrity and fidelity. In the majority of the 
SALS cases, the total amount of TDP-43 does not change significantly, but a sig-
nificant proportion of the protein mislocalizes to the cytosol and causes ALS/FTD 
pathophysiology similar to disease-linked mutant TDP-43. We recently linked the 
TDP-43 Q331K mutation with genome instability and DSB repair defects. In studies 
with conditionally expressed TDP-43 Q331K mutant, cultured neurons exhibited a 
strong nuclear clearance phenotype and a higher amount of DNA damage at basal 
level without the effect of any external DNA damaging agents than control cells. 
Further investigations showed that TDP-43 Q331K trapped XRCC4 and LIG4 in the 
cytosol and inhibited their translocation to the nucleus in response to DNA damage 
induction. These findings suggest that TDP-43 is not only involved in the recruit-
ment of the DNA ligation complex at genomic break sites but also regulates the 
damage-dependent nuclear translocation of DNA repair proteins (Figure 5). These 
impaired TDP-43 functions in the disease condition leading to genomic instability 
and neurodegeneration [22].

5.  A double whammy of DNA damage induction and defects in their 
repair in TDP-43-ALS

We and others have observed that the most salient hallmarks of ALS/FTD-
TDP-43 pathology, the protein aggregation and inclusion body formation in 
the cytosol, increase oxidative stress in affected neurons [22, 48, 152, 153]. 
4-hydroxynonenal (HNE) increases as an oxidative stress indicator in sporadic ALS 
patients’ brain, spinal cord, and serum. HNE induces oxidative damage to a broad 
range of cysteine-containing proteins, including TDP-43, through cysteine oxida-
tion. Oxidized TDP-43 mislocalizes from the nucleus to form insoluble cytosolic 
aggregates in ALS [154]. Such nuclear clearance and cytosolic increase may cause a 
gain-of-toxicity, leading to aberrant mRNA processing, which in turn exerts a direct 
DNA destabilization through impaired DSB repair and an indirect repair inhibition 
by negatively regulating mRNA splicing of DNA repair proteins. Furthermore, 
the unrepaired DNA DSBs leads to persistent DDR signaling activation through an 
ATM-mediated signaling cascade that promotes neuroinflammation. This inflam-
matory response may induce oxidative genome damage and enhanced TDP-43’s 
nuclear clearance, exacerbating the ALS/FTD conditions in a feed forward pattern. 
Moreover, dysregulation of metal homeostasis has been observed in ALS patients’ 
brain/spinal cord tissues. In the presence of cellular oxidative stress, zinc induces 
TDP-43’s mislocalization and cytoplasmic inclusions [155, 156]. Given that zinc is 
a crucial metal co-activator for several transcription factors, trapping of zinc in 
TDP-43 aggregates could globally affect gene activation patterns, including those 
for DNA repair and response-associated factors, leading to genomic instability.

6. Conclusions: TDP-43-ALS, a case for DNA repair-targeted therapy?

Emerging studies from our laboratory and other groups have shown that in 
addition to its RNA processing and miRNA biogenesis functions, TDP-43 acts as a 
key component of the NHEJ pathway for DSB repair in neurons, and its pathological 
clearance from the nucleus leads to the DSB repair defects seen in ALS and other 
TDP-43-linked neurodegenerative diseases. These newly discovered paradigms link 

15

The Role of TDP-43 in Genome Repair and beyond in Amyotrophic Lateral Sclerosis
DOI: http://dx.doi.org/10.5772/intechopen.92696

Author details

Joy Mitra1* and Muralidhar L. Hegde1,2*

1 Department of Neurosurgery, Center for Neuroregeneration, Houston Methodist 
Research Institute, Houston, Texas, USA

2 Weill Medical College of Cornell University, New York, USA

*Address all correspondence to: jmitra@houstonmethodist.org  
and mlhegde@houstonmethodist.org
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Recently, an increasing number of studies have demonstrated the role of RNA/
DNA-binding proteins in DNA repair. We previously documented the involve-
ment of hnRNP-U, a member of the hnRNP family, in oxidative damage repair 
in the human genome and its role as a molecular switch between DSB repair and 
oxidative damage repair when these complex damages occur in a clustered fashion 
[157, 158]. We also discovered that another RNA-/DNA-binding protein, fused in 
sarcoma/translocated in liposarcoma (FUS/TLS), linked to the ALS-FUS subtype, 
participates in break sealing during DNA SSB repair [10]. Because both TDP-43 and 
FUS influence the final DNA break/sealing step of repair, further investigations in 
DNA repair mechanisms are critical to developing clinically effective strategies for 
ameliorating the genome instability of ALS-TDP-43.
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Chapter 2

Molecular Basis of DNA Repair 
Defects in FUS-Associated ALS: 
Implications of a New Paradigm 
and Its Potential as Therapeutic 
Target
Haibo Wang and Muralidhar L. Hegde

Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron disorder, 
characterized by a diverse etiopathology. While ALS is predominantly sporadic, 
mutations in one or more of a dozen risk factors have been linked to approximately 
10% of familial ALS patients. The multifunctional RNA/DNA-binding protein 
fused in sarcoma (FUS) is one such protein whose autosomal dominant missense 
mutations were identified in a subset of familial and sporadic ALS patients. Initial 
studies linked FUS with both RNA-related and genome maintenance functions, 
yet the mechanisms and potential implications to neurodegeneration were not 
completely understood. We recently identified a novel function of FUS in repair-
ing single-strand break (SSB) in the genome. FUS directly interacts and recruits 
XRCC1/DNA Ligase IIIα (LigIII) to DNA oxidative damage sites in a PARP1 activity-
dependent manner, which facilitates optimal oxidative genome damage repair. 
Besides, FUS regulates DNA strand break sealing by enhancing ligation activity of 
LigIII. The mutation of FUS induces accumulation of oxidative DNA damage as well 
as DNA repair deficiency in ALS patients. The novel findings provide insights into a 
previously undescribed mechanism of DNA repair defect in FUS-associated neuro-
degeneration, and raise the pentientials of developing neuroprotective therapies by 
targeting DNA break ligating defects.

Keywords: FUS, neurodegeneration, DNA repair, oxidative genome damage,  
XRCC1-DNA ligase III

1.  Fused in sarcoma (FUS): pathophysiology and links to familial 
and sporadic ALS

1.1 FUS and its physiological functions

The FUS/TLS (Fused in sarcoma Protein/Translocated in liposarcoma) gene 
encodes a 526-amino acid protein that belongs to the TET (TAF15, EWS, and TLS) 
family, which is implicated in multiple aspects of RNA metabolism. The FUS gene 
was initially identified as an oncogene in multiple cancers. FUS fuses with the 
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transcription repressor C/EBP homologous protein 10 (CHOP) in myxoid liposar-
comas. It was identified for its role as an activator of ETS-related gene (ERG) in 
acute myeloid leukemia [1, 2] and in Ewing’s sarcoma tumors [3]. Subsequently, 
mutations in FUS were linked to motor neuron diseases, amyotrophic lateral sclero-
sis (ALS), and frontotemporal dementia (FTD) [4, 5].

FUS protein is ubiquitously expressed in both the nucleus and cytoplasm of 
many cell types; however, it is predominantly found in the nucleus of glial cells and 
neurons in the central nervous system. A small fraction of FUS shuttles between 
the nucleus and cytoplasm under various stimuli, for example, sodium arsenite-
induced oxidative stress [6, 7]. A previous study revealed that FUS binds RNA in 
vivo to engage in nucleo-cytoplasmic shuttling [8]. Another study showed that 
FUS is localized to dendritic spines as an RNA-protein complex and associates with 
mRNA encoding an actin-stabilizer protein, which indicates a regulatory role of 
FUS in actin/cytoskeleton processes in dendrites [9]. Interestingly, in response 
to stress-induced by sorbitol, FUS redistributes to the cytoplasm and localizes 
to cytoplasmic stress granules [10], a complex comprised of mRNA, ribosomes, 
RNA-binding proteins, transcription factors and nucleases that form in response 
to induced stress, such as oxidative stress and heat shock to maintain the stabil-
ity of selected mRNAs and protein activities [11, 12]. The redistribution of FUS 
on stress granules is regulated by posttranslational modification, methylation, 
and highly related with cell survival from the stress [10]. FUS protein contains 
an SYGQ-rich region at its N terminal, followed by a RGG box (RGG1), an RRM 
motif, a second RGG box (RGG2), a zinc finger (ZnF) motif, and a third RGG box 
(RGG3). The C-terminus contains a nonclassical nuclear localization signal (NLS) 
with conserved proline and tyrosine residues (PY-NLS). The 13 terminal amino 
acids (514–526) containing the NLS sequence were shown to be necessary, but not 
sufficient, for nuclear import of FUS [13]. FUS can bind with RNA and both single-
stranded (ss) as well as double-stranded (ds) DNA [14]. FUS is associated with 
multiple roles in RNA processing, including splicing, transcription, and transport. 
Studies have highlighted that FUS has a transcriptional regulatory role in global or 
specialized components of transcriptional machinery [15]. A Clip-seq based study 
revealed that FUS regulates alternative splicing of pre-mRNAs and processing of 
long-intron containing transcripts, and the RNAs targeted by FUS are associated 
with neurogenesis and gene expression regulation; interestingly, some of FUS’ 
mRNA targets are involved in DNA damage response and repair pathways [16].

1.2 FUS is mutated in both familial and sporadic ALS

The prevalence of ALS has been observed to be non-uniform geographically 
but ranges between 0.6 and 3.8 per 100,000 population worldwide. The rate of 
ALS incidence appears to be rising according to the recent epidemiological studies, 
despite the geographical differences [17]. Notably, the incidence and prevalence 
of ALS are greater in men than in women [18]. It has been reported that the male: 
female ratio is between 1 and 3 and changes in an age-dependent manner [19]. 
In approximately 90% of ALS cases the cause is unknown, and, as such, they 
are considered sporadic (SALS); while, around 10% of ALS patients have a clear 
family history (FALS). In 2009, two independent studies identified that FUS R521 
is mutated in FALS cases and that mutation is characterized pathologically with 
enhanced cytoplasmic inclusions of FUS and motor neuron degeneration [4, 5]. 
FUS mutations have also been linked to cases of SALS [20–22]. The FUS gene is 
composed of 15 exons and most mutations are clustered in exon15. Exon15 encodes 
the NLS domain, implying a possible involvement of its nuclear import defects. 
These mutations/truncations include 495X, R521C/G/H/L/S, R522G, P525L, and so 
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on. R521 is the most commonly mutated site in ALS, whereas P525 mutations are 
highly related with early onset and severe progress of ALS [23–25]. Mutations also 
occur in domains other than NLS. For example, G187S within Gly-rich domain, 
G399V in RGG domain, and P431L in ZnF domain [26], which is believed to induce 
functional defects of FUS. Autosomal dominant mutations in the gene encoding the 
FUS protein have been detected in approximately 5% of FALS patients and a small 
subset (~1%) of SALS cases.

1.3 FUS pathology in FTD

It is important to note that many ALS patients (36–51%) also exhibit cognitive 
impairment, with about 20% developing FTD, also called frontotemporal lobar 
degeneration (FTLD) [27], a disorder characterized by cognitive, behavioral, and 
linguistic dysfunction. The reverse is also seen, wherein patients with FTD can 
develop ALS [28]. FTD accounts for 10–15% of dementias, making it the second 
most common type of dementia for people under the age of 65, after Alzheimer’s 
disease. The overlap between ALS and FTD indicates a likely common molecular 
basis between FUS and cognitive deficits. After the discovery of FUS mutation 
in ALS, a novel subtype of FTD with FUS pathology was identified, although no 
FUS mutation was seen [29]. In 2010, Oriane Broustal et al. identified three exonic 
FUS variants, c. 1562G > A (p.Arg521His), c. 1566G > A (p.Arg522Arg), and 
c.188A > G (pAsn63Ser) from 317 patients including 144 patients with familial 
FTD and 173 patients with FTD-ALS. Interestingly, the three variants were found 
only in patients with both FTD and ALS [27].

2. Multifaceted role of FUS in RNA and DNA transactions

The molecular mechanisms of FUS-ALS are complex and ambiguous, typi-
cally described by both loss of function and gain of toxicity hypotheses. Although 
controversial, loss of function is not entirely supported by animal models: FUS 
knockout mice and zebrafish do not develop ALS-like phenotypes [30–32]. As 
mentioned in the previous section, FUS plays multiple roles in RNA metabolism. In 
fact, thousands of RNA targets have been identified that bind to FUS in various cell 
lines and brain tissue from both patients and animal models [33]. The dysregula-
tion and disturbance of RNA processing are considered to be one mechanism that 
leads to neurodegeneration. Depletion of FUS in mouse nervous system has been 
shown to alter the levels of splicing of over 950 mRNAs [34]; FUS knockout in 
neuroblastoma cells disturbs the splicing of more than 400 introns [35]. Expression 
of FUS P525L mutant was shown to inhibit splicing of minor introns by trapping 
U11 and U12 small nuclear RNAs (snRNAs) in these aggregates [35], and expression 
of R521G and R522G mutations influence RNA transcription and splicing but in a 
different way [36]. Besides, mRNA transport and stabilization are also affected by 
ALS-linked FUS mutations [37, 38].

The majority of the mutations occur in the NLS region of FUS, which induces its 
cytoplasmic accumulation. The widespread FUS mislocalization has been consid-
ered a hallmark of ALS [39]. Mutant, but not the wild-type FUS was shown to be 
assembled into stress granules in cytoplasm in response to oxidative stress or heat 
shock [7, 40], which potentially contributes to neurotoxicity by impairing mRNA 
translation [41, 42]. In fact, mutations in RNA-binding proteins (RBPs) are highly 
related to ALS. The interaction between mistranslocated FUS and other RBPs was 
recently investigated. These studies show that the cytoplasmic mislocalization 
caused by FUS P525L mutation impairs its interaction with other ALS-associated 
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transcription repressor C/EBP homologous protein 10 (CHOP) in myxoid liposar-
comas. It was identified for its role as an activator of ETS-related gene (ERG) in 
acute myeloid leukemia [1, 2] and in Ewing’s sarcoma tumors [3]. Subsequently, 
mutations in FUS were linked to motor neuron diseases, amyotrophic lateral sclero-
sis (ALS), and frontotemporal dementia (FTD) [4, 5].

FUS protein is ubiquitously expressed in both the nucleus and cytoplasm of 
many cell types; however, it is predominantly found in the nucleus of glial cells and 
neurons in the central nervous system. A small fraction of FUS shuttles between 
the nucleus and cytoplasm under various stimuli, for example, sodium arsenite-
induced oxidative stress [6, 7]. A previous study revealed that FUS binds RNA in 
vivo to engage in nucleo-cytoplasmic shuttling [8]. Another study showed that 
FUS is localized to dendritic spines as an RNA-protein complex and associates with 
mRNA encoding an actin-stabilizer protein, which indicates a regulatory role of 
FUS in actin/cytoskeleton processes in dendrites [9]. Interestingly, in response 
to stress-induced by sorbitol, FUS redistributes to the cytoplasm and localizes 
to cytoplasmic stress granules [10], a complex comprised of mRNA, ribosomes, 
RNA-binding proteins, transcription factors and nucleases that form in response 
to induced stress, such as oxidative stress and heat shock to maintain the stabil-
ity of selected mRNAs and protein activities [11, 12]. The redistribution of FUS 
on stress granules is regulated by posttranslational modification, methylation, 
and highly related with cell survival from the stress [10]. FUS protein contains 
an SYGQ-rich region at its N terminal, followed by a RGG box (RGG1), an RRM 
motif, a second RGG box (RGG2), a zinc finger (ZnF) motif, and a third RGG box 
(RGG3). The C-terminus contains a nonclassical nuclear localization signal (NLS) 
with conserved proline and tyrosine residues (PY-NLS). The 13 terminal amino 
acids (514–526) containing the NLS sequence were shown to be necessary, but not 
sufficient, for nuclear import of FUS [13]. FUS can bind with RNA and both single-
stranded (ss) as well as double-stranded (ds) DNA [14]. FUS is associated with 
multiple roles in RNA processing, including splicing, transcription, and transport. 
Studies have highlighted that FUS has a transcriptional regulatory role in global or 
specialized components of transcriptional machinery [15]. A Clip-seq based study 
revealed that FUS regulates alternative splicing of pre-mRNAs and processing of 
long-intron containing transcripts, and the RNAs targeted by FUS are associated 
with neurogenesis and gene expression regulation; interestingly, some of FUS’ 
mRNA targets are involved in DNA damage response and repair pathways [16].

1.2 FUS is mutated in both familial and sporadic ALS

The prevalence of ALS has been observed to be non-uniform geographically 
but ranges between 0.6 and 3.8 per 100,000 population worldwide. The rate of 
ALS incidence appears to be rising according to the recent epidemiological studies, 
despite the geographical differences [17]. Notably, the incidence and prevalence 
of ALS are greater in men than in women [18]. It has been reported that the male: 
female ratio is between 1 and 3 and changes in an age-dependent manner [19]. 
In approximately 90% of ALS cases the cause is unknown, and, as such, they 
are considered sporadic (SALS); while, around 10% of ALS patients have a clear 
family history (FALS). In 2009, two independent studies identified that FUS R521 
is mutated in FALS cases and that mutation is characterized pathologically with 
enhanced cytoplasmic inclusions of FUS and motor neuron degeneration [4, 5]. 
FUS mutations have also been linked to cases of SALS [20–22]. The FUS gene is 
composed of 15 exons and most mutations are clustered in exon15. Exon15 encodes 
the NLS domain, implying a possible involvement of its nuclear import defects. 
These mutations/truncations include 495X, R521C/G/H/L/S, R522G, P525L, and so 
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on. R521 is the most commonly mutated site in ALS, whereas P525 mutations are 
highly related with early onset and severe progress of ALS [23–25]. Mutations also 
occur in domains other than NLS. For example, G187S within Gly-rich domain, 
G399V in RGG domain, and P431L in ZnF domain [26], which is believed to induce 
functional defects of FUS. Autosomal dominant mutations in the gene encoding the 
FUS protein have been detected in approximately 5% of FALS patients and a small 
subset (~1%) of SALS cases.

1.3 FUS pathology in FTD

It is important to note that many ALS patients (36–51%) also exhibit cognitive 
impairment, with about 20% developing FTD, also called frontotemporal lobar 
degeneration (FTLD) [27], a disorder characterized by cognitive, behavioral, and 
linguistic dysfunction. The reverse is also seen, wherein patients with FTD can 
develop ALS [28]. FTD accounts for 10–15% of dementias, making it the second 
most common type of dementia for people under the age of 65, after Alzheimer’s 
disease. The overlap between ALS and FTD indicates a likely common molecular 
basis between FUS and cognitive deficits. After the discovery of FUS mutation 
in ALS, a novel subtype of FTD with FUS pathology was identified, although no 
FUS mutation was seen [29]. In 2010, Oriane Broustal et al. identified three exonic 
FUS variants, c. 1562G > A (p.Arg521His), c. 1566G > A (p.Arg522Arg), and 
c.188A > G (pAsn63Ser) from 317 patients including 144 patients with familial 
FTD and 173 patients with FTD-ALS. Interestingly, the three variants were found 
only in patients with both FTD and ALS [27].

2. Multifaceted role of FUS in RNA and DNA transactions

The molecular mechanisms of FUS-ALS are complex and ambiguous, typi-
cally described by both loss of function and gain of toxicity hypotheses. Although 
controversial, loss of function is not entirely supported by animal models: FUS 
knockout mice and zebrafish do not develop ALS-like phenotypes [30–32]. As 
mentioned in the previous section, FUS plays multiple roles in RNA metabolism. In 
fact, thousands of RNA targets have been identified that bind to FUS in various cell 
lines and brain tissue from both patients and animal models [33]. The dysregula-
tion and disturbance of RNA processing are considered to be one mechanism that 
leads to neurodegeneration. Depletion of FUS in mouse nervous system has been 
shown to alter the levels of splicing of over 950 mRNAs [34]; FUS knockout in 
neuroblastoma cells disturbs the splicing of more than 400 introns [35]. Expression 
of FUS P525L mutant was shown to inhibit splicing of minor introns by trapping 
U11 and U12 small nuclear RNAs (snRNAs) in these aggregates [35], and expression 
of R521G and R522G mutations influence RNA transcription and splicing but in a 
different way [36]. Besides, mRNA transport and stabilization are also affected by 
ALS-linked FUS mutations [37, 38].

The majority of the mutations occur in the NLS region of FUS, which induces its 
cytoplasmic accumulation. The widespread FUS mislocalization has been consid-
ered a hallmark of ALS [39]. Mutant, but not the wild-type FUS was shown to be 
assembled into stress granules in cytoplasm in response to oxidative stress or heat 
shock [7, 40], which potentially contributes to neurotoxicity by impairing mRNA 
translation [41, 42]. In fact, mutations in RNA-binding proteins (RBPs) are highly 
related to ALS. The interaction between mistranslocated FUS and other RBPs was 
recently investigated. These studies show that the cytoplasmic mislocalization 
caused by FUS P525L mutation impairs its interaction with other ALS-associated 
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RBPs including shnRNPA1, hnRNPA2B1, EWSR1, and TAF15, which facilitates the 
nucleation of toxic cytoplasmic FUS aggregates. In addition, high cytoplasmic FUS 
levels exhibit defects in protein degradation and reduced protein levels of RBPs, 
shedding lights on the FUS-ALS pathology linked to the homeostasis of multiple 
ALS-associated RBPs [43].

2.1 FUS toxicity and impaired DNA damage response (DDR) signaling

In addition to RNA dysregulation, there has been a lot of focus on the genome 
instability caused by FUS mutation in ALS patients since FUS was first linked 
to DNA damage repair by multiple studies. In human cells, one major source 
of genome damage is the reactive oxygen species (ROS) accumulation-induced 
oxidative stress. ROS that defined as a group of reactive molecules derived from 
oxygen including but not limited to free radicals (superoxide, O2

−), hydroxyl 
radical (·OH), or non-radicals (hydrogen peroxide) can be balanced by various 
antioxidant systems, while the imbalance between ROS production and antioxidant 
defenses causes oxidative stress, leading to oxidation of lipid, protein, and DNA 
in cells [44]. Accumulation of oxidative DNA damge has been linked to multiple 
neurodegenerative diseases like Parkinson’s disease (PD) and Huntington’s disease 
(HD) [45, 46]. In addition to DNA damage, mutation in the genes of specific DNA 
repair pathways that lead to DNA damage repair (DDR) is another challenge for 
the central nervous system [47]. For example, nucleotide excision repair (NER) 
is defective in xeroderma pigmentosum (XP) and Cockayne syndrome (CS), base 
excision/single-strand break repair (BER/SSBR) defects in ataxia with oculomo-
tor apraxia type 1 (AOA1) [48], spinocerebellar ataxia with axonal neuropathy 
(SCAN1) [49] and ALS [50], and defective DDR signaling and DNA double-strand 
break repair (DSBR) in ataxia telangiectasia (A-T) and Nijmegen break-age syn-
drome. FUS is found to be phosphorylated by DDR proteins ataxia-telangiectasia 
mutated (ATM) and DNA-dependent protein kinase (DNA-PK) in response to 
DSB-inducing agents. FUS was identified to interact with histone deacetylase 1 
(HDAC1) in primary mouse cortical neurons, and the interaction is believed to 
modulate the homologous recombination (HR) and non-homologous end join-
ing (NHEJ), two major pathways for DSB repair. Besides, FUS was shown to be 
recruited at DNA damage tracks induced by microirradiation (MIR) at wavelengths 
of 405 or 351 nm, in a PARP1-depedent manner and accompanied with PARylation 
by PARP1 [51–53]. Notably, MIR causes clusters of different types of DNA damage 
including oxidized base lesions, single-strand breaks (SSBs), and DSBs. It is gener-
ally believed that UVA (wavelength between 320 and 400 nm) predominantly 
induces SSBs via elevated ROS, while UVA may also induce secondary DSBs due to 
clustered SSBs [54]. Thus, recruitment of FUS at MIR with wavelength of 351 nm 
suggests its potential role in the repair of SSBs.

2.2 FUS and repair of oxidative genome damage: mechanistic insights

A comprehensive investigation by our group described the mechanistic role of 
FUS in BER/SSBR, a major pathway to repair oxidative DNA damage. Our study 
utilized multiple in vitro and in vivo model systems, including, CRISPR/Cas9-
mediated FUS knockout (KO) human embryonic kidney (HEK)293 cells, FALS 
patient-derived induced pluripotent stem cells (iPSCs) with FUS mutations R521H 
and P525L, motor neurons induced from these iPSC lines, and ALS patients spinal 
cord tissues with FUS pathology. We discovered that the DNA integrity is substan-
tially affected in the spinal cord tissues and the motor neurons derived from ALS 
patients. Both downregulation and pathological mutation of FUS were associated 
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with DNA SSB accumulation and SSBR defects. Finally, we identified that FUS 
directly interacts with PARP1, XRCC1, and LigIII in response to oxidative stress and 
FUS facilitates the recruitment of XRCC1/LigIII to DNA damage sites in a PARP1 
activity-dependent manner. FUS enhances the ligation activity of LigIII, which 
is critical for an optimal SSBR in neurons (Figure 1). The SSBR deficiency due to 
ALS-linked FUS mutations can be rescued by the correction of those mutations via 
Crisper/Cas9 technology [50]. Furthermore, FUS regulates PARP1’s PARylation 
activity in motor neurons and thus could affect neuronal energy metabolism by 
uncoupling NAD+/NADH levels.

2.3 FUS-PARP-1 interactions: a new paradigm with diverse implications

During DDR, PARP1 plays an important role in regulating DNA damage repair. 
In response to DNA damage, PARP1 is self-activated by its auto-PARylation and 
transfers ADP-ribose to create long and branched poly(ADP-ribose) on target 
DNA repair proteins to facilitate their recruitment; for example, PARP1 recruits 
XRCC1 by its PARylation. A study showed that PARP1 likely plays a major role for 
the poly(ADP-ribose) synthesis induced by alkylating agents, since the amount 
of poly(ADP-ribose) can be reduced for around 10 folds (from 60 pmol per mg of 
DNA to 5.85 pmol per mg of DNA) in PARP1 KO cells in the presence of MNNG 
[55], which activates DNA mismatch repair. Consistantly, PARP1 knockout mice are 

Figure 1. 
Model of FUS involving DNA damage response in the nucleus. In response to DNA SSBs, FUS is PARylated and 
recruited to DNA damage sites by PARP1 and the recruitment facilitates the loading of XRCC1 and nuclear 
LigIII (nLigIII) complex, where FUS enhances the ligation activity of LigIII for an optimal SSB ligating. While 
in response to DSB, FUS is associated with HDAC1, which is required for an efficient NHEJ and HR-mediated 
DSB repair. FUS is also phosphorylated by ATM and DNA-PK, although the underlying mechanism is not 
known. Due to its role in the functional activation of LigII, which is involved in MMEJ-mediated DSB repair, 
it is likely that FUS also affects MMEJ, which needs to be investigated.
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RBPs including shnRNPA1, hnRNPA2B1, EWSR1, and TAF15, which facilitates the 
nucleation of toxic cytoplasmic FUS aggregates. In addition, high cytoplasmic FUS 
levels exhibit defects in protein degradation and reduced protein levels of RBPs, 
shedding lights on the FUS-ALS pathology linked to the homeostasis of multiple 
ALS-associated RBPs [43].

2.1 FUS toxicity and impaired DNA damage response (DDR) signaling

In addition to RNA dysregulation, there has been a lot of focus on the genome 
instability caused by FUS mutation in ALS patients since FUS was first linked 
to DNA damage repair by multiple studies. In human cells, one major source 
of genome damage is the reactive oxygen species (ROS) accumulation-induced 
oxidative stress. ROS that defined as a group of reactive molecules derived from 
oxygen including but not limited to free radicals (superoxide, O2

−), hydroxyl 
radical (·OH), or non-radicals (hydrogen peroxide) can be balanced by various 
antioxidant systems, while the imbalance between ROS production and antioxidant 
defenses causes oxidative stress, leading to oxidation of lipid, protein, and DNA 
in cells [44]. Accumulation of oxidative DNA damge has been linked to multiple 
neurodegenerative diseases like Parkinson’s disease (PD) and Huntington’s disease 
(HD) [45, 46]. In addition to DNA damage, mutation in the genes of specific DNA 
repair pathways that lead to DNA damage repair (DDR) is another challenge for 
the central nervous system [47]. For example, nucleotide excision repair (NER) 
is defective in xeroderma pigmentosum (XP) and Cockayne syndrome (CS), base 
excision/single-strand break repair (BER/SSBR) defects in ataxia with oculomo-
tor apraxia type 1 (AOA1) [48], spinocerebellar ataxia with axonal neuropathy 
(SCAN1) [49] and ALS [50], and defective DDR signaling and DNA double-strand 
break repair (DSBR) in ataxia telangiectasia (A-T) and Nijmegen break-age syn-
drome. FUS is found to be phosphorylated by DDR proteins ataxia-telangiectasia 
mutated (ATM) and DNA-dependent protein kinase (DNA-PK) in response to 
DSB-inducing agents. FUS was identified to interact with histone deacetylase 1 
(HDAC1) in primary mouse cortical neurons, and the interaction is believed to 
modulate the homologous recombination (HR) and non-homologous end join-
ing (NHEJ), two major pathways for DSB repair. Besides, FUS was shown to be 
recruited at DNA damage tracks induced by microirradiation (MIR) at wavelengths 
of 405 or 351 nm, in a PARP1-depedent manner and accompanied with PARylation 
by PARP1 [51–53]. Notably, MIR causes clusters of different types of DNA damage 
including oxidized base lesions, single-strand breaks (SSBs), and DSBs. It is gener-
ally believed that UVA (wavelength between 320 and 400 nm) predominantly 
induces SSBs via elevated ROS, while UVA may also induce secondary DSBs due to 
clustered SSBs [54]. Thus, recruitment of FUS at MIR with wavelength of 351 nm 
suggests its potential role in the repair of SSBs.

2.2 FUS and repair of oxidative genome damage: mechanistic insights

A comprehensive investigation by our group described the mechanistic role of 
FUS in BER/SSBR, a major pathway to repair oxidative DNA damage. Our study 
utilized multiple in vitro and in vivo model systems, including, CRISPR/Cas9-
mediated FUS knockout (KO) human embryonic kidney (HEK)293 cells, FALS 
patient-derived induced pluripotent stem cells (iPSCs) with FUS mutations R521H 
and P525L, motor neurons induced from these iPSC lines, and ALS patients spinal 
cord tissues with FUS pathology. We discovered that the DNA integrity is substan-
tially affected in the spinal cord tissues and the motor neurons derived from ALS 
patients. Both downregulation and pathological mutation of FUS were associated 
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with DNA SSB accumulation and SSBR defects. Finally, we identified that FUS 
directly interacts with PARP1, XRCC1, and LigIII in response to oxidative stress and 
FUS facilitates the recruitment of XRCC1/LigIII to DNA damage sites in a PARP1 
activity-dependent manner. FUS enhances the ligation activity of LigIII, which 
is critical for an optimal SSBR in neurons (Figure 1). The SSBR deficiency due to 
ALS-linked FUS mutations can be rescued by the correction of those mutations via 
Crisper/Cas9 technology [50]. Furthermore, FUS regulates PARP1’s PARylation 
activity in motor neurons and thus could affect neuronal energy metabolism by 
uncoupling NAD+/NADH levels.

2.3 FUS-PARP-1 interactions: a new paradigm with diverse implications

During DDR, PARP1 plays an important role in regulating DNA damage repair. 
In response to DNA damage, PARP1 is self-activated by its auto-PARylation and 
transfers ADP-ribose to create long and branched poly(ADP-ribose) on target 
DNA repair proteins to facilitate their recruitment; for example, PARP1 recruits 
XRCC1 by its PARylation. A study showed that PARP1 likely plays a major role for 
the poly(ADP-ribose) synthesis induced by alkylating agents, since the amount 
of poly(ADP-ribose) can be reduced for around 10 folds (from 60 pmol per mg of 
DNA to 5.85 pmol per mg of DNA) in PARP1 KO cells in the presence of MNNG 
[55], which activates DNA mismatch repair. Consistantly, PARP1 knockout mice are 

Figure 1. 
Model of FUS involving DNA damage response in the nucleus. In response to DNA SSBs, FUS is PARylated and 
recruited to DNA damage sites by PARP1 and the recruitment facilitates the loading of XRCC1 and nuclear 
LigIII (nLigIII) complex, where FUS enhances the ligation activity of LigIII for an optimal SSB ligating. While 
in response to DSB, FUS is associated with HDAC1, which is required for an efficient NHEJ and HR-mediated 
DSB repair. FUS is also phosphorylated by ATM and DNA-PK, although the underlying mechanism is not 
known. Due to its role in the functional activation of LigII, which is involved in MMEJ-mediated DSB repair, 
it is likely that FUS also affects MMEJ, which needs to be investigated.
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highly susceptible to DNA damaging agents and are accumulated with DNA strand 
breaks accompanied with genomic instability in them [56, 57].

In response to DNA damage, FUS is recruited to DNA damage site in a PARP1 
activity-dependent manner [51, 52]. FUS directly binds to PAR synthesized by 
activated PARP1 leading to the formation of damaged DNA-rich compartments 
contributed by its N-terminal low-complexity domain (LCD) and C-terminal RGG 
domains, and the compartments are dissociated by the hydrolysis of PAR by PARG 
[58], which indicates that PAR polymers play an essential role for the recruitment, 
likely through enhancing the FUS droplet formation [59]. While the activation 
of PARP1 can induce shuttling of FUS from nucleus to cytoplasm, which in turn 
enhances FUS aggregate formation and neurodegeneration [58, 60]. Furthermore, 
like FUS, the other two members in TET family, TAF15 and EWSR1 are also 
recruited to MIR-induced DNA damage tracks depending on PARP1 activity [53], 
while the molecular mechanism of the cross-talk between TET family proteins and 
PARP-1 has not been investigated.

3.  Indirect role of FUS in DDR: FUS-directed RNA transactions in DNA 
repair

Although, recent reports from our group and others demonstrate a complex, 
but the direct role of FUS in maintaining genome integrity, whether FUS RNA-
binding activity plays a role in regulating the expression of DDR factors has 
not been investigated. FUS regulates several key steps of RNA metabolism that 
impairs various biological processes. CLIP-seq has been used to identify RNAs 
that FUS targeted in multiple studies [16, 34, 61–65], which reveals an indirect 
role of FUS involving in DDR by regulating RNA transcription. One report 
shows that FUS regulates alternative splicing of pre-mRNAs and processing of 
long-intron containing transcripts in HeLa cells, and FUS binds RNA encoding 
proteins important for DNA damage response and repair pathways. By comparing 
with other CLIP-based assays, a map of FUS RNA targets to DNA DSBR by NHEJ 
and HR is generated in the report and in which, a number of key DDR factors 
such as ATM, 53BP1, MRN11, NBS1 are included [16]. We recently performed 
RT2 PCR arrays for DNA repair and DDR signaling pathways in CRISPR/cas9 
FUS knockout (KO) cells, patient-derived FUS-mutant cells, as well as FUS-ALS 
patient spinal cord autopsy tissue, which revealed significant downregulation of 
DDR factors BRCA1, MSH complex, RAD23B, and DNA ligase 4. Notably, BRCA1 
depletion has been linked to neuronal DNA DSB accumulation and cognitive 
defects in Alzheimer’s disease. The ubiquitin receptor RAD23 functions both in 
nucleotide excision repair and the proteasomal protein clearance pathway and is 
thus linked to amyloid load in neurodegeneration. This study provides evidence 
of FUS pathology-mediated perturbation in the expression of DNA repair and 
DDR signaling factors and thus highlights the intricate connections between FUS, 
genome instability, and neurodegeneration.

4. Conclusions and perspectives

As early as 1982, the defective DNA repair and its possible role in ALS pathology 
was first proposed by Bradley et al. [66], where they hypothesize that abnormal 
DNA in ALS may arise from a deficiency of an isozyme of a DNA repair factor. 
Subsequently, growing evidence suggests that defective DNA repair is a common 
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feature of not only ALS but also several other neurodegenerative diseases, under-
scoring the needs of studying the implications of unrepaired DNA damage in 
neurons affected by neurodegeneration [67], which may lead to novel therapeutic 
strategies.

Our recent studies made a critical breakthrough in this direction by first 
time shedding lights on the molecular insights into the involvement of ALS and 
FTD-associated FUS and other RNA/DNA-binding proteins in specific DNA 
repair failure mechanisms, such as DNA ligation deficiency. While this study 
suggests a potential for DNA ligase complementation strategy, several key 
questions should be addressed to develop DNA repair-based interventions for 
ALS. These are: (1) The role of FUS in mitochondrial genome stability main-
taining. The linkage between FUS and mitochondrial integrity has been estab-
lished by a number of studies. Deng et al. demonstrated interactions between 
FUS and two mitochondrial proteins, mitochondrial chaperonin HSP60 and 
ATP synthase beta subunit ATP5B, in different studies. HSP60 mediates the 
translocation of FUS into mitochondria, and downregulating of HSP60 rescues 
mitochondrial defects and neurodegenerative phenotypes in FUS transgenic 
flies. While interaction between FUS and ATP5B indicates a involvement of FUS 
in the dysregulation of mitochondrial ATP synthesis: expression of wild-type or 
FUS P525L mutant disrupts the formation of the mitochondrial ATP synthase 
supercomplexes and suppresses the activity of ATP synthase, resulting in mito-
chondrial cristae loss followed by mitochondrial fragmentation [68, 69]. Nakaya 
and Maragkakis et al. found that expression of human FUS R495X in mouse 
embryonic stem cell-differentiated neurons disturbs the translation efficiency 
of mitochondria-associated genes and results in significant reduction of mito-
chondrial size [70]. Although ALS-FUS has been linked with the dysfunction of 
mitochondria, the role of FUS in mitochondrial genome integrity has not been 
explored. (2) The role of FUS in microhomology-mediated end joining (MMEJ) 
repair. We have established a relationship between FUS and XRCC1/LigIII, 
which is required for an optimal SSBR. While LigIII, together with XRCC1 and 
PARP1, also participates in the MMEJ-mediated DSB repair pathway, the role 
of which in primary neurons is unknown (Figure 1). We hypothesized that the 
MMEJ contributes DSBR in motor neurons and the loss of FUS may affect MMEJ 
and lead to genomic instability, which we are currently pursuing. (3) The role of 
FUS in maintaining genome integrity in astrocytes. Recent studies have shown 
that expression of ALS-linked mutant FUS and other ALS causative factors in 
astrocytes induces motor neuron death [71–73]. It will, therefore, be critical to 
investigate FUS toxicity-induced ligation activity defects in astrocytes and the 
collateral influence on motor neurons. (4) Whether DNA ligase I (LigI) rescues 
FUS mutant-mediated LigIII defects. Mammalian cells express three DNA 
ligases including ligase IV (LigIV), LigIII, and LigI. LigIV specifically par-
ticipates in NHEJ-mediated DSB repair; LigIII has nuclear and mitochondrial 
isoforms. Both the nuclear and mitochondrial isoforms have ~98% similarity 
and function in BER/single-strand break repair (SSBR); LigI has been shown 
to functionally overlap with LigIII and is believed a back-up of LigIII, however, 
the level of LigI expression in non-cycling, postmitotic cells like neurons is 
negligible due to lack of replication-associated repair. Very likely, the induction 
of LigI into motor neurons with FUS pathology can rescue the LigIII ligation 
activity defects caused by FUS mutation.

Addressing these critical follow-up questions is an unmet need in the FUS-ALS 
field, which will help to develop a mechanism-based DNA-repair-targeted therapy. 
With recent emerging studies, the stage is set for such a paradigm shift.
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highly susceptible to DNA damaging agents and are accumulated with DNA strand 
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with other CLIP-based assays, a map of FUS RNA targets to DNA DSBR by NHEJ 
and HR is generated in the report and in which, a number of key DDR factors 
such as ATM, 53BP1, MRN11, NBS1 are included [16]. We recently performed 
RT2 PCR arrays for DNA repair and DDR signaling pathways in CRISPR/cas9 
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explored. (2) The role of FUS in microhomology-mediated end joining (MMEJ) 
repair. We have established a relationship between FUS and XRCC1/LigIII, 
which is required for an optimal SSBR. While LigIII, together with XRCC1 and 
PARP1, also participates in the MMEJ-mediated DSB repair pathway, the role 
of which in primary neurons is unknown (Figure 1). We hypothesized that the 
MMEJ contributes DSBR in motor neurons and the loss of FUS may affect MMEJ 
and lead to genomic instability, which we are currently pursuing. (3) The role of 
FUS in maintaining genome integrity in astrocytes. Recent studies have shown 
that expression of ALS-linked mutant FUS and other ALS causative factors in 
astrocytes induces motor neuron death [71–73]. It will, therefore, be critical to 
investigate FUS toxicity-induced ligation activity defects in astrocytes and the 
collateral influence on motor neurons. (4) Whether DNA ligase I (LigI) rescues 
FUS mutant-mediated LigIII defects. Mammalian cells express three DNA 
ligases including ligase IV (LigIV), LigIII, and LigI. LigIV specifically par-
ticipates in NHEJ-mediated DSB repair; LigIII has nuclear and mitochondrial 
isoforms. Both the nuclear and mitochondrial isoforms have ~98% similarity 
and function in BER/single-strand break repair (SSBR); LigI has been shown 
to functionally overlap with LigIII and is believed a back-up of LigIII, however, 
the level of LigI expression in non-cycling, postmitotic cells like neurons is 
negligible due to lack of replication-associated repair. Very likely, the induction 
of LigI into motor neurons with FUS pathology can rescue the LigIII ligation 
activity defects caused by FUS mutation.

Addressing these critical follow-up questions is an unmet need in the FUS-ALS 
field, which will help to develop a mechanism-based DNA-repair-targeted therapy. 
With recent emerging studies, the stage is set for such a paradigm shift.
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Chapter 3

Senataxin: A Putative RNA: DNA 
Helicase Mutated in ALS4—
Emerging Mechanisms of Genome 
Stability in Motor Neurons
Arijit Dutta, Robert Hromas and Patrick Sung

Abstract

Amyotrophic lateral sclerosis type 4 (ALS4) is a rare, autosomal dominant 
childhood- or adolescent-onset motor neuron disease caused by genetic defects in 
senataxin (SETX), a putative RNA–DNA helicase. Studies on the yeast SETX ortho-
log Sen1 revealed its role in small RNA termination pathways. It has been postulated 
that ALS4-associated neuronal pathologies could stem from defects in RNA metab-
olism and altered gene expression. Importantly, SETX prevents the accumulation of 
R-loops, which are potentially pathogenic RNA–DNA hybrids that stem from per-
turbations in transcription. SETX also interacts with the tumor suppressor BRCA1 
that helps promote DNA double-strand break repair by homologous recombination. 
As such, SETX could contribute toward the removal of harmful R-loops and DSBs 
in postmitotic neurons. This chapter will visit the plausible mechanistic role of 
SETX in R-loop removal and DNA break repair that could prevent the activation of 
apoptotic cell death in neurons and pathological manifestation of ALS4.

Keywords: spinal muscular atrophy, SETX, transcription, R-loop, DNA double-strand 
break, homologous recombination, nonhomologous DNA end joining

1. Introduction

Amyotrophic lateral sclerosis (ALS) type 4 is a rare form of distal spinal muscu-
lar atrophy (SMA) with onset at age 25 years or younger. The disease first manifests 
itself with weakness of ankles and wrists and gradually paralyzes the limbs due to 
severe muscle wasting. However, unlike classical ALS, the respiratory and bulbar 
muscles, sensory abilities, and cognitive functions are largely preserved in ALS4 
patients. Hence, ALS4 patients, while having to endure severe disabilities, could 
expect an otherwise normal life expectancy with proper medical attention.

In 1998, the joint effort of Phillip Chance and David Cornblath described the 
Mattingly disease, a hereditary peripheral neuropathy as ALS type 4 (ALS4) [1]. 
The Mattingly disease was first seen among the descendants of a seventeenth-
century English colonist, Thomas Mattingly from Maryland. With collaborations 
of the Mattingly clan, the work of Chance and Cornblath led to the identification 
of the disease gene locus located at chromosome 9q34 [1]. The causative gene was 
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1. Introduction

Amyotrophic lateral sclerosis (ALS) type 4 is a rare form of distal spinal muscu-
lar atrophy (SMA) with onset at age 25 years or younger. The disease first manifests 
itself with weakness of ankles and wrists and gradually paralyzes the limbs due to 
severe muscle wasting. However, unlike classical ALS, the respiratory and bulbar 
muscles, sensory abilities, and cognitive functions are largely preserved in ALS4 
patients. Hence, ALS4 patients, while having to endure severe disabilities, could 
expect an otherwise normal life expectancy with proper medical attention.

In 1998, the joint effort of Phillip Chance and David Cornblath described the 
Mattingly disease, a hereditary peripheral neuropathy as ALS type 4 (ALS4) [1]. 
The Mattingly disease was first seen among the descendants of a seventeenth-
century English colonist, Thomas Mattingly from Maryland. With collaborations 
of the Mattingly clan, the work of Chance and Cornblath led to the identification 
of the disease gene locus located at chromosome 9q34 [1]. The causative gene was 
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identified to be Senataxin (SETX), which is a large protein with features that typify 
RNA–DNA helicases [2]. Three distinct mutations in SETX were found in pedigree 
analysis of ALS4 patients. Some later studies also reported sporadic mutations in 
SETX [3, 4], which are summarized in Table 1. It should be noted that the other 
three forms of juvenile ALS (JALS) stem from mutations in different genes, namely, 
ALS2 (ALS2), SPG11 (ALS5), and SIGMAR1 (ALS16).

Pathological studies of ALS4 have been hampered because of the rarity of the 
disease, with only about a dozen of diagnosed families around the world. Chen 
et al. [2] detected degeneration of anterior horn cells in spinal cords and cortico-
spinal tracts in postmortem tissues from two aged individuals of pedigree K7000. 
Specifically, even though sensory abilities were not significantly affected in these 
individuals, a significant loss of dorsal root ganglia and posterior columns was 
detected, along with marked axonal degeneration of motor and sensory roots and 
peripheral nerves.

In another study, cytosolic mislocalization of the transactive response DNA-
binding protein (TDP-43) was observed in spinal cord motor neurons in postmor-
tem tissues from all the ALS4 patients examined [8]. TDP-43 is an RNA metabolism 
factor and is a well-documented biomarker that forms toxic protein aggregates in 
multiple neurodegenerative diseases including ALS [9, 10]. Recapitulation of TDP-43 
histopathology in motor neurons of mice carrying ALS4 mutations led the authors to 
imply that dysfunction of SETX converges on TDP-43 pathology causing an ALS-
type motor neurodegeneration [8], although the mechanism was not identified.

SETX has also been found mutated in another neurodegenerative disorder termed 
ataxia with oculomotor apraxia type 2 (AOA2) [11]. However, in this case, disease is 
caused by missense mutations leading to premature termination of the SETX mRNA 
transcript. AOA2 patients suffer from progressive cerebellar ataxia with peripheral 
neuropathy, cerebellar atrophy, and occasional oculomotor apraxia. However, unlike 
in ALS4, the motor neuron functions are largely preserved in AOA2 patients [12]. It 
has been suggested that distinct pathologies of AOA2 and ALS4 stem from unique 
alterations in expression of genes regulated via SETX in neuronal cells [13].

In spite of the seminal discovery of SETX mutations as being the root cause 
of ALS4, the etiopathogenesis of this disease remains largely unknown. In this 

Mutation Amino acid 
substitution

Family 
history

Origin References

c.8C → T T3I Positive Austria Chen et al. [2]

c.1166T → C L389S Positive
Positive

United 
States
Italy

Rabin et al. [5]
Chen et al. [2]
Avemaria et al. [6]

c.2672T → T V891A Positive Germany Rudnik-Schoneborn et al. [7]

c.4660T → G C1554G Negative United 
States

Hirano et al. [3]

c.6085C → G K2029Q Negative United 
States

Hirano et al. [3]

c.6407G → A R2136H Positive Belgium Chen et al. 2004 [2]

c.6406C → T R2136C Negative Japan Saiga T et al., 2012 [4]

c.7640T → C I2547T Negative United 
States

Hirano et al. [3]

Table 1. 
ALS4-associated mutations in SETX.

43

Senataxin: A Putative RNA: DNA Helicase Mutated in ALS4—Emerging Mechanisms…
DOI: http://dx.doi.org/10.5772/intechopen.90215

chapter we will consider the properties of SETX and its role in the maintenance of 
genomic stability that are likely germane for the health of motor neurons and ALS4 
pathology.

2. Senataxin at the crossroads of RNA metabolism and genomic stability

Studies on SETX predate its ALS4 association. SETX is the likely ortholog of 
a budding yeast protein, splicing endonuclease 1 (Sen1), so named because of its 
suspected role in the endonucleolytic processing of tRNA during its splicing and 
maturation [14]. However, because Sen1 lacks endonuclease activity, it likely func-
tions as a non-catalytic effecter of the nucleolytic entity within the splicing machin-
ery [15]. Sen1 possesses sequence motifs characteristic of superfamily 1 (SF1B) 
nucleic acid helicases [16]. Consistent with this, Sen1 possesses a helicase activity 
capable of unwinding RNA-DNA hybrids [17–19]. Like other SF1B helicases, Sen1 
translocates on nucleic acid strands in the 5′ → 3′ direction [20].

SETX is of low abundance (<500 molecules/cell) predominantly a nuclear 
protein with some studies reporting its presence in the nucleolus [21, 22]. SETX 
interacts with RNA polymerase II (pol II) and helps ensure correct termination 
of transcription and, as such, is important for the processing of noncoding RNAs 
(ncRNAs) and mRNAs [23, 24]. Importantly, recent studies suggest a role of SETX 
in maintaining genomic stability across highly transcribed genomic regions via 
resolution of RNA–DNA hybrids called R-loops, which arise as a consequence 
of RNA pol II stalling or perturbations of a transcription-coupled process such 
as mRNA splicing [25]. Moreover, SETX could also clear RNA–DNA hybrids at 
genomic breaks and promote DNA repair via homologous recombination (HR) 
[26]. We will explore the various functions of SETX/Sen1 and possible mechanisms 
by which SETX mutations give rise to ALS4.

2.1 Biochemical and structural features of SETX

SETX is a large protein of 2677 amino acid residues (303 kDa) and, like yeast 
Sen1, harbors SF1B-type helicase motifs (Figure 1A). It should be noted that even 
though Sen1 is known to unwind RNA-DNA hybrids [14, 15], such an activity has 
not yet been demonstrated for SETX. However, ALS4-associated missense muta-
tions (K2029Q , R2136H, and I2547T) are all located in the putative C-terminal heli-
case domain of SETX (Figure 1A). Both SETX and Sen1 have an N-terminal domain 
that undergoes SUMO modification (Figure 1A) and that mediates protein–protein 
interactions with factors that function in RNA metabolism [27]. SETX likely forms 
a homodimer via the N-terminal domain, but the hereditary ALS4 mutations do not 
appear to affect protein dimerization [28].

2.1.1 SETX has a large intrinsically disordered region (IDR)

In silico analysis suggests that there is a large IDR in SETX that spans more than 
1000 amino acid residues, a structural feature that is absent in the yeast ortholog 
Sen1. This putative IDR could confer to SETX the ability to interact with different 
protein partners, to bind nucleic acids [29]. IDRs in nucleic acid-binding proteins 
are often subject to post-translational modifications and could undergo phase sepa-
ration, a molecular phenomenon of rearrangement of molecules in a homogenous 
solution into distinctly concentrated regions of space called condensates [30–33]. 
However, unrestrained phase separation causes protein aggregation that is observed 
with FUS [34] and TDP-43 [35], two extensively studied factors associated with 
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suspected role in the endonucleolytic processing of tRNA during its splicing and 
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of RNA pol II stalling or perturbations of a transcription-coupled process such 
as mRNA splicing [25]. Moreover, SETX could also clear RNA–DNA hybrids at 
genomic breaks and promote DNA repair via homologous recombination (HR) 
[26]. We will explore the various functions of SETX/Sen1 and possible mechanisms 
by which SETX mutations give rise to ALS4.

2.1 Biochemical and structural features of SETX

SETX is a large protein of 2677 amino acid residues (303 kDa) and, like yeast 
Sen1, harbors SF1B-type helicase motifs (Figure 1A). It should be noted that even 
though Sen1 is known to unwind RNA-DNA hybrids [14, 15], such an activity has 
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However, unrestrained phase separation causes protein aggregation that is observed 
with FUS [34] and TDP-43 [35], two extensively studied factors associated with 
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Figure 1. 
(A) Schematic diagram of SETX, indicating N-terminal domain (green), central domain (red), and 
C-terminal helicase domain (blue); conserved motifs are highlighted: Motif I interacts with Mg2+ and NTP, 
conserved G maintains a flexible loop, motif 1a binds with substrate nucleic acid and transduces energy from 
the ATP-binding site to the DNA-binding site, motif II binds and hydrolyses ATP, motif III couples ATP 
hydrolysis with helicase activity, motif V binds substrate nucleic acid, and motif VI couples ATP hydrolysis 
with helicase activity; ALS4 mutation residues (red) are T3I, L389S, V891A, C1554G, K2029Q , R1236H/C, 
and I2647T; predicted sumoylation residues (blue) are K78, K863, and K1051 [119]; and cysteine residues 
predicted by CYSPRED (reliability≥8) to form disulfide bonds (indicated by stars) are C4, C5, C7, C145, 
C555, C637, C688, C997, C1080, C1123C,1153, C1262, C1277, C1398, C1442, C1509, C1672, C1719, and C2622. 
(B) Prediction of natural disordered region of SETX (upper panel), and Sen1 (lower panel), with the in silico 
metapredictor PONDR-VL3 [120]. N-terminal domain (green), central disordered region (red), C-terminal 
helicase domain (blue).
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ALS, which are known to form stress granules in diseased neurons. It could be that 
SETX, through a phase separation mechanism, forms macromolecular complexes 
with factors associated with transcription and DNA damage repair. Pathological 
mutations in SETX could then lead to protein aggregation and loss of protein func-
tion in ALS4. This premise awaits experimental testing.

2.1.2 SETX structure could be regulated via disulfide bonding

Multiple neurodegenerative diseases including ALS have been classified among 
protein misfolding disorders, with disruption of protein disulfide isomerases (PDIs) 
causing aggregation of superoxide dismutase (SOD1) and TDP-43 in ALS neurons 
[36]. PDIs are a family of proteins that catalyze formation of disulfide bonds and 
proper folding of proteins, particularly especially those that harbor an IDR [37]. 
SETX has 31 cysteine residues in its IDR, and in silico analysis of this region using 
two independent neural network based predictors, CYSPRED [38] and DIpro [39], 
revealed that at least 14 cysteine residues in the SETX IDR could engage in disulfide 
bonding (Figure 1A), which is expected to be catalyzed by a PDI. This notion is 
supported by a proteomic analysis where PDIA6 was detected as a component of the 
SETX-interactome (Figure 2), [40]. We also note that amino acid residue C1554, 
expected to engage in disulfide linkage with C1509 (Figure 1A), is mutated in a 
sporadic case of ALS4 [3]. Testing of SETX regulation via redox homeostasis [41, 42] 
merits the effort of ALS researchers.

2.2 Involvement of SETX in RNA metabolism

2.2.1 Role in transcription termination

The role of SETX in regulation of coding and noncoding transcripts is highly 
conserved. RNA-seq analysis showed that SETX mutations that cause either 
ALS4 or AOA2 induce unique changes in gene expression patterns [13]. Studies in 
yeast have shown that Sen1 interacts directly with RNA pol II and is an integral 
component of the transcription termination machinery consisting of two other 

Figure 2. 
SETX interactome: DNA repair factors (red), sumoylation and ubiquitination-associated factors (purple), 
RNA exosome factors (blue), RNAP II and transcription-associated factors (orange), splicing factor and RNA-
binding proteins (green), adapted from [40].
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factors (Nrd1 and Nab3) that regulate the generation of small nuclear RNAs 
(snRNAs) and small nucleolar RNAs (snoRNAs) [43–45]. During aberrant RNA 
pol II pausing, the Nrd1-Nab3-Sen1 (NNS) complex is recruited via direct interac-
tion of Sen1 and Nrd1 with the C-terminal domain (CTD) of RNA pol II [46, 47]. 
Moreover, Pcf11, a component of the cleavage and polyadenylation complex 
(CPAC), facilitates RNA pol II CTD Ser2 phosphorylation and handoff of Sen1 
from the NNS complex to RNA pol II [48]. NNS complex also captures polyad-
enylated RNAs and channels them to the RNA exosome complex for degradation, 
which we will discuss further in Section 2.2.2 [49]. Sen1 is also necessary for 
recruitment of Rat1/Xrn2, a 5′ → 3′ exoribonuclease at G-rich RNA pol II pause 
sites for degradation of the nascent transcripts and to prevent the accumulation 
of pathogenic R-loops [18, 50, 51]. Human lymphoblastoid and fibroblast cells 
with loss of both SETX or XRN2 result in increased R-loops and DNA double-
strand breaks (DSBs) at transcriptional pause sites and hypersensitivity of cells to 
replications of stress and DNA damage induced by ionizing radiation, ultraviolet 
light, and oxidative stress [52, 53], which will be discussed further in Section 
2.3.3. Thus, defects in pathways of RNA metabolism can lead to the induction of 
DNA damage.

2.2.2 Role in RNA surveillance machinery

SETX interacts with the RNA exosome, a highly conserved multiprotein ribo-
nuclease complex that processes or degrades a diverse spectrum of RNAs in cells 
[54]. The exosome removes improperly processed coding and noncoding RNAs 
(ncRNAs) in the nucleus and regulates mRNA turnover in the cytoplasm. Other 
critical functions of the exosome include generation of mature ribosomal RNAs, 
processing of ncRNAs into snRNAs and snoRNAs, and turnover of tRNAs. The 
human RNA exosome is a ten-subunit complex with a central six-subunit core 
that constitutes a channel (EXOSC4–9), a three-subunit cap (EXOSC1–3) and a 
ribonuclease (EXOSC11) subunit located at the bottom of the channel. The nuclear 
form of the exosome also harbors a riboexonuclease subunit, EXOSC10 [54, 55]. The 
current model posits that a RNA strand enters the exosome through the cap and is 
threaded through the channel to be fed to the ribonuclease module for nucleolytic 
processing [55].

Importantly, SETX interacts with EXOSC9, and complex formation requires 
SUMOylation of the N-terminal domain of SETX [27]. It has been inferred that 
SETX-exosome interaction reflects a vital mechanistic axis for resolving co-tran-
scriptional R-loops and preventing genomic instability at heavily transcribed regions 
in neurons. It might also be surmised that the RNA exosome is recruited via SETX 
at R-loops to help resolve these pathogenic structures via degradation of the RNA 
moiety.

Interestingly, the RNA exosome has also been linked to spinal SMA-type 
neuropathies. Familial missense mutations in EXOSC3 [56] and EXOSC8 [57] 
are linked to an infantile neuronal disorder, pontocerebellar hypoplasia type 
1 (PCH1), that is marked by cerebellar atrophy and progressive microcephaly 
along with developmental defects and degeneration of spinal motor neurons. 
Hereditary mutations in EXOSC10 also cause similar neurological defects [58]. 
Taken together, the available evidence points to a critical role of the exosome in 
the avoidance of motor neuropathies. Given the interaction noted for SETX and 
exosome, it might be contemplated that an R-loop removal defect in spinal motor 
neuronal precursor and differentiated cells could represent the underlying basis 
for PCH1.

47

Senataxin: A Putative RNA: DNA Helicase Mutated in ALS4—Emerging Mechanisms…
DOI: http://dx.doi.org/10.5772/intechopen.90215

2.3  SETX: a guardian of genomic stability across highly transcribed genomic 
landscapes

2.3.1 Transcription-coupled (TC) repair

Nucleotide excision repair (NER) is a conserved DNA repair pathway that 
removes bulky DNA lesions such as those induced by ultraviolet light. When the 
RNA polymerase II ensemble is obstructed by such a bulky lesion, Cockayne syn-
drome B (CSB) protein, which interacts with RNA pol II, mediates the recruitment 
of NER factors such as the Cockayne syndrome A (CSA)-E3-ubiquitin ligase com-
plex [59] and the endonucleases ERCC1-XPF and XPG to mediate the removal of 
the DNA lesion. In yeast cells, Sen1 has been shown to play a direct role in TC-NER 
via interaction with Rad2, the yeast XPG ortholog [47]. Whether SETX also func-
tions in TC-NER in humans remains an open question. However, in the absence of 
SETX, the TC-NER endonucleases XPF and XPG generate DSBs at R-loops, lead-
ing to the activation of DNA damage response pathways and repair via HR or the 
alternate DSB repair pathway of nonhomologous DNA end joining (NHEJ) [60].

2.3.2 Resolution of R-loops

R-loops are RNA–DNA hybrid structures with a displaced single DNA strand 
and are generated upon reannealing of a nascent transcript with the sense strand 
[61]. R-loops are transiently formed in many regions of the genome, including 
those transcribed by RNA pol I, II, and III [62]. R-loops are abundant at promoters 
of RNA pol II-transcribed genes [63–65], at sequences that are prone to form-
ing G-quadruplex or hairpin structures in the non-template DNA strand [66]. 
Perturbations of transcription-coupled processes, such as mRNA splicing, also 
result in R-loop formation [61, 67]. R-loops are detected in the genome via DNA–
RNA immunoprecipitation (DRIP) [68] and immunofluorescence assays with the 
monoclonal antibody S9.6, which has high affinity for RNA–DNA hybrids [69]. 
Typically, to ensure that the signal detected is specific for RNA–DNA hybrids, one 
would include the expression of RNase H in cells (to digest the hybrids) or pretreat 
samples for sequencing with this enzyme.

Depending upon their location and size, R-loops could impart beneficial or 
harmful effects. R-loops could extend from a few hundred base pairs to kilo base 
pairs in size. In immunoglobulin (Ig) class switch regions, R-loops serve an impor-
tant role in Ig class switch recombination by promoting the induction of DNA 
breaks via the action of activation-induced cytidine deaminase (AID) and base exci-
sion repair factors [70]. R-loops also prime DNA replication in the mitochondrial 
genome [71]. In human fibroblast cells, R-loops can influence the expression of over 
1200 genes by facilitating transcription via suppression of DNA methylation [72] 
and recruitment or eviction of chromatin remodeling complexes [73]. On the con-
trary, R-loops could interfere with transcription at certain genomic loci like rDNA 
[62, 74]. The major threat from unscheduled R-loops is the generation of lethal DSBs 
because of head-on collisions with the DNA replication machinery [75, 76].

Because of the potential harm that R-loops could cause, their levels are tightly regu-
lated via a variety of mechanisms. In this regard, RNAseH1/2 provides a major means for 
R-loop clearance via ribonucleolytic cleavage of RNA strand [77, 78]. While topoisomer-
ase I prevents R-loop formation by reducing negative supercoiling behind the elongating 
RNA pol II, TRanscription EXport (TREX) complex factors (THOC1–7, UAP56) and 
serine−/arginine-rich splicing factor 1 (SRSF1) suppress R-loops by removing the 
nascent mRNA [79]. RNA biogenesis factors like Trf4/Air2/Mtr4p polyadenylation 
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factors (Nrd1 and Nab3) that regulate the generation of small nuclear RNAs 
(snRNAs) and small nucleolar RNAs (snoRNAs) [43–45]. During aberrant RNA 
pol II pausing, the Nrd1-Nab3-Sen1 (NNS) complex is recruited via direct interac-
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(CPAC), facilitates RNA pol II CTD Ser2 phosphorylation and handoff of Sen1 
from the NNS complex to RNA pol II [48]. NNS complex also captures polyad-
enylated RNAs and channels them to the RNA exosome complex for degradation, 
which we will discuss further in Section 2.2.2 [49]. Sen1 is also necessary for 
recruitment of Rat1/Xrn2, a 5′ → 3′ exoribonuclease at G-rich RNA pol II pause 
sites for degradation of the nascent transcripts and to prevent the accumulation 
of pathogenic R-loops [18, 50, 51]. Human lymphoblastoid and fibroblast cells 
with loss of both SETX or XRN2 result in increased R-loops and DNA double-
strand breaks (DSBs) at transcriptional pause sites and hypersensitivity of cells to 
replications of stress and DNA damage induced by ionizing radiation, ultraviolet 
light, and oxidative stress [52, 53], which will be discussed further in Section 
2.3.3. Thus, defects in pathways of RNA metabolism can lead to the induction of 
DNA damage.

2.2.2 Role in RNA surveillance machinery

SETX interacts with the RNA exosome, a highly conserved multiprotein ribo-
nuclease complex that processes or degrades a diverse spectrum of RNAs in cells 
[54]. The exosome removes improperly processed coding and noncoding RNAs 
(ncRNAs) in the nucleus and regulates mRNA turnover in the cytoplasm. Other 
critical functions of the exosome include generation of mature ribosomal RNAs, 
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human RNA exosome is a ten-subunit complex with a central six-subunit core 
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Importantly, SETX interacts with EXOSC9, and complex formation requires 
SUMOylation of the N-terminal domain of SETX [27]. It has been inferred that 
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moiety.

Interestingly, the RNA exosome has also been linked to spinal SMA-type 
neuropathies. Familial missense mutations in EXOSC3 [56] and EXOSC8 [57] 
are linked to an infantile neuronal disorder, pontocerebellar hypoplasia type 
1 (PCH1), that is marked by cerebellar atrophy and progressive microcephaly 
along with developmental defects and degeneration of spinal motor neurons. 
Hereditary mutations in EXOSC10 also cause similar neurological defects [58]. 
Taken together, the available evidence points to a critical role of the exosome in 
the avoidance of motor neuropathies. Given the interaction noted for SETX and 
exosome, it might be contemplated that an R-loop removal defect in spinal motor 
neuronal precursor and differentiated cells could represent the underlying basis 
for PCH1.
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2.3  SETX: a guardian of genomic stability across highly transcribed genomic 
landscapes
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sion repair factors [70]. R-loops also prime DNA replication in the mitochondrial 
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because of head-on collisions with the DNA replication machinery [75, 76].

Because of the potential harm that R-loops could cause, their levels are tightly regu-
lated via a variety of mechanisms. In this regard, RNAseH1/2 provides a major means for 
R-loop clearance via ribonucleolytic cleavage of RNA strand [77, 78]. While topoisomer-
ase I prevents R-loop formation by reducing negative supercoiling behind the elongating 
RNA pol II, TRanscription EXport (TREX) complex factors (THOC1–7, UAP56) and 
serine−/arginine-rich splicing factor 1 (SRSF1) suppress R-loops by removing the 
nascent mRNA [79]. RNA biogenesis factors like Trf4/Air2/Mtr4p polyadenylation 
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(TRAMP) complex and, as discussed earlier, the RNA exosome complex also participate 
in the regulation of R-loop formation or removal [80]. Moreover, R-loops can be dissoci-
ated via the nucleic acid unwinding activity of Sen1/SETX [23, 50, 81] and other helicase 
proteins such as Pif1 [82], DEAH box protein 9 (DHX9) [83], and Fanconi Anemia 
Complementation factor M (FANCM) [84]. It seems reasonable to postulate that each of 
the above-named factors operates at specific genomic milieu.

Studies so forth have suggested that SETX is involved in resolving R-loops at 
paused transcription sites [50] via forming a physiological complex with the tumor 
suppressor protein BRCA1 to prevent R-loop-associated DNA damage [25]. This 
warrants further investigation on SETX-BRCA1 axis to reveal the molecular mecha-
nisms of R-loop resolution.

2.3.3 DNA double-strand break repair and replication fork stability

Occurrence of DSBs and their repair in terminally differentiated neurons were 
reported in the early 1970s [85, 86]. Recent studies have provided evidence that ALS 
is associated with a defect in DSB repair [87–89]. DSBs are generated in neurons via 
endogenous oxidative stress [90, 91] or a topoisomerase IIβ-dependent mechanism 
that is essential for expression of early genes regulating vital neuronal functions 
[92]. A recent study showed that neuronal cells from SMA express only low levels 
of SETX and DNA-PKcs, a highly conserved NHEJ factor. As a result, SMA neurons 
display higher levels of R-loops that culminate DSB formation, and cellular toxicity 
[93]. Importantly, these phenotypic manifestations can be corrected by the overex-
pression of SETX. These observations aptly underscore the genome protective role 
of SETX in neurons.

Importantly, SETX colocalizes at DSBs with various factors that function in the 
DNA damage response and repair factors, including γH2AX, 53BP1, and BRCA1, 
and it forms a co-immunoprecipitable complex with DNA-PKcs, MRE11, RAD50 
[24, 25, 53, 94]. AOA2-pateint derived lymphoblastoid cell lines lacking SETX are 
sensitive toward topoisomerase I inhibitor, camptothecin, DNA crosslinking agent 
mitomycin C and hydrogen peroxide [53], again indicative of a role of SETX in 
the DNA damage response. Moreover, Setx−/− mice displays a defect in germ cell 
maturation due to defective meiotic recombination with unrepaired DSBs [81]. 
Interestingly, recent findings revealed that nascent transcripts or small ncRNAs 
could accumulate at DSBs via diverse mechanisms, and affect DSB repair via 
distinct pathways of HR or NHEJ [95–103]. This was further evidenced by the stud-
ies demonstrating that both excess removal and impaired clearance of RNA–DNA 
hybrids result in defective DSB repair [100], suggesting the role of RNA in DSB 
repair via processes that are yet to be characterized. In this context, SETX has been 
implicated in enhancing HR-mediated DSB repair that is catalyzed by the recom-
binase RAD51, via resolving RNA–DNA hybrids at DSBs [26]. Further biochemical 
investigations are required to dissect the mechanistic underpinnings of this process.

It should be noted that cycling cells face an incessant threat of genomic instabil-
ity via replication-transcription collisions, wherein the replication and transcrip-
tion machineries could engage in head-on collisions [104]. This could directly lead 
to formation of DSBs [76]. Importantly, SETX associates with DNA replication 
forks and promotes their progression across RNA pol II transcribed regions, a func-
tion that appears to be independent of its transcription termination role [105].

2.3.4 Telomere maintenance

Telomeres, which comprise repetitive DNA sequences, cap the ends of each 
chromosome, and their attrition leads to cellular senescence. Telomerase reverse 
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transcriptase (TERT), the catalytic subunit of telomerase that maintains the normal 
length of telomeres, is present at a low level in most differentiated cells including 
neurons [106]. TERT levels appear to be significantly lower in the spinal cord tissues 
of ALS patients than healthy individuals [107]. Ex vivo studies have suggested that 
while telomere damage induces neuronal cell death [108], the activation of telomer-
ase can enhance neuronal cell viability [109, 110]. Interestingly, a novel compound 
that enhances telomerase activity in neurons also appears to ameliorate the symp-
toms of ALS [109].

Importantly, SETX is present at telomeres, and AOA2 lymphocytes and lympho-
blasts showed reduced telomere length along with higher sensitivity toward oxida-
tive stress and DNA-damaging agents [111]. Another study has implicated SETX 
in the maintenance of telomeres in Myotis bats [112]. These observations should 
constitute the basis for investigating the mechanistic role of SETX in telomere 
maintenance in motor neurons and other cell types.

3. Conclusion

Defects in RNA metabolism factors have been associated with multiple motor 
neuron diseases including ALS and SMA [113, 114]. Despite having distinctive 
pathological manifestations and clinical onsets, such motor neuropathies could 
stem from related underlying mechanisms pertaining to RNA homeostasis. In 
this chapter, we reviewed how defective RNA metabolic pathways could ensue 
genomic instability, an emerging mechanism in neurodegenerative diseases. Co-
transcriptional R-loops are crucial for regulating gene expression in both dividing 
and postmitotic neurons; however, when not timely resolved, it will lead to genomic 
instability via generation of DNA strand breaks. While replication-transcription 
conflicts are the major source of R-loop-induced DSBs in dividing cells that need 
repair via HR or NHEJ, how R-loops trigger DSBs in postmitotic neurons remains 
to be investigated. Moreover, small RNAs at DSBs could impede repair and must 
be cleared nucleolytically or via unwinding of RNA–DNA hybrids. Genetic and 
cell-based studies of human SETX, together with biochemical characterization 
of its yeast ortholog Sen1, have suggested that SETX protects genomic stability 
via resolution of R-loops, assisting replication fork progression across transcrib-
ing genomic regions and promoting HR at DSBs. In the light of recent findings on 
implication of genomic instability in neurodegenerative diseases, as reviewed in 
[115–118], in-depth studies are required to precisely delineate role of SETX in ALS4. 
Thus, it is apposite to test if ALS4 gain-of-function mutations affect SETX activities 
pertaining to DSB repair.

Treatment of ALS4 or other JALS is currently limited to physical and occupa-
tional therapies to promote mobility and independence. While an FDA-approved 
glutamate inhibitor drug, riluzole, that slows down symptoms and prolongs sur-
vival is used clinically to treat ALS, there are currently no specific treatment for 
juvenile ALS diseases. Further studies are obligatory to recognize SETX as a thera-
peutic target for treatment of ALS4.
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Complementation factor M (FANCM) [84]. It seems reasonable to postulate that each of 
the above-named factors operates at specific genomic milieu.

Studies so forth have suggested that SETX is involved in resolving R-loops at 
paused transcription sites [50] via forming a physiological complex with the tumor 
suppressor protein BRCA1 to prevent R-loop-associated DNA damage [25]. This 
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nisms of R-loop resolution.

2.3.3 DNA double-strand break repair and replication fork stability
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pression of SETX. These observations aptly underscore the genome protective role 
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could accumulate at DSBs via diverse mechanisms, and affect DSB repair via 
distinct pathways of HR or NHEJ [95–103]. This was further evidenced by the stud-
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stem from related underlying mechanisms pertaining to RNA homeostasis. In 
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transcriptional R-loops are crucial for regulating gene expression in both dividing 
and postmitotic neurons; however, when not timely resolved, it will lead to genomic 
instability via generation of DNA strand breaks. While replication-transcription 
conflicts are the major source of R-loop-induced DSBs in dividing cells that need 
repair via HR or NHEJ, how R-loops trigger DSBs in postmitotic neurons remains 
to be investigated. Moreover, small RNAs at DSBs could impede repair and must 
be cleared nucleolytically or via unwinding of RNA–DNA hybrids. Genetic and 
cell-based studies of human SETX, together with biochemical characterization 
of its yeast ortholog Sen1, have suggested that SETX protects genomic stability 
via resolution of R-loops, assisting replication fork progression across transcrib-
ing genomic regions and promoting HR at DSBs. In the light of recent findings on 
implication of genomic instability in neurodegenerative diseases, as reviewed in 
[115–118], in-depth studies are required to precisely delineate role of SETX in ALS4. 
Thus, it is apposite to test if ALS4 gain-of-function mutations affect SETX activities 
pertaining to DSB repair.
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Chapter 4

Pathological Interaction between 
DNA Repair and Mitochondrial 
Dysfunction in ALS
Luis Bermúdez-Guzmán and Alejandro Leal

Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized 
by the degeneration of cortical and spinal cord motor neurons. Several mechanisms 
have been implicated in the pathogenesis of the disease, including mitochondrial 
dysfunction, oxidative stress, and genome instability. Recently, a combined role 
between impaired DNA repair and subsequent mitochondrial dysfunction has 
emerged as a novel pathological interaction in neurodegeneration. This is exempli-
fied by mutations in the RNA-/DNA-binding proteins FUS and TDP-43 as well as 
superoxide dismutase 1 (SOD1) gene, all related to familial ALS. In this regard, 
evidence supports either downregulation or impaired recruitment of DNA repair 
enzymes in both nuclear and mitochondrial genomes. In addition, evidence also 
suggests a complex metabolic dysregulation as a critical component in the promo-
tion of the disease. This chapter aims to integrate the molecular mechanisms of this 
pathological interplay and the possible role in cytosolic protein aggregation and cell 
death in motor neurons.

Keywords: DNA repair, neurodegeneration, mitochondria, motor neuron

1. Genome instability in the context of ALS pathogenesis

ALS has been traditionally classified as sporadic or familial (fALS). Specifically, 
four genes account for up to 70% of all cases of fALS: C9orf72, TARDBP (encod-
ing TDP-43), SOD1, and FUS. Despite the Mendelian inheritance pattern, familial 
forms of ALS are usually characterized by incomplete penetrance, whereas genetic 
pleiotropy or oligogenic inheritance is suggested in individuals with sporadic 
disease [1]. Several hallmarks of neurodegeneration are shared in both familial and 
sporadic ALS, such as protein aggregation, defective autophagy, impaired DNA 
damage response (DDR), and mitochondrial dysfunction [1–3]. As ALS is a com-
plex disease, it is plausible to think that regardless of the etiology, there is an inter-
play between these hallmarks in the pathogenesis and pathological progression.

Considering the late age of onset and the neurological tropism, which is the 
exclusive neurological affectation, it is possible to highlight some aspects of 
the nervous system that are useful to understand the molecular pathology of the 
disease. First, due to its high rate of oxygen consumption and metabolic activity, 
the nervous system is more susceptible to DNA damage [4]. Single-strand breaks 
(SSBs) are considered the most common damage to DNA in cells [5], mainly derived 
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Chapter 4

Pathological Interaction between 
DNA Repair and Mitochondrial 
Dysfunction in ALS
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Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized 
by the degeneration of cortical and spinal cord motor neurons. Several mechanisms 
have been implicated in the pathogenesis of the disease, including mitochondrial 
dysfunction, oxidative stress, and genome instability. Recently, a combined role 
between impaired DNA repair and subsequent mitochondrial dysfunction has 
emerged as a novel pathological interaction in neurodegeneration. This is exempli-
fied by mutations in the RNA-/DNA-binding proteins FUS and TDP-43 as well as 
superoxide dismutase 1 (SOD1) gene, all related to familial ALS. In this regard, 
evidence supports either downregulation or impaired recruitment of DNA repair 
enzymes in both nuclear and mitochondrial genomes. In addition, evidence also 
suggests a complex metabolic dysregulation as a critical component in the promo-
tion of the disease. This chapter aims to integrate the molecular mechanisms of this 
pathological interplay and the possible role in cytosolic protein aggregation and cell 
death in motor neurons.

Keywords: DNA repair, neurodegeneration, mitochondria, motor neuron

1. Genome instability in the context of ALS pathogenesis

ALS has been traditionally classified as sporadic or familial (fALS). Specifically, 
four genes account for up to 70% of all cases of fALS: C9orf72, TARDBP (encod-
ing TDP-43), SOD1, and FUS. Despite the Mendelian inheritance pattern, familial 
forms of ALS are usually characterized by incomplete penetrance, whereas genetic 
pleiotropy or oligogenic inheritance is suggested in individuals with sporadic 
disease [1]. Several hallmarks of neurodegeneration are shared in both familial and 
sporadic ALS, such as protein aggregation, defective autophagy, impaired DNA 
damage response (DDR), and mitochondrial dysfunction [1–3]. As ALS is a com-
plex disease, it is plausible to think that regardless of the etiology, there is an inter-
play between these hallmarks in the pathogenesis and pathological progression.

Considering the late age of onset and the neurological tropism, which is the 
exclusive neurological affectation, it is possible to highlight some aspects of 
the nervous system that are useful to understand the molecular pathology of the 
disease. First, due to its high rate of oxygen consumption and metabolic activity, 
the nervous system is more susceptible to DNA damage [4]. Single-strand breaks 
(SSBs) are considered the most common damage to DNA in cells [5], mainly derived 
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from reactive oxygen species [6]. Even physiological brain activity can also cause 
DNA double-strand breaks (DSBs) in neurons [7]. However, as neurons do not 
divide, homologous recombination (HR) is not available for DNA repair. In addi-
tion, to maintain normal functioning, neurons must ensure to keep mitochondrial 
homeostasis. Thus, there are different areas with high demands for ATP like synaptic 
terminals, active growth cones, or axonal branches that contain more mitochondria 
than other cellular domains [8, 9]. This dependency on mitochondrial homeostasis 
makes neurons more susceptible and more likely to be affected by mutations in 
genes regulating mitochondrial dynamics. For example, mutations in MFN2 and 
GDAP1 (which regulate mitochondrial fusion and fission, respectively) are related 
to Charcot-Marie-Tooth [10, 11], a peripheral neuropathy that resembles some of 
the clinical manifestations of ALS, especially in motor neurons. Thus, a disruption 
in normal nuclear and mitochondrial DNA (mtDNA) repair would affect motor 
neurons in a progressive way. Supporting this idea, several works have reported 
mtDNA mutations in presymptomatic animal models of ALS [12]. In fact, similar 
to CMT, mitochondrial axonal transportation has also been implicated in ALS. The 
SOD1-G93A mice showed alterations in the axonal traffic of mitochondria at a 
presymptomatic stage, specifically in motor neurons [13].

Interestingly, recent studies demonstrated that loss-of-function mutations in 
KIF5A are also a cause of ALS [14, 15]. KIF5A gene encodes for a specific motor pro-
tein implicated in the axonal transport of mitochondria. Although it was previously 
related with CMT and spastic paraplegia [16, 17], the new variants associated with 
ALS are primarily located at the C-terminal cargo-binding tail domain. Notably, 
patients harboring loss-of-function mutations displayed an extended survival rela-
tive to typical ALS cases.

A second aspect behind neurons’ susceptibilities is their high rate of transcrip-
tion. As they depend on the available DNA repair machinery, genomic stability is 
crucial for the maintenance of homeostasis. Transcription-driven DNA damage 
can arise from several sources, like the collapse of transcription machinery and 
subsequent DSBs, damage to genomic segments that have been opened up for 
transcription, and the formation of unnatural R-loop structures [18–21]. In the case 
of ALS cells, deficient DNA repair was reported more than three decades ago [22]. 
It seems that the DDR system in ALS loses adaptive capacity in dependency on the 
underlying genetic mutation [23]. The next chapter will address the role of the main 
genes involved in fALS in the generation of genomic instability as a hallmark of 
neurodegeneration.

2. Role of ALS-related genes in DDR

The hexanucleotide GGGGCC repeat expansion in C9ORF72 is one of the most 
common genetic causes of both ALS and frontotemporal dementia (FTD). It was 
recently demonstrated that these expansions could cause defective DNA repair, 
manifested by higher levels of DSBs and impaired DDR [24]. Defective ATM-
mediated DNA repair was found as a consequence of p62 accumulation, which 
impairs H2A ubiquitylation and perturbs ATM signaling. Another study reported 
that c-H2AX, p-ATM, 53BP1, and PARP1 were upregulated in C9orf72 patient 
spinal cords [25]. However, the mechanism behind the damage to the genome was 
not addressed. Authors suggest that R-loops, as well as the expression of dipeptide 
repeat proteins, are more likely to be the cause. Consistent with this notion, ele-
vated levels of DNA damage markers γH2AX, ATR, GADD45, and p53 were present 
in motor neurons differentiated from iPSC lines from C9orf72-mutant ALS patients 
in response to oxidative stress [26].
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In a model of C9orf72-induced ALS, the overexpression of SETX or depletion of 
p62 was capable of reducing γH2AX foci in MRC5 cells. In fact, the combined over-
expression of SETX and depletion of p62 further reduced DSB levels compared to 
levels observed by SETX overexpression or p62 depletion alone [24]. Interestingly, 
mutations in SETX cause both ataxia with oculomotor apraxia type 2 (AOA2) (auto-
somal recessive) and amyotrophic lateral sclerosis 4 (ALS4) (autosomal dominant). 
The N-terminal protein interaction and C-terminal RNA/DNA helicase domains are 
conserved in the Saccharomyces cerevisiae SETX homolog Sen1p. In a mutant model 
of Sen1p in S. cerevisiae, alterations in redox state, unfolded protein response, TOR, 
and severe loss of mitochondrial DNA were demonstrated [27].

Other ALS-related genes can cause DNA damage. The cytoplasmic inclusions of 
TDP-43 and FUS seen in ALS can be derived from a toxic gain of function, which, 
in turn, triggers motor neuron cell death [18]. As the majority of ALS-causing 
mutations are located within the C-terminus of FUS, it has been suggested that 
these mutations impair the DNA pairing function of FUS, compromising genome 
stability [28]. Moreover, depletion of either FUS or TDP-43 in cells treated with 
α-amanitin (an RNA Pol II inhibitor) led to higher DNA strand breaks [18]. It also 
was demonstrated that after UV damage-induced transcription arrest, FUS local-
izes at genomic sites where active transcription has been arrested by DNA damage, 
and it does so together with BRCA1 [18]. TDP-43 is also able to localize at sites of 
transcription-associated DNA damage, given its colocalization with γH2AX and 
phosphorylated RPA. Interestingly, TDP-43 also colocalized with γH2AX and 
phosphorylated RPA in undamaged cells, consistent with its role in preventing or 
repairing spontaneously arising DNA damage [18].

FUS and TDP-43 are also required to maintain R-loop homeostasis since their 
depletion leads to R-loop-mediated genomic instability [29]. It is speculated that 
RNA processing factors prevent R-loop by binding to the nascent RNA transcript 
and blocking R-loop formation. In this regard, it has been shown that FUS and 
TDP-43 colocalize with active RNA polymerase II at sites of DNA damage along 
with BRCA1, either to prevent or repair R-loop-associated DNA damage, normally 
considered an indicator of defective transcription and/or RNA processing [18].

3. Mitochondrial dysfunction in ALS

The space-time location of mitochondria is vital for the metabolic requirements 
of the nervous system, especially in the case of motor neurons. As neurons can-
not rely on glycolysis, mitochondria are crucial to meet the high energy demands 
mainly by oxidative phosphorylation (OXPHOS). Several aspects of mitochondrial 
dynamics have been involved in the pathogenesis of ALS. For example, ATP genera-
tion was markedly decreased in neuronal cells of mutant SOD1-G93A mice [30, 31]. 
Moreover, cytosolic ATP levels were significantly reduced in neuroblastoma cells 
expressing mutant SOD1-G37R and in rotenone-treated SOD1-G93A neuronal cells 
[32]. Impairment of intracellular Ca2+ homeostasis is also considered as a hallmark 
of mitochondrial dysfunction in neurodegeneration. In this regard, an imbalance in 
Ca2+ dynamics has been reported in cells expressing both mutant SOD1-G93A and 
SOD1-G37R [33, 34] and in motor neurons from mutant SOD1-G93A transgenic 
mice [35].

Mitochondrial fusion and fission are also key processes to preserve organelle 
functioning and cellular homeostasis. Dynamin-related protein 1 (Drp1) influ-
ences cell survival and apoptosis by mediating the mitochondrial fission process in 
mammals [36]. An excessive mitochondrial fragmentation and dysfunction were 
reported in patient-derived fibroblasts and cultured motor neurons of several 
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familial forms of ALS expressing SOD1 mutant [37]. In the same article, authors 
demonstrated that inhibition of Drp1/Fis1 interaction led to a significant reduction 
in ROS levels and improved mitochondrial function and structure. Mutations in 
SOD1, TARDBP, or FUS are related to protein aggregation. In this regard, aggre-
gated proteins can also contribute to mitochondrial dysfunction. Moreover, ATP 
decrease and ROS increase are the main features of mitochondrial damage. While 
ROS can increase Drp1 leading to sustained mitochondrial fission and fragmenta-
tion, a decrease in ATP levels can impair autophagy and proteasomal degradation. 
This can worsen protein aggregates and trigger ER stress [37, 38].

More than two decades ago, Kong and Xu reported that in mice expressing 
SOD1-G93A, the onset of the disease involved a decline of muscle strength and a 
transient explosive increase in vacuoles derived from degenerating mitochondria. 
Interestingly, this damage did not involve motor neuron death at the time of onset. 
Based on their results, the authors suggested that SOD1-mutant toxicity was 
mediated by damage to mitochondria in motor neurons [39]. The early findings 
of mitochondrial dysfunction were also confirmed by Magrané and colleagues, 
who studied the mitochondrial transport within the sciatic nerve in SOD1-G93A 
and TDP-43-A315T mice. Defects of retrograde mitochondrial transport were 
detected at 45 days of age in both mice, before the onset of symptoms [40]. In the 
SOD1-G93A mice, mitochondrial morphological abnormalities were apparent at day 
15 of age, thus preceding transport abnormalities. Conversely, in TDP-43-A315T 
mice, morphological abnormalities appeared after the onset of transport defects. 
Interestingly, the authors reported neither morphological nor mitochondrial distri-
bution changes in sensory neurons [40].

Another study evaluated the role of SOD1 mutations in mitochondrial homeo-
stasis, in spinal cord sections from early symptomatic 10-month mice. Authors 
showed that mutant SOD1 binding to mitochondria disrupts normal distribution 
and morphology as an early pathogenic feature. In their work, mitochondria from 
SOD G85R/G37R mice became progressively smaller and rounder and are unevenly 
distributed along axons [41]. As in SOD1 mutant experiments, oxidative stress 
and DNA damage were increased in iPSC-derived C9ORF72 motor neurons in 
an age-dependent manner [26]. Poly (GR) preferentially binds to mitochondrial 
ribosomal proteins and compromised mitochondrial function, which could lead to 
increased oxidative stress. Reducing oxidative stress partially rescued DNA damage 
in C9ORF72 motor neurons cells [26].

The role of mutant FUS and TDP-43 has also been evaluated in mitochondrial 
dysfunction. In cultured neurons expressing FUS-R495X, it was revealed that 
mutant FUS controlled the translation of genes that were associated with mitochon-
dria function, which resulted in a significant reduction of mitochondrial size [42]. 
Specifically, protein levels of KIF5B, DNM1L, and CSDE1 were significantly reduced 
in R495X-expressing neurons. FUS is also able to translocate and accumulate inside 
mitochondria. Following this approach, it was revealed that FUS could interact with 
mitochondrial chaperonin HSP60 and this interaction mediates FUS localization to 
the organelle, leading to damage [43]. This damage derives from reduced mitochon-
drial membrane potential and increased production of ROS. Authors also reported 
elevated HSP60 expression in two of three cases of FTLD-FUS patients’ brain 
samples. Curiously, mutations in the HSPD1 gene which encodes for HSP60 protein 
have also been found in patients with spastic paraplegia type 13 [44]. Another work 
revealed that mitochondrial impairment is a critical early event in FUS proteinopa-
thy. When mutant FUS-P525L accumulated inside mitochondria, it interacted with 
the mitochondrial ATP synthase catalytic subunit ATP5B and reduced mitochondrial 
ATP synthesis. Importantly, FUS accumulation also induced the mitochondrial 
unfolded protein response (UPTmt), making the damage even worse [45].
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Similarly, mutant TDP-43 accumulates in the mitochondria of neurons in 
subjects with ALS or frontotemporal dementia (FTD). Wild-type and mutant TDP-
43 preferentially bind to mitochondria-transcribed mRNAs encoding respiratory 
complex I subunits ND3/ND6, causing complex I disassembly [46]. The suppres-
sion of TDP-43 mitochondrial localization abolished mitochondrial dysfunction 
and neuronal loss and improved the phenotypes of transgenic mutant TDP-43 mice. 
Mutant FUS can also alter mitochondrial-endoplasmic reticulum (ER) communica-
tion. Stoica and colleagues showed that FUS disrupts the VAPB-PTPIP51 complex, 
impairing ER-mitochondria association. As a consequence, there was a perturbation 
of Ca2+ uptake by mitochondria and impaired ATP production [47]. Remarkably, 
inhibition of glycogen synthase kinase-3b (GSK-3b) corrected FUS-induced defects 
in ER-mitochondria associations and mitochondrial Ca2+ levels.

Mitochondrial DNA damage is also important in the context of neurodegen-
erative diseases [48, 49]. Maintaining mitochondrial DNA stability is critical for 
cellular function, especially in the context of the nervous system. Several pathways 
have been implicated in mtDNA repair, but base excision repair (BER) is the 
predominant one [50]. Oxoguanine glycosylase 1 (OGG1) is an enzyme that plays a 
major role in the mitochondrial BER pathway, removing 8-hydroxy-2-deoxyguano-
sine (8-OHdG). In the spinal cord of SOD1 mutant transgenic mice, the presence of 
8-OHdG was progressively accumulated in the ventral horn neurons from early and 
presymptomatic stage (25 weeks) [51]. This was a suggestion that an oxidative dam-
age to mitochondrial DNA was affecting spinal motor neurons at a very early stage 
of the disease. Early and selective impairment of DNA repair enzymes in mitochon-
dria was also reported in presymptomatic transgenic mice carrying a mutant SOD1 
gene [51]. Notably, the selective expression of these enzymes in spinal neurons is 
closely related to the selective involvement of motor neurons in ALS.

In the ALS but not control brains, levels of a common mitochondrial DNA dele-
tion mutation (mt DNA4977) were an average of more than 30-fold in Brodmann 
area 4 [52]. In addition, the oxidative damage derived from 8-oxoG was accumu-
lated in the mitochondria of motor neurons in ALS, and according to previous 
findings, OGG1 did not repair the damage efficiently, driving the loss of motor 
neurons in ALS [53]. Likewise, motor neurons in G93A-mSOD1 transgenic mice 
undergo slow degeneration characterized by mitochondrial swelling and forma-
tion of DNA single-strand breaks prior to double-strand breaks occurring in both 
nuclear and mitochondrial DNA [54]. These cells accumulated mitochondria from 
the axon terminals and generated higher levels of ROS/RNS. Despite experimental 
evidence demonstrating mtDNA damage, more research is required to elucidate the 
mechanisms that lead to mitochondrial damage in ALS. The mechanisms that can 
link the DNA repair deficiency induced by errors in ALS-associated proteins and 
the subsequent mitochondrial dysfunction in terms of genetic integrity are not yet 
understood. We believe that this is an issue that should be taken into account for 
future studies.

4. Nuclear-mitochondrial interplay and genomic integrity in ALS

4.1 The role of SIRT1-PARP1 axis

Poly (ADP-ribose) polymerase 1 (PARP1) is a NAD+-dependent protein. It is 
able to posttranslationally modify itself and other proteins involved in multiple 
DDR. PARP1 is also crucial for the stabilization of DNA replication forks and chro-
matin remodeling [55]. Deletion of Parp1 gene in Xrcc1 knockout mice is able to pre-
vent neurodegeneration, indicating that the overactivation of PARP1 is a neurotoxic 
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Poly (ADP-ribose) polymerase 1 (PARP1) is a NAD+-dependent protein. It is 
able to posttranslationally modify itself and other proteins involved in multiple 
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consequence of defective DNA repair [56]. Recently, it was demonstrated that 
FUS can bind directly to PAR, the polymer made by PARP1 [57]. Authors revealed 
that FUS is recruited to chromosomal sites of oxidative DNA damage and that this 
recruitment is reduced by the FUS-R521G mutation. Additionally, when cells lack 
PARP1, FUS failed to accumulate at sites of UVA laser-induced damage. Moreover, 
under oxidative stress, PARP1 activity increases, leading to an accumulation of 
ADP-ribose polymers and NAD+ depletion. This condition induces a metabolic 
and energetic crisis driving cell death [58]. As PARP1 hyperactivation and toxicity 
have been implicated in diseases like Alzheimer’s, Parkinson’s, and Huntington’s, a 
predominant role in ALS is also plausible [59].

Sirtuins are also NAD-dependent proteins. SIRT1 is known as a nuclear and 
cytoplasmic deacetylase, which is predominantly expressed in neurons in the con-
text of the nervous system [60]. Notably, PARP1 consumes NAD+, reducing SIRT1 
activity by increasing PARylation of DNA and proteins involved in DDR. Thus, 
SIRT1 activity appears to be impeded by PARP1 hyperactivation [61]. Interestingly, 
NAD+ replenishment shows a reactivation of SIRT1 and prevented neurodegenera-
tion [62]. Thus, compromised DNA repair leads to PARP1 hyperactivation, result-
ing in the depletion of NAD+ levels, inhibiting SIRTs (Figure 1). Notably, the Km 
of SIRT1 for NAD+ is higher than that of PARP1, so when NAD+ levels become so 
low following cell stress or senescence, SIRT1 no longer has the chance to regulate 
the activity of PARP1 [61]. Cantó and colleagues demonstrated that deletion of 
Parp1 gene increased NAD+ levels and SIRT1 activity in brown adipose tissue and 
muscle. Parp1 −/− mice presented a higher mitochondrial content, resulting in 
increased energy expenditure and protection against metabolic disease. As previ-
ously reported, authors showed that pharmacologic inhibition of PARP in vitro 
and in vivo increased NAD+, leading to SIRT1 expression and enhanced oxidative 
metabolism [63].

SIRT1 is vital in the maintenance of metabolic homeostasis [64]. SIRT1 can 
activate the peroxisome proliferator-activated receptor γ (PPARγ) coactivator-1α 
(PGC-1α) through deacetylation [65]. PGC-1a can regulate genes of the ROS 
defense system. It has been shown that PGC-1a can protect WT neural cells from 
oxidative stress by increasing the expression of ROS-detoxifying genes includ-
ing SOD1/SOD2 and UCP2 [66]. SIRT1 may also deacetylate PGC-1α to induce 
mitochondrial biogenesis by increasing mitochondrial gene expression via nuclear 
respiratory factor 1 (NRF-1) and nuclear-encoded mitochondrial transcription 
factor A (TFAM) [67]. Interestingly, it was revealed that PGC-1 and SIRT1 are 
also present inside the mitochondria and are in close proximity to mtDNA [68]. In 
addition, an unexpected role for serotonin (5-HT) was also recently demonstrated. 
Fanibunda and colleagues showed that in rodent cortical neurons, serotonin is a 
regulator of mitochondrial biogenesis, via 5-HT2A receptor-mediated recruitment 
of the SIRT1-PGC-1α axis [69].

SIRT1 can form a protein complex with the Forkhead transcription factor 
FOXO3 and promote its deacetylation. SIRT1 induces several effects mediated by 
FOXO3 like cell cycle arrest and transcription of DNA repair target genes [70]. 
Cantó and colleagues demonstrated that AMPK enhances SIRT1 activity by increas-
ing cellular NAD+ levels [71]. This resulted in the deacetylation and modulation of 
the activity of downstream SIRT1 targets including PGC-11α and FOXO1/FOXO3a 
transcription factors. Thus, SIRT1 could promote both mitochondrial biogenesis 
in conditions of energy deficiency in disease or induce the clearance of damaged 
mitochondria [72].

In XPA-deficient cells, a model of xeroderma pigmentosum, the DNA repair 
deficiency leads to PARP1 activation, and the attenuated NAD+/SIRT1/PGC-1α 
axis resulted in defective mitophagy. The condition could be rescued either by 
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PARP1 inhibition or by supplementation with NAD+ [73]. In a different work, 
Scheibye-Knudsen and colleagues showed that hyperactivation of PARP1 drives 
SIRT1 depression in Cockayne syndrome (CS). Similar to previous findings, NAD+ 
replenishment rescued the phenotype in CS, but in this case, they also demon-
strated that diet can also increase SIRT1 activity [62]. Following the same line, it 
was revealed that NAD+ levels are reduced in aged mice and Caenorhabditis elegans 
[74]. Genetic or pharmacological restoration of NAD+ prevented age-associated 
metabolic decline and promoted longevity in worms. These effects were associated 
with deacetylase sir-2.1 levels, the homolog of SIRT1. Indeed, hyperacetylation of 
the SIRT1 substrate PGC-1α resulted from low levels of NAD+ in aged mice [74]. 
Supporting this approach, it was demonstrated that the intracellular nicotinamide 
phosphoribosyltransferase (iNAMPT) is essential to projection neuron function 
and viability. The iNAMPT is the rate-limiting enzyme of the mammalian NAD+ 
biosynthesis. When eliminating Nampt in adult mice, the resulting phenotype 

Figure 1. 
Nuclear-mitochondrial interplay in the context of ALS. (A) Activation of PARP1 upon DNA damage 
facilitates DNA repair but inhibits SIRT1 due to NAD+ depletion. FUS binds directly to PAR, the polymer 
made by PARP1 in chromosomal sites of oxidative DNA damage. Both TDP-43 and FUS localize at genomic 
sites where active transcription has been arrested by DNA damage and also maintain R-loop homeostasis. 
SETX is also necessary for R-loop repair. In addition, FUS interacts with HDAC1 and enhances its activity 
in both physiological conditions and DNA damage. (B) SIRT1 positively regulates DDR. SIRT is able to 
deacetylase HDAC1, ATM, WRN, TDG, XPA, and KU70. (C) SIRT1 also regulates mitochondrial homeostasis 
through AMPK, FOXOs, and PGC1α. These enzymes regulate mitochondrial biogenesis and oxidative 
stress, transcribing proteins such as UCP2 and SODs. (D) Accumulation of misfolded proteins leads to the 
aberrant p62 expression, disrupting normal mitophagy. Likewise, defective ATM-mediated DNA repair is a 
consequence of p62 accumulation and RNF168 inhibition. C9orf72 can also cause defective DNA repair and 
p62 accumulation with the subsequent impaired mitophagy. (E) ALS-related mitochondrial dysfunction leads 
to mitochondrial fragmentation through DRP1 overexpression, decreased ATP production, higher ROS levels, 
mtDNA damage, decrease in OXPHOS, and Ca+2 imbalance. FUS can accumulate inside the mitochondria, 
leading to impaired ATP production and increased ROS levels. C9ORF72 can also generate oxidative stress 
and mtDNA damage in motor neurons. TDP-43 preferentially bind to mitochondria-transcribed mRNAs, 
causing complex I disassembly. SOD1 mutations can decrease cytosolic ATP levels, impair intracellular Ca2+ 
homeostasis, generate excessive mitochondrial fragmentation, and deregulate DDR. The final effect of this 
cascade is derived from mitochondria-ER stress, consequent misfolded proteins, and further protein aggregation. 
Dotted lines illustrate pathological interactions.
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ously reported, authors showed that pharmacologic inhibition of PARP in vitro 
and in vivo increased NAD+, leading to SIRT1 expression and enhanced oxidative 
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activate the peroxisome proliferator-activated receptor γ (PPARγ) coactivator-1α 
(PGC-1α) through deacetylation [65]. PGC-1a can regulate genes of the ROS 
defense system. It has been shown that PGC-1a can protect WT neural cells from 
oxidative stress by increasing the expression of ROS-detoxifying genes includ-
ing SOD1/SOD2 and UCP2 [66]. SIRT1 may also deacetylate PGC-1α to induce 
mitochondrial biogenesis by increasing mitochondrial gene expression via nuclear 
respiratory factor 1 (NRF-1) and nuclear-encoded mitochondrial transcription 
factor A (TFAM) [67]. Interestingly, it was revealed that PGC-1 and SIRT1 are 
also present inside the mitochondria and are in close proximity to mtDNA [68]. In 
addition, an unexpected role for serotonin (5-HT) was also recently demonstrated. 
Fanibunda and colleagues showed that in rodent cortical neurons, serotonin is a 
regulator of mitochondrial biogenesis, via 5-HT2A receptor-mediated recruitment 
of the SIRT1-PGC-1α axis [69].

SIRT1 can form a protein complex with the Forkhead transcription factor 
FOXO3 and promote its deacetylation. SIRT1 induces several effects mediated by 
FOXO3 like cell cycle arrest and transcription of DNA repair target genes [70]. 
Cantó and colleagues demonstrated that AMPK enhances SIRT1 activity by increas-
ing cellular NAD+ levels [71]. This resulted in the deacetylation and modulation of 
the activity of downstream SIRT1 targets including PGC-11α and FOXO1/FOXO3a 
transcription factors. Thus, SIRT1 could promote both mitochondrial biogenesis 
in conditions of energy deficiency in disease or induce the clearance of damaged 
mitochondria [72].

In XPA-deficient cells, a model of xeroderma pigmentosum, the DNA repair 
deficiency leads to PARP1 activation, and the attenuated NAD+/SIRT1/PGC-1α 
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metabolic decline and promoted longevity in worms. These effects were associated 
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the SIRT1 substrate PGC-1α resulted from low levels of NAD+ in aged mice [74]. 
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stress, transcribing proteins such as UCP2 and SODs. (D) Accumulation of misfolded proteins leads to the 
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resembled ALS: motor neuron degeneration, hypothermia, motor dysfunction and 
paralysis, reduced general motor activity, and anxiety-like behaviors. Remarkably, 
nicotinamide mononucleotide (NMN), a NAD+ precursor, improved health span, 
restored motor function, and extended lifespan [75]. Since the authors also found 
that iNAMPT protein levels were significantly reduced in the spinal cord of ALS 
patients, the NAD+/SIRT1 axis represents an outstanding therapeutic opportunity.

For a long time, the beneficial effect of resveratrol has been controversial due 
to inconsistent results and tissue-dependent effects. Price and colleagues showed 
that a moderate dose of resveratrol is able to stimulate the AMPK activity, increase 
NAD+ levels, enhance mitochondrial biogenesis, and improve mitochondrial 
function. All of these functions were entirely dependent upon SIRT1 in skeletal 
muscle [76]. Interestingly, a tenfold higher dose of resveratrol activated AMPK in 
a SIRT1-independent manner, although improvements in mitochondrial function 
were SIRT1 dependent [76]. Finally, it was demonstrated that resveratrol-mediated 
SIRT1 activation protects against p25 and mutant SOD1-G93A neurotoxicity both 
in vitro and in vivo [77].

4.2 The role of SIRT in DDR

Beyond its role in metabolism, SIRT1 is also important in DNA repair. In post-
mitotic neurons, SIRT1 was rapidly recruited to DSBs where it showed a synergistic 
relationship with ATM, stimulating its autophosphorylation and stabilizing ATM at 
DSBs’ sites [78]. Additionally, authors reported that after DSBs’ induction, SIRT1 
also bound HDAC1, a neuroprotective histone deacetylase, stimulating its enzy-
matic activity. This activity is necessary for the nonhomologous end joining (NHEJ) 
pathway [78]. Likewise, upon exposure to radiation, SIRT1 can enhance DNA repair 
capacity and deacetylation of repair protein Ku70, involved in NHEJ as well [79].

SIRT1 also interacts with WRN both in vitro and in vivo, and this interaction 
is enhanced after DNA damage [80]. WRN is a member of the RecQ DNA helicase 
family with functions in maintaining genome stability. Moreover, the MRE11-
RAD50-NBS1 (MRN) is a conserved nuclease complex that exhibits properties of 
a DNA damage sensor in the context of DSBs. SIRT1 can associate with the MRN 
complex and maintains NBS1 in a hypoacetylated state following ionizing radiation 
[81]. SIRT1 is also important for the base excision repair (BER) pathway. It was 
shown that SIRT1 deacetylates APE1 in vitro and in vivo following genotoxic insults 
[82]. Knockdown of SIRT1 increases cellular abasic DNA content, sensitizing cells 
to death induced by genotoxic stress. Interestingly, the activation of SIRT1 with 
resveratrol promoted binding of APE1 to XRCC1 [82]. Thymine DNA glycosylase 
(TDG) is an essential multifunctional enzyme also involved in BER. SIRT1 was 
shown to interact with TDG and enhance its glycosylase activity due to deacety-
lation [83]. Nucleotide excision repair (NER) is another important pathway in DNA 
repair. NER removes DNA damage induced by ultraviolet light (UV). Xeroderma 
pigmentosum group A (XPA) is a critical protein for this process. SIRT1 interacts 
with XPA, and the interaction is enhanced after UV irradiation [84]. In fact, down-
regulation of SIRT1 sensitized cells to UV irradiation.

4.3 The role of FUS in DDR

FUS is important for both NHEJ- and HR-mediated DSB repair in neurons. As 
SIRT1, FUS interacts with HDAC1 and enhances its activity in both physiological 
conditions and DNA damage in cortical neurons [85]. The same was demonstrated 
in human-induced pluripotent stem cells (hiPSCs) and hiPSC-derived motor 
neurons. The degree of FUS mislocalization correlated well with the clinical severity 
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of the underlying ALS, with a higher accumulation of DNA damage in postmitotic 
mutated FUS motor neurons than in dividing hiPSCs [86]. Although FUS has been 
associated with multiple DNA repair pathways including DSB repair, quantifica-
tion of the level of DNA SSBs vs. DSBs in FUS knockdown (KD) and knockout 
(KO) cells by comet analysis revealed that most unrepaired DNA strand breaks that 
accumulated after the loss of FUS were SSBs [87].

FUS protects the genome by facilitating PARP1-dependent recruitment of 
XRCC1/DNA ligase IIIα (LigIII) to oxidized genome sites and activating LigIII via 
direct interaction [88]. Cells presenting mutant FUS showed a significantly reduced 
association between this DNA repair protein complex, SSBs’ accumulation, and 
ROS levels in motor neurons. LigIII was demonstrated to be an essential enzyme for 
mtDNA integrity but dispensable for nuclear DNA repair [89]. LigI was critical for 
nuclear DNA repair in a cooperative manner with LigIII, but inactivation of LigIII 
resulted in mtDNA loss, mitochondrial dysfunction, and incapacitating ataxia in 
the mouse nervous system. However, as neurons do not divide, it is possible that 
LigIII is equally important for nuclear DNA repair. Following the idea that mtDNA 
integrity is vital in postmitotic tissues, the authors also found that inactivation of 
LigIII in cardiac muscle resulted in mitochondrial dysfunction and defective heart-
pump function leading to heart failure [89]. More research is needed to elucidate 
the interaction of ALS-associated proteins with both nuclear and mitochondrial 
DNA repair enzymes (Figure 1).

4.4 Cross talk between auto-/mitophagy and DNA repair in ALS

Autophagy is a crucial process to eliminate misfolded proteins and organelles. 
Mitophagy is a special subroutine of autophagy, involved in the maintenance of 
mitochondrial homeostasis. An important protein regulating this process is p62. 
The molecular mechanism of p62-mediated mitochondrial defective clearance 
was demonstrated by Geisler and colleagues [90]. Knockdown of p62 significantly 
diminished mitochondria recognition by the autophagy machinery and its sub-
sequent elimination [91]. Notably, accumulation of misfolded proteins leads to 
the aberrant p62 expression, which influences the balance of mitophagy, worsens 
mitochondrial dysfunction, and induces more protein aggregates [92]. This can 
explain the vulnerability of non-cycling cells to proteinopathies in the context of 
mitochondrial dysfunction [93–96].

Autophagy is also important to maintain functional DNA repair by prevent-
ing p62 accumulation. In the context of ALS, where p62 accumulates, RNF168-
mediated H2A ubiquitylation (U) is perturbed, leading to impaired DSBs’ repair 
and genomic instability [29]. Wang and colleagues reported that p62/SQSTM1, 
which accumulates in autophagy-defective cells, directly binds to and inhibits 
nuclear RNF168, which is crucial for histone H2A ubiquitination and DNA damage 
responses. As a result, DNA repair proteins such as BRCA1, RAP80, and Rad51 can-
not be recruited to the sites of DNA double-strand breaks (DSBs), which impairs 
DSBs’ repair [97]. The interaction between mitochondrial dysfunction, defective 
mitophagy, and protein aggregation should be the subject of further investigation. 
This could generate new therapeutic avenues in the context of neurodegenerative 
diseases that occur with proteinopathies.

5. Therapeutic challenges and opportunities

Despite the clear role of mitochondria in neurodegeneration, the application 
of translational medicine in this field remains to be addressed. The lack of new 
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with XPA, and the interaction is enhanced after UV irradiation [84]. In fact, down-
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associated with multiple DNA repair pathways including DSB repair, quantifica-
tion of the level of DNA SSBs vs. DSBs in FUS knockdown (KD) and knockout 
(KO) cells by comet analysis revealed that most unrepaired DNA strand breaks that 
accumulated after the loss of FUS were SSBs [87].
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XRCC1/DNA ligase IIIα (LigIII) to oxidized genome sites and activating LigIII via 
direct interaction [88]. Cells presenting mutant FUS showed a significantly reduced 
association between this DNA repair protein complex, SSBs’ accumulation, and 
ROS levels in motor neurons. LigIII was demonstrated to be an essential enzyme for 
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nuclear DNA repair in a cooperative manner with LigIII, but inactivation of LigIII 
resulted in mtDNA loss, mitochondrial dysfunction, and incapacitating ataxia in 
the mouse nervous system. However, as neurons do not divide, it is possible that 
LigIII is equally important for nuclear DNA repair. Following the idea that mtDNA 
integrity is vital in postmitotic tissues, the authors also found that inactivation of 
LigIII in cardiac muscle resulted in mitochondrial dysfunction and defective heart-
pump function leading to heart failure [89]. More research is needed to elucidate 
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Autophagy is a crucial process to eliminate misfolded proteins and organelles. 
Mitophagy is a special subroutine of autophagy, involved in the maintenance of 
mitochondrial homeostasis. An important protein regulating this process is p62. 
The molecular mechanism of p62-mediated mitochondrial defective clearance 
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diminished mitochondria recognition by the autophagy machinery and its sub-
sequent elimination [91]. Notably, accumulation of misfolded proteins leads to 
the aberrant p62 expression, which influences the balance of mitophagy, worsens 
mitochondrial dysfunction, and induces more protein aggregates [92]. This can 
explain the vulnerability of non-cycling cells to proteinopathies in the context of 
mitochondrial dysfunction [93–96].

Autophagy is also important to maintain functional DNA repair by prevent-
ing p62 accumulation. In the context of ALS, where p62 accumulates, RNF168-
mediated H2A ubiquitylation (U) is perturbed, leading to impaired DSBs’ repair 
and genomic instability [29]. Wang and colleagues reported that p62/SQSTM1, 
which accumulates in autophagy-defective cells, directly binds to and inhibits 
nuclear RNF168, which is crucial for histone H2A ubiquitination and DNA damage 
responses. As a result, DNA repair proteins such as BRCA1, RAP80, and Rad51 can-
not be recruited to the sites of DNA double-strand breaks (DSBs), which impairs 
DSBs’ repair [97]. The interaction between mitochondrial dysfunction, defective 
mitophagy, and protein aggregation should be the subject of further investigation. 
This could generate new therapeutic avenues in the context of neurodegenerative 
diseases that occur with proteinopathies.

5. Therapeutic challenges and opportunities

Despite the clear role of mitochondria in neurodegeneration, the application 
of translational medicine in this field remains to be addressed. The lack of new 
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therapeutic options and the limitations of current genetic editing techniques make 
it difficult to have a clear path for future research. Due to the failure in targeting 
specific aspects of mitochondria, mitochondrial transplantation presents a new 
paradigm of therapeutic intervention that may benefit neuronal survival and 
regeneration in ALS and similar diseases. The clinical application of mitochondrial 
transplantation was extensively reviewed by Chang and colleagues already [98].

The importance of this approach has been demonstrated in different lines of 
research. For example, it was shown that astrocytes in mice release functional 
mitochondria that enter neurons and amplify cell survival signals after stroke [99]. 
Cardiomyocytes share several similitudes with neurons, including the postmitotic 
state, the high transcription rate, the similar metabolic profile, and the underlying 
dependence on mitochondrial homeostasis. Following myocardial ischemia and 
reperfusion (IR), several alterations have been demonstrated in mitochondrial 
structure and function. Mitochondrial transplantation has been proposed as a 
strong opportunity for the treatment of IR [100]. Masuzawa and colleagues showed 
in a model of ischemia-reperfusion injury that transplantation of autologously 
derived mitochondria immediately prior to reperfusion ameliorated the damage. 
By using New Zealand white rabbits, they demonstrated a complete recovery and 
showed that the transplanted mitochondria enhanced oxygen consumption, high-
energy phosphate synthesis, and enhanced post-infarct cardiac function [101].

In a model of Parkinson’s disease induced by the respiratory chain inhibitor 
MPTP, Shi and colleagues demonstrated in mice that intravenous injection of 
mitochondria prevented the progression of the disease. Specifically, the authors 
reported increased activity of the electron transport chain, decreased ROS levels, 
and prevention of cell apoptosis and necrosis [102]. Other approaches have been 
addressed following this so-called mitochondrial medicine approach in ALS, such 
as ketogenic diet, antioxidants, and metabolic targeting drugs [103]. Based on 
the evidence provided until this point, mitochondrial transplantation should be 
validated as a therapeutic option in ALS. The safety and efficacy, delivery strategies, 
the periodicity of the transplant, and the capture by the cells of interest should be 
rigorously analyzed experimentally. Thus, if its effectiveness is proven in animal 
models, hopefully, clinical trials can be performed soon.

6. Conclusions

The DNA repair deficiency is a hallmark that combines at the pathological level 
with mitochondrial dysfunction, which highlights the special dependence of neu-
rons on genomic integrity and metabolic stability. This highlights what we called the 
pathological tropism of the nervous system. At this point, it is clear that whatever 
the etiology behind ALS and motor neuron degeneration, mitochondrial dysfunc-
tion is present in all fALS and sporadic ALS patients. The fact that mitochondrial 
damage appears in the presymptomatic stage of the disease raises an opportunity 
for targeting mitochondria and hopefully makes disease progression slower or even 
stops it. Mitochondrial transplantation represents a promising avenue for the fol-
lowing years, as well as NAD+ repletion therapy and mitophagy-inducing agents.
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Chapter 5

The Role of Extracellular Vesicles
in the Progression of ALS and
Their Potential as Biomarkers
and Therapeutic Agents with
Which to Combat the Disease
Changho Chun, Alec S.T. Smith, Mark Bothwell
and David L. Mack

Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that
impairs motor neuron function, leading to severe muscular atrophy. The non-cell
autonomous and heterogeneous nature of the disease has so far hindered attempts
to define ALS etiology, leaving the disease incurable and without effective treat-
ments. Recent studies have focused on the pathologic role of intercellular commu-
nication between nerve cells to further our understanding of ALS pathophysiology.
In this chapter, we summarize recent works investigating the role of extracellular
vesicles (EVs) as a means of cellular crosstalk for ALS disease propagation, diagno-
sis, and treatment. There is growing evidence that EVs secreted by the majority of
mammalian cells serve as effective biomolecule carriers to modulate recipient cell
behavior. This underscores the need to understand the EV-mediated interplay that
occurs within irreversibly degenerating nervous tissue in ALS patients. Addition-
ally, we highlight current gaps in EV-ALS research, especially in terms of the
pathologic role and responsibilities of specific EV cargos in diseased cells, specificity
issues associated with the use of EVs in ALS diagnosis, and the efficacy of EV-
mediated treatments for the restoration of diseased neuromuscular tissue. Finally,
we provide suggestions for future EV-ALS research to better understand, diagnose,
and cure this inveterate disease.

Keywords: ALS, extracellular vesicle, exosome, propagation, biomarker,
therapeutic agent

1. Introduction

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is
a heterogeneous neurodegenerative disease that primarily impairs both upper and
lower motor neurons [1, 2]. 5000 people in the United States are diagnosed with
ALS each year, mostly between the ages of 40 and 70. The irreversibly progressive
nature of ALS leads to the death of most patients within 2–5 years of diagnosis,
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typically due to respiratory failure [1, 3]. In most patients, the cause of ALS is
unknown. Only 10% of patients have a familial history of ALS, caused by specific
mutations in their genomes, while 90% are exhibit sporadic ALS due to unknown
causal factors [1, 4, 5]. The lack of understanding concerning ALS disease mecha-
nisms has led to the development of very few FDA approved drugs. To date, those
drugs that have progressed to the US market merely slow down disease progression
by a few months and do little to restore patient’s neuromuscular function [6]. As
progressive degeneration and the non-cell autonomous nature of ALS are known to
be major reasons for this stalemate, the aim of much current ALS research is
focused on understanding the diverse interplay between neurons and non-neuronal
components in neuromuscular tissue. Among the non-neuronal components, glial
cells and their crosstalk with neurons have been major targets of study regarding
symptomatic development and progression in ALS [7–10]. Accordingly, research
into a myriad of proteins and RNAs known to be transmissible between neurons
and glial cells has been gaining interest in recent years. It is already well-established
that such agents can act as molecular ‘messengers’ to alter the behavior of nearby
cells in ALS, but the detailed mechanisms that underpin specific cargo selection,
initiation of transport, and subsequent activation of the internalized biomolecules
are not fully understood.

Extracellular vesicles (EVs) are lipid bi-layered particles, less than 2 μm in size,
secreted by the majority of mammalian cells, including nerve cells, to mediate
diverse paracrine signaling pathways [11–13]. These vesicles are typically classified
into three categories: microvesicles, apoptotic bodies, and exosomes [14].
Microvesicles and apoptotic bodies are normally 0.1–2 μm in size and bud directly
from the plasma membrane. Exosomes, on the other hand, are smaller (50–150 nm)
and are generated within cytoplasmic multivesicular bodies (MVBs) before being
secreted to the extracellular space through subsequent fusion of MVBs with the
plasma membrane [11, 15].

In many neurodegenerative disorders, EVs derived from nerve cells have been
proposed to be responsible for spreading neurotoxins to normal cells, accelerating
disease progression [16–20]. In the diseased cell, misregulated proteins serve as
‘templates’ for subsequent protein oligomerization, generating insoluble toxic
aggregates. Such aggregates are then either degraded by lysosomes using a ‘self-
clearance’ mechanism, or incorporated into MVBs and/or the plasma membrane
facilitating subsequent release into the extracellular space [21]. EV-loaded biomol-
ecules can then be transmitted to recipient cells primarily by endocytosis but also by
endosomal fusion of the EV membrane with cell’s plasma membrane [22]. For
example, exosomes facilitate the intercellular delivery of amyloid beta (Aβ) pep-
tides in Alzheimer’s disease, leading to plaque formation in the recipient cells
[19, 20]. A similar trend of EV-mediated or free protein spreading in a ‘prion-like’
manner is observed in Parkinson’s disease (PD). Specifically, studies with mice have
demonstrated that grafted cells containing aggregated α-synuclein can transfer
these protein aggregates to healthy brain tissue [23].

As the contents of EVs reflect the physiological status of the original cell, recent
studies have begun to evaluate the possibility of using these structures as bio-
markers with which to gauge the onset and progression of a diverse range of
neurodegenerative diseases. Issues remain with identifying tissue specificity and
cell type of origin for pathogenic EVs found in body fluids. However, convenient
sampling and improved understanding of internal cargo molecules’ function has led
to EV’s being seen as one of the strongest candidate classes for next generation
prognosis/diagnosis screening. As with other degenerative diseases of the central
nervous system (CNS), much recent work on ALS has focused on investigating the
pathological role of EVs in diseased neuromuscular tissue, as well as evaluating their
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applicability in the early diagnosis and further treatment of the disease. In this
review, we will highlight recent research studying the diverse roles of EVs in ALS
progression, diagnosis, and treatment. In addition, we will discuss possible solutions
for unsolved problems in this area and suggest future directions for ALS-EV
research to further our understanding of ALS pathology and help develop advanced
diagnosis and treatment methods using EVs.

2. EVs as dysregulated biomolecule carriers for disease propagation
in ALS

ALS tissues commonly contain cells supporting dysregulated protein aggregates
in their cytoplasm and these structures often exert detrimental effects on cell
viability and function. SOD1 (superoxide dismutase 1) and TDP-43 (transactive
DNA binding protein 43 kDa), encoded by the SOD1 and TARDBP genes respec-
tively, are the most well-studied proteins susceptible to ALS-associated aggregation.
Aggregation of these proteins, in some cases due to destabilizing mutations, are
known to be actively involved in motor neuron degeneration in both familial and
sporadic ALS [1, 24, 25]. The SOD1 enzyme resides in the cytoplasm of normal cells
to regulate oxidative stress by converting free superoxide radicals into molecular
oxygen [2]. There are more than 180 mutations reported in the SOD1 gene, and
oligomerization of the encoded proteins has been shown to cause increased intra-
cellular oxidative stress and anomalous metal binding [2]. However, the pathologic
pathway connecting SOD1 mutation, protein dysregulation, and subsequent
neurodegeneration have yet to be defined in a comprehensive manner [2, 26]. TDP-
43 is a highly conserved nuclear RNA and DNA binding protein, known to be
involved in transcriptomic regulation, primarily by RNA splicing but also by effects
on mRNA transport and stability, effects on microRNA production, and participat-
ing in DNA repair [27–31]. Approximately 97% of ALS patients have abnormally
aggregated TDP-43 in their neurons, even without direct mutation of the TARDBP
gene, leading to ALS proteinopathic characteristics in their pathology [6, 32].

Strikingly, recent ALS studies have demonstrated that abnormally transformed
proteins, such as SOD1 and TDP-43, do not merely impair the cells of origin, but
migrate to neighboring cells by means of extracellular exosome release, resulting in
a spread of their cytotoxic effect to recipient cells [33, 34]. Exosome shuttling has
been shown to be a preferred cellular mechanism for removing intracellular toxic
molecules to the extracellular space [35]. The exosomal loading of cytotoxic protein
aggregates is beneficial to host cells since it minimizes the physiological damage
caused by these structures. Such phenomena could be promoted by the host cell
recognizing an increase in intracellular protein aggregation or impaired lysosomal
autophagy. Interestingly, normal neurons cultured with TDP-43 aggregate-loaded
exosomes induce cytoplasmic redistribution of endogenous TDP-43, leading to an
exacerbation of the disease phenotype in mice [36]. Moreover, proteins packaged in
extracellular vesicles are preferentially taken up by recipient cells and exhibit a
greater detrimental physiological effect compared to free protein release, highlight-
ing a crucial role for EV and plasma membrane tethered proteins in regulating
protein internalization and functional activation [37]. These studies suggest an
important interaction between exogenous TDP-43 transported via extracellular
vesicles and endogenous TDP-43 expressed by the recipient cell. Such interactions
constitute a pre-requisite for ‘prion-like’ seeding followed by cytoplasmic protein
redistribution and offer a potential mechanism for the rapid propagation of disease
phenotypes throughout the motor neuron pool. Indeed, when insoluble TDP-43
aggregates taken from ALS brain were introduced to neuron-like SH-SY5Y cells
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typically due to respiratory failure [1, 3]. In most patients, the cause of ALS is
unknown. Only 10% of patients have a familial history of ALS, caused by specific
mutations in their genomes, while 90% are exhibit sporadic ALS due to unknown
causal factors [1, 4, 5]. The lack of understanding concerning ALS disease mecha-
nisms has led to the development of very few FDA approved drugs. To date, those
drugs that have progressed to the US market merely slow down disease progression
by a few months and do little to restore patient’s neuromuscular function [6]. As
progressive degeneration and the non-cell autonomous nature of ALS are known to
be major reasons for this stalemate, the aim of much current ALS research is
focused on understanding the diverse interplay between neurons and non-neuronal
components in neuromuscular tissue. Among the non-neuronal components, glial
cells and their crosstalk with neurons have been major targets of study regarding
symptomatic development and progression in ALS [7–10]. Accordingly, research
into a myriad of proteins and RNAs known to be transmissible between neurons
and glial cells has been gaining interest in recent years. It is already well-established
that such agents can act as molecular ‘messengers’ to alter the behavior of nearby
cells in ALS, but the detailed mechanisms that underpin specific cargo selection,
initiation of transport, and subsequent activation of the internalized biomolecules
are not fully understood.

Extracellular vesicles (EVs) are lipid bi-layered particles, less than 2 μm in size,
secreted by the majority of mammalian cells, including nerve cells, to mediate
diverse paracrine signaling pathways [11–13]. These vesicles are typically classified
into three categories: microvesicles, apoptotic bodies, and exosomes [14].
Microvesicles and apoptotic bodies are normally 0.1–2 μm in size and bud directly
from the plasma membrane. Exosomes, on the other hand, are smaller (50–150 nm)
and are generated within cytoplasmic multivesicular bodies (MVBs) before being
secreted to the extracellular space through subsequent fusion of MVBs with the
plasma membrane [11, 15].

In many neurodegenerative disorders, EVs derived from nerve cells have been
proposed to be responsible for spreading neurotoxins to normal cells, accelerating
disease progression [16–20]. In the diseased cell, misregulated proteins serve as
‘templates’ for subsequent protein oligomerization, generating insoluble toxic
aggregates. Such aggregates are then either degraded by lysosomes using a ‘self-
clearance’ mechanism, or incorporated into MVBs and/or the plasma membrane
facilitating subsequent release into the extracellular space [21]. EV-loaded biomol-
ecules can then be transmitted to recipient cells primarily by endocytosis but also by
endosomal fusion of the EV membrane with cell’s plasma membrane [22]. For
example, exosomes facilitate the intercellular delivery of amyloid beta (Aβ) pep-
tides in Alzheimer’s disease, leading to plaque formation in the recipient cells
[19, 20]. A similar trend of EV-mediated or free protein spreading in a ‘prion-like’
manner is observed in Parkinson’s disease (PD). Specifically, studies with mice have
demonstrated that grafted cells containing aggregated α-synuclein can transfer
these protein aggregates to healthy brain tissue [23].

As the contents of EVs reflect the physiological status of the original cell, recent
studies have begun to evaluate the possibility of using these structures as bio-
markers with which to gauge the onset and progression of a diverse range of
neurodegenerative diseases. Issues remain with identifying tissue specificity and
cell type of origin for pathogenic EVs found in body fluids. However, convenient
sampling and improved understanding of internal cargo molecules’ function has led
to EV’s being seen as one of the strongest candidate classes for next generation
prognosis/diagnosis screening. As with other degenerative diseases of the central
nervous system (CNS), much recent work on ALS has focused on investigating the
pathological role of EVs in diseased neuromuscular tissue, as well as evaluating their
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applicability in the early diagnosis and further treatment of the disease. In this
review, we will highlight recent research studying the diverse roles of EVs in ALS
progression, diagnosis, and treatment. In addition, we will discuss possible solutions
for unsolved problems in this area and suggest future directions for ALS-EV
research to further our understanding of ALS pathology and help develop advanced
diagnosis and treatment methods using EVs.

2. EVs as dysregulated biomolecule carriers for disease propagation
in ALS

ALS tissues commonly contain cells supporting dysregulated protein aggregates
in their cytoplasm and these structures often exert detrimental effects on cell
viability and function. SOD1 (superoxide dismutase 1) and TDP-43 (transactive
DNA binding protein 43 kDa), encoded by the SOD1 and TARDBP genes respec-
tively, are the most well-studied proteins susceptible to ALS-associated aggregation.
Aggregation of these proteins, in some cases due to destabilizing mutations, are
known to be actively involved in motor neuron degeneration in both familial and
sporadic ALS [1, 24, 25]. The SOD1 enzyme resides in the cytoplasm of normal cells
to regulate oxidative stress by converting free superoxide radicals into molecular
oxygen [2]. There are more than 180 mutations reported in the SOD1 gene, and
oligomerization of the encoded proteins has been shown to cause increased intra-
cellular oxidative stress and anomalous metal binding [2]. However, the pathologic
pathway connecting SOD1 mutation, protein dysregulation, and subsequent
neurodegeneration have yet to be defined in a comprehensive manner [2, 26]. TDP-
43 is a highly conserved nuclear RNA and DNA binding protein, known to be
involved in transcriptomic regulation, primarily by RNA splicing but also by effects
on mRNA transport and stability, effects on microRNA production, and participat-
ing in DNA repair [27–31]. Approximately 97% of ALS patients have abnormally
aggregated TDP-43 in their neurons, even without direct mutation of the TARDBP
gene, leading to ALS proteinopathic characteristics in their pathology [6, 32].

Strikingly, recent ALS studies have demonstrated that abnormally transformed
proteins, such as SOD1 and TDP-43, do not merely impair the cells of origin, but
migrate to neighboring cells by means of extracellular exosome release, resulting in
a spread of their cytotoxic effect to recipient cells [33, 34]. Exosome shuttling has
been shown to be a preferred cellular mechanism for removing intracellular toxic
molecules to the extracellular space [35]. The exosomal loading of cytotoxic protein
aggregates is beneficial to host cells since it minimizes the physiological damage
caused by these structures. Such phenomena could be promoted by the host cell
recognizing an increase in intracellular protein aggregation or impaired lysosomal
autophagy. Interestingly, normal neurons cultured with TDP-43 aggregate-loaded
exosomes induce cytoplasmic redistribution of endogenous TDP-43, leading to an
exacerbation of the disease phenotype in mice [36]. Moreover, proteins packaged in
extracellular vesicles are preferentially taken up by recipient cells and exhibit a
greater detrimental physiological effect compared to free protein release, highlight-
ing a crucial role for EV and plasma membrane tethered proteins in regulating
protein internalization and functional activation [37]. These studies suggest an
important interaction between exogenous TDP-43 transported via extracellular
vesicles and endogenous TDP-43 expressed by the recipient cell. Such interactions
constitute a pre-requisite for ‘prion-like’ seeding followed by cytoplasmic protein
redistribution and offer a potential mechanism for the rapid propagation of disease
phenotypes throughout the motor neuron pool. Indeed, when insoluble TDP-43
aggregates taken from ALS brain were introduced to neuron-like SH-SY5Y cells
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endogenously expressing normal TDP-43, the treatment induced significant
aggregation of TDP-43 in recipient cells in a self-templating manner [38].
Similarly, SOD1 aggregates transferred via exosomes have been shown to work
as self-templating ‘seeds’ in recipient cells, leading to the propagation of a
misfolded protein that persists in culture over multiple passages and population
doublings [34].

Although recent studies have observed intercellular protein transmission via
EVs, their specific roles in neuromuscular pathophysiology are poorly understood.
In particular, how the transfer of abnormal proteins induces subsequent neuronal
damage and a breakdown in their electrophysiological function has yet to be eluci-
dated. Furthermore, by taking into account that ALS exhibits non-neuron autono-
mous characteristics, it is essential to obtain a more comprehensive understanding
of whether and how non-neuronal nerve cells can damage neuromuscular function
via the exosomal transfer pathway. Table 1 provides an overview of the studies
performed so far relating to the role of EVs in propagating ALS pathologies to
neighboring cells and these studies are discussed in more detail throughout
this section.

Among non-neuronal cell types, astrocytes have gained significant interest as
carriers of detrimental protein aggregates in ALS tissues. Secretome analysis of
astrocytic exosomes from SOD1 (G93A) mutant mice were reported to contain
SOD1 aggregates, and the exosomal release of these structures accounted for a
larger proportion of SOD1 transport than free SOD1 release [4, 14]. In addition,
proteomic analysis has revealed that proteins involved in vesicle trafficking are
downregulated in mutant astrocytes, indicating a possible impairment of protein
disposal in ALS astrocytes. Moreover, wild-type mice transplanted with astrocyte
progenitors expressing mutant SOD1 exhibit motor neuron impairment, raising the
reasonable postulation that diseased astrocytes utilize extracellular vesicle-mediated
paracrine communication to deliver pathogenic protein aggregates to motor neu-
rons [4, 14]. Another quantitative proteomic analysis of EVs derived from ALS
nervous tissue showed a relative absence of the microglial marker (CD11b) but
positive expression for the astrocyte marker (GLAST) and the synaptic marker
(SNAP25), indicating that astrocytes and neurons may constitute the major cell
types involved in EV-mediated communication in the CNS [7]. However, as the
main function of microglia in the CNS is immune response regulation under pro-
inflammatory conditions, microglia might also actively secrete EVs within an
immune-active environment to modulate the immune response of other nerve cells.
Since ALS is reported to have autoimmune disease characteristics as well [39, 40],
a pathogenic role for EVs secreted from diseased microglia in ALS tissue could be
another important subject to explore.

Do skeletal muscle cells also secrete EVs for neuronal uptake? The breakdown of
neuromuscular junctions (NMJs; the synapses connecting lower motor neurons
and skeletal muscle fibers) is a critical early indicator of pathological onset in ALS.
However, it remains unclear whether NMJ breakdown occurs due to general ill
health of the motor neuron or some aberrant signaling between these neurons and
their afferent synaptic contacts. If the latter is true, a reasonable hypothesis would
be that ALS progression is affected by paracrine communication between skeletal
muscle and motor neurons. To this point, an interesting study in 2017 described the
involvement of skeletal muscle in EV-based crosstalk in neuromuscular tissues. In
ALS muscle biopsies, noticeable accumulation of MVBs containing exosome-like
vesicles were measured, with significant increases in vesicular protein concentra-
tions reported when compared with controls. In addition to the denser protein
accumulation reported in the EVs, ALS skeletal muscle-derived EVs were shown to
exclusively damage neuronal viability in vitro [4, 14].
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Role of EV Study method Source of EV Significance Unknowns Reference

Dysregulated
protein and
RNA carrier

In vitro study
with astrocytes
and mouse
motor neurons

Directly
differentiated
astrocytes from
fALS
(C9ORF72)
patient-derived
fibroblast

Micro-RNAs in
ALS astrocyte-
derived
extracellular
vesicle (EV)
caused neuronal
network
degeneration
and growth
cone impairment

The role of
C9ORF72 protein
for dysregulated
miRNA
encapsulation in
EV

Varcianna
et al. [41]

In vitro/ex vivo
study for whole
tissue vesicle
isolation

Brain- and
spinal cord
tissue from
NTg and SOD1
mutant mice

Brain-derived
astrocytes and
neurons, but not
microglia, were
the main EV
source in CNS

Detailed cargo
modification
pattern of EVs in
the diseased cells

Silverman
et al. [7]

Clinical
research with
sporadic ALS
patients’ body
fluid for EV
analysis

Venous blood
of sALS
patients

Microvesicles of
ALS patients
were enriched
with potentially
pathological
protein (SOD1,
TDP-43, FUS),
while exosomes
did not show any
protein changes

Contradictory
result with other
(in vitro) studies
that suggested
huge loading of
dysregulated
proteins in
exosomes of ALS
mutant cells

Sproviero
et al. [59]

In vitro study
with ALS
mouse muscle-
derived
exosomes
treated to
primary/iPSC-
derived motor
neurons

Skeletal muscle
cells from
SOD1 mutant
mouse

EVs derived
from ALS
myotubes
encapsulated
H2-AX
(neurotoxin)
which suggests
possible
dissemination of
various
neurotoxic
molecules from
diseased skeletal
muscle to
normal neurons

Is H2-AX a major
neurotoxin in
human ALS
skeletal muscle as
well?

Gall
et al. [60]

In vitro study
using Neuro2a
and primary
neurons to
study the role
of exosomes in
ALS
proteinopathy

Primary
neurons and
Neuro2a cells
from ALS
mouse brain

Exosome
secretion was
beneficial in
neuronal
clearance of
pathological
TDP-43, but also
it might be
responsible for
the propagation
of the toxic
TDP-43
aggregates to the
other cells

Should we inhibit
exosome secretion
to prevent
aggregated TDP-43
propagation or
promote the
secretion for TDP-
43 clearance in
neurons?

Iguchi
et al. [36]

In vitro co-
culture of NSC-
34 with cortical

Mutant DPR
(dipeptide
repeat
proteins)

DPRs can be
transmitted to
neurons and glial
cells with/

Difference
between
propagated DPRs
and other

Westergard
et al. [61]
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endogenously expressing normal TDP-43, the treatment induced significant
aggregation of TDP-43 in recipient cells in a self-templating manner [38].
Similarly, SOD1 aggregates transferred via exosomes have been shown to work
as self-templating ‘seeds’ in recipient cells, leading to the propagation of a
misfolded protein that persists in culture over multiple passages and population
doublings [34].

Although recent studies have observed intercellular protein transmission via
EVs, their specific roles in neuromuscular pathophysiology are poorly understood.
In particular, how the transfer of abnormal proteins induces subsequent neuronal
damage and a breakdown in their electrophysiological function has yet to be eluci-
dated. Furthermore, by taking into account that ALS exhibits non-neuron autono-
mous characteristics, it is essential to obtain a more comprehensive understanding
of whether and how non-neuronal nerve cells can damage neuromuscular function
via the exosomal transfer pathway. Table 1 provides an overview of the studies
performed so far relating to the role of EVs in propagating ALS pathologies to
neighboring cells and these studies are discussed in more detail throughout
this section.

Among non-neuronal cell types, astrocytes have gained significant interest as
carriers of detrimental protein aggregates in ALS tissues. Secretome analysis of
astrocytic exosomes from SOD1 (G93A) mutant mice were reported to contain
SOD1 aggregates, and the exosomal release of these structures accounted for a
larger proportion of SOD1 transport than free SOD1 release [4, 14]. In addition,
proteomic analysis has revealed that proteins involved in vesicle trafficking are
downregulated in mutant astrocytes, indicating a possible impairment of protein
disposal in ALS astrocytes. Moreover, wild-type mice transplanted with astrocyte
progenitors expressing mutant SOD1 exhibit motor neuron impairment, raising the
reasonable postulation that diseased astrocytes utilize extracellular vesicle-mediated
paracrine communication to deliver pathogenic protein aggregates to motor neu-
rons [4, 14]. Another quantitative proteomic analysis of EVs derived from ALS
nervous tissue showed a relative absence of the microglial marker (CD11b) but
positive expression for the astrocyte marker (GLAST) and the synaptic marker
(SNAP25), indicating that astrocytes and neurons may constitute the major cell
types involved in EV-mediated communication in the CNS [7]. However, as the
main function of microglia in the CNS is immune response regulation under pro-
inflammatory conditions, microglia might also actively secrete EVs within an
immune-active environment to modulate the immune response of other nerve cells.
Since ALS is reported to have autoimmune disease characteristics as well [39, 40],
a pathogenic role for EVs secreted from diseased microglia in ALS tissue could be
another important subject to explore.

Do skeletal muscle cells also secrete EVs for neuronal uptake? The breakdown of
neuromuscular junctions (NMJs; the synapses connecting lower motor neurons
and skeletal muscle fibers) is a critical early indicator of pathological onset in ALS.
However, it remains unclear whether NMJ breakdown occurs due to general ill
health of the motor neuron or some aberrant signaling between these neurons and
their afferent synaptic contacts. If the latter is true, a reasonable hypothesis would
be that ALS progression is affected by paracrine communication between skeletal
muscle and motor neurons. To this point, an interesting study in 2017 described the
involvement of skeletal muscle in EV-based crosstalk in neuromuscular tissues. In
ALS muscle biopsies, noticeable accumulation of MVBs containing exosome-like
vesicles were measured, with significant increases in vesicular protein concentra-
tions reported when compared with controls. In addition to the denser protein
accumulation reported in the EVs, ALS skeletal muscle-derived EVs were shown to
exclusively damage neuronal viability in vitro [4, 14].
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Although dysregulated protein transfer is of major interest in ALS-EV research,
the role of transmissible miRNAs in facilitating ALS progression should not be
overlooked. EVs obtained from astrocytes derived from ALS patient post-mortem
tissue (C9ORF72 mutation) have been shown to display a neurotoxic phenotype,
inducing mouse motor neuron degeneration, though fewer EVs were secreted from
diseased astrocytes than normal controls [41]. Dysregulated miR-494-3p was iden-
tified as a main component of the diseased EVs. This astrocyte-specific miRNA is

Role of EV Study method Source of EV Significance Unknowns Reference

neurons and
astrocytes

transfected
NSC-34 cells

without
exosome
involvement

dysregulated
proteins (TDP-43,
SOD1) in terms of
their
neurodegeneration
effect?

In vitro study
using ALS
patient-derived
exosomes and
human glioma
cell line (U251)

CSF from 18
sALS patients

ALS-CSF
incubation with
U251 cells
increased mis-
located TDP-43
in the glioma
cells and induced
their apoptotic
behavior and
macro
autophagy
process

Connection
between
propagated TDP-
43 and autophagy
mechanism in
recipient cells

Zhou et al.
[62]

In vitro study
using primary
neurons and
TDP-43
transfected
HEK cells

ALS post-
mortem lysate,
primary
cortical mouse
neurons and
HEK cells

TDP-43
oligomers were
present in EVs
and showed that
microvesicular
TDP-43 exerts
higher toxicity
than free
TDP-43

EV encapsulating
pathway of
neurotoxic TDP-43
oligomers

Feiler et al.
[37]

In vitro study
with
neuroblastoma
cells with brain
tissue obtained
from ALS/FTD
patients

Neuroblastoma
cells expressing
TDP-43 and
SOD1

Misfolded wild-
type proteins
could traverse
cell-to-cell as a
self-templating
‘seed’ either as
free protein
aggregates or
loaded on the
surface of
exosomes

Which specific
receptors control
the uptake of
misfolded TDP-43/
SOD1 presented on
exosomes?

Nonaka
et al. [38]

In vitro study
analyzing
neurotoxic
effect and
amount of
SOD1 protein
encapsulated in
astrocytic
exosomes

Primary
astrocytes from
mouse
expressing
human mutant
SOD1

Mutant SOD1
astrocytes
released
increased
number of
exosomes, which
were toxic for
motor neurons

Protein factors
which involved in
mutant SOD1
astrocytic exosome

Basso et al.
[26]

Table 1.
Overview of the recent findings regarding roles for extracellular vesicles in ALS disease propagation.
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known to negatively regulate semaphorin-3A expression, which is highly involved
in axonal growth and maintenance [41]. Similarly, exosomes secreted by mouse-
derived motor neuron-like cells (NSC-34) transfected with a human SOD1 mutant
variant were enriched with miR-124. This miRNA was in turn transmissible to the
microglia, where it induced impairment of their phagocytic ability and an increase
in pro-inflammatory gene expression [42]. These results indicate the presence of a
multi-directional intercellular communication network in ALS that is mediated by
miRNAs encapsulated in EVs. Researchers have only begun to scratch the surface of
EV-mediated miRNA transfer in ALS and this area requires more comprehensive
study to fully disentangle the pathologic milieu that exists among the different types
of nerve cells in ALS nervous tissue.

Research investigating EV-mediated ALS pathophysiology is in an incipient
stage, and impressive results in previous studies are still raising a number of impor-
tant questions that must be addressed. For example, it is unclear whether the
beneficial effect of elimination of intracellular toxic proteins outweighs the delete-
rious effects of uptake of those proteins by neighboring cells. Understanding this
point will be critical when designing therapeutic methods to inhibit the propagation
process. Furthermore, to promote extracellular disposal of toxic protein aggregates
while inhibiting their uptake by neighboring cells, we need to fully understand the
interactions between surface proteins on detrimental EVs and those on the plasma
membranes of motor neurons. Alternatively, efforts could be focused on enhancing
lysosomal degradation process over EV-mediated protein disposal in diseased cells,
but it is unclear whether the majority of detrimental contents in their multivesicular
bodies can alternatively be delivered to autophagosomes for degradation. Another
gap in EV-ALS research is a lack of studies focused on analyzing motor neuron-
derived EVs to understand the phenotypic effect of transmitting neuron-originated
proteins to other neurons and/or non-neuronal cells within ALS tissues. As motor
neurons are the main target in ALS pathogenesis, pathogenic proteins are likely to
be enriched in motor neuron-derived EVs and could potentially directly damage glia
and/or NMJ structures, or even directly affect skeletal muscle contractility. We
believe that answering these questions, in addition to better characterizing non-
neuronal EV cargos, should constitute the principle focuses of future studies aimed
at improving our understanding of EV-mediated ALS progression. The results of
such work would doubtlessly provide invaluable insights into ALS pathophysiology
and help identify suitable targets for future therapeutic development.

3. Can EVs serve as reliable biomarkers for ALS?

There is no reliable biomarker established for ALS, neither for confirming dis-
ease onset nor for characterizing disease progression [43]. The lack of a reliable
biomarker for ALS makes the correct prognosis challenging, and even limits diag-
nosis to relatively late stages, after patients recognize their neuromuscular symp-
toms. As the typical life expectancy for ALS patients is approximately 2–5 years
after disease onset, early and accurate diagnosis is crucial not only for developing
early-stage applicable therapies, but for improving quality of life for patients during
their follow-up period. A new detection method should be robust and convenient
for clinical settings, and, critically, have sufficient detection sensitivity, specificity,
and reproducibility to ensure confidence in the result. Meeting all these require-
ments simultaneously is an extremely challenging goal, given the extremely hetero-
geneous nature of the disease. Recent studies are evaluating ALS patient-derived
EVs as potential biomarkers of ALS for prognosis, early diagnosis, and patient
stratification. RNAs collected from patient’s blood or cerebrospinal fluid (CSF;
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Although dysregulated protein transfer is of major interest in ALS-EV research,
the role of transmissible miRNAs in facilitating ALS progression should not be
overlooked. EVs obtained from astrocytes derived from ALS patient post-mortem
tissue (C9ORF72 mutation) have been shown to display a neurotoxic phenotype,
inducing mouse motor neuron degeneration, though fewer EVs were secreted from
diseased astrocytes than normal controls [41]. Dysregulated miR-494-3p was iden-
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known to negatively regulate semaphorin-3A expression, which is highly involved
in axonal growth and maintenance [41]. Similarly, exosomes secreted by mouse-
derived motor neuron-like cells (NSC-34) transfected with a human SOD1 mutant
variant were enriched with miR-124. This miRNA was in turn transmissible to the
microglia, where it induced impairment of their phagocytic ability and an increase
in pro-inflammatory gene expression [42]. These results indicate the presence of a
multi-directional intercellular communication network in ALS that is mediated by
miRNAs encapsulated in EVs. Researchers have only begun to scratch the surface of
EV-mediated miRNA transfer in ALS and this area requires more comprehensive
study to fully disentangle the pathologic milieu that exists among the different types
of nerve cells in ALS nervous tissue.

Research investigating EV-mediated ALS pathophysiology is in an incipient
stage, and impressive results in previous studies are still raising a number of impor-
tant questions that must be addressed. For example, it is unclear whether the
beneficial effect of elimination of intracellular toxic proteins outweighs the delete-
rious effects of uptake of those proteins by neighboring cells. Understanding this
point will be critical when designing therapeutic methods to inhibit the propagation
process. Furthermore, to promote extracellular disposal of toxic protein aggregates
while inhibiting their uptake by neighboring cells, we need to fully understand the
interactions between surface proteins on detrimental EVs and those on the plasma
membranes of motor neurons. Alternatively, efforts could be focused on enhancing
lysosomal degradation process over EV-mediated protein disposal in diseased cells,
but it is unclear whether the majority of detrimental contents in their multivesicular
bodies can alternatively be delivered to autophagosomes for degradation. Another
gap in EV-ALS research is a lack of studies focused on analyzing motor neuron-
derived EVs to understand the phenotypic effect of transmitting neuron-originated
proteins to other neurons and/or non-neuronal cells within ALS tissues. As motor
neurons are the main target in ALS pathogenesis, pathogenic proteins are likely to
be enriched in motor neuron-derived EVs and could potentially directly damage glia
and/or NMJ structures, or even directly affect skeletal muscle contractility. We
believe that answering these questions, in addition to better characterizing non-
neuronal EV cargos, should constitute the principle focuses of future studies aimed
at improving our understanding of EV-mediated ALS progression. The results of
such work would doubtlessly provide invaluable insights into ALS pathophysiology
and help identify suitable targets for future therapeutic development.

3. Can EVs serve as reliable biomarkers for ALS?

There is no reliable biomarker established for ALS, neither for confirming dis-
ease onset nor for characterizing disease progression [43]. The lack of a reliable
biomarker for ALS makes the correct prognosis challenging, and even limits diag-
nosis to relatively late stages, after patients recognize their neuromuscular symp-
toms. As the typical life expectancy for ALS patients is approximately 2–5 years
after disease onset, early and accurate diagnosis is crucial not only for developing
early-stage applicable therapies, but for improving quality of life for patients during
their follow-up period. A new detection method should be robust and convenient
for clinical settings, and, critically, have sufficient detection sensitivity, specificity,
and reproducibility to ensure confidence in the result. Meeting all these require-
ments simultaneously is an extremely challenging goal, given the extremely hetero-
geneous nature of the disease. Recent studies are evaluating ALS patient-derived
EVs as potential biomarkers of ALS for prognosis, early diagnosis, and patient
stratification. RNAs collected from patient’s blood or cerebrospinal fluid (CSF;
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often used as a surrogate for nervous tissue sampling) are the main target of
analyses so far and advanced RNA-sequencing techniques are being employed to
analyze deregulated RNAs exclusively in ALS patient-derived EVs. Recently, Otake
et al. reported a new methodology using highly sensitive exoRNA-sequencing for
comprehensive analysis of exosomal mRNAs in patient CSF, to identify abnormally
expressed mRNAs in exosome samples from ALS patients [43]. The technique
identified 543 mRNAs exhibiting statistically different expression patterns com-
pared to normal samples. In particular, this analysis revealed that the gene CUEDC2
was only detected in ALS patient-derived exosomes. As the gene is known to
regulate the ubiquitin-proteasome pathway as part of the inflammatory response,
its abnormal expression is postulated to cause potential neuroinflammation in ALS,
making CUEDC2 mRNA a strong biomarker candidate [43]. Follow-up studies are
necessary to demonstrate a specific causal relationship between exosomal CUEDC2
mRNA presence (rather than free intracellular CUEDC2 expression) and ALS
development. Furthermore, work demonstrating an omnipresence of the same RNA
mis-regulation in EVs from other ALS patients is also required. However, the
described study highlights how exosomal mRNAs could be attractive biomarker
candidates, given their stability within body fluids, as well as the convenience of
sample collection and ease of subsequent data analysis. Efforts to date to character-
ize EV cargos as ALS biomarkers, including those discussed in detail above and
below, are summarized in Table 2.

As non-coding RNAs are also reported to be involved in ALS onset and progres-
sion, miRNAs loaded in EVs represent another candidate biomarker class for ALS
diagnosis. Study of free miRNA for ALS detection has been previously reported.
Microarray analyses were performed on ALS mutant mouse-derived cells and
patient serum, and the results identified the expression of 10–13 dysregulated
miRNAs in diseased samples [44, 45]. In addition to free-miRNA analyses, Saucier
et al. tried identifying ALS-associated miRNA signatures in EVs to discriminate
blood between healthy and ALS individuals. Extensive exosomal RNA analysis
using high-throughput sequencing coupled with droplet digital PCR enabled the
identification of a group of dysregulated miRNAs, including miR-183-5p, miR-9-5p,
miR-338-3p and miR-1246, which were all remarkably downregulated in ALS
patient-derived exosomes [45].

EV-based biomarker studies in ALS have so far given promising results and
strong motivation for follow-up studies to further specify molecular candidates
with higher disease relevancy. However, limited information on the exosomal
RNAs, in terms of the specific signaling pathways they regulate, is currently avail-
able. This lack of understanding makes it difficult to determine the relevance of
each when attempting to define a diagnostic EV-RNA signature for ALS. Also, as
significant difficulty lies in identifying the cellular origin of EVs collected from
body fluids, their practical application in diagnostics could be challenging, espe-
cially if the same miRNAs secreted from different cells of origin reflect different
states of the disease. Furthermore, the RNA profile in different subtypes of EVs,
such as exosomes versus microvesicles, that exist in patient’s body fluids has not yet
been investigated. As such, more comprehensive RNA analysis, using entire EV
populations, might give discordant results to those reported from exosomal RNA
analysis. Additionally, to date there has not been any analysis of when specific
RNAs arise during ALS disease progression and whether certain expression patterns
are indicative of certain stages of the pathology. Such an understanding is crucial in
determining whether expression of certain RNAs can be employed effectively as
diagnostic tools or as methods to chart disease progression. Finally, as hundreds of
exosomal RNAs in ALS patient body fluids have been found to exhibit significant
differences in their expression levels relative to normal controls, clinically
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CSF of ALS
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normal
donors

A new methodology
for comprehensive
analysis of
exosomal mRNAs
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newly developed
exoRNA-seq, which
showed potential
applicability to
identify specific
ALS biomarkers

Specificity level
of mRNAs
detected in ALS
exosome using
the technique

Otake
et al. [43]

Clinical study
comparing the
expression of miR-
27a-3p in serum-
derived exosomes

Serum of
ALS patients
and healthy
subjects

The expression of
miR-27a-3p in
patients with ALS
was significantly
downregulated than
that in healthy
human serum
exosomes

Specific role of
miR-27-3p in the
expression of
disease
phenotypes in
ALS

Xu et al.
[63]

Clinical analysis of
miRNA profile in 16
ALS patients

Serum of
ALS patients
and healthy
controls

Distinct miRNA
expression profile
was observed in
ALS patient’s
serum-derived
exosomes compared
to healthy controls

Are ALS-
associated
miRNAs
actually
involved in
post-
transcriptional
regulation of
neurons?

Saucier
et al. [45]

In vitro study with
NSC-34 and N9
microglia to
discover ALS
specific miRNAs

Motor
neuron like
NSC-34 cells
with mSOD1
expression

Increased level of
miR-124 in
circulating
exosomes of NSC-
34 may be used as
potential biomarker
of motor neuron
degeneration in
ALS

miR-124
expression in
other health
state? (false
positive issue)

Pinto
et al. [42]

Therapeutic
agent

In vitro study using
adipose-derived
stem cells and
human SOD1
overexpressing
mouse NSCs

Adipose-
derived
stem cells

Adipose-derived
stem cell exosomes
showed paracrine
effect to SVG
neurons to alleviate
their disease
phenotypes and
mitochondrial
dysfunction in ALS

Major exosomal
cargos that exert
each of
therapeutic
effects on
recipient
neurons

Lee
et al. [48]

In vitro study
assessing efficacy of
stromal cell-derived
exosomes on NSC-
34 cells expressing
hSOD1 mutants

Murine
adipose-
derived
stromal cells

The ASC-derived
exosomes were able
to protect motor
neuron-like NSC-34
(SOD1 mutant)
from oxidative
stress and increase
their viability

Where does the
beneficial effect
of ASC-
exosomes come
from?

Bonafede
et al. [50]

Proteomic profiling
of exosomes
derived from mASC

Murine
adipose-

Proteomic analysis
revealed mASC-
derived exosomes

Exosomal effect
on actual
restoration of

Bonafede
et al. [47]
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pared to normal samples. In particular, this analysis revealed that the gene CUEDC2
was only detected in ALS patient-derived exosomes. As the gene is known to
regulate the ubiquitin-proteasome pathway as part of the inflammatory response,
its abnormal expression is postulated to cause potential neuroinflammation in ALS,
making CUEDC2 mRNA a strong biomarker candidate [43]. Follow-up studies are
necessary to demonstrate a specific causal relationship between exosomal CUEDC2
mRNA presence (rather than free intracellular CUEDC2 expression) and ALS
development. Furthermore, work demonstrating an omnipresence of the same RNA
mis-regulation in EVs from other ALS patients is also required. However, the
described study highlights how exosomal mRNAs could be attractive biomarker
candidates, given their stability within body fluids, as well as the convenience of
sample collection and ease of subsequent data analysis. Efforts to date to character-
ize EV cargos as ALS biomarkers, including those discussed in detail above and
below, are summarized in Table 2.

As non-coding RNAs are also reported to be involved in ALS onset and progres-
sion, miRNAs loaded in EVs represent another candidate biomarker class for ALS
diagnosis. Study of free miRNA for ALS detection has been previously reported.
Microarray analyses were performed on ALS mutant mouse-derived cells and
patient serum, and the results identified the expression of 10–13 dysregulated
miRNAs in diseased samples [44, 45]. In addition to free-miRNA analyses, Saucier
et al. tried identifying ALS-associated miRNA signatures in EVs to discriminate
blood between healthy and ALS individuals. Extensive exosomal RNA analysis
using high-throughput sequencing coupled with droplet digital PCR enabled the
identification of a group of dysregulated miRNAs, including miR-183-5p, miR-9-5p,
miR-338-3p and miR-1246, which were all remarkably downregulated in ALS
patient-derived exosomes [45].

EV-based biomarker studies in ALS have so far given promising results and
strong motivation for follow-up studies to further specify molecular candidates
with higher disease relevancy. However, limited information on the exosomal
RNAs, in terms of the specific signaling pathways they regulate, is currently avail-
able. This lack of understanding makes it difficult to determine the relevance of
each when attempting to define a diagnostic EV-RNA signature for ALS. Also, as
significant difficulty lies in identifying the cellular origin of EVs collected from
body fluids, their practical application in diagnostics could be challenging, espe-
cially if the same miRNAs secreted from different cells of origin reflect different
states of the disease. Furthermore, the RNA profile in different subtypes of EVs,
such as exosomes versus microvesicles, that exist in patient’s body fluids has not yet
been investigated. As such, more comprehensive RNA analysis, using entire EV
populations, might give discordant results to those reported from exosomal RNA
analysis. Additionally, to date there has not been any analysis of when specific
RNAs arise during ALS disease progression and whether certain expression patterns
are indicative of certain stages of the pathology. Such an understanding is crucial in
determining whether expression of certain RNAs can be employed effectively as
diagnostic tools or as methods to chart disease progression. Finally, as hundreds of
exosomal RNAs in ALS patient body fluids have been found to exhibit significant
differences in their expression levels relative to normal controls, clinically
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applicable diagnosis will be difficult until we better understand the physiological
outcomes of those misregulated RNAs in neuromuscular tissue maintenance and
function. Future research elucidating the expression patterns of EV cargos across
diverse ALS populations at different disease stages, as well as studies of the signal-
ing pathways regulated by EV-RNAs in ALS tissue, are therefore necessary before
the value of these molecules in ALS diagnostic medicine can be fully evaluated.

4. EVs for therapeutic agents in ALS treatment

EVs hold distinct advantages for function as stable biomolecule carriers. Their
lipid bilayers, decorated with transmembrane proteins, protect cargo molecules
from enzymatic degradation in the extracellular space as well as making them
immune-tolerant. Functional transmembrane proteins also promote EV internali-
zation into recipient cells, which naturally occurs through active fusion of EV
membranes with cell’s plasma membranes. This in turn facilitates release of EV
molecular cargo to recipient cell cytoplasms or induces endosome uptake for func-
tional activation [23, 46].

Accordingly, an attractive hypothesis is that therapeutic molecules loaded in
vesicles could be delivered to target cells to subsequently modulate phenotypes in
neurodegenerative disease. In such a model, cargo molecules could encompass pro-
teins and mRNAs, or non-coding RNAs for post-transcriptional protein regulation,
or even specific compounds for sustained activation with avoidance of enzymatic
attack. Research efforts to test this hypothesis are summarized in Table 2 and
discussed in detail below. As very few drug candidates with a proven efficacy for
treating ALS exist, research on ‘drug-loaded EVs’ has not yet begun in earnest.
However, adipose-derived stromal cells and stem cells have shown a capacity to
generate exosomes capable of conferring a therapeutic effect on defective neurons.
Exosomes from murine adipose-derived stromal cells alleviated oxidative stress and
reduced hydrogen peroxide-induced apoptosis in NSC-34 cells overexpressing a
human SOD1 mutant variant [47]. Safe availability and a capacity to migrate to
damaged tissues for their reparative processes make stromal cells good candidates
for EV sources. Although the study demonstrated that stromal cell-derived EVs can
reverse SOD-1 induced cell death, such applications have not yet been specifically
targeted to restore electrophysiological phenotypes in ALS neurons. Consequen-
tially, the applicability of stromal cell-derived EVs may be limited if the specific
cargo molecule responsible for restoring motor neuron function is not identified.

Retaining the remarkable therapeutic potential of stem cells, while avoiding
issues with tumorigenicity, insufficient therapeutic specificity, and substantial cell
loss during treatment, stem cell-derived EVs offer an exciting alternative to direct
stem cell therapy. Indeed, EVs obtained from undifferentiated stem cells have
shown a capacity to alleviate disease phenotypes in ALS mutant neurons. Specifi-
cally, exosomes from adipose-derived stem cells reduced SOD1 aggregation and

Role of EV Study method Source
of EV

Significance Unknowns Reference

with in vitro assay
of exosome
treatment on
NSC-34 cells

derived
stem cells

contain proteins for
cell adhesion and
negatively regulate
cell apoptosis

neuronal
function

Table 2.
Summary of the applications of extracellular vesicles in ALS diagnosis and treatment.
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rescued normal mitochondrial protein expression in mouse neurons [48]. Another
adipose-derived stem cell study performed proteomic analysis of EVs and found 189
exosomal proteins, mainly involved in regulating cell adhesion and negative regu-
lation of apoptosis. Stress response proteins, such as SOD1, were also included in
these exosomes and were found to replace the enzymatic function of mutant SOD1 in
NSC-34 cells. Additionally, the study reported the presence of ribonuclease RNase 4
in the examined exosomes. This could represent a potential neuroprotective molecule
applicable in ALS, as RNase 4 has been reported to have angiogenic, neuroprotective
properties [49, 50].

The field of EV-mediated therapeutics for ALS treatment is still in its infancy.
However, since glial cells and neural stem cells are responsible for regulating neuron
differentiation, protection, and synaptic function [13, 51–54], EVs derived from
those cells could constitute attractive subcomponents for therapeutic agent devel-
opment. As mentioned above, EVs possess distinct advantages for therapeutic
development, including sustained cargo delivery and avoidance of physiological
degradation. Naturally derived EVs, as well as engineered EVs loaded with optimal
therapeutic materials, therefore represent a powerful candidate for the future of
ALS treatment. However, the following issues should be addressed to facilitate the
practical application of EVs in treating this disease. First, since EVs secreted from
one type of cell usually do not target a specific cell type for cargo delivery, higher
delivery specificity to eliminate potential off-target effects is essential. EV mem-
brane engineering to attach proteins with exclusive affinity to target neuron cell
surfaces could be an attractive approach to consider [55–58], if reliable surface
markers for diseased cells can be defined. Second, a lack of information regarding
the physiological function of specific cargo molecules in glia or stem cell-derived EV
limits their applicability in ALS treatment. As disease phenotypes in ALS are
extremely heterogeneous, investigating the role of each EV-loadable molecule with
more categorized efficacy studies beyond cell viability is also highly required. Pro-
duction scale of EVs is a critical issue for the actual application of this technology in
ALS clinics. Although EV collection technology continues to advance to minimize
EV loss and reduce collection time and cost, most EV experiments are still done in
small-scale benchtop studies. This is not a huge issue during these early stages of
research and development, but will cause a critical problem for scale up and

Figure 1.
Schematic summary of the major role EVs play in ALS propagation, diagnosis, and treatment.
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applicable diagnosis will be difficult until we better understand the physiological
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ing pathways regulated by EV-RNAs in ALS tissue, are therefore necessary before
the value of these molecules in ALS diagnostic medicine can be fully evaluated.

4. EVs for therapeutic agents in ALS treatment

EVs hold distinct advantages for function as stable biomolecule carriers. Their
lipid bilayers, decorated with transmembrane proteins, protect cargo molecules
from enzymatic degradation in the extracellular space as well as making them
immune-tolerant. Functional transmembrane proteins also promote EV internali-
zation into recipient cells, which naturally occurs through active fusion of EV
membranes with cell’s plasma membranes. This in turn facilitates release of EV
molecular cargo to recipient cell cytoplasms or induces endosome uptake for func-
tional activation [23, 46].

Accordingly, an attractive hypothesis is that therapeutic molecules loaded in
vesicles could be delivered to target cells to subsequently modulate phenotypes in
neurodegenerative disease. In such a model, cargo molecules could encompass pro-
teins and mRNAs, or non-coding RNAs for post-transcriptional protein regulation,
or even specific compounds for sustained activation with avoidance of enzymatic
attack. Research efforts to test this hypothesis are summarized in Table 2 and
discussed in detail below. As very few drug candidates with a proven efficacy for
treating ALS exist, research on ‘drug-loaded EVs’ has not yet begun in earnest.
However, adipose-derived stromal cells and stem cells have shown a capacity to
generate exosomes capable of conferring a therapeutic effect on defective neurons.
Exosomes from murine adipose-derived stromal cells alleviated oxidative stress and
reduced hydrogen peroxide-induced apoptosis in NSC-34 cells overexpressing a
human SOD1 mutant variant [47]. Safe availability and a capacity to migrate to
damaged tissues for their reparative processes make stromal cells good candidates
for EV sources. Although the study demonstrated that stromal cell-derived EVs can
reverse SOD-1 induced cell death, such applications have not yet been specifically
targeted to restore electrophysiological phenotypes in ALS neurons. Consequen-
tially, the applicability of stromal cell-derived EVs may be limited if the specific
cargo molecule responsible for restoring motor neuron function is not identified.

Retaining the remarkable therapeutic potential of stem cells, while avoiding
issues with tumorigenicity, insufficient therapeutic specificity, and substantial cell
loss during treatment, stem cell-derived EVs offer an exciting alternative to direct
stem cell therapy. Indeed, EVs obtained from undifferentiated stem cells have
shown a capacity to alleviate disease phenotypes in ALS mutant neurons. Specifi-
cally, exosomes from adipose-derived stem cells reduced SOD1 aggregation and
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rescued normal mitochondrial protein expression in mouse neurons [48]. Another
adipose-derived stem cell study performed proteomic analysis of EVs and found 189
exosomal proteins, mainly involved in regulating cell adhesion and negative regu-
lation of apoptosis. Stress response proteins, such as SOD1, were also included in
these exosomes and were found to replace the enzymatic function of mutant SOD1 in
NSC-34 cells. Additionally, the study reported the presence of ribonuclease RNase 4
in the examined exosomes. This could represent a potential neuroprotective molecule
applicable in ALS, as RNase 4 has been reported to have angiogenic, neuroprotective
properties [49, 50].

The field of EV-mediated therapeutics for ALS treatment is still in its infancy.
However, since glial cells and neural stem cells are responsible for regulating neuron
differentiation, protection, and synaptic function [13, 51–54], EVs derived from
those cells could constitute attractive subcomponents for therapeutic agent devel-
opment. As mentioned above, EVs possess distinct advantages for therapeutic
development, including sustained cargo delivery and avoidance of physiological
degradation. Naturally derived EVs, as well as engineered EVs loaded with optimal
therapeutic materials, therefore represent a powerful candidate for the future of
ALS treatment. However, the following issues should be addressed to facilitate the
practical application of EVs in treating this disease. First, since EVs secreted from
one type of cell usually do not target a specific cell type for cargo delivery, higher
delivery specificity to eliminate potential off-target effects is essential. EV mem-
brane engineering to attach proteins with exclusive affinity to target neuron cell
surfaces could be an attractive approach to consider [55–58], if reliable surface
markers for diseased cells can be defined. Second, a lack of information regarding
the physiological function of specific cargo molecules in glia or stem cell-derived EV
limits their applicability in ALS treatment. As disease phenotypes in ALS are
extremely heterogeneous, investigating the role of each EV-loadable molecule with
more categorized efficacy studies beyond cell viability is also highly required. Pro-
duction scale of EVs is a critical issue for the actual application of this technology in
ALS clinics. Although EV collection technology continues to advance to minimize
EV loss and reduce collection time and cost, most EV experiments are still done in
small-scale benchtop studies. This is not a huge issue during these early stages of
research and development, but will cause a critical problem for scale up and
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administration as we move closer to clinical trials and subsequent distribution.
Lastly, cargo molecule purity is another significant issue. Even with a single cell
source, EV cargo composition is likely to be different based on culture conditions,
and may fluctuate due to other unknown factors; especially if cell-derived EVs is
advanced to large-scale production (Figure 1).

5. Conclusions

Current EV research in relation to ALS is weighted toward investigating the
pathogenic role of intercellularly transmissible vesicles, with a particular focus on
dysregulated protein propagation. This is likely due to the fact that SOD1 and TDP-
43 mutant cells are already known to produce neurotoxic protein aggregates, which
makes the hypothesis that their dissemination via EVs contributes to the nature of
irreversible degeneration of neuromuscular tissue in ALS a straightforward one.
Several studies have demonstrated that EVs collected from ALS patient’s body fluids
and from mutant non-neuronal cells can be internalized by healthy cells. Their
capacity to induce neurodegenerative behavior in these cells supports the notion
that these structures contribute to the rapid disease progression characteristic of
ALS. However, the effect of collected EV components in specific ALS disease
phenotypes is currently quite ambiguous, especially for correlating neuromuscular
tissue level abnormalities with defined EV component expression. To address this,
EV-mediated interplay, occurring at the diseased NMJ may be a good potential
target for future investigations. EVs secreted from skeletal muscle and motor neu-
rons are known to contribute significantly to the development of normal synaptic
formation at the NMJ and better understanding how these signaling processes are
disrupted in ALS could significantly improve our understanding of early disease
etiology. Work in these early stages of ALS and EVs has also highlighted the poten-
tial for using EVs as either a biomarker for ALS diagnostics or even a potential
therapeutic agent. Although evidence of a causal relationship between misregulated
EV-RNAs and functional impairments in ALS neurons is currently sparse, notable
differences in ALS EV-RNA expression patterns detected by next generation
sequencing does support their potential as future diagnostic tool. EV’s exogenous
nature and pre-established cellular internalization mechanism also provides sub-
stantial motivation to continue research that applies these vesicles in therapy
development, either as a molecule carrier or as a naturally-derived drug in and of
itself. Further studies addressing the non-specificity of EV delivery and issues with
production scale will raise their status as a potent therapeutic means to combat ALS
in the future.
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administration as we move closer to clinical trials and subsequent distribution.
Lastly, cargo molecule purity is another significant issue. Even with a single cell
source, EV cargo composition is likely to be different based on culture conditions,
and may fluctuate due to other unknown factors; especially if cell-derived EVs is
advanced to large-scale production (Figure 1).

5. Conclusions

Current EV research in relation to ALS is weighted toward investigating the
pathogenic role of intercellularly transmissible vesicles, with a particular focus on
dysregulated protein propagation. This is likely due to the fact that SOD1 and TDP-
43 mutant cells are already known to produce neurotoxic protein aggregates, which
makes the hypothesis that their dissemination via EVs contributes to the nature of
irreversible degeneration of neuromuscular tissue in ALS a straightforward one.
Several studies have demonstrated that EVs collected from ALS patient’s body fluids
and from mutant non-neuronal cells can be internalized by healthy cells. Their
capacity to induce neurodegenerative behavior in these cells supports the notion
that these structures contribute to the rapid disease progression characteristic of
ALS. However, the effect of collected EV components in specific ALS disease
phenotypes is currently quite ambiguous, especially for correlating neuromuscular
tissue level abnormalities with defined EV component expression. To address this,
EV-mediated interplay, occurring at the diseased NMJ may be a good potential
target for future investigations. EVs secreted from skeletal muscle and motor neu-
rons are known to contribute significantly to the development of normal synaptic
formation at the NMJ and better understanding how these signaling processes are
disrupted in ALS could significantly improve our understanding of early disease
etiology. Work in these early stages of ALS and EVs has also highlighted the poten-
tial for using EVs as either a biomarker for ALS diagnostics or even a potential
therapeutic agent. Although evidence of a causal relationship between misregulated
EV-RNAs and functional impairments in ALS neurons is currently sparse, notable
differences in ALS EV-RNA expression patterns detected by next generation
sequencing does support their potential as future diagnostic tool. EV’s exogenous
nature and pre-established cellular internalization mechanism also provides sub-
stantial motivation to continue research that applies these vesicles in therapy
development, either as a molecule carrier or as a naturally-derived drug in and of
itself. Further studies addressing the non-specificity of EV delivery and issues with
production scale will raise their status as a potent therapeutic means to combat ALS
in the future.
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Chapter 6

The Extraocular Muscles Are 
Selectively Spared in ALS
Fatima Pedrosa Domellöf

Abstract

The extraocular muscles differ from other skeletal muscles in many respects but 
most strikingly in their response to neuromuscular diseases expected to affect the 
whole body. Oculomotor disturbances are not typical features of ALS. Recent data 
ascribe the muscle tissue an important role in the pathophysiology of ALS, with 
early involvement of the neuromuscular junctions and loss of axonal contact. We 
show that the extraocular muscles of terminal ALS donors and also of mice models 
of ALS maintain their morphology and well-preserved neuromuscular junctions 
until the end stages of the disease, whereas the limb muscles are severely affected 
and their neuromuscular junctions start losing contact with the supplying axons 
early in the course of ALS. There are intrinsic differences between the extraocular 
and limb muscles with respect to neurotrophic factors and Wnt isoforms and fun-
damental differences in their response to ALS that cannot be explained by the aging 
process. We propose that these differences may be instrumental in the selective 
sparing of the extraocular muscles in ALS.

Keywords: extraocular muscle, ALS, pathophysiology, neurotrophic factor, 
neuromuscular junction, Wnt, BDNF, GDNF, NT-3, NT-4, S-100B, synaptophysin, 
p75, neurofilament, Wnt1, Wnt3a, Wnt5a, Wnt7

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a late-onset progressive neurodegenera-
tive disorder affecting both the upper and lower motor neurons. It is characterized 
by increasing muscle weakness, paresis, and paralysis, and although the course of 
the disease may vary considerably, death usually occurs within 3–5 years due to 
respiratory failure. While almost all skeletal muscles, including the cranially inner-
vated muscles responsible for speech and swallowing, are affected in ALS, oculo-
motor disturbances are not dominant or typical features of this disease, not even 
in patients with long-duration ALS, and eye movements may remain the only form 
of communication available to these patients at the end stages of the disease. The 
cranial nerve nuclei supplying the eye muscles appear rather normal in terminal 
ALS patients [1], and abnormalities in eye motility in ALS patients, when present, 
have been ascribed to supranuclear deficits [2].

The pathophysiology of the neurodegenerative process in ALS has been pro-
posed to be due to a number of different causes. The traditional point of view has 
been that ALS is a motor neuron disease that progresses to the periphery where it 
affects the muscles, due to the typical loss of motor neurons in the anterior horns of 
the spinal cord and sclerosis of the lateral corticospinal tracts. However, a number 
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Chapter 6

The Extraocular Muscles Are 
Selectively Spared in ALS
Fatima Pedrosa Domellöf

Abstract

The extraocular muscles differ from other skeletal muscles in many respects but 
most strikingly in their response to neuromuscular diseases expected to affect the 
whole body. Oculomotor disturbances are not typical features of ALS. Recent data 
ascribe the muscle tissue an important role in the pathophysiology of ALS, with 
early involvement of the neuromuscular junctions and loss of axonal contact. We 
show that the extraocular muscles of terminal ALS donors and also of mice models 
of ALS maintain their morphology and well-preserved neuromuscular junctions 
until the end stages of the disease, whereas the limb muscles are severely affected 
and their neuromuscular junctions start losing contact with the supplying axons 
early in the course of ALS. There are intrinsic differences between the extraocular 
and limb muscles with respect to neurotrophic factors and Wnt isoforms and fun-
damental differences in their response to ALS that cannot be explained by the aging 
process. We propose that these differences may be instrumental in the selective 
sparing of the extraocular muscles in ALS.

Keywords: extraocular muscle, ALS, pathophysiology, neurotrophic factor, 
neuromuscular junction, Wnt, BDNF, GDNF, NT-3, NT-4, S-100B, synaptophysin, 
p75, neurofilament, Wnt1, Wnt3a, Wnt5a, Wnt7

1. Introduction
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by increasing muscle weakness, paresis, and paralysis, and although the course of 
the disease may vary considerably, death usually occurs within 3–5 years due to 
respiratory failure. While almost all skeletal muscles, including the cranially inner-
vated muscles responsible for speech and swallowing, are affected in ALS, oculo-
motor disturbances are not dominant or typical features of this disease, not even 
in patients with long-duration ALS, and eye movements may remain the only form 
of communication available to these patients at the end stages of the disease. The 
cranial nerve nuclei supplying the eye muscles appear rather normal in terminal 
ALS patients [1], and abnormalities in eye motility in ALS patients, when present, 
have been ascribed to supranuclear deficits [2].

The pathophysiology of the neurodegenerative process in ALS has been pro-
posed to be due to a number of different causes. The traditional point of view has 
been that ALS is a motor neuron disease that progresses to the periphery where it 
affects the muscles, due to the typical loss of motor neurons in the anterior horns of 
the spinal cord and sclerosis of the lateral corticospinal tracts. However, a number 
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of studies suggest an inverse course of events, with changes starting at the periph-
ery and progressing along the motor neurons toward the CNS, reviewed by [3–5]. In 
SOD1G93A transgenic mice, it has been shown that peripheral denervation occurs 
in the limb muscles before the animals become clinically weak or motor neuron 
loss is detected [6]. Similar results were also reported for a patient with ALS who 
died unexpectedly, leading the authors to propose that motor neuron pathology in 
ALS begins at the distal axon end and proceeds in a “dying back” pattern [6]. Later, 
it has been shown that muscle-restricted expression of three different SOD1 gene 
variants can initiate the non-autonomous degeneration of motor neurons typical 
of ALS [7], truly showing that the muscle itself may be a major player in the early 
stages of ALS.

A unifying model compiling extensive experimental data from SOD1 transgenic 
models of ALS [3] proposes that although motor neuron degeneration and death are 
the primary causes of the progressive paralysis, neighboring nonneuronal cells are 
also involved in the toxicity and damage development. In this model, the earli-
est event is the retraction of motor axons from their muscle synapses, before any 
symptoms of the disease are present.

The extraocular muscles (EOMs) are unique in many respects and are con-
sidered a separate muscle class, allotype. They are both the fastest and the most 
fatigue-resistant muscles in the body, and their fiber-type composition is very 
complex [8, 9]. The unique properties of the EOMs are reflected in their expression 
profile that differs from that of limb muscle in over 300 genes [10]. However, the 
most striking property of EOMs is their varied behavior in disease. The EOMs are 
known to be selectively involved in certain diseases like mitochondrial myopathies, 
myasthenia gravis, and Miller Fisher syndrome, but preferentially spared in other 
devastating diseases like Duchenne muscular dystrophy and merosin-deficient 
muscular dystrophy, that affect all other muscles in the body [11–13].

The extraocular muscles are richly innervated, and their motor units are very 
small, with 7–25 muscle fibers, in contrast to the motor units of limb muscles, 
which typically contain hundreds of muscle fibers. The majority of the nerve fibers 
in the EOMs are large and myelinated and innervate a typical single “en plaque” 
endplate in the middle portion of each muscle fiber. The remaining 15–20% of the 
EOM nerve fibers are small and innervate many small, “en grappe” motor endplates 
along the length of a muscle fiber (the so-called multiply innervated muscle fibers, 
reviewed in [11]). This traditional description of the innervation of the EOMs has 
been significantly changed by the recent report of a subpopulation of muscle fibers 
that exhibit multiple large “en plaque” nerve endings [14]. The NMJs of the EOMs 
also differ from limb muscle in retaining expression of the fetal gamma subunit of 
the acetylcholine receptor (AChR), in addition to the adult epsilon subunit, typi-
cally present in mature motor endplates [14, 15]. We have shown that the NMJs 
of the human EOMs have a different immunoreactivity pattern than that seen 
in limb muscles for antibodies against gangliosides GQ1b, GT1a, and GD1b [16]. 
Gangliosides are a large family of sialylated glycosphingolipids highly enriched in 
neuronal and glial plasma membranes and important for the development, func-
tion, and maintenance of the nervous system. Complex gangliosides have neuro-
trophic factor-like activity and may regulate the expression levels of neurotrophic 
factors and their receptors [17]. Notably, there have been at least two case reports of 
ALS associated with antibodies against gangliosides [18, 19].

Given that the EOMs differ significantly from the limb and trunk muscles 
with respect to their response to disease and given the more recent view that the 
muscle itself may play a key role in the pathophysiology of ALS, we first inves-
tigated whether there are any major differences between the EOMs and the limb 
muscles of terminal ALS donors [20]. Thereafter, we investigated neuromuscular 
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junction integrity [21–23], neurotrophic factors (BDNF, NT-3, NT-4, GDNF) 
and their receptors (p75NTR, TrkB, TrkC) [24, 25], and relevant Wnt isoforms 
(Wnt1, Wnt3a, Wnt5a, Wnt7a) [26], as possible important puzzle pieces to better 
understand the pathophysiology of ALS and the selective sparing of the EOMs in 
the disease.

2.  The extraocular muscles of terminal ALS donors are remarkably well 
preserved

We compared the general morphology, fiber-type content, fiber area and 
myosin heavy chain (MyHC) composition of EOM, biceps brachii, vastus lateralis, 
and tibialis anterior muscle samples collected from eight terminal ALS donors 
(age 58–80 years) and from three age-matched (age 72–86 years) and a younger 
(age 26 years) control, with ethical approval, using immunohistochemistry and 
SDS-PAGE [20]. There were five cases of sporadic ALS and three cases of familial 
ALS. The MyHC isoforms are the major determinants of key contractile and 
biochemical characteristics of the myofibers including shortening velocity and 
power and therefore very good markers of the physiological properties of myofi-
bers. Our study showed that the morphology of the ALS limb muscle samples is 
clearly pathological. All limb muscle samples from terminal ALS donors exhibit 
typical signs of myofiber type grouping, myofiber splitting, necrosis, increased 
connective tissue, fatty replacement, and ongoing regeneration, with a very wide 
range of myofiber areas. In contrast, the EOM samples from the same donors 
show remarkably well-preserved morphology. In 18 out of the 43 EOM samples 
examined, larger variation in fiber area was apparent than in the control samples 
and irrespectively of being sporadic or familial ALS cases. In fact, areas that 
appear well preserved reveal a general atrophy of all myofiber types, whereas areas 
that appear more affected generally show atrophy of the myofibers containing 
MyHCslow and hypertrophy of the myofibers containing MyHCfast2A. In 20 EOM 
samples, increased connective tissue amounts were noted, either around individual 
myofibers or around groups of myofibers. The changes noticed vary among donors 
and among different EOM samples from a given donor. Centrally placed nuclei are 
rarely detected. The MyHC content, determined with SDS-PAGE of whole EOM 
extracts, varies among ALS donors, whereas it is rather similar among control 
EOM samples [20]. This variation in MyHC content at the whole muscle level can 
be interpreted as reflecting different levels of involvement, and, to a lesser degree, 
naturally occurring variation among subjects [8].

Given that this first study clearly shows that the human EOMs are remarkably 
well preserved at the end stage of ALS [20] and because the EOMs are known 
to show a divergent behavior in disease, we decided to further investigate these 
muscles in ALS, comparing the EOMs and limb muscle samples from human donors 
and from mouse models of ALS, taking a “muscle perspective” to study the patho-
physiology of the disease.

3.  Maintained neuromuscular junction occupancy in the extraocular 
muscles at end stages of ALS

In the SOD1G93A mouse, the most widely used mouse model of ALS, it has been 
shown that loss of contact between the axons and the myofibers, at the neuro-
muscular junctions, occurs early in the course of the disease and indeed precedes 
detection of loss of motor neurons in the spinal cord [6]. Similar findings have been 
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of studies suggest an inverse course of events, with changes starting at the periph-
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in the limb muscles before the animals become clinically weak or motor neuron 
loss is detected [6]. Similar results were also reported for a patient with ALS who 
died unexpectedly, leading the authors to propose that motor neuron pathology in 
ALS begins at the distal axon end and proceeds in a “dying back” pattern [6]. Later, 
it has been shown that muscle-restricted expression of three different SOD1 gene 
variants can initiate the non-autonomous degeneration of motor neurons typical 
of ALS [7], truly showing that the muscle itself may be a major player in the early 
stages of ALS.

A unifying model compiling extensive experimental data from SOD1 transgenic 
models of ALS [3] proposes that although motor neuron degeneration and death are 
the primary causes of the progressive paralysis, neighboring nonneuronal cells are 
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muscular dystrophy, that affect all other muscles in the body [11–13].

The extraocular muscles are richly innervated, and their motor units are very 
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endplate in the middle portion of each muscle fiber. The remaining 15–20% of the 
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along the length of a muscle fiber (the so-called multiply innervated muscle fibers, 
reviewed in [11]). This traditional description of the innervation of the EOMs has 
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tion, and maintenance of the nervous system. Complex gangliosides have neuro-
trophic factor-like activity and may regulate the expression levels of neurotrophic 
factors and their receptors [17]. Notably, there have been at least two case reports of 
ALS associated with antibodies against gangliosides [18, 19].

Given that the EOMs differ significantly from the limb and trunk muscles 
with respect to their response to disease and given the more recent view that the 
muscle itself may play a key role in the pathophysiology of ALS, we first inves-
tigated whether there are any major differences between the EOMs and the limb 
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junction integrity [21–23], neurotrophic factors (BDNF, NT-3, NT-4, GDNF) 
and their receptors (p75NTR, TrkB, TrkC) [24, 25], and relevant Wnt isoforms 
(Wnt1, Wnt3a, Wnt5a, Wnt7a) [26], as possible important puzzle pieces to better 
understand the pathophysiology of ALS and the selective sparing of the EOMs in 
the disease.

2.  The extraocular muscles of terminal ALS donors are remarkably well 
preserved

We compared the general morphology, fiber-type content, fiber area and 
myosin heavy chain (MyHC) composition of EOM, biceps brachii, vastus lateralis, 
and tibialis anterior muscle samples collected from eight terminal ALS donors 
(age 58–80 years) and from three age-matched (age 72–86 years) and a younger 
(age 26 years) control, with ethical approval, using immunohistochemistry and 
SDS-PAGE [20]. There were five cases of sporadic ALS and three cases of familial 
ALS. The MyHC isoforms are the major determinants of key contractile and 
biochemical characteristics of the myofibers including shortening velocity and 
power and therefore very good markers of the physiological properties of myofi-
bers. Our study showed that the morphology of the ALS limb muscle samples is 
clearly pathological. All limb muscle samples from terminal ALS donors exhibit 
typical signs of myofiber type grouping, myofiber splitting, necrosis, increased 
connective tissue, fatty replacement, and ongoing regeneration, with a very wide 
range of myofiber areas. In contrast, the EOM samples from the same donors 
show remarkably well-preserved morphology. In 18 out of the 43 EOM samples 
examined, larger variation in fiber area was apparent than in the control samples 
and irrespectively of being sporadic or familial ALS cases. In fact, areas that 
appear well preserved reveal a general atrophy of all myofiber types, whereas areas 
that appear more affected generally show atrophy of the myofibers containing 
MyHCslow and hypertrophy of the myofibers containing MyHCfast2A. In 20 EOM 
samples, increased connective tissue amounts were noted, either around individual 
myofibers or around groups of myofibers. The changes noticed vary among donors 
and among different EOM samples from a given donor. Centrally placed nuclei are 
rarely detected. The MyHC content, determined with SDS-PAGE of whole EOM 
extracts, varies among ALS donors, whereas it is rather similar among control 
EOM samples [20]. This variation in MyHC content at the whole muscle level can 
be interpreted as reflecting different levels of involvement, and, to a lesser degree, 
naturally occurring variation among subjects [8].

Given that this first study clearly shows that the human EOMs are remarkably 
well preserved at the end stage of ALS [20] and because the EOMs are known 
to show a divergent behavior in disease, we decided to further investigate these 
muscles in ALS, comparing the EOMs and limb muscle samples from human donors 
and from mouse models of ALS, taking a “muscle perspective” to study the patho-
physiology of the disease.

3.  Maintained neuromuscular junction occupancy in the extraocular 
muscles at end stages of ALS

In the SOD1G93A mouse, the most widely used mouse model of ALS, it has been 
shown that loss of contact between the axons and the myofibers, at the neuro-
muscular junctions, occurs early in the course of the disease and indeed precedes 
detection of loss of motor neurons in the spinal cord [6]. Similar findings have been 
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reported in ALS patients who died of other reasons early in the course of ALS [6]. 
Furthermore, data show that muscle-specific alterations are sufficient to trigger 
neuromuscular pathology and distal degeneration of motor neurons [5, 7], suggest-
ing that the muscle itself may play an important role in the pathophysiology of ALS.

We investigated [21] whether there are signs of loss of contact between the 
axons and the myofibers, at the neuromuscular junctions of the EOMs, extensor 
digitorum longus, tibialis anterior, and gastrocnemius and soleus muscles from 
seven SOD1G93A transgenic and six control mice. We used triple labeling immuno-
histochemistry with antibodies against neurofilament protein and synaptophysin 
to identify the axonal side of the neuromuscular junctions and their axons and 
alpha-bungarotoxin, to identify the muscle side of the neuromuscular junctions, 
in the same muscle section. Our study confirmed that, as described above for the 
human EOMs of terminal ALS donors, the eye muscles in this animal model of ALS 
also show rather well-preserved morphological features, in clear contrast to the 
limb muscles of the same animal, at the end stage of the disease. We could confirm 
previously reported findings [6] of significant loss of contact between the nerve 
and myofiber in approximately 33% of the neuromuscular junctions in limb muscles 
of the ALS mouse model, whereas in the limb muscles of the control animals, only 
approximately 4.6% of the neuromuscular junctions lack contact with the supply-
ing nerve (p = 0.0071). In contrast, the number of neuromuscular junctions lacking 
nerve contacts in the EOMs is extremely low and similar between transgenic (1.9%) 
and control (1.7%) animals (p = 0.659) [21].

Similarly, the neuromuscular junctions of the EOMs of terminal ALS donors 
show maintenance of their integrity [22, 23]. In a study of 7 terminal ALS donors 
(age 58–80 years, three cases with SOD1D90A genotype) and 10 controls (adults 
aged 34–53 years and elderly aged 69–83 years), we compared the EOMs and 
the limb muscles with respect to the presence and distribution of neurofilament 
light subunit (marker of the axons in nerves and at the neuromuscular junction), 
synaptophysin (marker of synaptic vesicles and thereby of functioning neuromus-
cular junctions), S100B, p75NTR and glial fibrillary acidic protein (GFAP) which 
are markers of terminal Schwann cells at the neuromuscular junction, and alpha-
bungarotoxin, which labels the muscle side of the synapse [23]. GFAP and p75NTR 
are upregulated in Schwann cells after injury [27–29]. Two groups of control donors 
(adult and elderly) were included in this and all our studies of ALS in order to dis-
tinguish between the effects of normal aging and those related to ALS. This pioneer 
study showed that there is a dramatic decrease in the number of neuromuscular 
junctions and nerve axons containing neurofilament light subunit in limb muscles 
of terminal ALS donors, whereas the EOMs maintain neurofilament light subunit 
in their neuromuscular junctions and nerves. There is also a significant decrease in 
neuromuscular junctions labeled with synaptophysin in the limb muscles but not 
in the EOMs of terminal ALS donors. Together, these results confirm that there is a 
marked loss of nerve-muscle contacts in the limb muscles of terminal ALS donors, 
whereas the EOMs succeed in maintaining their neuromuscular junctions until the 
end stage of the disease. The neuromuscular junctions of limb muscles show also 
massive loss of S100B and p75NTR in ALS, whereas the staining pattern of GAFP 
is maintained. In contrast, the neuromuscular junctions in the EOMs of terminal 
ALS donors also show loss of S100B but have an unchanged pattern regarding 
the other two Schwann cell markers, GFAP and p75NTR. The loss of S100B can be 
interpreted as due to downregulation rather than a sign of loss of Schwann cells, 
given that the other two markers remain unchanged. It may also indicate a disturbed 
calcium homeostasis as an early step toward the loss of the neuromuscular junction 
in ALS. In summary, this study shows fundamental differences between the limb 
muscles and the EOMs of terminal ALS donors with a significant impact of the 
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disease on important synaptic proteins normally present in the motor axons and 
terminal Schwann cells in the limb muscles, whereas the neuromuscular junctions 
in the EOMs are only very mildly affected [23].

Another study has in addition revealed fragmentation of the postsynaptic mem-
brane, decreased density of acetylcholine receptors, and absence of nerve sprouting 
in denervated neuromuscular junctions in the limb muscles of the SOD1G93A 
mouse model of ALS, whereas no such changes are present in the neuromuscular 
junctions of the EOMs of the same animals [30].

In the context of motor axon retraction from the muscle synapse being an early 
event in the pathogenesis of ALS, it is of particular interest to further investigate 
the cellular and molecular microenvironment of the neuromuscular junctions of the 
extraocular muscles, as they may provide cues to the unique resistance of the EOMs 
to ALS.

4.  Important differences in neurotrophic factors between extraocular 
and limb muscles

Alterations in the expression of target-derived neurotrophic factors and in their 
signaling pathways have been reported in ALS. Neurotrophic factors are important 
for survival and maintenance of neurons [31–33]. Target-derived neurotrophic 
factors can be transported to lower motor neurons from other cells, including the 
muscle cells, by retrograde transport, and from upper motor neurons, by antero-
grade transport, and act as signaling molecules [31–33]. Among neurotrophic 
factors, brain-derived neurotrophic factor (BDNF) is of particular interest due to 
its capacity to promote motor neuron survival and motor axon growth [32–34]. 
Glial cell line-derived neurotrophic factor (GDNF) is also relevant as it is capable of 
rescuing motor neurons from injury-induced cell death [35], and neurothrophin-4 
(NT-4) plays a role in growth and remodulation of adult motor neurons [36, 37], 
whereas NT-3 is of particular importance for sensory neurons.

Data on the SOD1G93A mouse model of ALS show important differences 
between the EOMs and the limb muscles over time regarding the levels of expres-
sion of neurotrophic factors [24]. The authors compared the expression levels of 
BDNF, GDNF, NT-3, and NT-4, determined with quantitative RT-PCR, in limb 
(soleus and gastrocnemius) and extraocular muscles at the early stage (50 days) 
and at the end stage (150 days) of the disease. Starting with the control animals, the 
EOMs differ from the limb muscles by having significantly lower levels of BDNF 
and NT-3 mRNA at age 50 days. At 150 days, the control EOMs have significantly 
lower levels of BDNF and NT-4 mRNA than the limb muscles from the same 
animals. In the limb muscles of control animals, mRNA levels of BDNF increase 
significantly from 50 to 150 days of age, whereas the levels of NT-3 decrease dra-
matically. In the control EOMs, the mRNA levels of BDNF, GDNF, NT-3, and NT-4 
remain unchanged from 50 to 150 days of age [24].

In the transgenic animals, the expression levels of BDNF increase significantly 
from 50 to 150 days, that is, from the early stage of ALS, when the limb muscle mor-
phology is still normal, to the end stage of the disease, when the limb muscles are 
extremely affected. Compared to the controls, the limb muscles of the transgenic 
animals show significantly lower levels of NT-4 at 50 days and significantly higher 
levels of GDNF at 150 days. The transgenic EOMs show no change in the levels of 
expression of BDNF or GDNF and show significant decrease in NT-3 and increase 
in NT-4, over time between 50 and 150 days, and the morphology is comparable to 
that of the age-matched controls. Compared to the controls, the EOMs of the G93A 
animals show significantly higher levels of GDNF and NT-3 at 50 days, whereas 
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reported in ALS patients who died of other reasons early in the course of ALS [6]. 
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bungarotoxin, which labels the muscle side of the synapse [23]. GFAP and p75NTR 
are upregulated in Schwann cells after injury [27–29]. Two groups of control donors 
(adult and elderly) were included in this and all our studies of ALS in order to dis-
tinguish between the effects of normal aging and those related to ALS. This pioneer 
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in denervated neuromuscular junctions in the limb muscles of the SOD1G93A 
mouse model of ALS, whereas no such changes are present in the neuromuscular 
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rescuing motor neurons from injury-induced cell death [35], and neurothrophin-4 
(NT-4) plays a role in growth and remodulation of adult motor neurons [36, 37], 
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between the EOMs and the limb muscles over time regarding the levels of expres-
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BDNF, GDNF, NT-3, and NT-4, determined with quantitative RT-PCR, in limb 
(soleus and gastrocnemius) and extraocular muscles at the early stage (50 days) 
and at the end stage (150 days) of the disease. Starting with the control animals, the 
EOMs differ from the limb muscles by having significantly lower levels of BDNF 
and NT-3 mRNA at age 50 days. At 150 days, the control EOMs have significantly 
lower levels of BDNF and NT-4 mRNA than the limb muscles from the same 
animals. In the limb muscles of control animals, mRNA levels of BDNF increase 
significantly from 50 to 150 days of age, whereas the levels of NT-3 decrease dra-
matically. In the control EOMs, the mRNA levels of BDNF, GDNF, NT-3, and NT-4 
remain unchanged from 50 to 150 days of age [24].

In the transgenic animals, the expression levels of BDNF increase significantly 
from 50 to 150 days, that is, from the early stage of ALS, when the limb muscle mor-
phology is still normal, to the end stage of the disease, when the limb muscles are 
extremely affected. Compared to the controls, the limb muscles of the transgenic 
animals show significantly lower levels of NT-4 at 50 days and significantly higher 
levels of GDNF at 150 days. The transgenic EOMs show no change in the levels of 
expression of BDNF or GDNF and show significant decrease in NT-3 and increase 
in NT-4, over time between 50 and 150 days, and the morphology is comparable to 
that of the age-matched controls. Compared to the controls, the EOMs of the G93A 
animals show significantly higher levels of GDNF and NT-3 at 50 days, whereas 
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no significant differences are detectable at 150 days. Finally, comparison between 
the EOMs and limb muscles of transgenic animals shows no significant differences 
in the levels of expression of any of the four neurotrophic factors at 50 days but 
significantly higher levels of BDNF in the limb muscles at 150 days [24].

Because no significant changes in the levels of expression of BDNF detected 
with quantitative RT-PCR are apparent in either the limb or EOMs of the transgenic 
animals at any stage, the authors dismiss a possible role for this neurotrophic factors 
on ALS. The BDNF results obtained in the SOD1G93A mice are in agreement with a 
previous report from muscle samples of ALS patients [38]. In contrast, the GDNF 
mRNA levels are significantly upregulated in the EOMs of the SOD1G93A mice 
at 50 days, and the authors suggest that this early upregulation is triggered by the 
disease and seminal for the maintenance of the general morphology of the EOMs 
and in particular for their capacity of keeping intact neuromuscular junctions. They 
interpret the upregulation of GDNF in the end stage in the limb muscles as reflect-
ing the advanced motor neuron degeneration. Similarly, the upregulation of NT-3 in 
the EOMs detected at 50 days is also proposed to be triggered by ALS and to protect 
the EOMs, whereas early downregulation of NT-4 in the limb muscles is suggested 
to be detrimental and contribute to the loss of axonal contact at the neuromuscular 
junctions [24].

At the cellular level, there are also important differences in the patterns of 
distribution of neurotrophic factors between the EOMs and limb muscles, both 
among controls and among SOD1G93A animals at 50 and 150 days [25]. In the limb 
muscles of control animals, GDNF, BDNF, NT-3, and NT-4 are present in the vast 
majority of the neuromuscular junctions at 50 and 150 days, whereas that is the 
case in only a little over half of the neuromuscular junctions in the control EOMs, 
at 50 and 150 days. The proportion of neuromuscular junctions containing BDNF 
and NT-4 is significantly higher in the limb muscles than in the EOMs of control 
animals at 50 days, and the same is true for the proportion of neuromuscular 
junctions containing BDNF and GDNF at 150 days. Particularly noteworthy is that 
the limb muscles of SOD1G93A animals show a significant decrease in the propor-
tion of neuromuscular junctions containing BDNF, GDNF, and NT-4 at 150 days, 
whereas the EOMs maintain their pattern. The same is true for the presence of the 
receptors p75NTR, TrkB, and TrkC, which decline significantly in the neuromuscular 
junctions of the limb muscles of the SOD1G93A animals at 150 days, but not in 
their EOMs. TrkB is a high-affinity tyrosine kinase receptor specific for BDNF and 
NT-4, TrkC is a high-affinity tyrosine kinase receptor specific for NT-3, and p75NTR 
is a low-affinity receptor for BDNF, NT-3, and NT-4 [39]. There are only discrete 
differences between the control and the SOD1G93A animals with respect to patterns 
of neurotrophic factors in the nerve axons and the myofibers of both EOM and limb 
muscles [25].

Taken together, these studies [24, 25] clearly show both at the mRNA level and 
immunohistochemically that the EOMs have lower neurotrophic factor levels than 
the limb muscles, in control mice. One possible explanation resides in the differ-
ences in innervation between these muscles, as the EOMs have a rich population 
of multiply innervated myofibers, in contrast to the exclusively twitch myofibers 
of limb muscles, and the developmental fates of these different types of axons are 
dependent upon target-derived neurotrophic factors [40]. They also show that the 
significant changes in neurotrophic factors in limb muscles of transgenic animals 
are not related to normal aging.

Studies of neurotrophic factors in muscle tissue pose a technical challenge and 
clinical trials in ALS have not led to the desired effects, but the early detection 
of alterations in the levels of expression of neurotrophic factors and the distinct 
patterns observed in the EOMs versus limb muscles indicate that it is too early to 
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dismiss their possible roles in the pathophysiology of ALS and in particular in the 
selective capacity of the EOMs to maintain neuromuscular junctions and remain 
rather unaffected in the disease.

5. Differences in Wnt profiles between extraocular and limb muscles

Several Wnt proteins, including Wnt1, Wnt3a, Wnt 5a, and Wnt7a, are highly 
expressed at the neuromuscular junction, in muscle fibers, and in motor neurons, 
and abnormal Wnt signaling has been reported in ALS and a number of other 
neuromuscular conditions [41–46]. In particular, Wnt1 has been assigned impor-
tant roles in muscle regeneration and in synaptic plasticity, acting on both sides of 
the synapse [41, 47]. Wnt3a modulates the formation of neuromuscular junctions 
and promotes nerve outgrowth [48–50], whereas Wnt5a is important for motor 
neuron survival during development [51]. Wnt7a plays an important role in synaptic 
assembly and plasticity and remodeling of incoming axons [52] and has also been 
shown to have positive effects on the myofibers [53, 54]. Furthermore, Riluzole, the 
only medical treatment available for ALS, enhances Wnt/beta catenin signaling.

We have performed a comprehensive immunohistochemical study comparing 
the distribution of Wnt1, Wnt3a, Wnt5a, and Wnt7a in the EOMs and limb muscle 
samples (biceps brachii, vastus lateralis, and tibialis anterior) from six terminal 
ALS donors, younger controls (mean age 41 years for EOMs and 33 years for limb 
muscles, referred to as adult controls), and older controls (mean age 75 years for 
EOM and 76 years for limb, referred to as elderly controls), and we have reported 
significant differences and suggested a role for Wnts in the different behaviors of 
EOMs and limb muscles in ALS [26].

In the adult control EOMs, roughly 71% of the axons are Wnt1 positive, and in 
the elderly controls, merely 12% of the axons contain Wnt1, whereas in the EOMs 
of terminal ALS donors, 43% of axons are labeled for Wnt1, clearly showing that 
they preferentially maintain Wnt1 in their nerves. The limb muscles of terminal 
ALS donors contain significantly less Wnt1-positive axons than the EOMs, with 
extremely high variation among the different donors. No statistically significant 
differences between the three limb muscle groups are detectable regarding the pres-
ence of Wnt1 in the motor nerves. Wnt1 is present in almost 40% of the myofibers 
in the EOMs of adult controls and almost in all myofibers of terminal ALS donors, 
whereas it is not present in limb myofibers of adult controls or terminal ALS donors.

With regard to Wnt3a, it is present in the vast majority of axons in both the 
EOMs of adult controls and ALS terminal donors, but again it is significantly lower 
in the elderly control EOMs. In the limb muscles of all groups, the percentage of 
axons containing Wnt3a is significantly lower than in the EOMs, with approximately 
75% fewer Wnt3a axons. Approximately 17% of the myofibers contain Wnt3a in adult 
control EOM, whereas almost all myofibers in the EOMs of terminal ALS donors are 
positive. Higher levels of Wnt3a are present in adult control limb myofibers, but in 
contrast Wnt3a is practically absent in the limb muscle fibers of terminal ALS donors.

Wnt5a is present in practically all EOM axons both in adult controls and termi-
nal ALS donors and is somewhat lower in the EOMs of elderly controls. Similarly, 
practically all limb muscle axons, irrespective of group, are Wnt5a positive. Wnt5a, 
seen as weak immunostaining, is present in almost all myofibers of control adult 
EOMs and terminal ALS donors, whereas it is not present in limb myofibers of adult 
controls or terminal ALS donors.

A very large proportion of the axons in the EOMs of adult controls and terminal 
ALS donors are Wnt7a positive, whereas a significantly lower number is found in 
the EOMs of the elderly controls. A similar proportion of Wnt7a-positive axons 
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is a low-affinity receptor for BDNF, NT-3, and NT-4 [39]. There are only discrete 
differences between the control and the SOD1G93A animals with respect to patterns 
of neurotrophic factors in the nerve axons and the myofibers of both EOM and limb 
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are not related to normal aging.
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dismiss their possible roles in the pathophysiology of ALS and in particular in the 
selective capacity of the EOMs to maintain neuromuscular junctions and remain 
rather unaffected in the disease.

5. Differences in Wnt profiles between extraocular and limb muscles

Several Wnt proteins, including Wnt1, Wnt3a, Wnt 5a, and Wnt7a, are highly 
expressed at the neuromuscular junction, in muscle fibers, and in motor neurons, 
and abnormal Wnt signaling has been reported in ALS and a number of other 
neuromuscular conditions [41–46]. In particular, Wnt1 has been assigned impor-
tant roles in muscle regeneration and in synaptic plasticity, acting on both sides of 
the synapse [41, 47]. Wnt3a modulates the formation of neuromuscular junctions 
and promotes nerve outgrowth [48–50], whereas Wnt5a is important for motor 
neuron survival during development [51]. Wnt7a plays an important role in synaptic 
assembly and plasticity and remodeling of incoming axons [52] and has also been 
shown to have positive effects on the myofibers [53, 54]. Furthermore, Riluzole, the 
only medical treatment available for ALS, enhances Wnt/beta catenin signaling.

We have performed a comprehensive immunohistochemical study comparing 
the distribution of Wnt1, Wnt3a, Wnt5a, and Wnt7a in the EOMs and limb muscle 
samples (biceps brachii, vastus lateralis, and tibialis anterior) from six terminal 
ALS donors, younger controls (mean age 41 years for EOMs and 33 years for limb 
muscles, referred to as adult controls), and older controls (mean age 75 years for 
EOM and 76 years for limb, referred to as elderly controls), and we have reported 
significant differences and suggested a role for Wnts in the different behaviors of 
EOMs and limb muscles in ALS [26].

In the adult control EOMs, roughly 71% of the axons are Wnt1 positive, and in 
the elderly controls, merely 12% of the axons contain Wnt1, whereas in the EOMs 
of terminal ALS donors, 43% of axons are labeled for Wnt1, clearly showing that 
they preferentially maintain Wnt1 in their nerves. The limb muscles of terminal 
ALS donors contain significantly less Wnt1-positive axons than the EOMs, with 
extremely high variation among the different donors. No statistically significant 
differences between the three limb muscle groups are detectable regarding the pres-
ence of Wnt1 in the motor nerves. Wnt1 is present in almost 40% of the myofibers 
in the EOMs of adult controls and almost in all myofibers of terminal ALS donors, 
whereas it is not present in limb myofibers of adult controls or terminal ALS donors.

With regard to Wnt3a, it is present in the vast majority of axons in both the 
EOMs of adult controls and ALS terminal donors, but again it is significantly lower 
in the elderly control EOMs. In the limb muscles of all groups, the percentage of 
axons containing Wnt3a is significantly lower than in the EOMs, with approximately 
75% fewer Wnt3a axons. Approximately 17% of the myofibers contain Wnt3a in adult 
control EOM, whereas almost all myofibers in the EOMs of terminal ALS donors are 
positive. Higher levels of Wnt3a are present in adult control limb myofibers, but in 
contrast Wnt3a is practically absent in the limb muscle fibers of terminal ALS donors.

Wnt5a is present in practically all EOM axons both in adult controls and termi-
nal ALS donors and is somewhat lower in the EOMs of elderly controls. Similarly, 
practically all limb muscle axons, irrespective of group, are Wnt5a positive. Wnt5a, 
seen as weak immunostaining, is present in almost all myofibers of control adult 
EOMs and terminal ALS donors, whereas it is not present in limb myofibers of adult 
controls or terminal ALS donors.

A very large proportion of the axons in the EOMs of adult controls and terminal 
ALS donors are Wnt7a positive, whereas a significantly lower number is found in 
the EOMs of the elderly controls. A similar proportion of Wnt7a-positive axons 
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are present in the limb muscles of both adult controls and terminal ALS donors, 
but a significantly higher number of positive axons are found in the limb muscles 
of elderly controls. Only approximately 20% of the myofibers in the adult control 
EOMs contain Wnt7a, but in the EOMs of terminal ALS donors, this number 
increases significantly almost 60%. In the limb muscles, Wnt7a is present in more 
than half of the myofibers of the adult controls and practically in all myofibers in 
the elderly controls. The differences found between adult controls and terminal ALS 
donors regarding Wnt7a in limb myofibers are not significant, probably due to large 
interindividual variation among the donors.

Data collected in controls and in the SOD1G93A mouse model of ALS [26] indi-
cates that practically all neuromuscular junctions in control EOMs and limb muscles 
express Wnt1, Wnt3a, Wnt5a, and Wnt7 at 50 and 150 days. The same is true for 
the transgenic EOMs at both 50 and 150 days and the transgenic limb muscles at 
50 days, whereas a significantly decrease in the proportion of neuromuscular junc-
tions co-expressing the different Wnt isoforms is clearly apparent in the transgenic 
limb samples at 150 days.

6. Summary

In summary, the EOMs remain remarkably well preserved until the end stages of 
ALS, both in human terminal donors and in mouse models of ALS. They maintain 
the composition of their neuromuscular junctions and do not loose contact with the 
supplying axon. Furthermore, important differences exist between the EOMs and 
the limb muscles with respect to neurotrophic factors and Wnts:

• The mRNA levels of BDNF, NT-4, and NT-3 and the detection of BDNF, NT-4, 
NT-3, and GDNF at the protein level are lower in the EOMs than in the limb 
muscles of control animals at 50 and/or 150 days.

• NT-3 is upregulated in the EOMs of SOD1G93A mice at 50 days and may be 
protective. A similar difference in GDNF may also be advantageous for the 
EOMs and protect their motor neurons.

• There is early downregulation of NT-4 in the limb muscles of SOD1G93A mice 
compared to the controls at the same age, which coincides with the timing of 
early loss of motor axon occupancy at the neuromuscular junctions of limb 
muscles in this ALS model [6].

• The proportion of neuromuscular junctions in the EOMs positive for BDNF, 
GDNF, and NT-4 is not changed between the controls and the transgenic mice 
at 150 days, whereas there is a significant decrease in the limb muscles of the 
SOD1G93A animals compared to the controls at late stage and there is also a 
significant decrease over the course of the disease in the limb muscles of the 
transgenic mice. Again, these changes in neurotrophic factors parallel the loss 
of axonal occupancy at the neuromuscular junctions of the limb muscles of 
transgenic animals and these neurotrophic factors are known to play crucial 
roles in regulating the synapses [55, 56].

• There is a significant decrease in the neurotrophic factor receptors p75NTR, 
TrkB, TrkC, and GFR-alpha1 in the neuromuscular junctions of terminal 
SOD1G93A mice, whereas they are maintained in the neuromuscular junctions 
of terminal transgenic EOMs.
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• Wnt1 and Wnt3a are present in a larger proportion of axons in the human 
control EOMs than in the limb muscles. The myofibers in the control EOMs 
contain higher Wnt1 and Wnt5a and lower Wnt3a and Wnt7a than the myo-
fibers of limb muscles, and although the exact implications of these intrinsic 
differences in Wnt isoform profiles remain to be determined, they may be 
relevant for the selective sparing of the EOMs in ALS.

• Wnt1 and Wnt3a are present at significantly higher levels in the axons and 
the muscle fibers of the EOMs than in the axons or muscle fibers of the limb 
muscles of terminal ALS donors. Because Wnt1 plays a role in synaptic plastic-
ity and muscle regeneration and in neuromuscular junction formation during 
fetal development and Wnt3a has similar roles, these differences between 
EOMs and limb muscles are likely to be of importance for the selective sparing 
of the EOMs, and in particular of their neuromuscular junctions, in ALS.

Altogether, these data show important differences between the EOMs and limb 
muscles with regard to neurotrophic factors and four different Wnt isoforms, both 
at base line and in ALS, that likely play a role in the selective sparing of the EOMs in 
ALS. These data also suggest that muscle itself may provide a door for the develop-
ment of new treatment strategies in the future.
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Chapter 7

RNA Metabolism and 
Therapeutics in Amyotrophic 
Lateral Sclerosis
Orietta Pansarasa, Stella Gagliardi, Daisy Sproviero  
and Cristina Cereda

Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neuromuscular disorder 
characterized by the selective death of upper and lowers motor neurons in spinal cord, 
brain stem, and motor cortex, which leads to paralysis and death within 2–3 years of 
onset. Deeply sequencing technologies, to simultaneously analyze the transcriptional 
expression of thousands of genes, offered new possibilities to focus on ALS pathogen-
esis and, most notably, to find new potential targets for novel treatments. The present 
book chapter illustrates recent advances in transcriptomic studies in animal models and 
human samples and in new molecular targets related to ALS pathogenesis and disease 
progression. Additionally, new insights into the involvement of altered transcriptional 
profiles of noncoding RNAs (microRNA and lncRNA) and ALS-associated ribosomal 
binding proteins have been investigated, to understand the functional consequences of 
extensive RNA dysregulation in ALS. Attention has been also turned on how transcrip-
tome alterations could highlight new molecular targets for drug development.

Keywords: ALS, RNA metabolism, transcriptomics, gene expression,  
noncoding RNA

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative 
disorder (ND) that affects the human motor system, that is, the lower and upper 

Highlights
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motor neurons (MNs). Among the symptoms of ALS, there are progressive muscle 
weakness and paralysis, swallowing difficulties, and breathing impairment due 
to respiratory muscle weakness that finally causes death, within 2–5 years follow-
ing clinical diagnosis [1]. Now, also extramotor systems are involved in ALS, thus 
providing new insight into the pathogenesis of the disease. So far, no effective 
therapy is available for ALS: Rilutek (riluzole) and Radicava (edaravone) are the 
only two drugs approved by the Food and Drug Administration for ALS treatment. 
Unfortunately their effect in slowing disease progression is very modest [2]. The 
majority of ALS cases, named as sporadic (sALS), has no a family history; a fraction 
of cases (about 5–10%) are considered familial (fALS) [3], because of mutations in 
genes involved in a wide range of cellular functions. 60–70% of fALS and 10% of 
sporadic ALS (sALS) cases can be ascribed to mutations in SOD1, TARDBP, FUS, 
VCP, C9ORF72, and OPTN [4]; further rare genetic variants have also been identi-
fied, MATR3, HNRNPA1, HNRNPA2/B1, EWSR1, TAF15, ANG, UBQLN2, VAPB, 
TBK1, SQSTM1, PFN1, TUBA4A, KIF5A, ANXA11, and CHCHD10 [5]. Although an 
in-depth understanding of the mechanisms underlying ALS has yet to be reached, a 
growing interest was addressed to the impairment of RNA metabolism as one of the 
major contributor to ALS pathogenesis. This concept is reinforced by the discovery 
of genetic mutations in FUS and in TARDBP genes coding for RNA binding proteins 
(RBPs), which play a multifaceted role in transcription and in maintaining RNA 
metabolism. Recent studies have reported that a substantial portion of the genome 
is actively transcribed as noncoding RNA molecules. These noncoding RNAs are 
fundamental key actors in the regulation of biological processes and function as 
a “fine switch” of gene expression. It is now recognized that dysregulations in the 
noncoding RNAs gene expression is a putative mechanism in several neurological 
disorders, including ALS. Moreover, noncoding RNAs are emerging as new poten-
tial biomarkers contributing to an early disease diagnosis and treatment follow-up. 
To date, miRNA have been one the main focus of most ALS studies. miRNAs are 
differentially expressed in several tissues (CSF, plasma and serum) in ALS patients 
compared to healthy controls.

In this chapter, we will focus on the involvement of altered transcriptional 
profiles of microRNAs (miRNAs) and long noncoding RNA (lncRNA) as well as 
on ALS-related RNA binding proteins. We also review biomarkers and potential 
therapeutic strategies based on the manipulation of noncoding RNAs.

2. Dysfunctions in RNA metabolism and RNA-binding protein

It is broadly recognized that an aberrant RNA metabolism may contribute to 
RNA toxicity, which is due to the accumulation of toxic RNAs and to the dysfunc-
tion of RBPs [6].

Messenger RNAs (mRNAs) are subjected to several processing steps including 
splicing, polyadenylation, editing, transport, translation, and turnover. All these 
processes are extremely dynamic and require the involvement of RBPs to coordinate 
both co- and posttranscriptional processing of transcripts. Understanding RBPs 
functions and identifying their target RNA regulatory networks are crucial to 
deepen the knowledge in NDs and to promptly develop new therapeutics.

Nussbacher and colleagues by a genome-wide approach, have shed a new light 
on how RBPs may affect the fate of their targets [7]. Considering the great impact 
of RBPs on the expression, splicing, and translation of multiple RNA targets, also 
little changes in their expression and/or activity have amplified effects. Moreover, 
an altered interaction between RBPs and their targets can induce serious pathologi-
cal phenotypes, even if the exact mechanism is not clear. Briefly, we focus on RBPs, 
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TARDBP and FUS, and SOD1 and C9orf72 to highlight recent progresses on their 
involvement in RNA dysregulation.

TDP-43 is a heterogeneous nuclear RBP of 414 amino acids that contains two 
RNA recognition motifs (RRM1-2), a glycine rich domain in the C-terminus and 
nuclear localization and export signals (NLS and NES) [8, 9]. TDP-43 is crucial 
in RNA processing, that is, RNA splicing, transcription, transport, stability, as 
well as miRNA production [10]. TDP-43 binds to more than 6000 RNA targets in 
the brain [11, 12]. TDP-43 binds to mRNA and regulates the expression of other 
proteins: FUS, Tau, ATXN2 CHMP2B, VAPB, and progranulin, all involved in 
ALS and in other NDs [12, 13]. Polymenidou and colleagues using an RNA-seq 
approach, demonstrated the involvement of TDP-43 in the regulation of the 
expression of 239 mRNAs, many of those encoding synaptic proteins including 
neurexin NRXN1-3, neuroligin NLGN1-2, Homer2, microtubule-associated protein 
1B (MAP1B), GABA receptors subunits (GABRA2, GABRA3), AMPA receptor sub-
units (GRIA3, GRIA4), syntaxin 1B, and calcium channels [11, 14–17]. Together 
these data suggest the involvement of TDP-43 in neuronal morphology, synaptic 
transmission, and neuronal plasticity likely through the regulation of RNA pro-
cessing of synaptic genes [14]. TDP-43 is also a splicing regulator which decreases 
its own expression level by binding to the 3′-untranslated (UTR) region of its 
own pre-mRNA [18]. Moreover, its depletion or overexpression can influence the 
alternative splicing of specific targets genes, which are altered in ALS [11, 13, 19]. 
In 2012, Kawahara and Mieda-Sato also demonstrated the involvement of TDP-
43 in miRNA biogenesis. TDP-43 helps the production of the precursor miRNAs 
(pre-miRNAs) through the interaction of the Drosha complex and the binding to 
the primary miRNAs (pri-miRNAs) [20]. An increased expression of miR-633 and 
a decreased expression of the let-7b miRNA have been observed when TDP-43 is 
downregulated [21]. Moreover, TDP-43 binds to lncRNAs, including the nuclear-
enriched autosomal transcript 1 (NEAT1) and metastasis-associated lung adeno-
carcinoma transcript 1 (MALAT1) [13]. Until now, the exact role of this interaction 
is unclear; however both NEAT1 and MALAT1 levels are enhanced in patients with 
frontotemporal lobar degeneration (FTLD) and ALS [12, 22]. Nishimoto and co-
authors identified paraspeckles, that is, membraneless nuclear bodies, with high 
levels of NEAT1 and TDP-43 in MNs of patients in the early stage of the disease 
[22], thus interfering with TDP-43-mediated RNA processing and disrupting RNA 
homeostasis in ALS MNs.

FUS is an RBP of 526 amino acids mainly located in the nuclei. It is composed 
by an RNA recognition motif, a SYGQ (serine, tyrosine, glycine, and glutamine)-
rich region, several RGG (arginine, glycine, and glycine)-repeat regions, a C2C2 
zinc finger motif, and a nuclear localization signal (NLS) [23]. Similar to TDP-43, 
FUS has a key role in RNA processing. It is involved in transcriptional regulation, 
mRNA splicing, and miRNA production. FUS co-modulates certain transcription 
factors, including NF-kB, SPI1, and Runbox transcription factor (RUNX) [24, 25]. 
Genome-wide approaches have evidenced more than 5000 human RNA targets 
for FUS [26]. Considering that FUS is part of the hnRNP complex, it is crucial for 
the splicing mechanism [23], and it may affect the splicing mechanism of more 
than 900 mRNAs [26]. Among these, FUS may regulate the alternative splicing of 
genes related to cytoskeletal organization, axonal growth, and guidance such as 
the microtubule-associated protein tau (MAPT) [27], Netrin G1 (NTNG1) [28], 
neuronal cell adhesion molecule (NRCAM), and the actin-binding LIM (ABLIM1) 
[29]. Like TDP-43, FUS also binds to different mRNAs of ALS-related genes, 
VCP, VAPB, ubiquilin-2, and OPTN, thus modulating their expression [12, 26]. 
Furthermore, FUS is involved in the biogenesis of miRNA by recruiting Drosha to 
pri-miRNAs at their transcription sites and supports the biogenesis of a subset of 
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miRNAs [30]. However, if FUS directly regulates the function of mature miRNAs 
remains to be understand. Finally, FUS is crucial for the regulation of NEAT 1 levels 
and paraspeckle formation. FUS nuclear deficiency, its loss of nuclear function, as 
well as its aggregation might cause sequestration of paraspeckle components into 
pathological inclusions. Thus, the interaction between FUS and NEAT 1 is involved 
in the development of neuronal dysfunction in ALS [31].

SOD1 is not an RBP; however, several authors demonstrated that mutant SOD1 
has a role in RNA metabolism regulation [32, 33]. These authors reported that mutant 
SOD1 can bind mRNA species, that is, vascular endothelial growth factor (VEGF) 
and neurofilament light chain (NFL), and alter their expression, stabilization, and 
function [32, 33]. Mutant SOD1, by the direct bind to the 3’ UTR of VEGF mRNA, 
promotes the sequestration of other RBPs such as TIA-1-related protein (TIAR) and 
Hu antigen R (HuR) into insoluble aggregates. This, in turn, determines the impair-
ment of HuR function and interferes with the HuR neuroprotective effect during 
stress responses [32]. Chen and colleagues further demonstrated that, through the 
modification of neurofilament (NF) stoichiometry, mutant SOD1 destabilizes NFL 
mRNA. Consequently, NFs aggregate in MNs and are considered a hallmark of ALS 
disease [33]. NFL mRNA stability could also be regulated by a common interaction 
between SOD1 and TDP-43 [34]. The exact mechanism is not completely understood; 
however, it is hypothesized that mutant SOD1 removes TDP-43 from the NFL mRNA, 
thus disturbing NFL mRNA metabolism and promoting the formation of aggregates.

In 2011, the large GGGGCC hexanucleotide repeat expansion of C9orf72 has 
been recognized as a new cause of ALS [35, 36], accounting for about 50% of fALS 
and 5–10% of sALS [37]. The C9orf72 repeat expansion is transcribed in both the 
sense and antisense directions and causes the accumulations of repeat containing 
RNA foci [38]. RNA foci formation allows the recruitment of RBPs and alter RNA 
metabolism [39]. Mori and co-authors observed that RNA foci can sequester the RBP 
hnRNP-A3 and can suppress its RNA processing function. Notably, RNA foci are also 
able to sequester nuclear proteins such as TDP-43 and FUS, thus affecting the expres-
sion of their RNA targets, mainly involved in RNA metabolism, stress response, and 
nuclear transport. Moreover, RNA-Seq data unveil new candidate genes, that is, genes 
involved in synaptic transmission, protein targeting, and cell–cell signaling; however 
future validation are required [40]. Moreover, poly-PR and poly-GR can alter the 
splicing patterns of specific RNAs. The poly-PR causes the exon skipping in RAN and 
PTX3 RNA [41]. Finally, C9orf72 repeats can interfere with transcription or splicing 
of C9orf72 transcripts and can disrupt the C9orf72 promoter activity [42, 43].

3. Dysfunctions in RNA metabolism and miRNA

miRNAs are short noncoding RNAs, approximately 18–25 nucleotides long, that 
play a key role in the regulation of gene expression in many fundamental cellular 
processes and, posttranscriptionally, at the translation levels of target mRNA tran-
scripts [44, 45]. A high number of protein-coding genes have been demonstrated 
to be regulated by miRNA through base-pairing interactions within the UTR of the 
targeted mRNAs [46, 47]. Alongside their gene silencing functions, miRNAs can 
also induce upregulation of their targets [48]. An accurate regulatory pathway is 
fundamental to control and maintain the physiological processes of cells. However, 
when abnormalities occur, as in diseases, a complex dysregulation of the miRNA 
expression takes place. In this paragraph, we will focus on miRNAs which are linked 
to the development of ALS and miRNA with a potential role as biomarkers.

One of the most interesting miRNAs involved in ALS is miRNA206. miRNA206 
is skeletal muscle-specific, regulates myogenesis, and promotes the formation of 
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new neuromuscular junctions [49, 50]. Generally, the miRNA206 is overexpressed 
in muscle fibers and in serum of ALS patients [50, 51]. Pegoraro and co-authors 
associated the high levels of miRNA206 to the remodeling of the muscle, that 
is, atrophy, hypertrophy, and/or reinnervation of some fibers [51]. de Andrade 
et al. evidenced that miRNA206 increases early in the disease course and then 
decreases, thus suggesting its role during muscle loss [50]. miRNAs might also 
have a protective role in ALS; higher levels of miRNA206 were indeed observed in 
slow progressors, that is, in long-term ALS patients [52]. Thanks to the possibility 
to detect miRNA206 in accessible samples like serum and the correlation between 
miRNA206 levels and disease characteristics, miRNA206 could be indicated as a 
potential biomarker for ALS [53]. Other three miRNAs, miRNA133a/b, miRNA 1, 
and miRNA 27a, are indicated as muscle-specific. miRNA133 is higher in serum and 
muscle of ALS patients, and it is also higher in spinal ALS compared to bulbar ALS 
[51, 54]. An upregulation of miRNA27a was observed in CD14+ CD16− monocytes, 
in muscle fibers, and in CSF of ALS patients [51, 55], while a downregulation was 
reported in serum samples [54]. miRNA338-3p is another miRNA frequently 
upregulated. An increase of more than twofold was reported in leukocytes of 
sALS patients [56, 57]. Moreover, De Felice and co-authors showed an increase in 
miRNA338-3p in serum, CSF, and spinal cord of sALS patients. The evidence that it 
can be easily obtainable in body fluids suggested the possibility that miRNA338-3p 
might be a suitable biomarker for ALS. The inflammatory miRNA146a is overex-
pressed in CD14+ CD16− monocytes, CSF, spinal cord, and muscle fibers [55, 58]. 
miRNA146a can also interact with NFL mRNA 3′UTR, according to low mRNA 
levels observed in spinal neurons of sALS [58]. Tasca and co-authors, on the other 
hand, identified a reduction of miRNA146a in serum of ALS patients, both bulbar 
and spinal [54]. Tasca et al. and Pegoraro et al. found a downregulation in serum, 
muscle fibers, and leukocytes of sALS of the inflammatory miRNA149/149*. Also 
miRNA221 seems to contribute to ALS development by acting on muscle growth 
and/or atrophy and inflammation, through the NF-kB pathway [53, 54]. miRNA155 
was evaluated in CD14+ CD16− monocytes [55] and spinal cords of ALS patients, 
and it increases both in fALS and sALS [59]. Two other miRNAs targeting TGF-
β1, miRNA21, and miRNA106b were upregulated in CD14+ CD16− monocytes 
[55], and, at least for miRNA21, an upregulation was reported in muscle samples 
[50] in ALS patients even if its role in the pathology has yet to be fully explained. 
The same authors identified an inverse correlation between miRNA424 levels and 
disease progression, thus suggesting miRNA 424 as a potential biomarker [50] 
(Figure 1). The ALS genes, TDP-43 and FUS, play a role in miRNA biogenesis [60]. 
Mutations in TARDBP result in differential expression of miRNA9, miRNA132, 
miRNA143, miRNA558 [61], and let7 families [53], and differences between CSF 
and serum levels were observed. For instance, miRNA9, a brain-specific miRNA 
highly conserved during evolution is 2–3 times more elevated in CSF with respect to 
serum [62]. Differences are reported also for the presence of mutations. In induced 
pluripotent stem cell (iPSC)-derived neuron obtained from patients carrying the 
TARDBP p.A90V and the M337 V mutation, miRNA9 and pri-miRNA9-2 levels 
were lower when compared to controls [61]). Likewise, miRNA9 also decreases in 
lumbar motor neurons of sALS and SOD1 A4V mutated patients [63]. Moreover, 
a correlation between these miRNAs and disease duration and site of onset was 
identified. Specifically, miRNA 143-3p levels increase in later-collected samples, 
and the increase becomes significant in lower limb-onset patients [53] (Figure 2).

Morlando and co-authors reported that, upon FUS depletion, the expression of 
miRNA9, miRNA132, miRNA143, miRNA125, and miRNA192 is altered [30]. 
The involvement of these miRNAs in motor neuron development and maintenance, 
axonal growth, and synaptic transmission accounts for their contribution to the ALS 



Amyotrophic Lateral Sclerosis - Recent Advances and Therapeutic Challenges

118

miRNAs [30]. However, if FUS directly regulates the function of mature miRNAs 
remains to be understand. Finally, FUS is crucial for the regulation of NEAT 1 levels 
and paraspeckle formation. FUS nuclear deficiency, its loss of nuclear function, as 
well as its aggregation might cause sequestration of paraspeckle components into 
pathological inclusions. Thus, the interaction between FUS and NEAT 1 is involved 
in the development of neuronal dysfunction in ALS [31].

SOD1 is not an RBP; however, several authors demonstrated that mutant SOD1 
has a role in RNA metabolism regulation [32, 33]. These authors reported that mutant 
SOD1 can bind mRNA species, that is, vascular endothelial growth factor (VEGF) 
and neurofilament light chain (NFL), and alter their expression, stabilization, and 
function [32, 33]. Mutant SOD1, by the direct bind to the 3’ UTR of VEGF mRNA, 
promotes the sequestration of other RBPs such as TIA-1-related protein (TIAR) and 
Hu antigen R (HuR) into insoluble aggregates. This, in turn, determines the impair-
ment of HuR function and interferes with the HuR neuroprotective effect during 
stress responses [32]. Chen and colleagues further demonstrated that, through the 
modification of neurofilament (NF) stoichiometry, mutant SOD1 destabilizes NFL 
mRNA. Consequently, NFs aggregate in MNs and are considered a hallmark of ALS 
disease [33]. NFL mRNA stability could also be regulated by a common interaction 
between SOD1 and TDP-43 [34]. The exact mechanism is not completely understood; 
however, it is hypothesized that mutant SOD1 removes TDP-43 from the NFL mRNA, 
thus disturbing NFL mRNA metabolism and promoting the formation of aggregates.

In 2011, the large GGGGCC hexanucleotide repeat expansion of C9orf72 has 
been recognized as a new cause of ALS [35, 36], accounting for about 50% of fALS 
and 5–10% of sALS [37]. The C9orf72 repeat expansion is transcribed in both the 
sense and antisense directions and causes the accumulations of repeat containing 
RNA foci [38]. RNA foci formation allows the recruitment of RBPs and alter RNA 
metabolism [39]. Mori and co-authors observed that RNA foci can sequester the RBP 
hnRNP-A3 and can suppress its RNA processing function. Notably, RNA foci are also 
able to sequester nuclear proteins such as TDP-43 and FUS, thus affecting the expres-
sion of their RNA targets, mainly involved in RNA metabolism, stress response, and 
nuclear transport. Moreover, RNA-Seq data unveil new candidate genes, that is, genes 
involved in synaptic transmission, protein targeting, and cell–cell signaling; however 
future validation are required [40]. Moreover, poly-PR and poly-GR can alter the 
splicing patterns of specific RNAs. The poly-PR causes the exon skipping in RAN and 
PTX3 RNA [41]. Finally, C9orf72 repeats can interfere with transcription or splicing 
of C9orf72 transcripts and can disrupt the C9orf72 promoter activity [42, 43].

3. Dysfunctions in RNA metabolism and miRNA

miRNAs are short noncoding RNAs, approximately 18–25 nucleotides long, that 
play a key role in the regulation of gene expression in many fundamental cellular 
processes and, posttranscriptionally, at the translation levels of target mRNA tran-
scripts [44, 45]. A high number of protein-coding genes have been demonstrated 
to be regulated by miRNA through base-pairing interactions within the UTR of the 
targeted mRNAs [46, 47]. Alongside their gene silencing functions, miRNAs can 
also induce upregulation of their targets [48]. An accurate regulatory pathway is 
fundamental to control and maintain the physiological processes of cells. However, 
when abnormalities occur, as in diseases, a complex dysregulation of the miRNA 
expression takes place. In this paragraph, we will focus on miRNAs which are linked 
to the development of ALS and miRNA with a potential role as biomarkers.

One of the most interesting miRNAs involved in ALS is miRNA206. miRNA206 
is skeletal muscle-specific, regulates myogenesis, and promotes the formation of 

119

RNA Metabolism and Therapeutics in Amyotrophic Lateral Sclerosis
DOI: http://dx.doi.org/10.5772/intechopen.90704

new neuromuscular junctions [49, 50]. Generally, the miRNA206 is overexpressed 
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pathological phenotype [64, 65]. In motor neurons progenitors derived from human 
ALS iPSCs, Rizzuti et al. observed that miRNA34a and miRNA504, involved in vesicle 
regulation and cell survival, were dysregulated [66]. Also miRNA1825 is downregu-
lated in CNS of sALS and fALS patients, thus inducing depolymerization and degrada-
tion of tubulin alpha-4A (TUBA4A), which is encoded by the known ALS gene [67].

Taken together, these studies significantly contribute to evidence the importance 
of miRNAs, also as biomarkers for ALS. Despite these evidences, several issues 
need to be addressed mainly on the utility of miRNAs to serve as accurate and fast 
biomarkers for an early ALS diagnosis.

4. Dysfunctions in RNA metabolism and lncRNA

Long noncoding RNAs (lncRNAs) are transcripts, greater than 200 nucleotides 
in length, with no protein-coding potential which are found in sense or antisense 

Figure 1. 
Representation of the key miRNAs involved in amyotrophic lateral sclerosis sporadic patients (sALS).

Figure 2. 
Representation of the key miRNAs involved in amyotrophic lateral sclerosis mutated patients.
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orientation to protein-coding genes or within intergenic regions. lncRNAs control 
the gene expression through different mechanisms, that is, epigenetic modula-
tion through chromatin remodeling, activation or repression of transcription, 
posttranscriptional modifications of mRNA, and regulation of protein activity by 
acting as scaffold to recruit RBPs and/or drive RBPs to DNA. Moreover, they can 
compete for and disrupt protein-binding interactions or sponge miRNAs away from 
their mRNA targets [68]. Recently, lncRNAs have been indicated to play important 
roles in the CNS in health and disease such as ALS. Nishimoto and colleagues first 
identify a relation between NEAT1 and ALS pathogeneses [22]. The NEAT1 gene 
produces two transcripts, NEAT1_1 and NEAT1_2; NEAT1_2 expression is very 
low in the adult nervous system, and it is the only one that forms paraspeckles [69]. 
Specifically, NEAT1 acts as a scaffold for paraspeckles thus enhancing their de novo 
formation in spinal motor neurons in a cohort of sALS patients [22]. Paraspeckles 
function through the retention of specific RNAs; the regulation of gene expression 
by sequestration of transcription factors; and the modulation of miRNA biogenesis 
and mitochondrial function [70]. Paraspeckles are enriched in pathological proteins 
for ALS and are indicated as a hallmark of the disease [71]. Moreover, paraspeckle 
proteins, including TDP-43 and FUS, are related to ALS and FTD. The increase in 
paraspeckle formation in ALS could be triggered, at least in part, by the nuclear 
depletion of TDP-43. TDP-43 binds NEAT1, and, in turn, its downregulation stimu-
lates NEAT1_2 accumulation and paraspeckle association in cultured cells [71]. 
Regarding FUS, in the spinal cord of FUS mutated ALS patients, Shelkovnikova and 
co-authors reported the presence of pathological aggregation of NONO, a core para-
speckle protein [31]. This evidence allows to speculate that, considering that FUS 
and NONO are both required to set up paraspeckles, the formation of paraspeckles 
is disrupted in FUS mutated ALS patients. Also aberrant nuclear RNA foci formed 
by the expanded C9ORF72 repeats sequester paraspeckle proteins including TDP-43 
[72]. MALAT1 is abundantly expressed and evolutionarily conserved lncRNA. It 
is one of the first lncRNAs associated with human disease, and it is involved in 
alternative splicing, epigenetic modification of gene expression, synapse forma-
tion, and myogenesis. In NDs MALAT1 is significantly increased in FTLD patients, 
where it recruits splicing factors to nuclear speckles and affects phosphorylation of 
SR proteins37 [13]. Some lncRNA transcripts have been associated to FUS, among 
these the lncRNA CCND1 which binds to the FUS consensus sequence GGUG 
[73]. Data form Wang and colleagues suggested that FUS is a specific repressor of 
CCND1, which is downregulated in response to DNA damage signals. Until now the 
lncRNA CCND1 has not been described in relation to ALS; but taken together, these 
observations point out that this lncRNA could be, at least partly, responsible in ALS 
and other neurodegenerative diseases.

Together with the lncRNA an increasing interest was addressed to the antisense 
(AS) noncoding transcripts. They are generated from the strand opposite the sense 
strand [74]. AS lncRNAs act by regulating chromatin, by controlling DNA methyla-
tion and/or histones modification, or by removing repressors. They promote sense 
transcription by recruiting transcription factors, they also regulate the half-life 
of their sense partners, and, in turn, they regulate gene expression [74]. About 
70% of the human genome creates antisense transcripts with a great physiological 
and pathological significance. Ataxin 2 (ATXN2) is a coding gene related to ALS 
because of the association between the length of ATXN2 repeat expansion and the 
disease risk of ALS [75]. In 2016, Li and co-authors described the ATXN2-AS [76]. 
ATXN2-AS with its CUG repeat expansion is neurotoxic and may contribute to ALS 
pathogenesis. The CUG transcript toxicity is related to the structure formed by 
the repeats; that is, the stems of hairpin structures act with sponge-like features, 
sequester RBPs, and induce alterations of the RNA metabolism [77].
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Thanks to the deep sequencing technologies which allow high-throughput massive 
RNA sequencing, a wide characterization of the transcriptome profile of cell popula-
tions and tissues is now available. Three different massive transcriptome profiles have 
been published in different tissues (spinal cord, monocytes, and peripheral blood 
mononuclear cells) of ALS patients, and matched controls reported a deregulation in 
expressed genes [78, 79] and in lncRNAs [80]. Differences in transcriptome profiles 
(coding and lncRNAs) were observed in PBMCs of unmutated sALS patients, SOD1, 
TARDBP, and FUS mutated ALS patients and healthy controls [80]. Specifically, the 
authors reported a remarkable AS deregulation of genes involved in the transcription 
regulation pathway such as ZEB1-AS and ZBTB11-AS in sALS patients. ZEB1 acts as 
a repressor or an activator of the transcription, that is, it may repress histone organi-
zation or activate chromatin regulators [81]. As regards ZBTB11-AS, it decreases in 
sALS patients compared to healthy controls. ZBTB11-AS is annotated as AS of Zinc 
finger and BTB domain-containing protein 11 (ZBTB11) gene, and it is reported 
to be a negative regulator of cell cycle; however its exact role has yet to be defined 
[82]. Moreover, Gagliardi and co-authors evidenced UBXN7-AS, ATG10-AS, and 
ADORA2A-AS in sALS patients, all related to NDs [83–85]. Specifically, the regula-
tion of UBXN7, an ubiquitin protein bound by VCP a known ALS protein, through its 
AS controlled the ubiquitination in ALS disease. ATG10 is involved in the autophagy 
pathway, while ADORA2A is involved in Huntington’s disease and Parkinson’s disease 
in relation to defects in DNA methylation [84, 86] (Table 1).

5. Therapeutics

In the era of noncoding RNA, understanding the involvement of dysregulated 
miRNAs and of their targets in ALS disease is crucial to identify new pathways 
contributing to neurodegeneration that also offer novel opportunities for tar-
geted intervention. miRNA-based therapeutics take advantages of two different 
approaches. The first involves the use of an anti-miRNA, that is, chemically modi-
fied antisense RNA, to decrease miRNA. Thus, miRNA duplex is not active and 
counteracts the negative regulatory effects of miRNA. This approach was first 
used to deliver the anti-miR-155 to the SOD1G93A transgenic mice via ventricular 
osmotic pumps; after this treatment the mortality was successfully delayed [59]. 
The second therapeutic approach using miRNA involves miRNA mimics, that is, 
small RNA molecules resembling miRNA precursors, that are reintroduced into 
cells exhibiting downregulation thus re-starting the key-related pathways [87]. 
Biomedical and nanoparticle engineering has begun to develop tools allowing 

sALS TARDBP mutation FUS mutation

ATXN2-AS [76] NEAT1
[22, 69–71]

lncCCND1
[73]

ZEB1-AS [80] MALAT1
[13]

ZBTB11-AS [80]

UBXN7-AS [80]

ATG10-AS [80]

ADORA2A-AS [80]

Table 1. 
List of lncRNAs related to ALS. In square bracket the relative references.
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for this specific targeting. These second-generation miRNA-based therapeutics 
offer the potential for a greater delivery cargo to the tissue site while reducing 
RNA-mediated toxicity. Overall, the continued development of innovative RNA 
modifications and delivery items such as nanoparticles will aid in the development 
of future RNA-based therapeutics for a broader range of chronic disease.

Deregulated AS is considered an important area for therapeutic intervention. 
Particularly, gene therapy is an encouraging pharmacological approach for patients 
with diseases of genetic origins. This therapy is principally based on antisense oligo-
nucleotides (ASOs), spliceosome-mediated RNA trans-splicing (SMaRT), or small 
interfering RNAs (siRNAs) [88]. ASOs, that is, synthetic single-stranded nucleic 
acids, bind the pre-mRNA intron/exon junctions and control the splicing through 
their action on enhancers or repressor sequences, thus determining the skipping of 
the exon or including alternatively spliced exons [89].

In ALS, one of the first ASO-based clinical trials was designed to silence SOD1. 
The intrathecal administration of this ASO pass with good results the phase I test-
ing. Now a phase Ib/IIa trial is in process to assess safety, tolerability, and pharma-
cokinetics [90].

Among the ALS-related genes, C9orf72 is one of the best candidates for ASOs 
therapy. Early testing of ASO-based therapeutics for C9orf72 was performed on 
iPSC-derived neurons and fibroblasts [91]. Specifically, ASOs were designed to 
target the repeat expansion or within N-terminal regions of the mRNA transcript 
to destroy the transcript or to prevent the interaction between the repeat expan-
sion and the RBPs, determining a decrease in RNA foci and dipeptide proteins and 
recovering the normal gene expression [91]. Other studies investigated the effects of 
ASO on the oligonucleotide backbone, sugar, and heterocycles to promote delivery, 
potency, and stability to target FUS. These studies evidenced that the affinities of 
nucleic acid binding domains depend on chemical changes and that the interaction 
between ASO and protein affects the localization of ASOs themselves [92]. These 
data strongly indicate that ASO-based therapy could be central in treating ALS-
related genes, although there is great attention on the relation between the therapeu-
tic outcomes and the stage of disease progression and on the time of intervention.

Also many novel lncRNAs have been discovered, and the potential to become 
therapeutic targets is gradually increasing. Considering that lncRNAs function as 
decoys, regulators of translation, and scaffolds directing chromatin-modifying 
enzymes to specific genomic loci, they are an attractive class of therapeutic targets. 
The relation between HOTAIR in breast cancer [93] and MALAT1 in metastatic lung 
cancer [94] is a remarkable example of this association. Therefore, there is enthu-
siasm about the possibility to develop therapeutic tools to modulate mis-regulated 
lncRNAs in diseases. Although lncRNAs represent appealing pharmacological and 
therapeutic targets, inhibiting lncRNAs in vivo remains a challenge. A possible 
approach could be the use of small molecules that disrupt the complex lncRNA-chro-
matin that alter the epigenetic state of the target cells. All these delivery efforts, along 
with further elucidation of lncRNA regulatory mechanisms, will ultimately lead to 
the development of effective therapeutic strategies that target lncRNAs in vivo.

6. Conclusion

The impairment in RNA regulation and processing is crucial in ALS patho-
genesis. Defects at different steps of RNA processing alter both cellular function 
and survival; thus RNA metabolism can be an essential target for therapeutic 
intervention for ALS and for other NDs. The application of RNA-based therapies 
to modulate gene and protein expression is an interesting therapeutic strategy: 
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the preclinical application of RNA-based therapies targeting SOD1 and C9orf72 
mutations are promising and pave the way to apply similar approaches for FUS and 
TDP-43 mutations. In conclusion, RNA-based therapies could be recommended for 
the future treatment of ALS.
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ABLIM1 actin-binding LIM
ADORA2A adenosine A2a receptor
ALS amyotrophic lateral sclerosis
ANG angiogenin
ANXA11 annexin A11
AS antisense
ASOs antisense oligonucleotides
ATG10 autophagy related 10
ATXN2 ataxin 2
C9ORF72 chromosome 9 open reading frame 72
CCND1 cyclin D1
CHCHD10 coiled-coil-helix-coiled-coil-helix domain containing 10
CHMP2B charged multivesicular body protein 2B
CNS central nervous system
CSF cerebrospinal fluid
EWSR1 EWS RNA binding protein 1
fALS familial amyotrophic lateral sclerosis
FTLD frontotemporal lobar degeneration
FUS fused in sarcoma/translocated in liposarcoma
GABRA2 gamma-aminobutyric acid type A receptor alpha2 subunit
GABRA3 gamma-aminobutyric acid type A receptor alpha3 subunit
GRIA3 glutamate ionotropic receptor AMPA type subunit 3AMPA recep-

tor subunits
GRIA4 glutamate ionotropic receptor AMPA type subunit 4AMPA recep-

tor subunits
HNRNPA1 heterogeneous nuclear ribonucleoprotein A1
HNRNPA2/B1 heterogeneous nuclear ribonucleoprotein A2/B1
Homer2 homer scaffold protein 2
HOTAIR HOX transcript antisense RNA
HuR Hu antigen R
iPSC induced pluripotent stem cell
KIF5A kinesin family member 5A
lncRNA long noncoding RNA
lncRNAs long noncoding RNAs
MALAT1 metastasis-associated lung adenocarcinoma transcript 1
MAP1B microtubule-associated protein 1B
MAPT microtubule-associated protein tau
MATR3 matrin 3
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miRNAs microRNAs
MN motor neuron
ND neurodegenerative disorder
NEAT1 nuclear-enriched autosomal transcript 1
NES nuclear export signals
NF-kB nuclear factor kappa B subunit 1
NFL neurofilament light chain
NLGN1-2 neuroligin
NLS nuclear localization
NONO non-POU domain-containing octamer-binding protein
NRCAM neuronal cell adhesion molecule
NRXN1-3 neurexin
NTNG1 netrin G1
OPTN optineurin
PFN1 profilin 1
PTX3 pentraxin 3
RBP RNA-binding proteins
RRM1-2 RNA recognition motifs 1-2
RUNX Runbox transcription factor
sALS sporadic amyotrophic lateral sclerosis
siRNAs small interfering RNAs
SMaRT spliceosome-mediated RNA trans-splicing
SOD1 superoxide dismutase 1
SPI1 Spi-1 proto-oncogene
SQSTM1 sequestosome 1
SYGQ N-terminal serine-tyrosine-glycine-glutamine
TAF15 TATA-box binding protein-associated factor 15
TARDBP TAR DNA-binding protein
TBK1 TANK-binding kinase 1
TGF-β1 transforming growth factor-beta
TIAR TIA1 cytotoxic granule-associated RNA binding protein like 1
TUBA4A tubulin alpha 4a
UBQLN2 ubiquilin 1
UBXN7 UBX domain protein 7
UTR 3′-untranslated
VAPB vesicle-associated membrane protein-associated protein B/C
VCP valosin-containing protein
VEGF vascular endothelial growth factor
ZBTB11 zinc finger and BTB domain-containing 11
ZEB1 zinc finger E-box-binding homeobox 1
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the preclinical application of RNA-based therapies targeting SOD1 and C9orf72 
mutations are promising and pave the way to apply similar approaches for FUS and 
TDP-43 mutations. In conclusion, RNA-based therapies could be recommended for 
the future treatment of ALS.
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Abstract

Motor neurons have an extreme polarized morphology and heavily rely on 
efficient cargo transport along axons to maintain their neuronal connections and 
connections with muscles. Axonal transport deficits have been observed in almost 
all model systems of ALS. More and more studies have confirmed the close genetic 
and mechanistic linkage between axonal transport deficits with ALS pathogenesis. 
Moreover, several therapeutic approaches have been developed to target axonal 
transport deficits in ALS and showed promising effects in disease models. In this 
concise chapter, we summarize some major discoveries of axonal transport deficits 
in ALS pathogenesis and some related therapeutic strategies. We propose that 
targeting axonal transport may provide a potential therapeutic avenue for ALS.

Keywords: ALS, axonal transport, pathogenesis, therapeutics

1. Introduction

The unique morphological feature of neuronal cells compared with other cell 
types is their extreme polarity and the incredibly long axons [1]. Although the soma 
size ranges from 5 μm to 100 µm, axons can be up to 1 m long [1]. Axons keep the 
efficient communication between soma and axonal terminals [1]. This axonal com-
munication is especially important to motor neuron as they not only need connec-
tions with each other but also far reach to muscles in order to control proper muscle 
contractions [2]. As for ALS, axonal transport defects are one of the most prevalent 
reported phenotypes from different model systems [2]. In addition, the classical 
“dying-back” hypothesis could explain the sequence of events during motor neuron 
degeneration in ALS [3]. The idea is that motor neurons lose their connection with 
muscle fibers and that the axon retracts back towards the soma, which ultimately 
results in cell death [3]. This theory is supported by the observation that motor 
neuron pathology begins at the terminal part of the axon and proceeds in a “dying-
back” pattern [3]. In addition, the longest and largest neurites with the highest 
metabolic demand seem to be the most susceptible to this “dying-back”  
phenomenon [3].

Mechanistically, axonal transport process relies on three main elements: car-
goes, microtubules, and motor proteins and their adaptors [1]. Axonal transport 
is tracked on microtubules which are polymers of α-tubulin and β-tubulins [1]. 
Microtubules determine the neuronal polarity with “plus” end at the axonal distal 
part and “minus” end at the soma part [1]. This polarity allows the directionality of 
the axonal transport [1]. Kinesin (mainly responsible for anterograde axonal trans-
port, from soma to axonal terminal) and dynein (mainly responsible for retrograde 
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axonal transport, from axonal terminal to soma) are two types of ATP-dependent 
motor proteins responsible for carrying cargoes along the microtubules [1]. Adaptor 
proteins are responsible for the connection between motor proteins and cargoes 
[1]. Axonal transport maintains the efficient supply of cargoes including proteins, 
RNAs, lipids, and organelles from soma to terminals and is responsible to clear or 
recycle some misfolded proteins or aggregates under cell stress [1]. It is known that 
several ALS genes can directly cause axonal transport defects, and axonal transport 
also actively interacts with other major ALS pathological changes. Gene therapies 
and compounds that target axonal transport have shown beneficial effects in ALS 
animal models, and some have already been tested in clinical trials in the context of 
other diseases. Therefore, a better understanding of transport mechanisms and its 
role in the disease will open up a new therapeutic avenue for ALS.

2. Axonal transport defects in ALS pathogenesis

2.1 ALS mutations directly interfere with the axonal transport machinery

With the fact that about 10% of ALS cases are considered as “familial ALS” 
with clear genetic factors involved [4], several ALS gene mutations have been 
shown which could directly interfere with different aspects of the axonal transport 
machinery and eventually cause axonal transport defects.

ALS genes that are directly linked to kinesin- and dynein-mediated axonal 
transport have been uncovered by the discovery of ALS mutations in kinesin family 
member 5A (KIF5A) and dynactin subunit 1 (DCTN1) [5]. As a member of the 
kinesin family, KIF5A is mainly expressed in neuronal cells. In the year 2018, two 
independent large-scale genome-wide association and exome sequencing studies 
have found that mutations in KIF5A cause ALS [5, 6]. Most of the mutations are 
loss-of-function mutations that localized in the C-terminal region of the protein 
where cargoes bind. KIF5A mutations cause altered ATP activity and the dysfunc-
tion of kinesin-1 that eventually interfere with the anterograde transport of cargoes 
along the microtubules [6]. Moreover, for one of the most common ALS-causing 
genes called fused in sarcoma (FUS) it has been reported that its protein product 
functions as DNA-/RNA-binding protein that can bind or regulate mRNAs of 
several other motor proteins including KIF5C, KIF1B, and KIF3A [7], which are 
actively involved in regulating mitochondrial transport in neurons. Dynactin is a 
multi-subunit protein that binds and activates dynein by forming a dynein-dynac-
tin motor complex that conveys cargoes in a retrograde transport [8]. The DCTN1 
gene encodes dynactin subunit 1, which is responsible for binding microtubules and 
motor proteins. Heterozygous missense mutations in the DCTN1 gene have been 
suggested as risk factors for ALS in both sporadic and familial ALS patients [9].

The direct influence from ALS genes to microtubules has been described by 
the tubulin alpha 4a (TUBA4A) gene and spastic paraplegia 11 (SPG11) gene [10]. 
Exome-wide variant burden analysis revealed that mutations in TUBA4A associ-
ate with both sporadic and familial ALS cases [11, 12]. TUBA4A encodes the 
tubulin alpha 4A protein. Tubulins are the basic constituents of microtubules [11]. 
Mutations in TUBA4A destabilize the microtubule network, diminishing its 
re-polymerization capability that eventually disrupts the transport process [11]. 
Mutations in the SPG11 gene are the cause of autosomal recessive juvenile-onset 
ALS. Most of the mutations are loss-of-function mutations [10]. SPG11 encodes a 
protein called spatacsin, which co-localizes with the cytoskeleton in neurons [13]. 
Knockdown of SPG11 in mice showed a decreased acetylation level of α-tubulins 
[13]. With the fact that acetylation of α-tubulin facilitates the stabilization of the 
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microtubules and the binding of motor proteins to the microtubules, silencing 
SPG11 causes axon outgrowth defects and retrograde axonal retraction in corti-
cal neurons of mice [13]. This is in line with the reduced axon plasticity in human 
iPSC-derived neurons from patients carrying SPG11 mutations [13]. These studies 
highlighted the importance of spatacsin in axon maintenance due to insufficient 
transport and cargo trafficking [13].

Except influencing motor proteins and microtubules, ALS genes can also inter-
fere with axonal transport by affecting the cargoes. As the cargoes can participate 
into different mechanisms, the interplay between axonal transport and other ALS 
pathological mechanisms is also linked via cargo-specific transport. Rab proteins 
are a group of small GTPases that belong to the Ras superfamily [14]. Rabs are 
responsible for proper vesicle sorting, fission, docking, fusion, and transporting 
spatially and temporally by switching from an inactive guanosine 5’-diphosphate 
(GDP)-bound state to an active guanosine 5’-triphosphate [14]. Several Rabs have 
been reported to play a crucial role in driving neuronal transport in the central 
nervous system [14]. Mutations in the ALS2 gene cause juvenile-onset ALS. The 
protein product of the ALS2 gene specifically binds to Rab5 and functions as a 
guanine nucleotide exchange factor (GEF) for Rab5. The vacuolar protein sorting 
9 (VPS9) domain of alsin mediates the activation of Rab5 through endosome and 
guanine-nucleotide exchanging reaction [14]. Most of the ALS2 mutations are 
loss-of-function mutations that cause the loss of the VPS9 domain and eventually 
fail in Rab5 activation [14]. Subsequently, Rab5-dependent endosome and AMPA 
receptor trafficking are hampered in neuronal culture [15, 16]. The reduction 
of GluR2-containing AMPA receptors at the synaptic surface in ALS2 knockout 
neurons results in vulnerability to glutamate toxicity [16]. In addition, more than 
20 mutations in the OPTN gene have been described being the causative mutations 
of ALS [17]. Optineurin, the protein product of OPTN, regulates vesicle trafficking 
by forming a complex with myosin VI and Rab8 [17]. Myosins are a superfamily 
of motor proteins that move cargoes along microtubules, while Rab8 is a marker 
of recycling endosomes. The formation of the complex is Optineurin dependent 
[17]. This complex localizes at the Golgi apparatus and in cytoplasmic vesicles. It 
mediates Golgi organization, post-Golgi trafficking, exocytosis, and the basolateral 
delivery of membrane proteins [17]. In line with this, impaired axonal vesicle trans-
port has been observed in a zebrafish model with optineurin loss. Furthermore, 
chromosome 9 open reading frame 72 (C9orf72), the most common genetic cause 
of ALS, is a GEF for Rab8 and is also associated with Rab1 [18, 19]. The knockdown 
of C9orf72 affects cellular trafficking from the cell membrane to Golgi. Overall, 
Rab-related transport processes are a good example of the cargo-induced impaired 
axonal transport in ALS.

2.2  Interplay between axonal transport defects with other ALS pathogenic 
mechanisms

Based on the genetic discoveries of ALS, intensive studies have proposed several 
major pathogenic mechanisms that contribute to motor neuron degeneration in 
ALS. Together with axonal transport defects, other dysfunctional mechanisms 
such as mitochondrial dysfunction, endoplasmic reticulum (ER) stress, neuro-
inflammation, excitotoxicity, and abnormal DNA/RNA metabolism have been 
identified [4]. Although it is still under debate which mechanism plays the vital role 
in initiating the motor neuron degenerative process, axonal transport defects have 
been reported to interplay with other mechanisms involved in disease progression.

With the most polarized morphological structure, motor neurons demand 
high-energy supply to maintain their normal function in controlling muscle 
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Knockdown of SPG11 in mice showed a decreased acetylation level of α-tubulins 
[13]. With the fact that acetylation of α-tubulin facilitates the stabilization of the 
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microtubules and the binding of motor proteins to the microtubules, silencing 
SPG11 causes axon outgrowth defects and retrograde axonal retraction in corti-
cal neurons of mice [13]. This is in line with the reduced axon plasticity in human 
iPSC-derived neurons from patients carrying SPG11 mutations [13]. These studies 
highlighted the importance of spatacsin in axon maintenance due to insufficient 
transport and cargo trafficking [13].

Except influencing motor proteins and microtubules, ALS genes can also inter-
fere with axonal transport by affecting the cargoes. As the cargoes can participate 
into different mechanisms, the interplay between axonal transport and other ALS 
pathological mechanisms is also linked via cargo-specific transport. Rab proteins 
are a group of small GTPases that belong to the Ras superfamily [14]. Rabs are 
responsible for proper vesicle sorting, fission, docking, fusion, and transporting 
spatially and temporally by switching from an inactive guanosine 5’-diphosphate 
(GDP)-bound state to an active guanosine 5’-triphosphate [14]. Several Rabs have 
been reported to play a crucial role in driving neuronal transport in the central 
nervous system [14]. Mutations in the ALS2 gene cause juvenile-onset ALS. The 
protein product of the ALS2 gene specifically binds to Rab5 and functions as a 
guanine nucleotide exchange factor (GEF) for Rab5. The vacuolar protein sorting 
9 (VPS9) domain of alsin mediates the activation of Rab5 through endosome and 
guanine-nucleotide exchanging reaction [14]. Most of the ALS2 mutations are 
loss-of-function mutations that cause the loss of the VPS9 domain and eventually 
fail in Rab5 activation [14]. Subsequently, Rab5-dependent endosome and AMPA 
receptor trafficking are hampered in neuronal culture [15, 16]. The reduction 
of GluR2-containing AMPA receptors at the synaptic surface in ALS2 knockout 
neurons results in vulnerability to glutamate toxicity [16]. In addition, more than 
20 mutations in the OPTN gene have been described being the causative mutations 
of ALS [17]. Optineurin, the protein product of OPTN, regulates vesicle trafficking 
by forming a complex with myosin VI and Rab8 [17]. Myosins are a superfamily 
of motor proteins that move cargoes along microtubules, while Rab8 is a marker 
of recycling endosomes. The formation of the complex is Optineurin dependent 
[17]. This complex localizes at the Golgi apparatus and in cytoplasmic vesicles. It 
mediates Golgi organization, post-Golgi trafficking, exocytosis, and the basolateral 
delivery of membrane proteins [17]. In line with this, impaired axonal vesicle trans-
port has been observed in a zebrafish model with optineurin loss. Furthermore, 
chromosome 9 open reading frame 72 (C9orf72), the most common genetic cause 
of ALS, is a GEF for Rab8 and is also associated with Rab1 [18, 19]. The knockdown 
of C9orf72 affects cellular trafficking from the cell membrane to Golgi. Overall, 
Rab-related transport processes are a good example of the cargo-induced impaired 
axonal transport in ALS.

2.2  Interplay between axonal transport defects with other ALS pathogenic 
mechanisms

Based on the genetic discoveries of ALS, intensive studies have proposed several 
major pathogenic mechanisms that contribute to motor neuron degeneration in 
ALS. Together with axonal transport defects, other dysfunctional mechanisms 
such as mitochondrial dysfunction, endoplasmic reticulum (ER) stress, neuro-
inflammation, excitotoxicity, and abnormal DNA/RNA metabolism have been 
identified [4]. Although it is still under debate which mechanism plays the vital role 
in initiating the motor neuron degenerative process, axonal transport defects have 
been reported to interplay with other mechanisms involved in disease progression.

With the most polarized morphological structure, motor neurons demand 
high-energy supply to maintain their normal function in controlling muscle 
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contractions [20]. Mitochondria play a pivotal role as the energy supply center 
in cells. Abnormal mitochondrial morphology and function are observed 
in postmortem tissues from ALS patients as well as in different ALS animal 
models [21]. Mitochondrial transport is important to clear the damaged 
mitochondria and maintain sufficient energy supply from the soma side to the 
distal side in motor neurons [21]. In line with this, fast motor neurons that have 
the highest needs of ATP, are more severely affected in ALS compared to slow 
motor neurons [22]. Therefore, the interplay between mitochondria quality control 
and transport is crucial for motor neuron survival. Mitochondrial movement 
along microtubules is controlled by a large complex containing kinesin, dynein, 
mitochondrial Rho (Miro), and milton [23]. Milton is an adaptor protein that 
connects Miro and motor proteins. Miro is a GTPase localized to the outer 
membrane of mitochondria. Miro is regulated by PINK/Parkin, which are genetic 
modifiers of FUS-induced neurodegeneration [24]. Axonal transport defects 
have been observed in ALS patient-derived motor neurons and FUS transgenic 
flies. Decreased expression of either PINK or Parkin is beneficial for reversing 
the locomotive defects and enhancing the survival of FUS transgenic flies [24]. 
In addition, overexpression of FUS also increased the ubiquitination of the Miro1 
protein [24]. We have observed that mitochondria-associated ER membranes 
(MAM) are significantly decreased in motor neurons carrying FUS mutation 
[49]. As Miro1 tends to localize at MAM sites, the decrease of MAM might cause 
mitochondrial axonal transport reduction due to reduced Miro1-linkage [49]. 
Similarly, mitochondrial transport defects have also been reported for other ALS 
genes including vesicle-associated membrane protein-associated protein B/C 
(VAPB) and C9orf72 genes both in primary cultured neurons and transgenic 
flies [25]. ALS mutant VAPB interferes with anterograde mitochondrial axonal 
transport through disrupting Ca2+ homeostasis and affecting the amounts of 
tubulin associated with the Miro1/kinesin-1 complex [25, 26]. The C9orf72 repeat 
expansion can cause a severe disruption of mitochondrial transport but only a 
slight inhibition of vesicle transport. Although the exact mechanisms are not clear 
yet, evidence showed that the toxicity comes from the DPRs translated from the 
hexanucleotide repeats present in C9orf72 [26].

ER stress is a widely observed pathological change in different ALS models 
[27]. The ER is responsible for protein synthesis and quality control. Misfolded 
proteins are one of the earliest finding in models based on SOD1 mutations and 
later on in other ALS subtypes [27]. In normal conditions, the ER can identify the 
misfolded protein and trigger the unfolded protein response (UPR) to clear these 
proteins [27]. While under ER stress, the misfolded proteins will be accumulated 
without a proper UPR process [27]. It has been suggested that the ER stress can 
also cause an axonopathy and an irregular microtubule distribution [28]. This has 
been highlighted by the discovery that mutations in two major genes called PDLA1 
and PDLA3 that code ER chaperons are linked with ALS [28]. The ER chaperones 
or protein disulfide isomerases (PDIs) play a pivotal role in the UPR process [27]. 
Expression of mutant PDIs in motor neurons affects dendrite outgrowth and causes 
motor defects in mice [26, 28].

TDP-43 aggregation has been identified as the most prevalent clinical patho-
logical hallmark of ALS patients. In addition, the coding gene TARDBP is an 
ALS-causing gene. TDP-43 aggregation also widely occurs in other familial as 
well as sporadic ALS patients. Axonal transport defects have been observed in 
different model systems of ALS with TDP-43 aggregation [29, 30]. TDP-43 muta-
tions impair mRNA transport in transgenic Drosophila, primary cultured mouse 
cortical neurons and stem cell-derived motor neurons from ALS patients [29, 30]. 
Impaired anterograde axonal transport of microtubule plus tip proteins has been 
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observed in primary cultured rat cortical neurons [29]. It has been suggested that 
cytoplasmic TDP-43 aggregation impairs the cytoskeletal integrity and results in 
transport deficits [29, 30]. While another study has shown that age-dependent 
organelle transport defects in iPSC-derived motor neurons from ALS patients 
carrying TARDBP mutations is independent from TDP-43 aggregation [31], thus, a 
clear interplay between TDP-43 aggregation and axonal transport still needs to be 
clarified. Recently, we found that arginine-rich dipeptide repeat proteins (DPRs), 
which are the pathological translational products from C9orf72 repeat expansion, 
can cause axonal transport defects in human stem cell-derived motor neurons [32]. 
We found that several components of the axonal transport machinery interact with 
arginine-rich DPRs both in vitro and in vivo. It has been proposed that arginine-
rich DPRs might directly affect axonal transport through an inhibitory interaction 
with the microtubule-based transport machinery [32].

DNA damage has been recently proposed as an early pathological change in ALS 
patients [33]. With the fact that TDP-43 and FUS are DNA-/RNA-binding proteins, 
the mutations in these genes cause insufficient DNA damage repair and result in 
motor neuron degeneration [33]. Both DNA damage and distal axonal transport 
defects have been observed in ALS patients carrying FUS mutations [34, 35]. It has 
been proposed that DNA damage might play a role in axonal transport defects [34]. 
When DNA damage is induced in cultured motor neurons, axonal transport defects 
occur thereafter [34]. In line with this, improving the DNA damage repair process 
by inhibiting poly(ADP-ribose) glycohydrolase (PARG) shows a rescue of axonal 
transport defects [34]. Although the exact underling mechanism is not clear yet, it 
is very likely that DNA damage might induce universal transcriptional changes of 
some genes that produce proteins that are involved in axonal transport.

3. Therapeutic strategies targeting axonal transport in ALS

As summarized above, different molecular mechanisms underlie axonal trans-
port deficits in ALS. Based on these evidences, therapeutic strategies to restore 
axonal transport deficits have started to emerge. Given the complexity of the axonal 
transport machinery and its regulatory mechanisms, multiple approaches have been 
devised to target the system at different levels.

3.1 Restoring the tracks: approaches to modulate microtubule dynamics

Microtubule-stabilizing agents are currently in clinical use as chemotherapeutic 
drugs [36]. Compounds that modulate microtubule stability have shown promising 
results also in the context of neurodegeneration. Epothilone D, for example, has 
shown beneficial effects in several models of Alzheimer’s disease [37, 38]. Because 
of these findings, Epothilone D underwent a clinical phase 1 trial investigation 
in patients with mild Alzheimer’s disease (NCT01492374, NCT01966666) [39]. 
Beneficial effects have been reported also for Parkinson’s disease [40] and heredi-
tary spastic paraplegia (HSP) [41]. Epothilone D was shown to protect the soma 
and distal axon of spinal motor neurons early in the disease course of the SOD1G93A 
model mouse of ALS [42]. However, this was not associated with improved motor 
performance or survival [42]. While another microtubule-stabilizing agent, 
Noscapine, was shown to restore axonal transport, to delay the onset of symptoms 
and to extend the survival of SOD1G93A mice [43].

Pharmacological agents that increase the level of microtubule acetylation 
have been also used to rescue axonal transport deficits. Acetylated microtu-
bules are considered to be stable, long-lived microtubules [44]. Although the 
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contractions [20]. Mitochondria play a pivotal role as the energy supply center 
in cells. Abnormal mitochondrial morphology and function are observed 
in postmortem tissues from ALS patients as well as in different ALS animal 
models [21]. Mitochondrial transport is important to clear the damaged 
mitochondria and maintain sufficient energy supply from the soma side to the 
distal side in motor neurons [21]. In line with this, fast motor neurons that have 
the highest needs of ATP, are more severely affected in ALS compared to slow 
motor neurons [22]. Therefore, the interplay between mitochondria quality control 
and transport is crucial for motor neuron survival. Mitochondrial movement 
along microtubules is controlled by a large complex containing kinesin, dynein, 
mitochondrial Rho (Miro), and milton [23]. Milton is an adaptor protein that 
connects Miro and motor proteins. Miro is a GTPase localized to the outer 
membrane of mitochondria. Miro is regulated by PINK/Parkin, which are genetic 
modifiers of FUS-induced neurodegeneration [24]. Axonal transport defects 
have been observed in ALS patient-derived motor neurons and FUS transgenic 
flies. Decreased expression of either PINK or Parkin is beneficial for reversing 
the locomotive defects and enhancing the survival of FUS transgenic flies [24]. 
In addition, overexpression of FUS also increased the ubiquitination of the Miro1 
protein [24]. We have observed that mitochondria-associated ER membranes 
(MAM) are significantly decreased in motor neurons carrying FUS mutation 
[49]. As Miro1 tends to localize at MAM sites, the decrease of MAM might cause 
mitochondrial axonal transport reduction due to reduced Miro1-linkage [49]. 
Similarly, mitochondrial transport defects have also been reported for other ALS 
genes including vesicle-associated membrane protein-associated protein B/C 
(VAPB) and C9orf72 genes both in primary cultured neurons and transgenic 
flies [25]. ALS mutant VAPB interferes with anterograde mitochondrial axonal 
transport through disrupting Ca2+ homeostasis and affecting the amounts of 
tubulin associated with the Miro1/kinesin-1 complex [25, 26]. The C9orf72 repeat 
expansion can cause a severe disruption of mitochondrial transport but only a 
slight inhibition of vesicle transport. Although the exact mechanisms are not clear 
yet, evidence showed that the toxicity comes from the DPRs translated from the 
hexanucleotide repeats present in C9orf72 [26].

ER stress is a widely observed pathological change in different ALS models 
[27]. The ER is responsible for protein synthesis and quality control. Misfolded 
proteins are one of the earliest finding in models based on SOD1 mutations and 
later on in other ALS subtypes [27]. In normal conditions, the ER can identify the 
misfolded protein and trigger the unfolded protein response (UPR) to clear these 
proteins [27]. While under ER stress, the misfolded proteins will be accumulated 
without a proper UPR process [27]. It has been suggested that the ER stress can 
also cause an axonopathy and an irregular microtubule distribution [28]. This has 
been highlighted by the discovery that mutations in two major genes called PDLA1 
and PDLA3 that code ER chaperons are linked with ALS [28]. The ER chaperones 
or protein disulfide isomerases (PDIs) play a pivotal role in the UPR process [27]. 
Expression of mutant PDIs in motor neurons affects dendrite outgrowth and causes 
motor defects in mice [26, 28].

TDP-43 aggregation has been identified as the most prevalent clinical patho-
logical hallmark of ALS patients. In addition, the coding gene TARDBP is an 
ALS-causing gene. TDP-43 aggregation also widely occurs in other familial as 
well as sporadic ALS patients. Axonal transport defects have been observed in 
different model systems of ALS with TDP-43 aggregation [29, 30]. TDP-43 muta-
tions impair mRNA transport in transgenic Drosophila, primary cultured mouse 
cortical neurons and stem cell-derived motor neurons from ALS patients [29, 30]. 
Impaired anterograde axonal transport of microtubule plus tip proteins has been 
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observed in primary cultured rat cortical neurons [29]. It has been suggested that 
cytoplasmic TDP-43 aggregation impairs the cytoskeletal integrity and results in 
transport deficits [29, 30]. While another study has shown that age-dependent 
organelle transport defects in iPSC-derived motor neurons from ALS patients 
carrying TARDBP mutations is independent from TDP-43 aggregation [31], thus, a 
clear interplay between TDP-43 aggregation and axonal transport still needs to be 
clarified. Recently, we found that arginine-rich dipeptide repeat proteins (DPRs), 
which are the pathological translational products from C9orf72 repeat expansion, 
can cause axonal transport defects in human stem cell-derived motor neurons [32]. 
We found that several components of the axonal transport machinery interact with 
arginine-rich DPRs both in vitro and in vivo. It has been proposed that arginine-
rich DPRs might directly affect axonal transport through an inhibitory interaction 
with the microtubule-based transport machinery [32].

DNA damage has been recently proposed as an early pathological change in ALS 
patients [33]. With the fact that TDP-43 and FUS are DNA-/RNA-binding proteins, 
the mutations in these genes cause insufficient DNA damage repair and result in 
motor neuron degeneration [33]. Both DNA damage and distal axonal transport 
defects have been observed in ALS patients carrying FUS mutations [34, 35]. It has 
been proposed that DNA damage might play a role in axonal transport defects [34]. 
When DNA damage is induced in cultured motor neurons, axonal transport defects 
occur thereafter [34]. In line with this, improving the DNA damage repair process 
by inhibiting poly(ADP-ribose) glycohydrolase (PARG) shows a rescue of axonal 
transport defects [34]. Although the exact underling mechanism is not clear yet, it 
is very likely that DNA damage might induce universal transcriptional changes of 
some genes that produce proteins that are involved in axonal transport.

3. Therapeutic strategies targeting axonal transport in ALS

As summarized above, different molecular mechanisms underlie axonal trans-
port deficits in ALS. Based on these evidences, therapeutic strategies to restore 
axonal transport deficits have started to emerge. Given the complexity of the axonal 
transport machinery and its regulatory mechanisms, multiple approaches have been 
devised to target the system at different levels.

3.1 Restoring the tracks: approaches to modulate microtubule dynamics

Microtubule-stabilizing agents are currently in clinical use as chemotherapeutic 
drugs [36]. Compounds that modulate microtubule stability have shown promising 
results also in the context of neurodegeneration. Epothilone D, for example, has 
shown beneficial effects in several models of Alzheimer’s disease [37, 38]. Because 
of these findings, Epothilone D underwent a clinical phase 1 trial investigation 
in patients with mild Alzheimer’s disease (NCT01492374, NCT01966666) [39]. 
Beneficial effects have been reported also for Parkinson’s disease [40] and heredi-
tary spastic paraplegia (HSP) [41]. Epothilone D was shown to protect the soma 
and distal axon of spinal motor neurons early in the disease course of the SOD1G93A 
model mouse of ALS [42]. However, this was not associated with improved motor 
performance or survival [42]. While another microtubule-stabilizing agent, 
Noscapine, was shown to restore axonal transport, to delay the onset of symptoms 
and to extend the survival of SOD1G93A mice [43].

Pharmacological agents that increase the level of microtubule acetylation 
have been also used to rescue axonal transport deficits. Acetylated microtu-
bules are considered to be stable, long-lived microtubules [44]. Although the 
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mechanisms and functional consequences of microtubule acetylation is not fully 
understood [44], it has been suggested that acetylation of α-tubulin promotes the 
recruitment of molecular motors kinesin-1 and dynein [45, 46], indicating that 
boosting the level of microtubule acetylation might positively affect intracellular 
transport. Strong evidence has shown that inhibition of HDAC6, a major tubulin 
de-acetylating enzyme, stimulates intracellular transport of different cargoes in 
several models [45–50].

HDAC6 belongs to the histone deacetylases (HDACs) family, and, unlike the 
other HDACs, HDAC6 is mainly localized in the cytoplasm where it associates 
with microtubules and with the dynein-dynactin motor complex containing 
p150glued [51]. In line with these observations, HDAC6 has been implicated in the 
regulation of cytoskeletal stability, intracellular transport, and cell motility [51, 52]. 
The beneficial effect of HDAC6 inhibitors has been shown in a broad variety of 
neurodegenerative diseases. For example, the inhibition of HDAC6 by trichostatin 
(TSA) increases microtubule acetylation and rescues axonal transport deficit 
in primary neurons carrying the LRRK2 mutation, which is the most common 
genetic causes of Parkinson’s disease. In addition, in vivo knockdown of HDAC6 
and administration of TSA restore locomotor deficits caused by LRRK2 mutation 
in a Drosophila model [48]. Inhibition of HDAC6 by TSA or Tubastatin A (TubA) 
restores the levels of acetylated α-tubulin and corrects the axonal transport defects 
in a mutant HSPB1-induced Charcot-Marie-Tooth disease (CMT) mouse model 
[47, 53]. TSA also enhances tubulin acetylation and rescues microtubule-based 
transport deficits observed in Huntington’s disease (HD) mutant cells [46]. However, 
despite the increased microtubule acetylation, the loss of HDAC6 did not rescue 
neurodegenerative phenotypes and deficits in motor coordination in a HD mouse 
model [54]. In contrast, genetic deletion of HDAC6 significantly slows disease 
progression and extends survival of the mutant SOD1G93A mouse model of ALS [55]. 
The therapeutic potential of HDAC6 inhibition in ALS has been further investigated 
in FUS iPSC-derived motor neurons [49]. Both TubA and ACY-738 HDAC6 
inhibitors rescue the axonal transport deficit in ALS patient-derived motor neurons. 
This beneficial effect on intracellular transport was further confirmed using HDAC6 
antisense oligonucleotides (ASOs) [49]. Furthermore, HDAC6 inhibition increases 
the acetylation level of α-tubulin in patient-derived motor neurons [49].

Overall, targeting microtubules might represent an interesting therapeutic 
target in ALS. In particular, modulating the acetylation levels of α-tubulin might 
be beneficial in restoring axonal transport deficits observed early in the disease 
course of ALS. HDAC6 inhibitors have shown promising results in the context of 
ALS; however additional studies are required. For instance, it has been shown that 
HDAC6 plays an important role in autophagy by promoting the clearance of protein 
aggregates [56] including mutant SOD1 [57–59]. In this regard, inhibitors of the 
deacetylation function of HDAC6 that leave the other functions unhampered need 
to be further validated in the available ALS disease models as they might represent 
an interesting therapeutic approach.

3.2 Restoring the motors: the role of kinases

Several kinases can directly modulate axonal transport through phosphorylation 
of motors, adapters, and cargoes [60]. Deregulation of axonal transport by protein 
kinases has been associated to ALS; therefore the possibility of targeting protein 
kinases has started to emerge as a novel therapeutic avenue.

An abnormal activation of p38 MAP kinase (MAPK) was reported in mutant 
SOD1 mice [61–63]. It has been shown that active p38 MAPK phosphorylates 
kinesin-1, leading to impaired translocation of kinesin-1 along axonal microtubules 
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and inhibition of fast axonal transport [62]. The p38 MAPK inhibitor, SB203580, 
completely inhibits mutant SOD1-induced apoptosis of motor neurons in vitro [61]. 
In addition, Semapimod, a p38 MAPK inhibitor potentially suitable for clinical 
purposes, protects motor neurons from degeneration in vivo, although it only 
mildly extends the survival of SOD1G93A mice [61]. Importantly, a more recent study 
has shown that p38 MAPK is directly responsible for SOD1G93A-induced axonal 
transport deficits in motor neurons, further strengthening the link between p38 
MAPK and axonal transport [63]. Both genetic and acute pharmacological inhibi-
tions of p38 MAPK rescue axonal transport deficits in motor neurons of SOD1G93A 
mice both in vivo and in vitro [63]. However, long-term treatment with the p38 
MAPKα inhibitor SB239063 (a potentially interesting compound given the ability to 
cross the blood-brain barrier) has shown significant toxic side effects and, probably 
because of that, failed to improve axonal transport and muscle function in SOD1G93A 
mice [63]. Therefore, additional investigation is required to evaluate and optimize 
the long-term effects of this approach.

Overactivation of GSK3β has been found in the brain and spinal cord of 
SOD1G93A mice as well as in spinal cord samples from sporadic ALS patients [64–67]. 
Inhibition of GSK3β was protective in SOD1G93A transgenic mice in some studies 
[67, 68], but these findings were not confirmed in later ones [69, 70]. Therefore, at 
present, the involvement of GSK3β in ALS remains controversial. Aberrant activa-
tion of cyclin-dependent kinase 5 (CDK5) has been reported in the spinal cord of 
mouse models of ALS [71–73]. Hyperactivation of CDK5 mis-regulates transport of 
several cargoes via the Lis1/Ndel1 complex, which directly regulates dynein activity 
[72]. Reduction of CDK5 activity in neurons from SOD1G93A mice by roscovitine 
rescues transport deficits [72]. Similarly, inhibition of CDK5 by overexpression 
of calpastatin improves motor axon survival, delays disease onset, and increases 
survival of SOD1G93A mice [73].

Overall, modulating kinase activation seems to be beneficial for the transport 
defects in ALS; however most of these studies focus on the SOD1G93A mouse model. 
It remains to be determined whether targeting kinases is beneficial also in the 
context of other ALS-causing mutations. In addition, many protein kinases have 
multiple targets and are involved in several cellular processes. Therefore a more 
detailed understanding of kinase signaling pathways is required to effectively 
implement this strategy.

4. Conclusions and perspectives

Axonal transport defects have been strongly linked with ALS pathogenesis. 
Different therapeutic strategies have been tested in ALS disease models, showing 
prospective results. However, a deeper understanding of the pathological mecha-
nisms that are responsible for axonal transport deficit is required to properly target 
axonal transport in ALS. Most of the therapeutic strategies proposed have been 
mainly tested in the SOD1G93A transgenic mice, and it is still unknown whether they 
are beneficial in other familial ALS models. In addition, the use of iPSC-derived 
motor neurons could potentially help to validate whether these compounds might 
also be beneficial for the sporadic ALS cases.

Other cellular mechanisms have been shown to be altered in ALS. Therefore it is 
not easy to clarify whether altered axonal transport causes neuronal degeneration 
or whether neuronal dysfunction, due to other upstream mechanisms, ultimately 
leads to malfunctioning of axonal transport. However, the evidence that axonal 
transport is an early identifiable phenotype in several in vivo models suggests that 
targeting axonal transport needs to be addressed for an effective treatment.
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regulation of cytoskeletal stability, intracellular transport, and cell motility [51, 52]. 
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neurodegenerative phenotypes and deficits in motor coordination in a HD mouse 
model [54]. In contrast, genetic deletion of HDAC6 significantly slows disease 
progression and extends survival of the mutant SOD1G93A mouse model of ALS [55]. 
The therapeutic potential of HDAC6 inhibition in ALS has been further investigated 
in FUS iPSC-derived motor neurons [49]. Both TubA and ACY-738 HDAC6 
inhibitors rescue the axonal transport deficit in ALS patient-derived motor neurons. 
This beneficial effect on intracellular transport was further confirmed using HDAC6 
antisense oligonucleotides (ASOs) [49]. Furthermore, HDAC6 inhibition increases 
the acetylation level of α-tubulin in patient-derived motor neurons [49].

Overall, targeting microtubules might represent an interesting therapeutic 
target in ALS. In particular, modulating the acetylation levels of α-tubulin might 
be beneficial in restoring axonal transport deficits observed early in the disease 
course of ALS. HDAC6 inhibitors have shown promising results in the context of 
ALS; however additional studies are required. For instance, it has been shown that 
HDAC6 plays an important role in autophagy by promoting the clearance of protein 
aggregates [56] including mutant SOD1 [57–59]. In this regard, inhibitors of the 
deacetylation function of HDAC6 that leave the other functions unhampered need 
to be further validated in the available ALS disease models as they might represent 
an interesting therapeutic approach.

3.2 Restoring the motors: the role of kinases

Several kinases can directly modulate axonal transport through phosphorylation 
of motors, adapters, and cargoes [60]. Deregulation of axonal transport by protein 
kinases has been associated to ALS; therefore the possibility of targeting protein 
kinases has started to emerge as a novel therapeutic avenue.

An abnormal activation of p38 MAP kinase (MAPK) was reported in mutant 
SOD1 mice [61–63]. It has been shown that active p38 MAPK phosphorylates 
kinesin-1, leading to impaired translocation of kinesin-1 along axonal microtubules 
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and inhibition of fast axonal transport [62]. The p38 MAPK inhibitor, SB203580, 
completely inhibits mutant SOD1-induced apoptosis of motor neurons in vitro [61]. 
In addition, Semapimod, a p38 MAPK inhibitor potentially suitable for clinical 
purposes, protects motor neurons from degeneration in vivo, although it only 
mildly extends the survival of SOD1G93A mice [61]. Importantly, a more recent study 
has shown that p38 MAPK is directly responsible for SOD1G93A-induced axonal 
transport deficits in motor neurons, further strengthening the link between p38 
MAPK and axonal transport [63]. Both genetic and acute pharmacological inhibi-
tions of p38 MAPK rescue axonal transport deficits in motor neurons of SOD1G93A 
mice both in vivo and in vitro [63]. However, long-term treatment with the p38 
MAPKα inhibitor SB239063 (a potentially interesting compound given the ability to 
cross the blood-brain barrier) has shown significant toxic side effects and, probably 
because of that, failed to improve axonal transport and muscle function in SOD1G93A 
mice [63]. Therefore, additional investigation is required to evaluate and optimize 
the long-term effects of this approach.

Overactivation of GSK3β has been found in the brain and spinal cord of 
SOD1G93A mice as well as in spinal cord samples from sporadic ALS patients [64–67]. 
Inhibition of GSK3β was protective in SOD1G93A transgenic mice in some studies 
[67, 68], but these findings were not confirmed in later ones [69, 70]. Therefore, at 
present, the involvement of GSK3β in ALS remains controversial. Aberrant activa-
tion of cyclin-dependent kinase 5 (CDK5) has been reported in the spinal cord of 
mouse models of ALS [71–73]. Hyperactivation of CDK5 mis-regulates transport of 
several cargoes via the Lis1/Ndel1 complex, which directly regulates dynein activity 
[72]. Reduction of CDK5 activity in neurons from SOD1G93A mice by roscovitine 
rescues transport deficits [72]. Similarly, inhibition of CDK5 by overexpression 
of calpastatin improves motor axon survival, delays disease onset, and increases 
survival of SOD1G93A mice [73].

Overall, modulating kinase activation seems to be beneficial for the transport 
defects in ALS; however most of these studies focus on the SOD1G93A mouse model. 
It remains to be determined whether targeting kinases is beneficial also in the 
context of other ALS-causing mutations. In addition, many protein kinases have 
multiple targets and are involved in several cellular processes. Therefore a more 
detailed understanding of kinase signaling pathways is required to effectively 
implement this strategy.

4. Conclusions and perspectives

Axonal transport defects have been strongly linked with ALS pathogenesis. 
Different therapeutic strategies have been tested in ALS disease models, showing 
prospective results. However, a deeper understanding of the pathological mecha-
nisms that are responsible for axonal transport deficit is required to properly target 
axonal transport in ALS. Most of the therapeutic strategies proposed have been 
mainly tested in the SOD1G93A transgenic mice, and it is still unknown whether they 
are beneficial in other familial ALS models. In addition, the use of iPSC-derived 
motor neurons could potentially help to validate whether these compounds might 
also be beneficial for the sporadic ALS cases.

Other cellular mechanisms have been shown to be altered in ALS. Therefore it is 
not easy to clarify whether altered axonal transport causes neuronal degeneration 
or whether neuronal dysfunction, due to other upstream mechanisms, ultimately 
leads to malfunctioning of axonal transport. However, the evidence that axonal 
transport is an early identifiable phenotype in several in vivo models suggests that 
targeting axonal transport needs to be addressed for an effective treatment.
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Relatedly, studies are ongoing to improve the specificity and the ability of drugs 
to cross the blood–brain barrier. The advent of techniques such as gene therapy 
and antisense oligonucleotides might speed up the process of effectively target-
ing axonal transport in patients. The feasibility of gene therapy to ameliorate 
axonal transport deficits has been already successfully shown in ALS mice [58]. In 
addition, ASOs that specifically target HDAC6 have been already tested in iPSC-
derived motor neurons of FUS patients showing positive effects on transport [49]. 
Therefore, these approaches might represent an interesting area for future research 
and might help to identify effective therapeutic strategies.
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