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time, ended his career because of symptoms of the disease 
[2].

ALS patients can be separated into two categories 
depending on the etiology of the disease: sporadic (SALS) or 
familial (FALS). 90% of the cases fall into the SALS group, 
where the cause or causes of the disease are unknown. The 
remaining 10%, in which more than one family member 
may be affected by the disease, have been linked to heredi-
tary mutations. Familial cases of ALS are mostly inherited 
in a dominant pattern and are numbered according to the 
gene which is found mutated in each patient and currently, 
mutations in more than 40 genes such as superoxide dis-
mutase 1 (SOD1) in ALS1, Vesicle-associated membrane 
protein (VAPB) in ALS8, TAR DNA binding protein 43 
(TARDBP) in ALS10, and fused in sarcoma (FUS) in ALS6 
have been identified in familial forms of ALS [3].

The estimated worldwide mortality is about 30,000 
patients a year [4]but the incidence rate varies across con-
tinents. It is estimated to be 2–3 per 100,000 individuals in 
Europe and 0.7–0.8 per 100,000 individuals in Asia [5]. The 
mean age of onset of ALS is 65, but younger patients may 

Introduction

ALS

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative 
devastating disease with currently no efficient treatment. It 
affects superior motor neurons from the motor cortex and 
inferior motor neurons from the brainstem and spinal cord. 
It was first discovered in 1869 by the neurologist Jean-Mar-
tin Charcot [1] but was brought to attention in 1939 when 
Lou Gehrig, one of the most beloved baseball players of all 
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Abstract
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that mainly affects the motor system. It is a very het-
erogeneous disorder, so far more than 40 genes have been described as responsible for ALS. The cause of motor neuron 
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of several pathogenic processes, which include alterations in nucleocytoplasmic transport, defects in transcription and 
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transport, impaired vesicular transport, excitotoxicity, as well as impaired calcium influx. We argue here that all the above 
functions ultimately lead to defects in protein synthesis. Fused in Sarcoma (FUS) is one of the genes associated with ALS. 
It causes ALS type 6 when mutated and is found mislocalized to the cytoplasm in the motor neurons of sporadic ALS 
patients (without FUS mutations). In addition, FUS plays a role in all cellular functions that are impaired in degenerating 
motor neurons. Moreover, ALS patients with FUS mutations present the first symptoms significantly earlier than in other 
forms of the disease. Therefore, the aim of this review is to further discuss ALS6, detail the cellular functions of FUS, 
and suggest that the localization of FUS, as well as protein synthesis rates, could be hallmarks of the ALS phenotype and 
thus good therapeutic targets.
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be affected [6], and is usually fatal within 2–5 years [7] after 
disease onset.

ALS symptoms occur due to the degeneration of the 
motor neurons (MNs). The usual clinical presentation in 
ALS patients involves the motor symptoms such as muscle 
twitching, cramping, stiffness, and weakness. Overall, the 
patient’s muscles become weaker as the disease progresses 
and muscle tissue atrophies. However, non-motor signs can 
be associated as well (as cognitive dysfunction, frontotem-
poral dementia, extrapyramidal features, among others). 
Therefore, ALS is currently widely considered as a multi-
system degeneration [3].

The causes of motor neuron degeneration are not com-
pletely understood, but it is agreed across literature that is 
a consequence of a complex interplay between multiple 
pathogenic processes. Amongst these processes, there are 
some features considered as ALS hallmarks (Fig. 1). They 
include alterations in nucleocytoplasmic transport, defects 
in transcription and splicing, altered stress granule (SG) 
formation and/or disassembly, impaired proteostasis that 
results in aggregating proteins, impaired DNA repair, mito-
chondrial dysfunction and oxidative stress, oligodendrocyte 

degeneration, neuroinflammation, defective axonal trans-
port, defective vesicular transport, excitotoxicity, and dis-
turbed calcium influx [8].The result is a multifactorial 
disorder caused by a combination of multiple genes effects 
as well as by interactions between genes activity and the 
environment.

One key feature found in 90% of ALS cases is ubiqui-
tinated protein inclusions, in which TAR DNA-binding 
protein 43 (TDP-43) is a major constituent [9]. TDP-43, 
besides being intrinsically predisposed to aggregation, is 
also normally involved in mRNA processing. In this way, 
ALS-linked mutations intensify aggregates formation 
and increase their toxicity, which emphasizes the relation 
between disease onset and severity and cell proteostasis 
defects.

Due to its heterogeneity in diverse aspects, such as caus-
ative mutations, age at onset, progression rate and local of 
first symptoms initiation, researchers have been failing to 
find new therapeutic approaches.

In 2009, the first mutations in the FUS gene, also known 
as translocated in liposarcoma (TLS), an RNA-process-
ing protein, were identified in ALS families, which was 

Fig. 1 Functions altered in ALS.
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classified as ALS type six (ALS6). FUS mutations have 
also been described in sporadic cases linked to chromosome 
16q12. [10–12].

Importantly, ALS patients harboring FUS mutations 
present the first symptoms significantly earlier than in other 
forms of the disease. Indeed, more than 60% of FUS mutant 
patients present the first signs of disease before 45 years 
of age. Moreover, many ALS6 juvenile cases have been 
described with disease onset in the early twenties [13, 14].

FUS is also found mislocalized on MNs cytoplasm from 
SALS patients. Moreover, FUS is associated to all cellular 
functions found to be disturbed in the degenerating MNs. 
Therefore, the main objective of this review is to further dis-
cuss ALS6, detail FUS cellular functions, and suggest that 
FUS localization, as well as protein synthesis rates, might 
be hallmarks of the ALS phenotype and hence, potentially 
good therapy targets.

ALS 6

The clinical features of ALS6 are alike the classical ALS phe-
notype. Symptoms include progressive muscular atrophy, 

dysphagia, dysarthria, ultimately leading to respiratory fail-
ure. The neuropathological characteristics of these patients 
are upper and lower motor neurons degeneration, neuronal 
degeneration on the anterior horn of the spinal cord, mild 
pyramidal neuronal loss, dystrophic neurites, astrogliosis, 
and microglial activation. They generally present TDP43-
negative and FUS-positive cytoplasmic inclusions in the 
motor neurons [9].

FUS was first identified in malignant human myxoid 
liposarcoma (a form of malignant tumor affecting adipose 
tissue), as a fused protein with CHOP (C/EBP homologous 
protein) a dominant transcription inhibitor. It was only in 
2009 that the first cases of ALS with FUS mutations were 
described [12].

Mutations in the FUS gene are responsible for both 
familial (4% of the cases) and sporadic forms of ALS (1% 
of the cases) [15]. To date, more than 50 different mutations 
within the FUS gene were described to cause ALS. Most 
familial ALS mutations are found in the FUS C-terminal 
nuclear localization sequence (NLS), causing the mislocal-
ization of the normally nuclear protein to the cytoplasm. 
Consequently, this leads to the accumulation of cytoplasmic 

Fig. 2 FUS functions in healthy versus diseased cells
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FUS Models

There are many available models to study FUS functions, 
which are reviewed in greater detail elsewhere [27]. Here 
we detail each model system used and try to give emphasis 
on results using patient derived cells, as Induced Pluripotent 
Stem Cells-derived motor neurons. However, independently 
of the model itself, being drosophila, yeast, mice, or human 
cells, there is a particularly conserved characteristic of most 
FUS models that needs to be highlighted.

When overexpressed, wild-type human FUS induces 
cytoplasmic inclusions formation. The latter being a hall-
mark of ALS6 patients and, therefore, one of the putative 
causes of neuronal degeneration. Indeed, ALS phenotypes 
were recapitulated in a transgenic mouse model generated 
by using the pronuclear injection of wild type human FUS 
cloned into a modified mouse prion gene. The mice ended 
up overexpressing ubiquitously and constitutively wild type 
human FUS. These animals developed an aggressive ALS 
phenotype with early tremor outbreak followed by progres-
sive posterior members paralysis and death after 12 weeks 
[28]. The presence of neurological symptoms in a ubiqui-
tously expressed system suggests that FUS plays an essen-
tial role in neural compartment ontogenesis which deserves 
further attention.

Cellular Functions

FUS Functions During Embryonal Development

When FUS is knocked down from frog embryos they fail 
to gastrulate and show mesodermal differentiation defects. 
In these embryos, it was demonstrated that intron retention 
in pre-mRNA occurs in 3–5% of all transcripts when FUS 
levels are decreased [29]. Beyond that, it was shown that the 
C-terminal domain of FUS is not required for correct splic-
ing, since embryos in which the FUS C-terminal part was 
missing developed normally and do not show miss splicing 
[29].

The consequences of disrupting Fus were also investi-
gated in mice. Mice that are heterozygous for Fus muta-
tion are indistinguishable from wild-type mice. On the other 
hand, homozygous Fus mutant mice fail to suckle and die 
within 16 h of birth. Despite these Fus–/– mice develop nor-
mally (what the authors confirm with histology examination 
of major organs and tissues), Fus mutant mice do display 
genomic instability in their lymphocytes [30].

Furthermore, Fus expression was previously analyzed in 
a longitudinal study in C57BL6 mice and Sprague-Dawley 
rats. High and ubiquitous levels of Fus mRNA were detected 
in neonate mice and rats but were significantly lower in 

protein inclusions [16]. This suggests that either loss of FUS 
function in the nucleus or gain of toxic function in the cyto-
plasm are the disease-causing mechanisms [17], although 
both mechanisms are most likely acting together. However, 
to enhance our comprehension on the pathobiology underly-
ing FUS mutations in ALS patients, understanding the role 
of wild-type (wt) FUS is crucial.

FUS Protein

FUS is a 526 amino acid RNA binding protein (RBP) of the 
FET family that contains several functional domains includ-
ing: Gln-Gly-Ser-Tyr-rich (or prion-like) domain; Gly-rich 
domain; Arg-Gly-Gly-rich domain; RNA recognition motif; 
zinc finger domain and a C-terminal nuclear localization 
signal (NLS) [18].

Under physiological conditions, FUS is mostly local-
ized in the nucleus in neurons and is exclusively nuclear in 
glia[19]. Yet, FUS can be transported between the nucleus 
and cytoplasm [20].

The exact function of FUS under normal physiological 
conditions is unclear. Some established roles include tran-
scriptional control [21], RNA processing through splicing 
regulation of pre-mRNAs [22], and DNA repair [23], thus 
defining FUS as a pleiotropic protein. Concerning FUS 
structure, the N-terminus is most likely involved in tran-
scriptional activation and C-terminus in protein and RNA 
binding.

There is evidence that FUS might have distinct roles 
during different stages throughout development. It was 
previously observed that FUS is ubiquitously expressed 
postnatally in mice and rats, but its expression decreases on 
most tissues by adult age, except in neuronal tissues [14]. 
This suggests a role for FUS that is linked to neurodevel-
opment and neuronal homeostasis and highlights possible 
mechanisms of action of mutant FUS in ALS pathogenesis.

However, FUS was described as a ubiquitous expressed 
protein and an endogenous nuclear expression of FUS in 
adult myoblasts and myotubes was previously reported [24]. 
Furthermore, the expression of mutant FUS only in muscle 
cells was sufficient to exert degenerative effects in motor 
neurons [25]. It has also been reported that expression of 
mutant FUS exclusively in astrocytes is sufficient to induce 
death of spinal motor neurons [26]. Further work is needed 
to better understand FUS functions in other types of cells 
and how they contribute to the motor neuron death and dis-
ease phenotype. However, most importantly, these results 
highlight a non-cell-autonomous mechanism that seems to 
be of relevance for the progression of ALS pathology.

In addition to FUS function in multiple cells, numerous 
studies report the role of FUS on diverse cellular processes, 
as summarized below.
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mutations, all the FUS mutants tested (R244C, R514S, 
H517Q, and R521C) had impaired HR-mediated DNA 
repair compared to wild- type FUS. However, localization 
of FUS variants either in the nucleus or in the cytoplasm did 
not correlate with HR activity. For example, the mutant FUS 
R244C was mostly identified in the nucleus, but exhibited 
a considerable decrease in HR, indicating that the loss of 
function of mutant FUS that caused defective HR is not sim-
ply a consequence of its absence from the nucleus. Overall, 
FUS mutants affected the HR DNA repair pathway more 
pronouncedly than NHEJ [36].

Familial cases of ALS that present mutations in the 
FUS gene show a reduced interaction within mutant FUS 
and HDAC1, causing defects in DNA repair [36].Indeed, 
in a transgenic mouse model expressing a frequent famil-
ial ALS-associated FUS mutation (FUS-R521C), mutant 
FUS proteins stably interact with wild type FUS, compet-
ing with HDAC1 and inhibiting HDAC1-FUS interactions. 
Consequently, FUS-R521C mice displayed increased DNA 
damage and a substantial decrease in dendritic growth and 
synaptic functions in the brain and spinal cord[38].

FUS also participates in the cellular response to topoi-
somerase I (TOP1)-induced DNA breakage. When RNA 
polymerase II (Pol II) stops at sites of TOP1-induced DNA 
breaks, FUS relocalizes to the nucleolus. In this setting, 
FUS-mutant patient fibroblasts are more sensitive to TOP1-
induced DNA breakage than wild type-FUS control fibro-
blasts [39].

Overall, there is consistent evidence that FUS plays an 
important upstream role in the cellular response to diverse 
types of DNA damage induction (being TOP1, laser, or oxi-
dative stress) and that it can recruit many DNA repair pro-
teins. However, there is no consensus of whether FUS is 
more significant to the HR or NHEJ dependent DNA dam-
age repair, but it seems to be enrolled in both pathways.

Regulation of Gene Expression

FUS and Post Translation Modifications on Histone Residues

Availability of DNA- therefore packing of nucleosomes- is 
expected to be important to transcription initiation. Post-
translation modifications (PTMs) on histone residues can 
modulate nucleosome stability and dynamics and is one of 
the major mechanisms of gene expression control. Histone 
acetylation, methylation, and phosphorylation act in con-
cert to modulate chromatin accessibility and FUS has been 
associated with deposition of all the mentioned modifica-
tions[40].Recent evidence shows that alteration of the epi-
genetic landscape is one of the features that result in ALS 
pathology [40–42].

most tissues in the adult rodents. Meanwhile, in adult indi-
viduals, FUS protein was undetectable in some peripheral 
organs such as skeletal muscles, liver, and kidney, but was 
constantly highly expressed in the central nervous system 
[14].

In summary, the studies discussed above suggest that 
during embryogenesis and in newborn developing tissues, 
FUS has an important role in mesoderm development due to 
its function in splicing. Of note, one copy of wild-type Fus 
is enough to sustain normal cellular functions during devel-
opment as the heterozygotes show a wild type-like pheno-
type in neonatal rodents. However, homozygous mutations 
of Fus are lethal in mice.

Finally, Fus expression is maintained in the adult nervous 
tissue, and its functions are linked to neuronal homeostasis. 
FUS roles in adult cells are summarized below.

Genome Maintenance

One of the reported roles for FUS is in the maintenance of 
genome integrity by having a role in DNA damage repair 
(DDR).

Previous reports provided evidence that FUS is recruited 
to sites of laser-induced DNA double-strand breaks (DSBs). 
This recruitment needs poly ADP-ribose polymerase 
(PARP) activity. The arginine/glycine-rich domains of 
FUS are responsible for the protein redistribution to the 
sites of DNA damage once these domains directly interact 
with PARP. In addition, depletion of FUS diminished DSB 
repair, decreasing both homologous recombination (HR) 
and non-homologous end-joining (NHEJ), implicating FUS 
as an upstream effector in both pathways [23].

Furthermore, FUS localization after laser-induced DNA 
damage showed that recruitment of FUS to the damaged 
sites occurs earlier than for proteins with well-known roles 
in the DNA-repair process, including NBS1 (Nijmegen 
breakage syndrome-1), p-ATM (phosphorylated-ataxia 
telangiectasia mutated), γH2AX (phosphorylated histone 
2 A.X), and Ku70 [31].

Specifically, in neurons, wildtype FUS facilitates recruit-
ment of XRCC1/DNA Ligase IIIα (LigIII) complex to 
oxidized genome sites and allow for base excision repair 
(BER). Consequently, insufficient nucleic FUS causes DNA 
nick ligation defects, which are toxic to MNs [32].

Many reports linked DNA repair defects to neurodegen-
erative diseases [33–35]. ALS patients display increased 
levels of the DNA damage marker γH2AX in cortical MNs 
[36]. Similarly, MNs derived from induced pluripotent stem 
cells (IPSCs) with endogenous FUS mutations showed 
signs of DNA damage [37].

When NHEJ and HR-mediated DNA repair capacity 
was measured in U2OS cells bearing different ALS-linked 
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regulation, cytoskeletal organization, and oxidative stress 
[53].

Results relating FUS to the regulation of PTMs on his-
tone residues seem to agree with the literature. Overall, 
mutations result in changes in patterns of PTMs and the 
downregulation in global gene transcription compared to 
controls.

FUS and miRNA Regulation

Another mechanism by which FUS influences gene expres-
sion is through micro-RNA regulation. Micro RNAs (miR-
NAs) are small non-coding RNAs that can change the 
expression of many different mRNAs with high specific-
ity [54]. The miRNA base pairing to mRNA untranslated 
region (UTR) sequences is responsible for target specificity. 
This binding results in mRNA destabilization or translation 
inhibition [55].

One of the first pieces of evidence that FUS is capable of 
regulating miRNAs was demonstrated when FUS was iden-
tified as a protein that contributes to the biogenesis of a sub-
set of miRNAs, including miRNAs with neuronal functions, 
differentiation, and synaptogenesis. FUS is recruited to the 
chromatin at miRNA transcription sites and binds their pre-
miRNAs. Moreover, depletion of FUS leads to a decrease in 
Drosha (the main nuclease responsible for miRNA process-
ing initiation step in the nucleus) levels at chromatin loci 
[56].

ALS mutations were also recognized as responsible for 
general miRNA deregulation [57, 58]. Analysis of the whole 
transcriptome of isogenic IPSC-derived human motor neu-
rons expressing either FUS wild-type or mutant identified 
several miRNAs deregulated on the mutant MNs, including 
miR-375, previously related to motor neuron survival [57]. 
Another ALS-related FUS mutation, FUS- R495X, also 
impairs miRNA-mediated gene silencing [58]. One mecha-
nism by which FUS interferes with miRNA gene expression 
regulation is by directly binding the core miRNA-induced 
silencing complex (miRISC) component AGO2 and by 
directly interacting with miRNA and mRNA targets [58].

Collectively, literature results strongly suggest a role of 
FUS in regulating the activity of miRNA-mediated gene 
silencing by directly binding miRISC components and con-
sequently playing an important part in neuronal differentia-
tion and maintenance in ALS patients.

FUS and Splicing

Finally, one important feature of FUS regarding the regula-
tion of gene expression is its role in splicing. FUS binds to 
several transcripts within the brain [59]. The exact mecha-
nism by which it regulates splicing is unknown, although 

Histone acetyl transferases (HATs) and histone deacet-
ylases (HDACs) control histone acetylation in an antago-
nistic fashion. In a FUS overexpression model using HeLa 
cells, FUS was found binding to CBP/p300- a major HAT 
- and inhibiting its histone acetylation activity. This results 
in hypoacetylation of a region in proximity to the CCND1 
gene with reduction of cyclin D1expression, impairing pro-
gression through the cell cycle [43].

In a yeast model overexpressing human FUS, signifi-
cantly reduced histone H3 lysine 14 and 56 (H3K14 and 
H3K56) acetylation levels were observed. These modifica-
tions are preserved in humans and acetylation of H3K14 is 
specifically found at actively transcribed genes promoters 
[41]. Accordingly, FUS overexpression in this model pre-
sented reduced global RNA levels, another indication that 
histone hypoacetylation may reduce transcription [44].

Interestingly, HDAC inhibitors are arising as promising 
therapeutic strategies for ALS patients. Drugs inhibiting 
HDAC activity are used in the clinic as anticancer agents, 
showing that its administration is safe as a treatment for 
human diseases [45]. Specifically for ALS, research is still 
ongoing, and several steps are needed before clinical trials, 
but pre-clinical studies observed that treatment with differ-
ent HDAC inhibitors decreased motor neuron degeneration 
in a SOD1 mouse model [46, 47].

Regarding ALS6, an in-vitro model using IPSC-derived 
MNs demonstrates that the genetic silencing and pharma-
cological inhibition of HDAC6 were able to recover axonal 
transport problems caused by mutant FUS [48]. Accord-
ingly, transgenic mice overexpressing wild-type FUS 
(“TgFUS+/+”) had reduced histone acetylation. Continuous 
ACY-738 treatment (an HDAC inhibitor able to surpass the 
blood-brain barrier) in these mice reestablished global his-
tone acetylation, ameliorated the motor degeneration, and 
significantly extended transgenic mice life span [49].

FUS overexpression also caused asymmetric dimethyl-
ation on arginine 3 ofhistone 4, which is known to promote 
histone acetylation and gene transcription [50]. This feature 
is possibly related to the Protein arginine N-methyltransfer-
ase 1 (PRMT1), which is responsible for H4R3me2asym 
[51]. In a mouse model of ALS with FUS-R521C mutation, 
the interaction of mutant FUS with PRMT1 was responsible 
for PRMT1 activity inhibition. It was observed a reduction 
of H4R3me2asym in this model, ultimately leading to tran-
scriptional silencing. When PRMT1 was overexpressed, the 
phenotype caused by the mutation was decreased [52].

FUS is also capable of modulating phosphorylation on 
histone residues. In NSC-34 and HEK-293T cells, FUS 
knockdown (KD) through RNA interference induced H3 
phosphorylation. FUS-KD decreased cell proliferation and 
modulated expression levels of genes involved in cell cycle 
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FUS and SG

ALS is considered to have multifactorial pathogenic mecha-
nisms and SGs are one of the most well-studied hallmarks 
that can be influenced by epigenetic factors. Therefore, 
many modifiers of SG assembly are under research.

FUS is found within SGs and aggregation of FUS protein 
is believed to have a fundamental role in ALS pathogenesis, 
since FUS aggregates are found in the cytoplasm of motor 
neurons in postmortem sections of sporadic ALS patients 
[66].

The role of FUS in SGs was intensely studied and 
reviewed [18, 67–69]. The main conclusions to these analy-
ses are mentioned below.

FUS is a member of ribonucleoprotein particles (RNPs), 
which are RNA and RNA-binding proteins (RBPs) com-
plexes and can have different roles [70]. RBPs can form 
cytoplasmic granules, that are membraneless organelles 
and include different kinds of granules. Amongst them are 
processing bodies (p-bodies), transport and stress granules, 
(SGs), with the latter being RNA-containing cytoplasmic 
foci generated once the cell is exposed to stress. The SGs 
are assembled to allow the cell to handle cellular stresses by 
delaying mRNA translation and directing synthesis towards 
cytoprotective proteins. After the stress is relieved, these 
structures are disassembled [71]. Most of the proteins that 
have been described in these structures are RNA binding 
proteins (RBPs) or are proteins involved in RNA metabo-
lism and translation[72].

FUS is one of these RBPs identified within both SGs and 
P-bodies and there is a consensus that the amount of FUS in 
granules depends on how much of the protein is mislocalized 
to the cytoplasm [73]. Both wild type and mutated forms of 
FUS are found in SGs [74]. However, FUS mutants are more 
present in these structures when compared to wild type [73, 
75]. It is worth pointing out that FUS is not required for the 
SG assembly once it is not impaired by endogenous wild-
type FUS knockdown [76]. However, many results indicate 
that mutations in FUS make the protein become aggregation 
prone and alter many aspects of SGs, including granule size 
[77], abundance, assembly and disassembly speed [68], and 
biophysical properties, such as viscosity and stiffness [68, 
77]. Although it is not a consensus whether mutations on 
FUS make SG more or less dynamic.

Most studies use oxidative stress to induce SG assembly 
and compare wild-type to mutated FUS functions. Regard-
ing FUSwt function in different cellular stress responses, FUS 
exhibits a vigorous response to hyperosmolar stress. Hyper-
osmolar stress causes an immediate nuclear FUS redistri-
bution to the cytoplasm, with transient nuclear clearance 
and loss of function. When in the cytoplasm, it integrates 
into stress granules. But this redistribution is independent 

crosslinking and immunoprecipitation (iCLIP) in mouse 
brains showed that FUS binds along the full length of 
emerging RNAs and persist bound to the pre-mRNAs until 
splicing termination [60].

FUS also binds important spliceosome components. U1 
snRNP is one of the most abundant FUS interactors. Com-
ponents of U1 snRNP core particle (as Sm proteins and U1 
snRNA) mislocalize with FUS to the cytoplasm in fibroblast 
of ALS6 patients with FUS NLS mutations. The mislocal-
ization of snRNP core proteins seems to be dependent on the 
RRM domain of FUS. Moreover, FUS and U1 snRNP pro-
teins KD caused motor axon truncations in zebrafish [61]. 
FUS binding to U11 snRNP regulates the removal mainly 
of minor introns. In neuroblastoma cells, a FUS knockout 
(KO) disturbed the splicing of minor intron-containing 
mRNAs. Moreover, cytoplasmic aggregates formed by an 
ALS-associated FUS mutant traps U11 and U12 snRNAs 
in these aggregates, inhibiting the splicing of minor introns 
[17]. Additionally, association of FUS to RNA polymerase 
II (RNAP II) is indispensable to U1 snRNP and RNAP II 
interaction: It was shown that proper splicing requires FUS 
presence during RNAP II transcription reaction, thus, cou-
pling transcription to splicing [62].

Regarding alternative splicing, FUS-binding sites are 
present around the alternatively spliced exons and tend to 
form stable secondary structures. Moreover, FUS is com-
monly present in the antisense RNA strand at the promoter 
regions, which downregulates transcription of the coding 
strand [63].

It is not clear whether mutations in the FUS gene causes 
gain or loss of functions on the FUS protein. To compare the 
mutation-induced changes to actual loss of function conse-
quences (represented by the knockouts or knockdowns pre-
viously reported), knock-in models were created and high 
depth RNA-sequencing data on FUS mutants was performed 
in parallel to FUS KO. Still, a widespread loss of function 
on gene expression and splicing was caused by FUS ALS 
mutations, being RNA binding proteins preferential targets 
of this effect. Similarly, mutant FUS induces intron reten-
tion through RNA binding, even in FUS itself [64].

The brain proteomic diversity is a major consequence of 
alternative splicing spatial and temporal control [65], there-
fore highlighting the relevance of this mechanism to this 
specific tissue correct function. FUS is required for splicing 
events to occur but can also inhibit splicing and alternative 
splicing. Thus, it indicates that FUS might regulate splicing 
events and transcription in a position and interactor-depen-
dent manner, which is of extreme importance for proper 
neuronal tissue homeostasis.
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These inclusions sequester the autophagy receptor optineu-
rin and nucleocytoplasmic transport factors. Moreover, 
mutant FUS-expressing cells are more susceptible to dsRNA 
toxicity, suggesting that the antiviral immune response is 
likely a second hit for FUS pathological phenotype [91].

PTMs on FUS protein itself can also influence ALS 
pathology. Post-translational modifications of FUS can 
occur at different positions, affecting its localization and 
aggregation propensity. Although the roles of PTMs in FUS 
aggregation pathology remain unresolved and depends on 
the type of PTM and interactors, several putative PTM share 
overlapping sites with disease-associated mutations, which 
could indicate their relevance to the development of ALS 
phenotype [92].

In summary, wild-type FUS seems to have protec-
tive effects when cells suffer from stress exposure. While 
mutant-FUS seems to have a gain-of-toxic mechanism, 
modifying the dynamic properties of stress granules (Fig. 2) 
[77]. Overall, disease pathogenesis could be a result of the 
presence of FUS in the cytoplasm and the assembly of FUS 
protein into stress granules, acting as an interface between 
genetic susceptibility and environmental factors [93].

Protein Synthesis

Subcellular localization of proteins is essential to the estab-
lishment of the body axis, cell migration, synaptic plasticity, 
and other biological processes in neurons, the first affected 
cells in ALS. Three processes control protein localization: 
transport, localization of mRNAs, and local translation. A 
comparison between isolated cell bodies and neurites of 
neurons differentiated from mouse embryonic stem cells, 
identified with a global analysis of protein presence, RNA 
expression, and translation rates that mRNA position is the 
primary mechanism defining protein localization in neu-
rites. [94].

Localization of mRNAs is highly conserved in eukary-
otes [95] and mechanisms of axonal mRNA translation 
might be the link to axon guidance, survival, regeneration, 
and neurological disorders [96].

Protein synthesis, proteasome, or autophagy activation 
are energetically expensive processes and ribosome quality 
control can prevent unnecessary translation. Another way 
of avoiding this energetic waste is by nonsense-mediated 
decay (NMD), which distinguishes and erases mRNAs with 
premature termination codons (PTCs) [97]. In this way, the 
NMD pathway regulates protein translation. It was found 
that in N2a cells expressing mutant FUS, NMD was altered, 
meaning that NMD-promoting factors UPF1 and UPF3b 
were increased, while a negative NMD regulator, UPF3a, 
was decreased, resulting in hyperactivation of NMD [98], 

of SG formation, once FUS does not seem to migrate to the 
cytoplasm as a response to others stress granule assembly 
inducers, such as sodium arsenite, hydrogen peroxide, thap-
sigargin, or heat shock [78].

FUS translocation is also modulated by methyltransfer-
ase activity, Transportin 1, and is potentiated by transcrip-
tional inhibition [79]. Interestingly, reduced FUS expression 
causes cell viability loss in response to hyperosmolar stress, 
indicating a protective role for FUS in this context [78].

The role of SG within the cells and how it can impact dis-
ease progression is not completely understood. How could 
a pro-survival trait maybe increase toxic protein aggrega-
tion? One accepted model is that SGs may aid the forma-
tion of cytoplasmic aggregates in ALS, while excessive SG 
assembly or defective SG clearance induced by mutations 
or cellular conditions increase SG persistence, consequently 
generating toxic aggregates [80]. It was previously shown 
that repetitive assembly of SGs is toxic to motor neurons 
and is succeeded by SGs alteration into cytoplasmic inclu-
sions similar to those found on the ALS pathology [81]. On 
the other hand, there is the possibility that SGs do not play 
a role in the formation of persistent aggregates or even that 
SGs present a protective effect.

Pointing towards the latter hypothesis, when FUS domains 
responsible for RNA recognition and binding are disrupted, 
consequently decreasing SG assembly, it highly increases 
the formation of structures comparable to aggresomes [82]. 
Also, Protein ubiquilin 2 (UBQLN2) was shown to main-
tain the solubility of FUS in response to stress, increasing 
FUS–RNA complex formation and, therefore, acting as a 
negative regulator of SG formation [83]. FUS-mediated 
neurodegeneration is also modified by muscleblind (MBL) 
in an ALS6 drosophila model: MBL overexpression was 
able to decrease cytoplasmic mislocalization of mutant FUS 
and accumulation in stress granules [84]. This evidence 
leads us to believe that the stress granules act as a protective 
feature when cells are stressed by aggregating FUS because 
when FUS is soluble in the cytoplasm it is toxic for cells. 
However, when SGs become permanent aggregates, they 
become toxic for cells.

Besides these specific proteins that can modulate mutated 
FUS localization and solubility, studies report that enhanc-
ing autophagy reduces cytoplasmic FUS, decreases the 
number of stress granules, and rescues motor function [85].

Lastly, multiple viruses can induce SG assembly [86]. 
Several studies have reported epidemiological and clinical 
evidence connecting viral infection and ALS [87–89]. For 
example, it is known that individuals infected with HIV or 
human T cell leukemia virus 1 develop neurological disor-
ders with clinical features of ALS [90]. Accordingly, syn-
thetic dsRNA poly (I:C) (a viral mimic) or an SG-inducing 
virus causes the persistent presence of mutant FUS granules. 
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Discussion and Conclusion

There is a variety of molecular mechanisms underlying neu-
rodegenerative pathogenesis, hampering the development 
of effective therapies for these disorders. This heterogeneity 
has been a challenge to enhance our understanding on the 
cellular phenotypes that might be happening to protect the 
motor neurons from insults or that are the direct causes that 
lead to motor neuron death. Hopefully, new technologies 
might help understand these differences. The single-cell 
transcriptomic resolution, for example, enables unraveling 
cell-specific disease states [103], and since ALS is a late-
onset disease, it might point us to transcriptional patterns 
that keep cells functioning despite the initial stresses caused 
by the mutations [104]. Moreover, spatial transcriptomics 
permits finding the gene expression of resistant neurons 
in their microenvironment and with their interconnecting 
cells [105]. Recently, spatiotemporal transcriptomic atlas 
has been generated with ALS postmortem spinal cords and 
with mouse models [106, 107]. These techniques might help 
answer questions regarding the causes and consequences of 
neurodegeneration and each cellular phenotype leading to 
motor neuron death.

We argue that protein synthesis is a major process that 
controls cell behavior since proteins are the functional 
molecules that determine cell types and functions [108]. 
Accordingly, understanding and targeting protein synthesis 
defects might help stop disease progression.

All processes in which mutant FUS leads to aberrations 
ultimately change protein translation rates (Fig. 3):

 ● Wild type FUS is relevant for the DNA damage repair 
mechanism and ALS patients have higher amount of 
damage in the DNA, as previously discussed. It is known 
that DNA damage inhibits protein translation. For 
example, damage in the DNA caused by UVB inhibits 
overall protein synthesis, and causes translational repro-
gramming, allowing the selective synthesis of DDR 
proteins, such as ERCC1, ERCC5, DDB1, XPA, XPD, 
and OGG1 mRNAs [109]. Also, ionizing radiation (IR) 
that causes DNA double-strand breaks (DSBs), results 
in changes in levels of proteins involved in autophagy, 
proteasome degradation, mitochondrial proteins, and a 
striking downregulation of ribosomal and translation 
factors that rapidly changes the translation pattern after 
IR [110].

 ● FUS roles in transcription involving PTMs on histones 
decrease global RNA levels, which could also result in 
the decrease of global translation because of the lack of 
mRNA availability.

consequently decreasing protein synthesis due to lack of 
mRNA.

In mice, either expressing both mouse and human FUS 
or only full-length human FUS, ALS- related mutant FUS 
and not wild type accumulated in the axons in hippocampal 
neurons and sciatic nerves and caused decreased intra-axo-
nal protein synthesis. Unlike in other models, this specific 
study showed that mutations did not cause FUS cytoplas-
mic aggregation, as well as did not alter FUS-bound pre-
mRNAs splicing, but rather, induced a gain of toxic function 
that resulted in suppression of intra-axonal translation, syn-
aptic dysfunction, and progressive motor degeneration [99].

In cultured neurons differentiated from mouse embry-
onic stem cells expressing human R495X FUS, analysis by 
CLIP-Seq and Ribo-seq showed that wildtype FUS binds on 
precursor mRNAs (pre-mRNAs), while mutated FUS binds 
mature mRNAs. Surprisingly, this binding did not change 
the translation levels of the attached mRNAs. However, it 
was found that R495X decreases mitochondria function-
associated genes translation, resulting in an important 
decrease in mitochondrial size [100].

Beyond that, translation inhibition in both mouse and 
human MNs could be achieved by mutant FUS expression at 
physiological levels. Mutant FUS did not act directly on the 
translation machinery but was found to form cytoplasmic 
inclusions containing FMRP (a neurodegeneration-associ-
ated RBP involved in translation regulation). This causes 
the repression of translation in vitro and in vivo [101].

The role of wild-type FUS in protein synthesis is yet to be 
completely understood and it may be an exclusive function 
of the mutant forms due to their mislocalization in the cyto-
plasm. Nonetheless, protein synthesis suppression seems to 
be a common consequence of FUS mutations.

It is not clear whether the decreased translation is pro-
tective or harmful in the neurodegeneration context. How-
ever, the phosphorylation of eukaryotic initiation factor 2α 
(eIF2α) is one of the most consistent observations related to 
neurodegenerative diseases. eIF2α is a translation initiation 
factor, involved in cap-dependent protein translation and its 
phosphorylated form causes global translation suppression 
[102].

In summary, there is accumulating evidence about the 
importance of protein synthesis to the ALS disease onset 
and progression. Therefore, further investigation on the role 
of translation rates on ALS phenotypes can help increase 
understanding of the disease pathways and the development 
of further and more efficient therapeutics.
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overlapping processes. One of the several mechanisms 
involved in sustaining synapses integrity is local protein 
translation, as it can directly affect the synaptic formation, 
communication, and maintenance. Local protein synthesis 
is regulated by RNA-binding proteins and their association 
with RNA granules. Consequently, the loss of synapses in 
neurodegenerative diseases could be a result of RNA metab-
olism malfunction and further investigation into RBPs like 
FUS could lead to important insights into how their disrup-
tion can cause disease onset [112].

In conclusion, FUS is a protein related to many cellular 
processes, and there is growing evidence that its dysfunc-
tion might be involved in the mechanism of the pathogene-
sis of not only ALS6 but other types of familial and sporadic 
ALS [66]. Here we argue that the mechanisms disrupted by 
FUS mutations ultimately result in the decrease of protein 
synthesis. Further studies should focus on translational rates 
to better understand if they are a cause or a consequence of 

 ● Disturbing splicing events can affect mRNA availability 
and localization, and rates of protein translation, con-
sequently. It was previously shown that in mammalian 
cells, spliced mRNAs generate greater protein amounts 
per mRNA molecule than identical mRNAs not made 
by splicing. This correlates with augmented polysome 
association with spliced mRNAs, possibly due to exon 
junction complexes (EJCs) deposition [111].

 ● Stress granules’ central role is changing synthesis 
towards cytoprotective proteins by delaying mRNA 
translation. Their permanent presence and translation 
suppression might be the trigger to cytotoxicity in a late-
onset disease like ALS.

Many efforts were made to understand the main and com-
mon processes underlying the pathobiology of all ALS 
types. Synaptic loss is a crucial event in neurodegenera-
tive disorders and should be considered as one of these 

Fig. 3 All altered functions in ALS converging into protein synthesis defects
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