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Abstract 

TAR DNA-binding protein of 43 kDa (TDP-43) and fused in sarcoma (FUS) are 

RNA binding proteins (RBPs) primarily located in the nucleus, and involved in 

numerous aspects of RNA metabolism. Both proteins can be found to be depleted 

from the nucleus and accumulated in cytoplasmic inclusions in two major 

neurodegenerative conditions, amyotrophic lateral sclerosis and frontotemporal 

dementia. Recent evidences suggest that, in addition to their nuclear functions, 

both TDP-43 and FUS are involved in multiple processes in the cytoplasm, 

including mRNA stability and transport, translation, the stress response, 

mitochondrial and autophagy regulation. Here, we review the most recent 

advances in understanding their functions in the cytoplasm and how these are 

affected in disease. 
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 RBP RNA binding protein 

 RNP ribonucleoprotein  
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1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder, in which the 

loss of upper and lower motor neurons causes progressive muscle weakness, 

ultimately leading to death due to respiratory failure. Frontotemporal dementia 

(FTD) is associated with neurodegeneration of frontal and temporal lobes, leading 

to progressive behavioural and language changes that result in dementia. The 

clinical manifestations of ALS and FTD can co-occur, and as the two diseases 

share several pathological and genetic features, they are now considered part of 

the same disease spectrum [1]. 

5-10% of ALS cases present with autosomal dominant inheritance. Genomic 

analysis has allowed the identification of disease-causative mutations, which have 

subsequently also been found in patients with no familial history. Overall, known 

pathogenic mutations can be identified in approximately 15% of ALS cases. A 

number of these mutations are within genes encoding for RNA binding proteins 

(RBPs), with the two most frequent ones being TDP-43 and FUS. Moreover, TDP-

43 is found in cytoplasmic neuronal inclusions in >97% of ALS cases and >40% 

of FTD cases [2-4]. These TDP-43 inclusions are now considered a hallmark of 

ALS pathology, raising an overall strong interest in RNA metabolism in ALS. 

TDP-43 and FUS share structural and functional features. Both RBPs comprise 

RNA recognition motifs (RRMs), a low complexity domain (LCD) and a nuclear 

localisation signal (NLS). These RBPs localise predominantly to the nucleus, 

however they can shuttle to and from the cytoplasm [5]. In addition to well-

characterised nuclear functions such as transcription, mRNA splicing and poly-

adenylation, miRNA biogenesis, all reviewed elsewhere [6-8], emerging evidence 

is highlighting roles for TDP-43 and FUS within the cytoplasm. Under physiological 

conditions, TDP-43 and FUS levels in the cytoplasm are extremely low, making 

research on these cytoplasmic functions challenging. Conversely, in ALS/FTD, 

both TDP-43 and FUS are depleted from the nucleus and mislocalise to the 

cytoplasm at end-stage disease [5]. This has suggested that, in addition to a 

nuclear loss of function, these proteins may also have a cytoplasmic gain of 

normal or toxic function, a hypothesis supported by the comparison between FUS 

knock-out models and mutant FUS (NLS) knock-in models [9]. In addition, 

overexpression of wild-type (WT) TDP-43 and FUS, which results in increased 

cytoplasmic levels of the protein, is associated with neurodegeneration in animal 

models [10], and pathogenic mutations in FUS 3’UTR, leading to increased 

protein levels [11], further support this. 
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This review aims to summarise the most up-to-date literature regarding the 

functions of TDP-43 and FUS in the cytoplasm, including mRNA stability and 

transport, regulation of translation, miRNA processing, the stress response, 

mitochondrial and autophagy regulation and synaptic function. 

 

2. Cytoplasmic roles of FUS and TDP-43 

2.1 mRNA stability 

Gene expression can be regulated post-transcriptionally by tuning mRNA stability, 

and RBPs binding to mRNAs can regulate this process by favouring or preventing 

the recruitment of the mRNA decay machinery [12]. 

TDP-43 binds to the 3’ UTR of numerous mRNAs within cytoplasmic fractions, 

suggesting a role in mRNA stability and/or transport [13]. TDP-43 was initially 

shown to bind to the 3’ UTR of NEFL, encoding the neurofilament light chain, and 

to promote its stability [14]. Similarly, TDP-43 binds to and favours the stability 

of the transcripts Add2, coding for the actin binding protein -adducin, and 

HDAC6. TDP-43 knock-down results in decreased HDAC6 protein levels and 

accumulation of acetyl-tubulin, a major substrate of the protein [15, 16]. 

Interestingly, this highlights the fact that TDP-43 promotes the stability and 

abundance of at least three proteins involved in the regulation of the cytoskeleton 

and suggests that loss of TDP-43 function can lead to overall cytoskeletal defects, 

possibly affecting axonal and dendritic maintenance, intracellular transport and 

ultimately neuronal transmission. 

TDP-43, however, has also been reported to reduce transcript stability. Knock-

down of the protein results, in fact, in increased stability of the vascular 

endothelial growth factor a (Vegfa) and progranulin (Grn) mRNAs in 

motorneuron-like NSC-34 cells [17]. 

Also FUS can bind 3’ UTRs [18] and Kapeli and colleagues have found that FUS 

regulates the stability of hundreds of transcripts, promoting the stabilisation of up 

to 330 mRNAs and destabilising 44 transcripts in human neural progenitor cells 

[19]. In addition to this, recent work from the Sobue lab has elegantly dissected 

the mechanisms underlying FUS-dependent stability of the glutamate AMPA 

receptor subunit Gria1 (GluA1) and the synaptic Ras-GTPase activating protein 

2, synGAP2. Down-regulation of FUS in hippocampal neurons is associated with 

shortening of Gria1 poly-adenylation tail. The authors have shown FUS to be 

normally present in a complex with three 3’-end processing factors (CPSF6, 

PAN2, PABPC1); while FUS normally sequesters PAN2, and prevents it from 

deadenylating Gria1, loss of FUS results in the deadenylation of the transcript, 

leading to decreased stability and reduced protein levels [20]. 
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SynGAP2 regulation is, instead, mediated by FUS binding to the transcript long 

3’UTR and promoting its interaction with ELAVL4/HuD. Loss of FUS leads to 

impaired association of ELAVL4/HuD with the transcript and increased interaction 

with ELAVL1/HuR. This results in decreased transcript stability and a consequent 

reduction in synGAP2 protein, which in turn leads to the internalisation of the 

post-synaptic protein PSD-95 [21]. 

In addition to regulating stability in a transcript-specific fashion, FUS mutants 

have been shown to induce the upregulation of mRNA nonsense-mediated decay 

(NMD) machinery, resulting in a decrease of transcript stability and consequent 

reduction in translation [22]. 

 

2.2 mRNA transport 

Neurons are highly polarised, architecturally complex cells. Synaptic terminals are 

often located at a considerable distance from the cell body, therefore mRNA 

transport and local translation are critical to maintain and remodel the synaptic 

proteome in order to sustain efficient neuronal function. mRNAs are transported 

in the form of ribonucleoprotein (RNP) complexes or RNA granules. These are 

constituted by RBPs that can bind the 5’ UTR, 3’ UTR, or the coding region of a 

transcript and can coordinate its stability, transport and/or translation. 

Components of these granules include Staufen proteins, FMRP, hnRNPA2, CPEB, 

SMN, ZBP1 and Pur [23]. 

TDP-43 co-purifies with various proteins involved in mRNA transport, such as 

Staufen, FMRP and SMN [24, 25], it is transported along axonal and dendritic 

processes [25-27], and has been detected both at pre- and post-synaptic 

terminals [28, 29]. TDP-43 transport is bidirectional and depends on the 

microtubule cytoskeleton. The majority of TDP-43 granules are co-labelled by 

RNA dyes, indicating that these granules contain RNA [30]. Moreover, TDP-43 

association with Nefl results in increased anterograde movement of the transcript 

[27]. 

Compared to WT TDP-43, its mutants (M337V and A315T) are not as efficiently 

transported, with increased pausing and a preference for retrograde versus 

anterograde transport both in primary cortical neurons and in vivo in Drosophila 

motor neurons [27, 30]. This results in an increased localisation in regions 

proximal to the cell body and depletion from the neurite tips [27]. The 

characteristics of TDP-43 granules have been suggested to differ depending on 

their localisation along the axon. In the proximal part of the axon, TDP-43 

positive granules are more stationary and viscous compared to those located in 

the mid axon. Interestingly, granules formed by TDP-43 mutants (M337V and 
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G298S), even when located in the mid axon, were characterised by a viscosity 20 

times higher than those formed by the WT protein [30], which may contribute to 

altered transport and mRNA delivery. 

FUS also localises to axonal and dendritic terminals [31-33] and biochemical 

assays have shown it to co-precipitate with the microtubule motor KIF5 in mouse 

brain [34], suggesting that the protein is actively transported in neurons. FUS 

also binds the actin motor myosin Va, which mediates the translocation of FUS 

into dendritic spines upon DHPG-dependent mGluR activation [35]. In addition, 

DHPG induces the transport of Nd1-L mRNA into dendrites; this is impaired in 

FUS null mice, supporting a role for FUS in Nd1-L transport [36]. 

 

2.3 Translation 

RBPs can modulate protein translation, both globally and in a transcript-specific 

fashion. By regulating 4E binding proteins (4E-BPs), RBPs can impair the 

association of eIF4E with the translation initiation complex. Likewise, regulation 

of eIF2 phosphorylation can affect the ability of the protein to deliver the 

initiator Met-tRNA to the ribosome, hence affecting the initiation of translation 

[37]. RBPs can also alter the synthesis of specific transcripts, for example by 

regulating the availability of specific mRNAs at sites of translation, affecting their 

association with the actively translating polysomal fractions, or promoting miRNA 

dependent regulation of protein synthesis [38]. 

Regulation of translation by TDP-43 and FUS has not been widely investigated, 

however, there is growing evidence to show that these proteins interact with 

ribosomal subunits and translation regulation factors [22, 24, 39]. Moreover, in 

fractionation studies, TDP-43 and FUS co-migrate with both actively translating 

polyribosomal fractions as well as non-translating RNP fractions comprising 

monosomes, ribosomal subunits and RNP complexes [36, 40]. This suggests that 

TDP-43 and FUS may have roles in regulating several aspects of protein 

translation. 

TDP-43 can repress translation in vitro [29], and overexpression of cytoplasmic 

NLS TDP-43 in SH-SY5Y cells leads to decreased global translation rates. This is 

associated with a decrease in the phosphorylation of eIF4E and an increase in the 

expression of the translation repressor 4E-BP, supporting a role for TDP-43 to 

limit protein synthesis rates [41]. 

In addition to regulating protein synthesis globally, TDP-43 can specifically 

repress the translation of several transcripts. Binding of TDP-43 to Rac1 mRNA 

promotes its association with a FMRP/CYFIP1 complex, leading to its depletion 

from the polysomal fractions and a consequent reduction in protein levels [42, 
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43]. Similar to Rac1, also Map1b (Futsch) and Gria1 (GluA1) mRNAs bind TDP-43 

and are both enriched in the polysomal fractions upon TDP-43 knock-down, 

suggesting a similar regulation mechanism [42]. The role of FMRP in this TDP-43-

dependent regulation is, however, unclear. On one hand, FMRP has been 

suggested to mediate the repression of TDP-43 targets. In fact, similar to TDP-43 

knock-down, FMRP down-regulation results in increased translation of Map1b and 

Gria1 [42]. On the other hand, overexpression of FMRP (dFMR1) has been 

suggested to mitigate the effect of TDP-43 by remodelling TDP-43 granules and 

rescuing the translation of MAP1B [40]. 

However, TDP-43 has not just been associated with protein repression. Recent 

findings, in fact, have highlighted a role for TDP-43 as a translational enhancer. 

Ribosome profiling experiments by Neelagandan and colleagues have shown that 

TDP-43 promotes the ribosomal association of Camta1, Mig12, Dennd4a mRNAs 

without affecting their expression level. Both WT and mutant TDP-43 can bind 

Camta1 and Mig12 5’UTR and promote their translation. Instead, TDP-43-

dependent Dennd4a regulation is only mediated by mutant TDP-43, which binds 

the 3’ UTR region of the transcript and promotes its translation [44]. Enhanced 

translation in a mutant TDP-43 mouse model (A315T) has also been reported for 

Ccl4 and Ddx58, however it is unclear whether this is due to differential transcript 

expression or increased synthesis [45]. 

Fewer studies have investigated the role of FUS in the regulation of translation. In 

a recent paper, Lopez-Erauskin and colleagues have shown that, in a transgenic 

mouse, expression of human mutant FUS (R521H), but not WT, impairs global 

translation in motor neuron axons. This is associated with an increase in eIF2 

phosphorylation, in agreement with reduced protein synthesis [46]. Similarly, 

various FUS mutants (R522G, R524S, R495X, FUS-501) were shown to impair 

protein synthesis in the growth cones of Xenopus retinal ganglion cells [47]. 

FUS has, nevertheless, also been shown to positively regulate translation. At 

APC-containing RNPs in fibroblast protrusions, FUS promotes translation, but not 

localisation, of mRNAs that have been previously found to be associated with APC 

granules (Pkp4, Kank2, Ddr2). Cytoplasmic aggregates caused by overexpression 

of FUS mutants promote the recruitment of APC and other APC-containing RNPs 

proteins and mRNAs. These are not, however, sites of translational repression, 

rather, APC-related mRNAs are actively translated in these granules [48].  

Although initial evidence supports a role for both FUS and TDP-43 in translation, 

the molecular mechanisms by which they contribute to the regulation of protein 

synthesis are not fully understood and additional work will be needed to further 

dissect this process. 
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2.4 miRNA processing 

microRNAs (miRNA) are short RNAs that play an important role in regulating 

mRNA stability and translation. The mature miRNAs are 21-23 nucleotides long 

and are processed from an initial longer RNA molecule (pri-miRNA) by two 

cleavage steps: the first is dependent on Drosha in the nucleus and generates 

pre-miRNAs; the second occurs in the cytoplasm through DICER and results in 

the mature miRNA. miRNAs are important for the survival of motor neurons, and 

dysregulation of numerous miRNAs, as well as a general reduction of their 

maturation, have been associated with ALS [49, 50], as recently reviewed [51, 

52]. TDP-43 and FUS have been shown to be involved in miRNA maturation at 

numerous steps. Both RBPs can bind to specific immature miRNAs and both RBPs 

can also directly bind to Drosha and/or DICER, and their absence can impact on 

the maturations of selected miRNAs [53-56]. 

The finding that loss of TDP-43 induces a neurite outgrowth phenotype, which can 

be mostly rescued by the correction of specific miRNAs, along with the recent 

finding that miRNAs can be processed by DICER in neurites and play an important 

role in local neurite protein translation [53, 57] are intriguing. Whether these 

processes are impaired in TDP-43 and FUS-ALS is yet to be explored. 

 

2.5 Stress response and LLPS 

Another cytoplasmic process influenced by TDP-43 and FUS is the formation of 

cytoplasmic stress granules (SGs). These membrane-less organelles have been 

demonstrated to assemble in response to environmental stressors, such as 

oxidative stress, heat shock and osmotic stress, and subsequently disassemble 

upon stress cessation [58]. These dynamic structures undergo fusion, 

coalescence, interaction with other membrane-less organelles such as P bodies, 

and disassembly [59-61]. SG formation is hypothesised to be driven by liquid-

liquid phase separation (LLPS). A number of the RBPs mutated in ALS are known 

to undergo phase separation in vitro (hnRNPA1, TIA1), driven by their low 

complexity domains (LCDs), and to localise to SGs [62, 63]. 

In vitro, both WT FUS and TDP-43 can undergo LLPS, with ALS-causing mutations 

increasing their propensity to do so [47, 64, 65]. Further, endogenous TDP-43 

and FUS proteins localise to SGs after treatment with the oxidative stressor 

sodium arsenite [66-68]. Although some studies have indicated that WT FUS does 

not enter SGs following oxidative stress [69, 70], more sensitive techniques, such 

as mass spectrometry and proximity labelling have confirmed its presence [66, 

67]. Additionally, FUS mutants have been shown to localise to a larger extent to 
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these structures [71], even in model systems where the protein is expressed at 

endogenous levels, such as knock-in mouse models, patient-derived fibroblasts 

and iPSC cells [72-74]. The amount of FUS colocalisation with SGs correlates with 

its degree of cytoplasmic mislocalisation [75]. Other factors can impact on the 

cytoplasmic LLPS and SG inclusion of FUS, such as transportin 1 (TNPO1). TNPO1 

not only mediates FUS nuclear import, but it can also act as cytosolic chaperone. 

In fact, by binding WT, but not NLS mutant FUS, TNPO1 can regulate the protein 

LLPS dynamics and its inclusion in SGs [76, 77]. 

While endogenous WT FUS has not been shown to impact on SG dynamics, 

knock-down of TDP-43, causes both delayed assembly/coalescence and 

accelerated SG disassembly of SGs, through altered expression of key SG 

proteins, such as Ras GTPase-activating protein-binding protein 1 (G3BP1) and 

TIA1 [61, 78, 79]. 

Instead, mutations in both FUS and TDP-43 alter many aspects of SGs, including 

SG size [80, 81], abundance [73, 81, 82], assembly [81] and disassembly [73, 

81, 83]. Further, ALS-causing mutations in both FUS and TDP-43 alter the 

biophysical properties, such as viscosity, of intracellular RNP granules [30]. Of 

note, a recent study utilised background-deflection Brillouin microscopy to show 

that mutant FUS expression can alter both the viscosity and stiffness of SGs [84].  

As SG proteins have been detected within ALS TDP-43- and FUS-positive 

inclusions [75, 85, 86], it has been hypothesised that SGs may become, or 

nucleate these inclusions [87]. It has been demonstrated in vitro that insoluble 

fibrils can form within phase separated compartments [47, 63] and, using a 

chronic oxidative stress model in cells, insoluble ubiquitin-positive TDP-43 

aggregates have been shown to persist following stress cessation [88]. Recently, 

an optogenetic method of inducing SG-like cytoplasmic granules identified a time-

dependent conversion of SGs to ALS-like inclusions with phosphorylated TDP-43 

and ubiquitin, supporting that RNP granules may be the precursors of the 

inclusions observed in disease [89]. 

Recent work has also pointed to the fact that TDP-43 may form granules 

independently of stress, although the stress response does appear to be 

important for the transition of these granules to more stable aggregates [90]. 

Intriguingly, TDP-43 has also been demonstrated to form ‘myo-granules’ in 

developing and regenerating skeletal-muscle tissue, which have been 

demonstrated to seed TDP-43 fibrils in vitro [91]. This highlights another system, 

alongside SGs, in which TDP-43 foci, occurring as part of a physiological cellular 

response, can lead to the formation of protein aggregates, which are considered 

hallmarks of disease.  
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How the transition from liquid granules into more persistent aggregates occurs in 

patients yet needs to be elucidated, but the presence of RNA has been shown to 

potentially play a role. TDP-43 and FUS aggregation is facilitated by the loss of 

their RNA binding capacity and, conversely, an increase in RNA can limit 

aggregate formation. In agreement with this, RNA appears to be depleted from 

TDP-43 inclusions in post mortem patient brains, supporting a role for RNA in this 

process in human disease [92, 93]. 

In summary, TDP-43 and FUS both participate in, and can impact on the stress 

granule response. Further, current data supports a link between SGs and the hall-

mark disease inclusions, and intriguingly RNA is potentially an important factor in 

the transition between these physiological granules and the disease inclusions. 

 

2.6 Mitochondria 

Increasing evidence is supporting a role for mitochondrial dysfunction in the 

pathogenesis of ALS, however, it is unclear whether this is due to a direct role of 

ALS-related proteins in mitochondrial functionality, transport and/or dynamics or 

it is a consequence of neuronal degeneration, inflammation or the stress 

response. TDP-43 and FUS localise to mitochondria in neurons [94, 95]. Whilst 

WT TDP-43 and FUS show limited localisation to these organelles, likely as a 

consequence of the very low levels present in the cytoplasm, ALS-linked mutants, 

show increased levels at the mitochondrion [94, 95]. The increased cytoplasmic 

presence of mutant TDP-43 is likely to lead to its mitochondrial enrichment, 

nevertheless, recombinant TDP-43 mutants (G298S, A315T and A382T) are 

imported more efficiently than the WT protein into purified brain mitochondria 

[94], suggesting ALS-associated TDP-43 can intrinsically accumulate in these 

organelles. Once inside the mitochondrion, TDP-43 localises to the inner 

mitochondrial membrane where it binds to and prevents the translation of several 

mRNAs of mitochondrially-encoded subunits of the electron transport chain (ETC) 

complexes, resulting in mitochondrial fragmentation, decreased membrane 

potential, reduced oxygen consumption and ATP production [94, 96]. However, 

other reports have failed to find mitochondrial dysfunction in TDP-ALS models or 

upon changes in TDP-43 expression levels [97]. 

Similar to TDP-43, FUS localises to mitochondria both in overexpression systems 

and in post mortem tissue [95, 98]. FUS localisation to mitochondria is dependent 

on HSP60 expression [98]. At the mitochondrion FUS has been suggested to 

directly affect mitochondrial functionality; by binding the beta subunit of the ATP 

synthase, it was shown to impact on the availability of beta subunits ready to be 

assembled into the mature ATP synthase complex, causing a decrease in the ATP 
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production rate and promoting the mitochondrial unfolded protein response 

(mtURP)[95]. 

To date, FUS has not been reported to regulate the stability or translation of 

mitochondrially encoded transcripts, however, RNAseq analysis of aged spinal 

cords of a FUS mutant knock-in mouse (delta14 FUS) has shown a decrease in 

the expression of mitochondrial transcripts [72]. In addition, overexpression of a 

FUS mutant (R495X) in mouse ES-derived neurons, leads to decreased 

expression of mitochondrially-associated proteins such as KIF5B, Dnm1l, Csde1 

[99]. These proteins are not uniquely associated with mitochondria and whether 

mutations in FUS can directly affect mitochondrial function needs to be further 

investigated. 

TDP-43 and FUS have also been shown to modulate other aspects of 

mitochondrial biology. For example, TDP-43 interacts with proteins involved in 

mitophagy such as prohibitin, PHB2 [100]. Moreover, in overexpression systems, 

both TDP-43 and FUS have been shown to disrupt the ER-mitochondria contact 

sites by impairing the VAPB/PTPIP51 interaction through the activation of 

GSK3beta. This results in increased cytosolic calcium levels and impaired in ATP 

production [101, 102]. 

Overall there is a growing body of evidence indicating a role for both RBPs in 

mitochondrial function. Nevertheless, more work will be required to better 

understand how they impair mitochondrial functionality, as experiments reported 

so far have predominantly been performed in overexpression systems. 

 

2.7 Autophagy 

Autophagy is a homeostatic mechanism by which intracellular components are 

degraded and subsequently recycled. This process is tightly regulated by a 

network of proteins, including the autophagy-related (ATG) proteins, as well as a 

number of proteins mutated in ALS, such as VCP, optineurin, SQSTM1/p62 and 

ubiquilin-2 [103]. 

TDP-43 has also been indicated to regulate autophagy. Knock-down studies 

demonstrate that TDP-43 binds to Atg7 transcripts, resulting in decreased mRNA 

stability and subsequent impairment of autophagy [104]. Moreover, TDP-43 

knock-down has been demonstrated to down-regulate ATG4B transcript levels, 

possibly through cryptic exon inclusion, leading to alterations in the autophagy 

process [105]. TDP-43 down-regulation also strongly induces a nuclear 

translocation of TFEB, the master regulator of autophagy, altering ATG expression 

and impairing the fusion of autophagosomes with lysosomes [106].  
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Conversely, overexpression of both WT and mutant TDP-43 (A315T) in SH-SY5Y 

cells increases autophagic activity, as measured by expression of 

macroautophagic markers. Inhibition of autophagy resulted in increased cell 

death, particularly in TDP-43 (A315T) cells, indicating that autophagy is 

cytoprotective in these mutants [107]. 

While the impact of FUS on autophagy is comparatively understudied, mutant 

FUS has been demonstrated to perturb this process. Overexpression of FUS 

mutants (P525L and R522G), but not WT FUS, inhibits autophagy by preventing 

the formation of both omegasomes (autophagosome precursors) and 

autophagosomes; an effect rescued by overexpression of Rab1 [108]. Another 

study demonstrated, using a fluorescence reporter assay, that overexpression of 

WT or mutant (R521C) FUS does not affect the autophagic flux, but that 

autophagy is important for the removal of FUS-positive SGs [109]. 

Overall, there are initial evidences highlighting roles for TDP-43 and FUS in the 

regulation of autophagy, supporting the idea that this process, which, among 

others, is important for the clearance of cytoplasmic aggregates, may be 

impaired in TDP-43/FUS-ALS. 

 

2.8 Neuronal function and synaptic roles 

Local translation has been shown to be required for most aspects of neuronal life: 

from neurite development and stabilisation or retraction to synapse formation, 

maturation and plasticity [110, 111]. 

RBPs such as TDP-43 and FUS have roles in various aspects of RNA metabolism 

and hence can affect neuronal activity in multiple ways: by modulating the 

expression and splicing of certain transcripts, or by targeting the transport, 

stability and/or translation of specific mRNAs. Gene ontology analysis of TDP-43 

and FUS targets has revealed an enrichment in synaptic and neural development 

categories, with targets ranging from ionotropic channels to transynaptic proteins 

such as neurexins and neuroligins [112-114], suggesting that alterations in TDP-

43 and FUS levels and/or localisation could alter the composition of the synaptic 

environment. 

Both reduction and increase in TDP-43 and FUS expression levels are associated 

with impaired neurite morphology. However, there is little consensus on how the 

morphology of the dendritic and axonal networks is affected by TDP-43, with 

reports indicating that alterations in TDP-43 levels can both decrease neurite 

length and complexity [25, 115], increase them [116], or alter spine formation 

but not the dendritic network [43]. 
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As for FUS, reports have been more consistent, finding that overexpression in 

cultured neurons or in vivo of WT or mutant FUS results in a decrease in dendritic 

complexity [117-119]; however Herzog and colleagues have failed to replicate 

this by WT FUS overexpression in cultured neurons [115]. 

Both TDP-43 and FUS have been shown to localise at synaptic terminals. The 

presence of TDP-43 in the dendritic compartment can be variable, in fact only 

50% of cultured hippocampal neurons have TDP-43 positive granules in their 

dendritic arbour [26], where it colocalises with SYTO14 positive RNA-containing 

particles [29] and the RBP TIA1 [26]. Neuronal activity elicited by KCl can favour 

this translocation, resulting in higher TDP-43 levels in dendrites and an increased 

colocalisation of TDP-43 with the postsynaptic marker PSD-95 [29, 120]. 

Compared to WT TDP-43, ALS-associated mutants (A314T and Q343R) form 

larger granules in the cytoplasm and do not relocate to the dendritic arbour upon 

stimulation of neuronal activity to the same extent as their WT counterpart. 

Interestingly, the increase in granule size was not due to a higher cytoplasmic 

content of the mutants, as the cytoplasmic K82-84A TDP-43, carrying a double 

mutation in the NLS, presented similar granule size to WT [26]. 

Likewise, stimulation with BDNF triggers a 78% increase in TDP-43 localisation in 

motor neuron axons [25], where it colocalises with several other RBPs such as 

FMRP, SMN, IMP1, HuD and Staufen [25, 27], suggesting that TDP-43 is, at least 

in part, a component of more heterogeneous RNP granules. 

As previously described, Nefl and Map1b (Futsch) mRNAs have been found in 

TDP-43 axonal granules [27, 121, 122]. While the cellular consequences of an 

impaired axonal transport of Nefl due to mutant TDP-43 have not been explored, 

a decrease in MAP1B expression at the NMJ and consequent disruption in NMJ 

morphology, have been associated with TDP-43 overexpression in Drosophila 

[121, 122]. This was shown to be due to a depletion of Map1b mRNA from the 

actively translating polysomal fraction caused by the overexpression of both WT 

or mutant TDP-43 [121]. Similarly, mutant TDP-43 (G298S) has been shown to 

bind to HSPA8 (Hsc70-4) mRNA, leading to its depletion from polysomes and a 

reduction in translation at the NMJ. HSPA8 is a critical chaperone involved in 

synaptic vesicle recycling, and mutant TDP-43-dependent down-regulation of the 

protein is associated with disruption in synaptic vesicle endocytosis in Drosophila 

[123]. 

The first evidence showing FUS to be present at the synapse came from a 

proteomic screen for interactors of the NMDA receptor [124]. Since, FUS has 

been shown to localise to the dendritic as well as the axonal compartment [31, 

32, 36, 125]. The cytoplasmic and dendritic levels of FUS in both human post-
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mortem brains and murine brains varies depending on the different regions, with 

the cerebellum, midbrain, pons, medulla oblongata and spinal cord having higher 

levels compared to the neocortex [125]. Similar to TDP-43, FUS localisation to 

the dendrites is also regulated by neuronal activity. mGluR activation through 

DHPG promotes FUS translocation to dendrites and spines (with 5 times increased 

immunoreactivity) [31]. In agreement with this, FUS (and various hnRNPs) levels 

increase in purified post synaptic density (PDS) preparations following long term 

potentiation [33]. Interestingly, Fujii and colleagues have shown that FUS 

localisation to dendrites and spines occurs mainly in mature hippocampal neurons 

(DIV 23) [31], further supporting the idea that neuronal activity is required for 

the re-localisation of cytoplasmic FUS. 

As described in section 2.1, FUS regulates the stability of the AMPA receptor 

subunit Gria1 (GluA1) mRNA and therefore its expression. Loss of FUS in the 

hippocampus results in a reduction in spontaneous excitatory activity and a 

decrease in the number of mature spines, similar to the effect of Gria1 knock-

down [20]. Furthermore, by regulating the stability of synGAP2, FUS determines 

the synaptic amount of synGAP2 protein, which in turn modulates PSD-95 

localisation to dendritic spines and spine maturation [21]. In addition to this, FUS 

binds and promotes the transport of Nd1-L mRNA, following neuronal activity. 

Nd1-L is an actin stabilising protein that promotes spine stability following 

cytochalasin B treatment [36]. FUS can therefore regulate various aspects of 

spine maturation and stability, from tuning the levels of AMPA receptors, to 

regulating the expression of synGAP2 and consequently PSD-95, but can also 

contribute to the stabilisation of the actin cytoskeleton via Nd1-L. Notably WT 

FUS (but not mutant) is translated at the post-synaptic density following DHPG 

stimulation [117]. This suggests that a feed forward mechanism may be in place, 

whereby FUS could regulate and/or maintain synaptic homeostasis. 

Although FUS has been shown to be present at the pre-synapse of hippocampal 

neurons by super-resolution microscopy, little is known about its role in this 

compartment, in particular at the neuromuscular junction (NMJ). Initial studies in 

Drosophila indicate that overexpression of WT or mutant FUS leads to NMJ 

disruption, with a decrease in both pre-synaptic and post-synaptic proteins 

(bruchpilot and Dlg), synaptic projection degeneration, reduced evoked excitatory 

endplate potential, increased calcium transients and synaptic fatigue [118, 126]. 

This suggests that FUS may have direct or indirect roles in the regulation of pre-

synaptic activity, however further studies will be needed to further dissect the 

mechanisms involved in FUS-dependent synaptic regulation, and in particular its 

role at the NMJ. 
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3. Conclusions 

Despite their low levels in the cytoplasm, endogenous WT TDP-43 and FUS have 

been shown to be involved in several functions outside the nucleus (Figure 1). 

ALS-associated TDP-43 and FUS mutants are characterised by various degrees of 

cytoplasmic mislocalisation. On one hand this is compatible with a nuclear loss of 

function, exhaustively reviewed elsewhere [6-8]; however, new evidence also 

supports the association of ALS-linked TDP-43 and FUS mutants with a gain of 

cytoplasmic function. 

TDP-43 and FUS undergo LLPS, which promotes the formation of membrane-less 

structures enclosing other RBPs and mRNAs. Mutations in TDP-43 and FUS can 

alter LLPS dynamics, leading to more viscous and less mobile particles [30, 127]. 

This may prevent TDP-43 and FUS, and their target transcripts, from being 

readily available for a multitude of cytoplasmic processes, and also lead to the 

sequestration and confinement of various other RBPs, such as SMN [128], 

causing a more generalised impairment in RNA metabolism. Moreover, the 

inclusion of TDP-43 and FUS into cytoplasmic aggregates can also induce and/or 

exacerbate the nuclear depletion of these proteins, leading to dramatic molecular 

consequences that are likely to play a role in neuronal death at the late stages of 

disease. Interestingly, the consequences of nuclear depletion of TDP-43 may play 

a more significant role compared to those of FUS. In fact, while loss of TDP-43 

has dramatic effects on mature motor neurons [129, 130], the lack of FUS results 

in relevant, but less extensive impairments [131]. These are likely to play an 

important, but complementary role to FUS cytoplasmic gain of function in disease 

pathogenesis. 

 

Overall, there is a growing body of evidence highlighting various functions of 

TDP-43 and FUS in the cytoplasm. Critically, many experiments have involved 

overexpression systems or transgenic models and, given the tight regulation of 

TDP-43 and FUS expression, it will be important to confirm and strengthen these 

findings in endogenous models. Moreover, a better understanding of the 

molecular mechanisms underling these processes will be crucial to gain insight 

into how these pathways are altered in disease. 
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Figure 1. Cytoplasmic roles of TDP-43 and FUS. 

In the cytoplasm TDP-43 and FUS are involved in many processes. They regulate 

mRNA stability (a); together with other RBPs, such as Staufen and FMRP, they 

can be part of RNA granules that are transported along the microtubules (MTs) by 

molecular motors (b). TDP-43 and FUS are involved in the regulation of 

translation (c). Both RBPs can regulate autophagy. FUS has been proposed to 

interfere with the formation of omegasomes and/or autophagosomes, while TDP-

43 regulates key factors involved in the fusion of autophagosomes with 

lysosomes (d). TDP-43 and FUS are present at the pre- and post-synapse, 

regulating mRNA localisation and translation (e). They localise to mitochondria, 

where they can regulate the expression of mitochondrial transcripts, and, through 

GSK3beta, they can alter ER-mitochondria contact sites (f). TDP-43 and FUS are 

involved in stress granule dynamics (g) and the cytoplasmic processing of 

miRNAs by DICER (h). 


