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suggested to contribute to the disease etiology, including 
mitochondrial damage, protein aggregation, excitotoxic-
ity, nuclear pore defects, RNA dysregulation, etc.

RNA translation is tightly controlled in eukaryotic 
cells to regulate gene expression and maintain proteome 
homeostasis, which is important for cell function and 
survival [4]. RNA binding proteins (RBPs) play a crucial 
role in translation regulation through binding to mRNAs 
and recruiting corresponding regulating components 
[5, 6]. As mutations or pathology of multiple RBPs have 
been found to associate with ALS [7, 8], translational 
defect is a critical layer of RNA dys-metabolism underly-
ing disease pathogenesis. Additionally, translation is also 
modulated by signaling pathways that sense various stim-
uli, including environmental and intracellular stresses, 
such as oxidative stress, ER stress of unfolded protein 
response, metabolism defects. These pathways are closely 
related to aging and neurodegeneration [9, 10]. It is likely 
that there is a complex interplay between the different 

Amyotrophic lateral sclerosis (ALS) is an adult-onset 
progressive neurodegenerative disease mainly affect-
ing motor neurons [1]. In the United States, around 5.2 
people per 100,000 were diagnosed and the number was 
higher in whites, males, and people over 60 years old [2]. 
Until now there is no cure for it, and it usually leads to 
death within five years from onset. Sporadic ALS (sALS) 
accounts for 90% of all ALS cases and the other 10% is 
identified as familial ALS (fALS) with autosomal domi-
nant inheritance [3]. Many cellular pathways have been 
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Abstract
RNA translation is tightly controlled in eukaryotic cells to regulate gene expression and maintain proteome 
homeostasis. RNA binding proteins, translation factors, and cell signaling pathways all modulate the translation 
process. Defective translation is involved in multiple neurological diseases including amyotrophic lateral sclerosis 
(ALS). ALS is a progressive neurodegenerative disorder and poses a major public health challenge worldwide. Over 
the past few years, tremendous advances have been made in the understanding of the genetics and pathogenesis 
of ALS. Dysfunction of RNA metabolisms, including RNA translation, has been closely associated with ALS. Here, we 
first introduce the general mechanisms of translational regulation under physiological and stress conditions and 
review well-known examples of translation defects in neurodegenerative diseases. We then focus on ALS-linked 
genes and discuss the recent progress on how translation is affected by various mutant genes and the repeat 
expansion-mediated non-canonical translation in ALS.
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mechanisms and RNA translation. Furthermore, besides 
canonical translation, an abnormal repeat-associated 
non-AUG (RAN) translation occurs in C9ORF72-linked 
ALS, which causes the production of toxic dipeptide 
repeat (DPR) proteins [11–14].

In this review, we will first introduce the general 
mechanisms of translational regulation, and examples 
of translation defects in neurodegenerative diseases. We 
will then focus on ALS-associated genes and discuss the 
recent progress in understanding the dysregulated trans-
lation in ALS.

Translation
Translation is the last step in the flow of genetic infor-
mation which involves the decoding of the triplet codons 
in the mature mRNAs and the synthesis of correspond-
ing proteins by ribosomes. It is one of the most complex 
and fundamental processes in cells and can be broadly 
divided into three steps: initiation, elongation, and ter-
mination [15] (Fig. 1). Initiation refers to the process that 
80S ribosomes are procedurally assembled at the start 
codon (AUG) of mature mRNAs, promoted by multiple 

eukaryotic initiation factors (eIFs). The 40S ribosomal 
subunit first associates with eIF1, eIF1A, eIF3, and eIF5 
and then assembles with the ternary complex which com-
prises eIF2, GTP, and the initiator tRNA (Met-tRNAi

Met) 
to form the 43S pre-initiation complex (PIC). In canoni-
cal translation, the 43S PIC is then recruited to the 5’ 
end of mRNAs through the cap-binding complex eIF4F 
to form the 48 S initiation complex, which begins to scan 
the mRNA in the 5’ to 3’ direction until it reaches the 
start codon and establishes the codon-anticodon base 
pairing. The eIF2-bound GTP is then hydrolyzed, eIFs are 
released from the complex, and the 60 S large ribosomal 
subunit is recruited to assemble the 80 S ribosome at the 
start codon, which marks the end of the initiation phase 
[16, 17](Fig. 1).

After the assembly of 80 S ribosome, the initiator tRNA 
is in the P (peptidyl)-site of the ribosome. Elongation 
begins with the delivery of cognate aminoacylated tRNA 
to the A (aminoacyl)-site of the ribosome by a ternary 
complex formed with eukaryotic elongation factor 1  A 
(eEF1A), GTP and aminoacyl-tRNA (Fig.  1). Stimulated 
by the base pairing between the codon and anticodon, 

Fig. 1 Overview of the canonical translation. During the initiation stage of translation, the 40S ribosomal subunit associates with various eIFs and the 
ternary complex to form the 43S PIC. The eIF4F complex recruits 43S PIC to the 5’ cap of mRNAs, forming the 48 S initiation complex. The recruitment 
process can be hindered by the eIF4E binding proteins (4EBPs), which disrupt the formation of the eIF4F complex. Once attached to mRNAs, the initiation 
complex scans the mRNA in the 5’ to 3’ direction to locate the start codon. Upon recognition of the start codon, initiation factors are released from the 
complex, and the 60 S large ribosomal subunit is recruited to assemble the 80 S ribosome. eIF2B catalyzes the reactivation of eIF2 by converting to its 
GTP-bound form, which can be inhibited by phosphorylated eIF2α. During translation elongation, eEF1A1 delivers cognate aminoacylated tRNA to the 
ribosome through base pairing between the codon and anticodon. With the assistance of eEF2, peptide elongation occurs as the ribosome translocates 
along the mRNA. Elongation continues until the ribosome reaches the stop codon. In eukaryotes, the termination of translation is mediated by the eRF1 
and eRF3 complexes. These complexes play a role in the release of the nascent peptide, and subsequently, ABCE1 is recruited to the complex to facilitate 
the splitting of ribosomal subunits for recycling
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eEF1A-bound GTP is hydrolyzed and eEF1A-GDP is 
released. A peptide bond is formed between the new 
amino acid in the A site and the previous amino acid in 
the P site, transferring the nascent peptide from the P site 
to the A site. EEF2-GTP promotes the translocation of 
the tRNA from the P-site to E-site and the shifting of the 
next mRNA codon into the A-site. Following the release 
of the deacylated tRNA and the eEF2-GDP from the 
ribosome, the next cycle of elongation commences [18]
(Fig. 1). An important process in parallel with elongation 
is the synthesis of aminoacyl-tRNA. Aminoacyl-tRNA 
synthetases (AARSs) are the essential enzymes that cat-
alyze the esterification of a tRNA to its cognate amino 
acid. AARSs are the only enzymes capable of implement-
ing the genetic code, therefore critical in maintaining the 
translation fidelity [19](Fig. 1). Elongation continues until 
ribosome reaches the end of the coding sequence and a 
stop codon (UAA, UAG, or UGA) occurs in the A-site. 
At this point, translation goes into the final step called 
termination.

Termination is mediated by eukaryotic release factor 1 
(eRF1) and eRF3. The ternary complex formed by tRNA-
shaped eRF1 [20] and GTP-bound eRF3 recognizes the 
stop codon in the ribosome decoding center and binds to 
the A-site. After the hydrolysis of GTP, eRF1 is accom-
modated in the peptidyl-transferase center (PTC) and 
induces the release of the nascent peptide chain [21]. 
Next, ABCE1 is recruited to eRF1 and splits the 40 and 
60 S ribosomal subunits for recycling (Fig. 1).

Translational regulation and dysfunction in 
neurological diseases
Translation initiation regulation
Regulating protein synthesis at the level of translation 
has obvious advantages over other layers of manipula-
tion. As the final step of protein synthesis, translational 
regulation allows more immediate change on protein 
level from pre-existing mRNA. It enables cells to respond 
rapidly to stimuli. From the perspective of energy-con-
suming, translation regulation is much more efficient. 
As described above, every step of translation requires 
the usage of high-energy phosphate bonds. Indeed, it is 
estimated that around 30–50% of the cellular energy is 
consumed by translation [22–24]. Reducing protein lev-
els by stopping the translation is, therefore, more energy-
saving than inducing protein degradation. In cases where 
proteins need to be localized to function, it is also faster 
[25, 26] and more cost-effective in controlling localized 
mRNA translation than transporting proteins synthe-
sized elsewhere [25–27].

Translational control happens at the levels of both 
global and specific mRNAs. The initiation phase is the 
rate-limiting step where most regulation is exerted. 
Global regulation mainly occurs through influencing the 

activity of general initiation factors. The cap-binding pro-
tein eIF4E is important for cap-dependent translation 
initiation. The post-translational modifications of eIF4E 
could influence translation, such as the phosphorylation 
of Ser209, which is generally believed to promote initia-
tion [28]. The most well-studied regulation mechanism of 
eIF4E is through eIF4E binding proteins (4EBPs). 4EBPs 
bind to eIF4E and block the association between eIF4E 
and eIF4G, hence disrupting the formation of the eIF4F 
complex and inhibiting initiation (Fig.  1). Some 4EBPs, 
such as CYFIP1 (cytoplasmic FMR1-interacting protein 
1), can recruit FMRP (fragile X mental retardation pro-
tein) to form a repressive complex to decrease initiation 
[29]. Activation of signaling pathways, such as mTORC1, 
leads to the phosphorylation of 4EBPs, causing their dis-
sociation from eIF4E and thereby increasing translation 
[30].

eIF2 is a heterotrimer composed of three subunits: α, β, 
and γ. The α-subunit (eIF2α) is one of the most important 
targets for global translation regulation. The phosphory-
lation of eIF2α at the Ser51 residue increases its binding 
affinity to eIF2B [31], the guanine nucleotide exchange 
factor that catalyzes the reactivation of eIF2 by convert-
ing eIF2-GDP to eIF2-GTP [32]. Sequestration of eIF2B 
by phosphor-eIF2α prevents the recycling of eIF2 and 
thereafter attenuates global translation (Fig. 1).

Integrated stress response
eIF2α phosphorylation is the core component of the 
integrated stress response (ISR), which is an evolution-
arily conserved signaling network that helps cells main-
tain homeostasis under stress circumstances. There are 
four different kinases that catalyze the phosphoryla-
tion of eIF2α to reduce global translation. PKR (double-
strand RNA-dependent protein kinase) is initially found 
to be activated by virus infection [33], but has also been 
found to be activated by ER stress, oxidative stress [34], 
high glucose [35] and metabolic stress [36]. PERK (PKR-
like ER kinase) is an ER transmembrane protein, mainly 
activated by the accumulation of misfolded or unfolded 
protein in the ER lumen [37]. GCN2 (general amino acid 
control nonderepressible 2) is activated by amino acid 
deprivation via binding to the deacylated His-tRNA, as 
well as by UV irradiation [38], and glucose deprivation 
[39]. HRI (heme-regulated inhibitor) can be activated 
by many other triggers such as oxidative stress, osmotic 
stress, heat shock, and proteasome inhibition [40].

ISR plays important roles in aging and neurodegen-
erative diseases. For example, oxidative stress, ER stress, 
proteotoxic stress, and neuroinflammation are charac-
terized in many neurodegenerative disorders including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), ALS, 
frontal temporal dementia (FTD), and Huntington’s dis-
ease (HD) [41–43]. Indeed, elevated and/or dysregulated 
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eIF2α phosphorylation has been extensively associated 
with those diseases [41]. The attenuation of global trans-
lation could lead to synaptic dysfunction and neuronal 
loss [44]. Consistent with this concept, it has been shown 
that inhibiting ISR could be neuroprotective [45]. For 
example, ISRIB (integrated stress response inhibitor), a 
compound that reverses the effect of eIF2α phosphory-
lation [46], rescues cognitive defects in AD mice [47]. 
Temporary treatment of old mice with ISRIB reverses 
age-related ISR activation and inflammatory profiles, 
rescues neuronal function, reverses spatial memory defi-
cits and improves working memory [48]. Blocking ISR 
genetically or pharmacologically also has been shown 
to ameliorate cell death in animal or cell models of PD 
[49], prion disease [44], and ALS [50]. Counterintui-
tively, some studies also revealed the beneficial effects 
of ISR activation, including ALS [51–53], PD [54], and 
HD [45, 55]. It is likely the timing and dynamic balance 
of the response are critical for the phenotypes. The exact 
underlying effects of ISR in different neurodegenera-
tive diseases and corresponding intervention strategies 
remain to be elucidated.

Mutations in genes encoding the five subunits of eIF2B 
cause the autosomal recessive inherited neurological dis-
order leukoencephalopathy with vanishing white matter 
(VWM) [56]. Loss of eIF2B function may impair protein 
synthesis (such as myelin) [57] and increase the vulner-
ability of cells to deal with stress [58]. It has been dem-
onstrated that ISR was activated in glial cells of VWM 
patient cerebral white matter [59]. Under stress condi-
tions, cells derived from VWM patients showed more 
severe translation inhibition and defects in translation 
recovery compared to cells derived from controls [58].

Translation elongation regulation
Although initiation phase is the primary focus of trans-
lation regulation, emerging evidence demonstrates that 
elongation also plays important roles. Modifications of 
elongation factors such as eEF1A1 and eEF2 influence 
translation elongation broadly (Fig. 1). Residue Ser300 of 
eEF1A1 is important for its binding to aminoacyl-tRNA. 
Phosphorylation of Ser300 decreases the binding affinity 
and inhibits translation [60]. Phosphorylation of eEF1A1 
at other sites such as the residue Ser396 also has been 
shown to inhibit translation [61]. Lysine methylation of 
eEF1A1 regulates translation by influencing the ability of 
eEF1A to interact with various aminoacyl-tRNAs or its 
interaction with the translating ribosome [62]. Phosphor-
ylation of eEF2 decreases its binding affinity with ribo-
somes, therefore inhibiting translation [63, 64] (Fig. 1).

Complete loss of eEF1A2, an isoform of eEF1A which 
is selectively expressed in neurons and muscles [65], 
leads to neurodegeneration and muscle wasting in mice 
[66]. In vertebrates, the expression of eEF1A1 decreases 

in neurons and muscles during postnatal development 
and its function is taken over by increased expression 
of eEF1A2. However, both eEF1A isoforms are lost due 
to the spontaneous autosomal recessive mutation of 
eEF1A2 in wasted mice, which leads to motor neuron 
degeneration and muscle wasting [67]. Additionally, 
eEF1A2 mutations have also been shown to influence 
translation fidelity, such as increasing amino acids mis-
incorporation and promoting frameshift [68]. De novo 
missense mutations in eEF1A2 have also been identified 
in patients with diverse neurodevelopmental syndromes 
such as intellectual disability [69], epilepsy [70], autistic 
behavior [71], and Rett syndrome-like (RTT‐like) pheno-
type [72], etc. Taken together, dysregulated translation 
elongation caused by eEF1A2 mutations is a key contrib-
utor to neurodegeneration.

Mutations in aminoacyl-tRNA synthetases (AARSs), 
the essential enzymes that charge tRNAs with cognate 
amino acids, cause many diseases including neurologi-
cal disorders. Charcot-Marie-Tooth disease (CMT), one 
of a group of disorders that cause damage to the periph-
eral nerves, is the first disease that linked to mutations 
in AARSs. Until now mutations in at least six AARSs 
(GARS, YARS, AARS, MARS, HARS, and WARS) have 
been linked to CMT [73]. Multiple lines of evidence 
including the mono-allelic nature of the CMT-caus-
ing mutations indicate gain-of-toxic-function disease 
mechanisms. Take GARS as an example, overexpression 
of CMT-mutant GARS recapitulates several hallmarks 
of human disease [74, 75]. The mutant GARS impairs 
global protein translation in motor and sensory neu-
rons independent of its aminoacylation activity [74]. It 
was recently shown that CMT-mutant GARS influences 
translation elongation by sequestering cellular tRNAGly, 
which depletes available tRNAGly and results in ribosome 
stalling and translation reduction [76, 77]. Prolonged 
ribosome stalling may activate ISR through the GCN2 
pathway [78]. Indeed, the ISR related genes were found 
to be upregulated in pre-disease onset mice [79]. Genetic 
deletion or pharmacological inhibition of GCN2 allevi-
ates ISR and neuropathy in the CMT-mutant GARS mice 
[79]. Restoring translation by overexpressing wild type 
tRNAGly in fly and mice models prevents ISR activation 
and rescues peripheral neuropathy [76]. Thus, the trans-
lation defects in CMT due to the sequestration of tRNA 
by mutant AARS can further activate ISR, which in turn 
contributes to pathophysiology [76, 79, 80].

Mice with homozygous N-ethyl-N-nitrosourea (ENU)-
induced mutation nmf205 develop cerebellar, hippo-
campal, cortical, and retinal neuron degeneration. This 
was identified to be caused by a null mutation in the 
gene encoding GTPBP2, a translational GTPase [81]. 
Interestingly, the severity of the neurodegeneration phe-
notype varies tremendously depending on the genetic 
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background. Mutation in an arginine tRNA gene, n-Tr20, 
exacerbates the neuronal death when combined with 
Gtpbp2 mutation [81]. This tRNA gene is specifically 
expressed in the nervous system. Loss of function results 
in increased ribosome pausing during translation elonga-
tion. The stalled ribosomes could not be released without 
GTPBP2, which further activates ISR through GCN2 and 
accelerates neurodegeneration [78]. Overall, these indi-
cate that mutations in tRNA and elongation factors may 
result in global translation defects and stress signaling 
activation. And due to tissue specific expression, certain 
mutations can influence neuronal cells specifically and 
cause neurodegeneration.

Localized translation in neurons
Asymmetric mRNA localization and localized translation 
provide the opportunity to fine-tune localized protein 
concentration which plays an important role in devel-
opment [82], cell fate determination [83], cell migration 
[84], etc. Localized translation is of particular importance 
in neurons due to their unique morphology and com-
plex networks. It is believed to have fundamental roles 
in many neuronal processes including neuronal develop-
ment, axonal maintenance, synapse function and synap-
tic plasticity [85, 86]. Thousands of mRNAs are identified 
in dendrites and axons of different types of neurons [87, 
88] and found to be translated locally [89]. mRNAs are 
selectively delivered to different cellular compartments 
through the coordination of cis-acting elements and 
trans-acting RBPs [26]. It has been demonstrated that a 
single mRNA can recruit multiple RBPs which may fur-
ther recruit other regulatory proteins and assemble into 
transport mRNP granule. Once assembled, mRNPs are 
transported to distal compartments through direct bind-
ing to motor proteins to transport on cytoskeletons [90, 
91] or through hitchhiking on other moving organelles 
such as endosome, mitochondria [86, 92] and lysosome 
[93]. Proteins in mRNP granules also protect mRNA from 
degradation and participate in the regulation of mRNA 
translation. The translation of mRNA is believed to be 
usually repressed during transport and may be activated 
upon the arrival at its destination and local stimulation.

Many neurological disease-related proteins have been 
shown to participate in the process of mRNA transport 
and localized translation in neurons. The survival motor 
neuron (SMN) protein whose loss is linked to the neu-
romuscular disease spinal muscular atrophy (SMA) is 
recently found to participate in mRNA transport [94]. 
It has been demonstrated that SMN facilitates the bind-
ing of ZBP1 to ACTB mRNA which is important for the 
proper transport of ACTB mRNA [95]. SMN depletion 
significantly reduces axonal mRNAs [96] including those 
associated with axon growth and synaptic activity [97]. 
KIF5A, an ALS-associated gene [98], is a member of the 

Kinesin superfamily proteins (KIFs) which mediate the 
transport of cargos along microtubules. It was also shown 
to be involved in the delivery of RNA in neurons [99]. 
Many neurological diseases related proteins including 
hnRNPA, hnRNPU, FMRP, FUS, and staufen are identi-
fied in KIF5A-related mRNA transport granule indicat-
ing their important role in neuronal RNA transport [100].

Unconventional translation of expanded RNA repeats
Expansions of short nucleotide sequence repeats account 
for more than 50 neurological or neuromuscular diseases 
[101]. The pathogenic mechanism among those diseases 
varies, influenced by repeat sequence, length, location, 
and the genetic context. One special phenomenon of the 
repeat expansion is the non-canonical translation of the 
repeat-containing RNA, recognized as repeat-associated 
non-AUG (RAN) translation. The translation of the RNA 
repeats in all possible reading frames generates vari-
ous poly-peptide proteins, which contribute to disease 
pathogenesis [102]. RAN translation is first described in 
CAG·CUG expansion-associated spinocerebellar ataxia 
type 8 (SCA8) and myotonic dystrophy type 1 (DM1) in 
2011 [103]. Since then, RAN translation has been inves-
tigated and detected in many microsatellite expansion-
associated diseases [104] including fragile X-associated 
tremor/ataxia syndrome (FXTAS) (CGG•CCG) [105], 
myotonic dystrophy type 2 (CCTG•CAGG) [106], spi-
nocerebellar ataxia type 31 (SCA31) (TGGAA•TTCCA) 
[107], SCA36 (TGGGCC•GGCCCA) [108], Hunting-
ton’s disease (CAG•CTG) [109], and C9ORF72-ALS/FTD 
(GGGGCC•GGCCCC) [110–112]. RAN translation is 
found to occur in a surprising variety of RNA contexts, 
including untranslated regions (UTRs), protein-coding 
open reading frames (ORFs), and introns. The secondary 
structures of the expanded RNA repeats are important 
for the non-canonical translation initiation that does not 
require the AUG start codon, and sometimes the 5’-cap 
as well. Increasing studies revealed molecular mecha-
nisms and genetic modifiers that can regulate the trans-
lation efficiency of the repeat expansion. It is noted that 
there has been debate about whether RAN translation is 
truly a novel translation mechanism, or such non-canon-
ical translation also occurs at low levels in regular RNA 
sequences. It is likely the repeat expansion increases the 
chance of an existing non-canonical event. Addition-
ally, the sequences upstream of the repeats can influence 
the initiation mechanisms. Some of the reading frames 
use near-cognate start codons or in-frame AUG to ini-
tiate translation, thus not all the poly-peptides are pro-
duced by RAN translation. Nevertheless, it is important 
to determine the factors or pathways that can regulate 
the translation of repeat RNA, as this will provide strate-
gies to reduce the toxic protein products generated from 
the repeat expansion. We will focus on the C9ORF72 



Page 6 of 20Wang and Sun Molecular Neurodegeneration           (2023) 18:58 

hexanucleotide repeat expansion, which is the most com-
mon genetic cause of ALS and FTD, in this review.

Translation defects in ALS
C9ORF72
Translation of the expanded repeats
Hexanucleotide GGGGCC repeat expansion in the first 
intron of the C9ORF72 gene is the most common genetic 
cause of both ALS and FTD [113, 114]. Through bi-
directional transcription, both sense (GGGGCC) and 
antisense (CCCCGG) repeats-containing RNA are syn-
thesized and used as the templates for translation to pro-
duce five different DPR proteins (poly-GA and poly-GR 
from sense repeats, poly-PA and poly-PR from antisense 
repeats, and poly-GP from both strands) [12–14, 115]. 
DPR pathology is a hallmark of C9ORF72-ALS/FTD and 
the toxicity of DPRs has been extensively studied in both 
cell culture and animal models [116]. An approach to 
decrease the levels of these toxic dipeptides by inhibiting 
their production holds potential therapeutic promise.

Many advances have been made on C9ORF72 repeat 
RNA translation mechanisms and regulatory pathways. 
The traditional method is using ensembled assays, such 
as luciferase, fluorescence proteins or short tags fused to 
the repeats to monitor the DPR levels translated from the 
repeats. This allows straightforward test and identifica-
tion of novel modifiers or pathways that can modulate 
the DPR production. But one limitation is that the final 
protein product level can be influenced by many RNA/
protein regulation steps besides translation, thus it is 
sometimes challenging to elucidate the exact molecular 
mechanisms. Alternatively, recently developed imaging 
approaches allow direct visualization of single RNA mol-
ecule dynamics in live cells, which can be used to assess 
translation directly. Finally, the measurement of endog-
enous DPRs in patient cells is critical to validate the find-
ings from reporter systems.

The GGGGCC repeat-containing RNA template for RAN 
translation
Earlier examples of RAN translation occur on repeats in 
the UTR or ORF regions of mature mRNAs, which are 
naturally exported to cytoplasm for translation. How-
ever, the C9ORF72 expanded repeats are located in the 
intron. Both the spliced intron and not fully processed 
intron-containing pre-mRNA are normally excluded 
from cytoplasm under multiple surveillance mecha-
nisms [117, 118]. Therefore, the production of DPRs 
from the C9ORF72 GGGGCC repeats also depends on 
the unusual nuclear export of the intronic repeat RNA 
besides the non-canonical translation.

The single-molecule Fluorescence in Situ Hybridization 
(smFISH) provides an opportunity to directly visualize 
the spatial localization of single RNA transcripts in cells. 

The intron- and exon-containing molecules can be visu-
alized simultaneously using orthogonal RNA tags (MS2 
and PP7), which allows the examination of the molecu-
lar identity and spatiotemporal dynamics of the repeat 
RNA [119]. It is demonstrated that the GGGGCC repeat-
containing RNA transcripts in the cytoplasm are spliced 
introns, but not unspliced pre-mRNAs. This was fur-
ther confirmed in patient-derived cells by smFISH using 
probes targeting endogenous C9ORF72 intron 1 or all 
exons. Furthermore, by combining smFISH with exonu-
clease RNase R treatment, it was suggested that the cyto-
plasmic repeats containing introns mainly existed in a 
circular form, due to the defective debranching of spliced 
lariat intron induced by the GGGGCC repeats, which is 
believed to be more stable compared with linear RNAs 
[119]. It is noted that the intron retention isoform has 
been reported to be elevated by the repeats [119–121]. 
Although translation on pre-mRNA was not observed 
using the reporters [119], there is likelihood that low 
abundance of transcripts with retained intron are local-
ized to cytoplasm and subjected to translation from the 
endogenous repeats.

Modifiers of nuclear export of GGGGCC repeat-containing 
RNA
Various approaches have been used to identify modi-
fiers of the repeat RNA metabolisms. Many RBPs have 
been reported to modulate the repeat RNA nuclear 
export and translation. Through RNA-affinity pulldown 
assay, several RBPs with functions in RNA transport 
such as serine and arginine-rich splicing factors (SRSF), 
ALYREF, and transcription-export complex (TREX) sub-
units were identified as GGGGCC repeat RNA binding 
proteins [122, 123]. The nuclear RNA export factor 1 
(NXF1) and its cofactor NXT1 are the key components 
of TREX and TREX-2 complexes, which predominantly 
mediate mRNA export [124]. In an unbiased CRISPR-
Cas9 knockout screen to identify genetic modifiers of 
DPR production, several genes in TREX and TREX-2 
were identified as enhancers of DPR production [125]. 
Knockdown components of this pathway can reduce 
the DPR levels [125]. The single-molecule imaging 
approach also provided direct evidence that reduction 
of the NXF1 pathway preferentially inhibits the export 
of GGGGCC-containing spliced circular intron while 
the linear mRNAs are only affected modestly [119]. It is 
likely that specific RBPs bind on the repeats and mediate 
the interaction with the TREX complexes. Indeed, SRSF1 
has been shown to act as an adaptor that directly binds 
to GGGGCC repeat RNA and interacts with NXF1 to 
trigger the export [126]. Altering the phosphorylation of 
SRSF1 influences the nuclear export of GGGGCC repeat 
RNA [127]. There are possibly other export receptors 
and adaptors that participate in the export of GGGGCC 
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repeat-containing intron. As reduction of repeat RNA 
export can decrease the DPR accumulation, it is of great 
interest to identify additional export receptors and adap-
tors, especially those that have higher specificity on the 
repeats, and assess their therapeutic values.

Translation initiation mechanisms of intronic GGGGCC 
repeats
Although the canonical translation initiation requires 5’ 
cap, many viral RNAs and some cellular RNAs can start 
translation in a cap-independent manner, using the inter-
nal ribosome entry site (IRES), which usually contains 
complex RNA structures that directly recruit certain 
translation initiation factors to start translation [128]. 
It has been shown that the translation of CGG repeats 
located in the 5’ UTR of FMR1 requires the 5’ 7-meth-
ylguanosine (m7G) cap on the mRNA [129]. However, 
as the spliced circular intron is exported to the cyto-
plasm [119], the cap-independent translation initiation 
is important for C9ORF72 repeat expansion. The active 
translation of spliced intron has been directly observed 
in live-cell using the single-molecule imaging of nascent 
peptides (SINAPS) technology in which the translation 
dynamics is monitored by SunTag epitopes [119]. Studies 
using ensemble approaches also suggest that the transla-
tion of GGGGCC repeats can initiate from RNA tran-
script without the 5’ cap, although the efficiency is lower 
than that on the capped repeat RNA [130–134].

The small ribosomal protein subunit 25 (RPS25), a 
non-essential protein component of the small (40  S) 
ribosomal subunit which has been shown to facilitate 
the recruitment of 40 S ribosomal subunit to IRES RNAs 
[135, 136], can selectively regulate GGGGCC associated 
RAN translation. Knockdown or knockout of RPS25 
significantly decreased the DPR level without affecting 
the repeat RNA abundance and global translation [137]. 
Eukaryotic translation initiation factor 3 F (eIF3F), a non-
core subunit of the eIF3 complex, has been shown to bind 
to IRES and regulate the translation of hepatitis C viral 
(HCV) RNA. Knockdown of eIF3F caused a 43% reduc-
tion of poly-GP protein level [138]. Taken together, the 
evidence supports that the cap-independent translation 
initiation is an important contributor to RAN translation 
of GGGGCC repeats in C9ORF72-ALS/FTD (Fig.  2). 
It needs further exploration whether the intron reten-
tion transcripts, if exported to cytoplasm, undergo cap-
dependent translation and how each contributes to DPR 
production. Nevertheless, the location and gene context 
of the repeat expansion are critical for understanding the 
repeat RNA processing pathway.

Modifiers of GGGGCC repeat translation initiation
Many translation factors have been shown to regulate 
GGGGCC associated RAN translation. In the C. elegans 

model of C9ORF72-associated ALS/FTD, functional loss 
of non-canonical initiation factor eIF2D but not eIF2A 
reduces DPR production and ameliorates lifespan and 
locomotion defects [139]. Depletion of eIF2A has been 
shown to decrease cap-independent RAN translation 
of GA [132] but has little effect on cap-dependent GA 
RAN translation [140] in HEK293 cells. Knockdown of 
DENR, another non-canonical initiation factor, inhibits 
GGGGCC-associated RNA translation and improves the 
survival of drosophila expressing expanded GGGGCC 
repeats [140]. Two other initiation factors, eIF4B and 
eIF4H, also have been shown to facilitate RAN transla-
tion of GGGGCC repeats to produce DPR proteins. 
Depletion of eIF4B and eIF4H rescues GGGGCC associ-
ated toxicity in fly [141].

As RNA secondary structure is important for RAN 
translation, RNA helicases are also implicated in RAN 
translation. The GGGGCC repeat RNA has been shown 
to form both hairpin and G-quadruplex structures [142, 
143]. From a CRISPR-Cas9 screen, DDX3X was identified 
to reduce the RAN translation of GGGGCC repeats. The 
study suggests that DDX3X binds to the hairpin structure 
of the GGGGCC repeats and its helicase activity is essen-
tial for the translation repression. This indicates DDX3X 
alters the GGGGCC repeat RNA structure, which is 
important for the non-canonical translation initiation. 
Indeed, elevating DDX3X expression decreased DPR lev-
els and improved the survival of C9ORF72-ALS patient 
iPSNs [125]. On the contrary, another helicase, DHX36 
was reported to facilitate translation elongation through 
the GGGGCC repeat RNA, by binding to and unwind-
ing the G-quadruplex formed by the GGGGCC repeats. 
Depletion of DHX36 in patient iPSNs decreased the lev-
els of endogenous DPR proteins [144], and overexpres-
sion of DHX36 enhances RAN translation of GGGGCC 
repeat expansion [145]. Overall, it is likely that different 
helicases could bind to different secondary structures or 
affect different steps of repeat translation. The DPR pro-
duction will be influenced by the combinatorial effects of 
multiple RBPs and translation factors (Fig. 2).

RAN translation regulation by cell signaling
The initiation of RAN translation can also be regulated 
by cell signaling pathways. As noted in the previous sec-
tion, ISR is associated with many neurodegenerative 
diseases. The ISR activation leads to global translation 
repression, but a subset of mRNAs has increased trans-
lation instead, which usually use the non-canonical ini-
tiation mechanisms [146]. Using single-molecule live-cell 
imaging, sodium arsenite (oxidative stress inducer) treat-
ment elevated RAN translation from the repeat-contain-
ing spliced intron as early as 7 min after drug application 
[119]. Indeed, the DPR levels were drastically upregu-
lated upon various stress stimuli in multiple reporters 
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[130, 131, 147]. Given that DPR proteins, such as GR, 
increase oxidative stress and DNA damage in cells, a pos-
itive feedback loop between RAN translation and ISR is 
established which could contribute to the irreversible cell 
death and neurodegeneration. Inhibition of eIF2α signal-
ing pathway by two small molecule inhibitors, ISRIB and 
PERKi [148] (GSK2606414, PERK inhibitor), reduced the 
stress-induced upregulation of RAN translation [130]. 
PERKi has been shown to decrease poly-GA levels and 
rescue cell vulnerability in human C9ORF72-ALS/FTD 
brain organoid slice cultures [149]. Blocking PKR acti-
vation (presumably induced by repeat RNA structure) 
by metformin has also been reported to reduce RAN 
translation in the C9ORF72 BAC transgenic mice [150]. 

Overall, these studies indicate that the eIF2α signaling 
pathway is a promising therapeutic target to reduce the 
DPR production and toxicity.

In addition to ISR, changes in neuronal activity can also 
influence C9ORF72 GGGGCC RAN translation. Activa-
tion of glutamate receptors by various agonists increases 
RAN translation in both primary cortical neurons and 
in patient-derived iPSNs [147]. Elevating neuronal activ-
ity optogenetically also promotes DPR production [147]. 
Given the fact that age-dependent hyperexcitability and 
increased sensitivity to glutamate-induced excitotoxicity 
are common phenomena in C9ORF72-ALS/FTD patients 
[151–153], inhibiting neuronal activity could potentially 

Fig. 2 Overview of C9ORF72 repeat RNA translation. First, through bi-directional transcription, both sense (GGGGCC) and antisense (CCCCGG) repeat-
containing RNA transcripts are produced from the first intron of the c9orf72 gene. The pre-mRNA containing the sense repeats will be processed in the 
nucleus to produce mature C9ORF72 mRNA and GGGGCC repeat-containing lariat intron. The debranching of the lariat can be inhibited by the GGGGCC 
repeats. The repeat-containing intron is stabilized and exported to the cytoplasm in the circular form (which does not have Cap structure and poly-A tail). 
The NXT1-NXF1 pathway, as well as specific RNA-binding proteins (RBPs), play important roles in mediating the export of GGGGCC repeat-containing 
introns. The GGGGCC repeat-containing circular introns undergo repeat-associated Non-AUG (RAN) translation in all three reading frames to produce 
poly-GA, poly-GP, and poly-GR dipeptide repeats (DPR) proteins. Many RBPs, translation factors and signal pathways can regulate the translation initiation 
efficiency. The antisense transcripts likely contain 5’ Cap and 3’ poly-A, similar as regular mRNAs. Translation from all the three reading frames produce 
poly-GP, poly-PA, and poly-PR. Chimeric DPR proteins may be synthesized due to translational frameshift or disrupted repeat sequences. Due to the 
repeat sequences and RNA structures, reduced elongation speed and ribosome stalling may occur during the translation through the repeats, which 
could potentially activate the RQC pathway. Finally, the arginine-containing DPRs, including poly-GR and poly-PR, can impair global translation through 
different mechanisms
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reduce the toxic DPR production and provide protective 
efficacy.

Translation frameshift through the repeats
Ribosomal frameshifting is an evolutionarily conserved 
biological process that has been found in many organ-
isms such as viruses, bacteria, and eukaryotes. Pro-
grammed ribosome frameshifting is used to produce 
distinct proteins from the same RNA, which is a funda-
mental mechanism for viruses to maintain their infection 
efficiency [154]. Frameshifting also happens in eukary-
otic cells although it most often triggers nonsense medi-
ated decay (NMD) to degrade the target mRNA due to 
the occurrence of premature stop codons after frameshift 
[155]. The secondary structure of mRNA may cause the 
pause of ribosomes during the translation elongation, 
and therefore is recognized as a modulator of frame-
shift [154]. Indeed, it has been demonstrated that both 
CAG•CTG and CGG•CCG repeats have a propensity 
to undergo frameshifting, resulting in the production of 
frameshifted proteins [156–158].

Chimeric GA:GP protein has also been detected in 
C9ORF72-ALS/FTD patient postmortem tissues includ-
ing the frontal cortex and cerebellar cortex by an immu-
noassay using GA antibody for capture and GP antibody 
for detection [108]. This could be caused by frame-
shift during the translation of the GGGGCC repeats, 
or genetic interruptions in the repeat expansion [11, 
108, 159] (Fig. 2). An upstream near-cognate CUG start 
codon has been identified as the translation start site of 
the GA reading frame [131, 134]. The in vitro transla-
tion assay showed that mutating CUG was sufficient to 
reduce the DPR levels of all the three reading frames, 
implicating that poly-GP and poly-GR are predominantly 
produced from frameshifting from the GA frame [134]. 
However, homozygous deletion of the intron region 
before the repeats, containing the CUG codon, ablates 
the production of poly-GA but not poly-GP and poly-GR 
in C9ORF72 iPSNs [160]. This supports that poly-GP and 
poly-GR are majorly generated independent of the GA 
frame instead of from frameshifting, in contrary to the 
previous study. The inconsistent results obtained using 
different model systems warrants further exploration.

As the pure repeated DPRs and the chimeric DPRs 
probably have different properties and toxicities, it 
is important to understand the efficiency of transla-
tion frameshifting on the repeats and to what extent it 
contributes to the generation of various DPR species. 
Recently a new technology that uses multicolor probes to 
visualize the translation of different reading frames of a 
single RNA provides the opportunity to directly quantify 
the frameshifting activities in live cells. The study using 
the established HIV-1 frameshift sequence revealed that 
only a small subset (8%) of translating RNAs showed 

robust frameshifting event [161]. Application of such 
technology will help determine the frameshifting fre-
quency during the repeat RNA translation. Additionally, 
how frequent the genetic interruptions are present in the 
repeat expansion that can directly serve as the template 
for chimeric DPRs in patients is also a critical aspect. The 
long-read sequencing technique through the GGGGCC 
expansion will provide the answer. Finally, another chal-
lenging question is what is the proportion of the individ-
ual dipeptide in the chimeric products. It has been shown 
that a low amount of incorporation of a secondary poly-
dipeptide did not have significant impact on the features 
of the primary poly-dipeptide [108]. What combina-
tion of the chimeric proteins can lead to different toxic-
ity features and what species exist in patients need to be 
carefully explored when understanding the pathophysi-
ological significance.

Translation elongation of different reading frames on the 
repeats
Once initiated, the translation of the repeats follows 
the canonical elongation mechanisms. The GGGGCC 
repeat-containing RNAs form sophisticated secondary 
structure [142, 143] and encode repetitive amino acids. 
This likely affects the translation elongation dynamics 
and causes ribosome stalling compared to non-repeti-
tive sequences [133]. The different codon usage can also 
influence translation elongation [162]. Indeed, it has 
been shown that the arginine-rich DPRs encoded by ran-
domized codons are stalled on ribosomes during trans-
lation [163]. Ribosome stalling is recognized as a trigger 
of ribosome-associated quality control (RQC) path-
way [164]. It is speculated that translation of GGGGCC 
repeats, especially in the GR frame, can activate the RQC 
pathway. Consistent with this hypothesis, ZNF598, a pro-
tein that plays a critical role in RQC, has been identified 
as a modifier of poly-GR protein [165]. It is proposed 
ZNF598 promotes poly-GR degradation, although the 
detailed mechanism needs further investigation. In addi-
tion, other RQC factors, including Ltn1, VCP1, Pelota, 
and ABCE1, has also been shown to modulate poly-GR 
protein level in fly [166]. Two recent studies also indicate 
that ribosome stalling and RQC are closely related to the 
translation of poly-GR [167, 168]. Overall, these data 
implicate that the elongation of poly-GR may encounter 
ribosome stalling and be subjected to RQC regulation 
(Fig.  2). More direct evidence on translation dynamics 
will be needed in future work.

poly-GR/PR influence global translation
Multiple lines of evidence indicate that arginine-rich 
DPRs (poly-GR and poly-PR) can cause translation 
defects (Fig. 3). Earlier studies using short poly-dipeptides 
showed that poly-GR and poly-PR localize in nucleoli, 
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where the ribosomes are produced and assembled [169, 
170]. Two nucleolar proteins, NPM1 and NCL1, interact 
with poly-GR/PR in live cells. This impairs the dynam-
ics and function of nucleoli [171]. Consequently, total 
rRNA is significantly reduced in poly-GR/PR expressing 
cells, which could presumably impair translation [171]. 
Several interactome studies in multiple in vitro and in 
vivo model systems further identified ribosomal proteins 
as the interactors of poly-GR and poly-PR [163, 171–
174], even when poly-GR is predominantly localized in 

cytoplasm [163, 173]. Cytosolic poly-GR colocalizes with 
the translation initiation factors and ribosome proteins in 
AAV-GR100 mice and C9ORF72-ALS/FTD patient post-
mortem brain tissues [175], suggesting poly-GR might 
also affect translation with alternative mechanisms in 
addition to the effect on ribosome assembly in nucleoli. 
Several studies have shown that expression of poly-GR 
and poly-PR leads to reduced rate of protein synthesis 
[171, 172, 174, 175]. In vitro translation assays indicate 
poly-GR and poly-PR peptides inhibit global translation 

Fig. 3 Overview of how translation regulation is affected by ALS-related genes. (A) The impact of ALS-related genes on translation initiation. Integrated 
stresses, which are frequently observed in ALS, induce eIF2α phosphorylation, leading to the sequestration of eIF2B and impairment of translation initia-
tion. Poly-GR/PR and TDP-43 may result in the sequestration of translation factors, thereby affecting translation initiation. Poly-GR/PR can also bind to the 
polypeptide exit tunnel of the ribosome thus blocking translation initiation. (B) The influence of ALS-related genes on translation elongation. poly-GR/PR 
can bind to the polypeptide exit tunnel of the ribosome and inhibit translation elongation. Another important process for translation elongation is the 
charge of tRNAs with cognate amino acids by aminoacyl-tRNA synthetases. Under stress conditions, ANG may translocate to cytoplasm and cleave tRNAs 
which further inhibits translation. (C) When ribosome stalling occurs, ribosome quality control (RQC) pathway is activated to split the stalled ribosome 
subunits. NEMF participates in the recognition of obstructed large ribosomal subunit and recruits LTN1 E3 ligase to catalyze the poly-ubiquitination of 
the nascent peptide chain for degradation. NEMF also can add C-terminal tails to the nascent chains to facilitate its ubiquitination. NEMF and LTN1 muta-
tions disrupt RQC pathway and cause ALS-like phenotypes in mice. As poly-GR/PR can bind to the polypeptide exit tunnel of the ribosome, they may 
cause ribosome stalling and trigger RQC pathway. (D) Under stress conditions, RBPs and mRNAs undergo LLPS (liquid-liquid phase separation) to form 
membrane-less condensates which are termed stress granules. The assembly and disassembly of stress granules are dynamic in response to stress stimuli. 
However, ALS-related mutations in many genes and poly-GR/PR influence the dynamics of stress granule formation and promote the transition of stress 
granules to solid-like condensates which may influence global translation by sequestering translation machinery. (E) ALS-related mutations in FUS and 
TDP-43 have been shown to impair localized translation in neurites
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probably by restraining the access of translation fac-
tors to mRNA [172]. Overexpression of poly-GR/PR 
can promote spontaneous assembly of poorly dynamic 
stress granules and thereafter inhibit global translation 
[171]. Overexpressing a single translation initiation fac-
tor eIF1A alleviates translation repression caused by 
poly-GR in human cells and rescues DPR-induced toxic-
ity in vivo [174]. More recently, a high-resolution cryo-
genic electron microscopy (cryo-EM) study reveals that 
poly-GR/PR binds to the polypeptide exit tunnel of the 
ribosome and impairs peptidyl transfer which inhibits 
translation initiation and elongation [176]. This study 
provides a structure foundation of how poly-GR and 
poly-PR could interfere with the general translation pro-
cess. Further studies using in vivo, and especially neuron 
models, including genome-wide translatome studies, will 
help reveal more pathophysiological consequences of this 
defect and its contribution to neurodegeneration.

FUS
FUS/TLS is an RNA-binding protein that predominantly 
localizes in the nucleus and shuttles between the nucleus 
and cytoplasm. FUS protein is involved in many cellular 
processes including gene expression regulation, DNA 
repair, alternative splicing, RNA degradation, alternative 
polyadenylation and translation regulation [177]. Muta-
tions or abnormal aggregation of FUS/TLS have been 
associated with many neurodegenerative diseases includ-
ing ALS. Variants in FUS account for around 5% of famil-
ial ALS [178]. Most of the fALS-related FUS mutations 
cluster in the N-terminal “prion-like” or low complex-
ity domain, the secondary Arg-Gly-Gly (RGG)-repeat 
domain, and the nuclear localization signal (NLS) at the 
C-terminus [179]. FALS-associated FUS mutations alter 
the biophysical properties and the subcellular localiza-
tion of FUS proteins. Although the features of FUS inclu-
sions differ in different mutations, tangle-like vs. round 
shaped, basophilic or not, inclusion formation is recog-
nized as a hallmark of disease [180]. It is worth to men-
tion that FUS inclusions are also observed in sporadic 
ALS and FTD cases [181].

FUS contains four RNA-binding domains (RBDs): two 
arginine-glycine-glycine boxes (RGGs), an RNA-recogni-
tion motif (RRM), and a zinc finger domain (ZnF) [182]. 
Stable secondary structures such as stem-loop [183], 
G-quadruplex [184] or GU-rich motifs such as GGUG 
[185], GUGGU [182],and a combination of 6 GU-rich 
(6GUR) motifs [186], have been identified as FUS bind-
ing sites indicating the divergent role of FUS in RNA 
metabolism. Mutated FUS undergo liquid-liquid phase 
separation (LLPS) in cytoplasm and form cytoplasmic 
FUS condensates [187–189]. The FUS aggregates also 
contain other RBPs, such as FMRP. After being seques-
tered, the normal function of FMRP is compromised and 

the decreased translation of FMRP targets is observed [7, 
190, 191]. Proteomic analysis has identified that proteins 
enriched in translation and RNA quality surveillance 
pathways are sequestered in FUS inclusions, supporting 
FUS pathology could induce global decrease of transla-
tion [192] (Fig. 3).

FUS is also involved in localized translation (Fig.  3). 
It has been demonstrated that FUS associates with 
adenomatous polyposis coli (APC)-containing ribonu-
cleoprotein complexes (APC-RNPs) and facilitates the 
translation of associating mRNAs especially at protrusive 
areas of cells [193]. ALS-associated mutant FUS forms 
cytoplasmic inclusions and disrupts the APC-dependent 
mRNA localization by impairing kinesin-1 function in 
both fibroblast cells and primary neuronal cells [194]. In 
mice expressing human mutant FUS, a 25% reduction in 
global translation is observed in cultured hippocampal 
neurons compared with WT mice. More strikingly, the 
25% reduction of global protein synthesis is contributed 
predominantly by the decrease in intra-axonal protein 
translation [195]. It is shown that the mutant human 
FUS accumulates at axons, activates integrated stress 
response, and inhibits localized translation in axons both 
in vitro and in vivo [195]. This influences the synaptic 
proteome dynamics and neuron activity.

TDP43
TAR DNA binding protein 43 kDa (TDP43) is encoded by 
the TARDBP gene located at chromosomal locus 1p36.22 
and is an evolutionarily highly conserved protein belong-
ing to the heterogeneous nuclear ribonucleoprotein 
(hnRNP) family [196]. TDP43 is ubiquitously expressed 
in all types of tissues and located predominantly in 
nucleus although it can shuttle between the nucleus 
and cytoplasm. TDP43 has been found to be involved in 
many steps of RNA metabolism, including the regula-
tion of transcription, alternative splicing, mRNA stability 
and translation [197]. Its dysfunction is associated with 
several neurodegenerative diseases including ALS [198, 
199]. Mutations of TDP43 account for 3% familial ALS 
cases and 1.5% sporadic ALS cases [200]. But cytoplasmic 
aggregation and nuclear depletion of TDP43 have been 
associated with almost all ALS, and have also been found 
in around half FTD and AD patients [201]. This high-
lights the importance of understanding the essential roles 
of TDP43 in neurodegeneration.

TDP43 contains 414 amino acids and can bind to both 
DNA and RNA. As an hnRNP protein, TDP43 contains 
all the classical domains of this family including RRM 
domains, N-terminal domain (NTD), and C-terminal 
domain (CTD) [196]. TDP43 binds to RNA predomi-
nantly depending on the RRM1, although it has been 
shown that RRM1-RRM2 interaction may influence RNA 
binding [202]. The glycine-rich CTD is an intrinsically 
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disordered low-complexity domain with the estimation 
that 36–66% of this region is disordered [196]. The CTD 
is responsible for the interaction of TDP43 with other 
proteins [203] and is essential for TDP43 phase separa-
tion under physiological conditions [188]. TDP43 is the 
components of many membrane-less organelles such as 
stress granule [204] and nuclear stress bodies [205]. The 
majority of ALS linked mutations are clustered within 
the CTD [206] which could promote the transition of liq-
uid-like TDP43 droplets to pathological aggregates [188, 
207].

TDP43 can bind to mRNA and modulate its transla-
tion directly. It has been demonstrated that the transla-
tion of genes essential for neurodevelopment and neuron 
plasticity, such as Rac1 [208, 209], Map1b [209, 210], and 
GluR1  [209], can be repressed by TDP43. Mechanisti-
cally, TDP43 binds to those mRNAs and recruits the 
CYFIP1-FMRP inhibitory complex via its glycine-rich 
domain to repress translation [209]. In addition, mutant 
TDP43 inhibits the translation of hsc70-4 mRNA by 
RNA sequestration which in turn impairs synaptic ves-
icle cycling [211]. Paradoxically, TDP43 has also been 
shown to promote the translation of certain mRNAs. 
Through ribosome profiling, Camta1, Mig12, and 
Dennd4a mRNAs are identified as the translational tar-
gets of TDP43 [212]. TDP43 enhances the translation of 
Camta1 and Mig12 mRNAs via binding to their 5’ UTR, 
yet represses translation of Dennd4a when binding to its 
5’ UTR. The translation of Dennd4a mRNA can only be 
upregulated by TDP43 patient mutant (A315T) through 
its binding to the 3’ UTR region of Dennd4a mRNA 
[212]. How different substrates show different translation 
changes by TDP43 binding needs further exploration.

Global translation can also be influenced by TDP43 
(Fig.  3). Cytoplasmic overexpression of TDP43 (TDP43 
with NLS deletion) decreases global protein synthesis 
both in vitro [213] and in vivo [214]. Through translat-
ing ribosome affinity purification (TRAP) coupled with 
RNA-seq, it has been revealed that the ribosome associa-
tion of numerous mRNAs are altered under TDP-43 pro-
teinopathy [215]. TDP43 may influence global translation 
through binding to translational machinery. Proteomic 
study has identified many translation initiation and elon-
gation factors, and ribosomal subunits as TDP43 inter-
acting proteins [216]. Under stress conditions, TDP43 is 
associated with stalled ribosome and localized to stress 
granule. This association is dissolved after the removal 
of stress [217]. Increased cytosolic TDP43 was shown 
to bind RACK1 on polyribosomes, which contributes to 
reduced global translation [213]. Additionally, the LLPS 
of TDP43 is proposed to be important for the transla-
tion repression [218]. Axonal TDP43 condensates have 
been shown to inhibit local protein synthesis of nuclear 
encoded mitochondrial proteins that are important for 

neuromuscular junction [219]. Genome-wide RNA sta-
bility analysis has demonstrated a profound reduction 
of ribosomal transcripts in ALS patient-derived cells, 
including C9ORF72-ALS and sporadic ALS, which can 
be recapitulated by TDP-43 overexpression [220]. The 
reduction of RNA transcripts involved in ribosomal 
biogenesis may further influence global translation and 
eventually cause cell death in ALS patients. Therefore, 
TDP43 cytosolic mislocalization and pathological aggre-
gates may influence translation via multiple mechanisms.

hNRNPA1 and hnRNPA2/B1
Heterogeneous nuclear ribonucleoprotein A1 and A2/
B1 are members of the hnRNP family that are involved in 
many aspects of RNA metabolism including RNA tran-
scription, RNA splicing, RNA trafficking, translation, 
and RNA degradation [221, 222]. They are both ubiqui-
tously expressed proteins that predominately locate in 
the nucleus with shuttling between nuclear and cyto-
plasm [222, 223]. hnRNPA1 and hnRNPA2/B1 contain 
two RRMs at the N-terminus and a glycine rich domain 
(also known as prion-like domain (PrLD)) at the C-ter-
minus [221–223]. hnRNPA1 and hnRNPA2/B1 are impli-
cated in many neurodegenerative diseases such as ALS/
FTD, AD, HD, SMA and MS (multiple sclerosis) [8, 221, 
222]. Mutations in the PrLD domain have been identi-
fied in ALS patients [8]. The PrLD domain is important 
to mediate the LLPS of hnRNPA1 and A2/B1, and the 
RRMs also contribute to LLPS in the presence of RNA 
[189, 224, 225]. HnRNPA1 and A2/B1 have been identi-
fied as components of stress granules and play important 
roles in stress response [224, 226]. ALS-associated muta-
tions of hnRNPA1 and A2/B1 change the LLPS proper-
ties, increase their accumulation in stress granules and 
impair the dynamics of stress granule assembly/dissem-
bly [227, 228]. In addition, mutant hnRNPA1 and A2/
B1 may also influence the assembly of stress granules by 
interacting with other proteins such as TDP43 [224, 225], 
G3BP, TIA1, and FUS directly or indirectly [189, 221].

Both hnRNPA1 and hnRNPA2/B1 have been shown to 
influence cap-independent translation of target mRNAs. 
HnRNPA1 has been identified as an IRES trans-activat-
ing factor (ITAF) that can bind to IRES sequences and 
regulate ribosomal entry for cap-independent transla-
tion  [229]. Human fibroblast growth factor 2 (FGF-2) is 
identified as the first cap-independent translation target 
of hnRNPA1. It has been shown that hnRNPA1 binds 
to the 5’ leader sequence of FGF-2 and stimulates IRES-
mediate initiation of the four FGF-2 isoforms but has 
no effect on cap-dependent initiation [229]. The mRNA 
of GluA1, a key factor that mediates long-term synaptic 
plasticity, is demonstrated to be a target of hnRNPA2/B1 
and contains an IRES in the 5′UTR. HnRNPA2/B1 binds 
to an IRES in the 5’UTR of GluA1 mRNA and stimulates 
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the cap-independent translation, which is upregulated 
upon Brain-derived neurotrophic factor (BDNF) stimu-
lation [230]. hnRNPA1 and hnRNPA2/B1 have also been 
shown to modulate cap-independent and -dependent 
translation of several other targets [221, 222]. Further 
genome-wide study will help decipher how hnRNPA1 
and hnRNPA2/B1 modulate the translation of specific 
targets in neurons, especially in response to stress, neu-
ron activation, growth factor, as well as localized pro-
teome dynamics at synapse.

ANG
Angiogenin (ANG) is a vertebrate-specific ribonucle-
ase and was first identified and characterized due to its 
important role in angiogenesis [231]. ANG has relatively 
weak ribonucleolytic activity compared to other known 
ribonucleases such as RNase A [231–233], indicating its 
distinct substrates and functions. ANG shuttles between 
nucleus and cytoplasm, which is important for its func-
tion [234, 235]. It has been demonstrated that ANG is 
implicated in many physiological processes including 
angiogenesis, neurogenic, and immune-regulation, and 
pathological processes such as tumorigenesis and neuro-
degeneration [231, 236]. ANG loss of function mutations 
have been identified in AD [237], PD [238], and ALS 
[238].

ANG plays an important role in translation regulation 
under physiological and stress conditions. ANG enhances 
ribosomal RNA synthesis through multiple mechanisms. 
First, ANG can directly bind to the promoter of rDNA 
and alter histone modifications, which increases rRNA 
transcription [239]. Second, ANG cleaves the rRNA 
promoter-associated RNA thus promotes transcription 
[240]. Third, ANG may also participate in the maturation 
of rRNA via cleavage of pre-rRNA [241, 242].

Under stress conditions such as oxidative stress, 
hypoxia, and starvation, ANG may translocate to cyto-
plasm and cleave tRNAs which will result in global 
translation inhibition (Fig. 3). Cleavage at the conserved 
single-stranded 3’-CCA termini of tRNAs by ANG causes 
the deactivation of tRNA and repression of translation 
elongation [243]. ANG also cleaves tRNA at the antico-
don loop to produce tRNA-derived, stress-induced small 
RNAs (tiRNAs) [244–246]. In vitro analysis indicates 
that tiRNA cooperates with translation silencer YB-1 to 
prevent translation initiation by displacing eIF4F com-
ponents [247]. It also has been demonstrated that tiRNA 
triggers stress granule assembly [248]. Overall, ANG is an 
important component of stress response that is indepen-
dent of eIF2α phosphorylation-mediated ISR pathway.

ALS-related ANG variants have been shown to have 
cytotoxic effects on motor neurons and lack neuropro-
tective activity under stress [249]. Many mutations influ-
ence the ribonuclease activity, the nuclear translocation 

activity, and the stability of ANG [231, 236]. Given that 
these properties of ANG are essential to its function in 
translation regulation, it is reasonable to speculate that 
translation dysregulation contributes to the pathogenesis 
of ANG-related ALS.

TIA1
T-cell intracellular antigen 1 (TIA1) is an RNA binding 
protein that plays diverse roles in many aspects of RNA 
metabolism and is ubiquitously expressed [250]. TIA1 
contains three RRMs and a PrLD at the C-terminus. The 
PrLD is enriched in glutamine and asparagine residues, 
and is essential for stress granule assembly [250, 251]. 
TIA1 is involved in the regulation of many cellular pro-
cesses including transcription, splicing, translation, and 
stress response [250, 251]. TIA1 is a key component of 
stress granule and often used as the marker protein [252]. 
TIA1 interacts with many RNAs and proteins and under-
goes LLPS to form stress granules under stress condi-
tions [250, 251]. ALS-associated mutations in the PrLD 
of TIA1 alter the biophysical properties and influence 
the dynamics of stress granule assembly and disassembly 
[253, 254] (Fig. 3).

TIA1 has been shown to directly modulate the transla-
tion of target mRNAs. TIA1 directly binds to the AU-rich 
element in the 3’UTR of target mRNAs and represses 
their translation [255–260].In addition, mRNAs encod-
ing translation factors are among the targets of TIA1. 
Knockdown of TIA1 increased the relative abundance of 
ribosomal P0 protein and several canonical initiation fac-
tors such as eIF4G, eIF4E, and PABP, which can enhance 
translation globally [261]. The translation repression by 
TIA1 has been shown to play important roles in neuro-
development [262].

Ribosome-Associated Quality Control (RQC) 
pathway and its potential link with ALS
Translation elongation can be slowed down under 
many circumstances, such as the presence of mRNA 
and rRNA damage, suboptimal codons, mRNA second-
ary structures, and environmental stresses. This could 
increase ribosome stalling and cause inefficient ribosome 
recycling, which is deleterious to cells and needs to be 
resolved quickly to maintain cell homeostasis. Ribosome-
associated protein quality control (RQC) pathway is a 
dedicated surveillance mechanism that is used to moni-
tor ribosome stalling. During RQC, stalled ribosomes 
can be detected and dissociated into subunits by specific 
factors for recycling [164, 263]. NEMF (Nuclear Export 
Mediator Factor) and LTN1 (Listerin E3 ubiquitin pro-
tein ligase 1) are two key components of ribosome-asso-
ciated quality control (RQC) pathway that is important in 
maintaining proteostasis [164, 263] (Fig. 3). NEMF senses 
large ribosomal subunits obstructed with peptidyl-tRNA 
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and triggers polyubiquitination of the nascent chains by 
recruiting LTN1 E3 ligase and stabilizing the interac-
tion between LTN1 and 60 S subunits [264]. NEMF can 
add C-terminal tails to the nascent chains independent 
of mRNA template and the small ribosomal subunits. 
This facilitates the exposure of lysine residues buried in 
ribosomes for ubiquitination of the nascent peptides, 
which are further degraded by the proteasome [164, 263]. 
Although no mutation in RQC-related genes has been 
identified in ALS to date, accumulating evidence has 
suggested that RQC pathway disruption is implicated in 
neurodegeneration. As mentioned in the previous sec-
tion, arginine-rich DPRs may cause ribosome stalling and 
activate RQC pathway. In addition, mice carrying muta-
tions in RQC-related genes show neurological and motor 
dysfunction.

Through ENU-mediated random mutagenesis, mice 
with mutations in both LTN1  [265] and NEMF [266] 
show ALS-like phenotypes. In mice with LTN1 mutation, 
motor neuron degeneration (including the loss of motor 
neurons and the reduction in the number and diameter 
of the axons) in the spinal cord at the terminal stage is 
observed [265]. Homozygous NEMF mutations (R86S 
and R487G) result in progressive motor phenotypes 
including abnormal gait and progressive axonal degener-
ation. The phenotypic severity of mice is correlated with 
the reduction in the C-terminal tailing activity of NEMF 
[266]. NEMF mutations have been identified in several 
families with neuromuscular disease [266, 267]. Those 
studies indicate that dysregulation of translation elonga-
tion and RQC pathways are important for motor neuron 
degeneration. Whether there are pathological features 
or genetic risk factors involved in sporadic ALS is worth 
further investigation.

Conclusion and future perspectives
Much progress has been made over the past few years in 
the etiology of ALS including the discovery of a hand-
ful of RBPs whose mutations and pathology have been 
strongly linked with ALS. As mentioned above, under 
physiological conditions those proteins have been dem-
onstrated to either play essential roles or carry regulatory 
functions in RNA translation and their ALS-linked muta-
tions or pathology may disrupt their normal function in 
translational control. The fact that many ALS-associated 
RBPs can influence the function of other RBPs by regu-
lating their expression and/or activity adds another layer 
of complexity in translation dysregulation. ISR is dys-
regulated in many neurological diseases including ALS. 
Many RBPs that are linked with ALS are components of 
stress granules. ALS-linked mutations in those RBPs can 
influence the dynamics of stress granule assembly and 
disassembly which contributes to ISR activation. Thus, 
the RBP dysfunction may also induce global translation 

dysregulation besides the subsets of RBP-specific targets. 
Depending on the individual functions of different RBPs, 
the translation perturbation could contribute to neurode-
generation via different mechanisms.

There has been a lot of progress understanding the 
repeat associated translation of the C9ORF72 repeat 
expansion. Previous studies identified the cis-acting ele-
ments, trans-acting factors, as well as cell signaling path-
ways that can modulate the repeat translation initiation 
efficiency. The potential RNA species that is subjected 
to the nuclear export and translation in the splicing con-
text was also revealed. These studies on C9ORF72 repeat 
RNA translation mechanisms also shed light on other 
repeat expansion diseases. There are also many questions 
remain to be answered. The translation of the antisense 
repeats could be less complicated, as there is no splic-
ing involved. The antisense transcript likely contains the 
5’ cap and is more efficiently exported to cytoplasm for 
translation. It is noted that there are AUG start codons 
in the GP and PR frames, 194 and 273 nt upstream of the 
antisense repeat expansion respectively [268]. If the tran-
scription of the antisense starts before the start codons, 
the poly-GP/PR should be produced by the canonical 
translation. Therefore, mapping the transcription start 
site of the antisense strand is critical for understanding 
the translation mechanism. However, the production of 
poly-PA still requires the repeat-associated translation, 
and the antisense repeat sequences and structures might 
still influence poly-GP and poly-PR even if they initi-
ate from AUG start codon. It is also likely that specific 
RBPs bound on the antisense repeat RNA could modu-
late the translation outcome. Although DPRs translated 
from all reading frames have been detected in patient 
by various methods including IHC and ELISA, the rela-
tive abundance of different DPRs remains unresolved to 
date due to technical limitations. Deciphering the relative 
abundance of different DPRs is of particular importance 
in understanding the disease etiology as the cytotoxicity 
of different DPRs varies significantly. Thus, development 
of advanced techniques that enable the comparison of 
different DPR levels, particularly in patients, are highly 
valuable to the field.

Although many translation initiation factors and RBPs 
have been reported to regulate the GGGGCC repeat 
translation, these factors were usually identified using 
non-neuronal cell types. It will be interesting to explore 
whether there are neuron-specific factors modulating 
the repeat translation and whether there are cell type 
differences of DPR production. Furthermore, as repeat 
RNA can be found in synapse [269], whether there is 
localized RAN translation requires further investiga-
tion. Besides the focus on the translation initiation of 
the repeat RNA, more efforts need to be extended to 
translation elongation, frameshifting, and ribosome 
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quality control pathways. It is known that the ribosome 
translocation is not uniform and there is higher ten-
dency of stalling on specific amino acid sequences. As 
the repeat expansion encodes different repetitive peptide 
sequences, it is likely the elongation through the differ-
ent reading frames has different speed. Additionally, it is 
also interesting to determine whether the slowed elonga-
tion and/or the secondary structure of the repeat RNA 
can enhance the frameshifting events between the dif-
ferent reading frames. How much poly-GP and poly-GR 
are generated from the in-frame initiation or frameshift-
ing from the GA frame, and how prevalent the chimeric 
DPRs can be produced from frameshifting need to be 
determined. Furthermore, if the ribosome translocation 
is slowed down, this will potentially increase the chance 
of ribosome collision, especially if different frames have 
different elongation speeds. Whether RQC pathways will 
be activated and how it influences the DPR production 
requires further study.

Furthermore, it is intriguing to understand the patho-
physiological role of translational defects caused by 
ALS-linked genes, including RBPs and poly-GR/PR. 
Translatome studies could help reveal the substrate spec-
ificity in vivo, such as whether certain mRNA and amino 
acid sequences are preferentially influenced, and any dif-
ferent impact on localized translation in synapse, etc. 
Recent studies also suggest heterogeneity in the transla-
tional machinery in different cell types and developmen-
tal stages [270]. Additionally, different expression levels 
of components in the ribosome quality control pathways 
might determine the sensitivity of cells to the insults of 
translation errors and the activation of downstream 
stress signaling. Therefore, it is important to dissect the 
translational dysregulation triggered by the mutant genes 
in neurons and decipher how this contributes to neuro-
degeneration phenotypes.

Taken together, increasing evidence suggests that 
the delicate RNA translation regulation plays impor-
tant roles in neuronal homeostasis. Accumulating stud-
ies indicate that dysregulation of RNA translation could 
preferentially result in neurological and neurodegenera-
tive diseases. Recent development of novel technology 
and experimental approaches allows advances in under-
standing the various molecular mechanism of transla-
tion regulation at different steps and at the genome-wide 
level. Despite the progress on the fundamental process 
in all cells, how the pathways and translatome are fine-
tuned in neurons for the highly specialized morphology 
and function is relatively less studied. Moving forward, it 
is important to dissect translational changes in specific 
neuronal and glial cell types and at specific pathologi-
cal conditions. For example, a cascade of cell type-spe-
cific and age-dependent translatome changes caused by 
mutant SOD1 in mouse spinal cord was identified using 

the TRAP coupled RNA-seq approach [271]. Similar 
techniques could be applied to other models with RBP 
defects. Future development of spatial translatomics 
and single-cell translatomics [272]  will also advance the 
understanding of localized and cell type specific transla-
tion dysregulation in human patient postmortem tissues 
directly. Furthermore, it is critical to study the interac-
tions of different RBPs in translation regulation, distin-
guish the molecular mechanisms of direct and indirect 
influences on translation. It is also intriguing to develop 
pharmacological strategies to rescue translation dysregu-
lation and assess their therapeutic values.
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